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Abstract: The high energy consumption of desalination systems represents a significant opportunity
for the application of demand response schemes, particularly for the case of Non-Interconnected Island
(NII) systems. In particular, the optimal management of the desalination demand can be proven quite
beneficial in increasing the Renewable Energy Sources’ (RES) penetration, which is one of the main
objectives in the day-ahead scheduling of the electricity system in Greek NIIs. This paper proposes a
detailed representation of the desalination system, taking into account all the relevant constraints
for the system’s operation. The mathematical representation of the aforementioned operation is
incorporated in the day-ahead scheduling (DAS) for the case of Greek NII systems in order to define
the optimal operational scheduling of a desalination system. The proposed optimisation procedure
is applied for the desalination system installed in the Greek island of Kythnos. The results of the
analysis indicate that the DAS problem shall be fully aware of the capabilities of the desalination
system in order to allow specific water flows (in and out of specific reservoirs) at specific hours of the
day, allowing the optimal exploitation of the available RES produced energy.
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1. Introduction

The distinct characteristics of Non-Interconnected Island (NII) Systems usually demand a different
approach when considering the relevant operation of the energy market compared to the interconnected
system. In particular, in the case of NIIs the electricity is supplied by autonomous systems producing
energy mainly from local thermal stations (conventional diesel generators, etc.) as well as RES stations.
Such islands may not be able to be connected to the mainland grid due to technical, technological or
economic difficulties.

The small size of NII systems is quite difficult to support any competition in generation justifying
the establishment of a market with many suppliers. Thus, a different approach in the operation of
the energy market, compared to the interconnected system, shall usually be adopted. In the case of
Greece, where the NII energy market comprises 29 NII systems, the Greek legislation adopts a cost
optimization approach considering the actual production cost of conventional units, where, unlike
standard electricity markets, the market participants do not submit priced offers. Unit commitment
and load dispatch is, instead, performed taking into account the operational cost of conventional units,
while RES energy is considered as a priority to be injected in the grid.

Demand response schemes, allowing modifications in the system’s load profile, could be proven
quite beneficial in the case of NII system, allowing the demand-side to assist the operation of the
system. Smart devices, like smart washing machines or smart air-conditioning systems, can provide
management capabilities for the typical user’s electricity demand. However significant demand
management capabilities are offered from systems with a greater consumption. In particular,
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desalination systems that are used to supply clear water to an island community, usually require a
significant energy demand of around 2–4 kWh per m3 of produced clear water [1]. Such a demand
indicates a significant opportunity for the application of demand response schemes that could assist
in lowering the operational cost of conventional electricity production units and increase the RES
penetration in the NII systems.

Procedures concerning the reduction of the energy consumption of desalination units [2] or the
management of the desalination systems’ operation [3–15] have been proposed in literature. Studies,
like reference [3] mainly concern the maximization of the desalination system operator’s profit by
participating in the energy market (by exploiting the market prices, etc.). Moreover, similar studies aim
to manage the operation of the desalination system in order to minimize the annual operational cost of
the system and maximize the water production [4]. Similarly, studies propose ways to manage the
operation of desalination units in order to minimize the life-time cost of the system [5,6] or calculate
the pay-back period of the system [7]. Moreover, studies [5,8–10] are limited to studying smaller
systems that could autonomously operate with RES units covering their own energy consumption
or particularly concerning small isolated communities [11]. However, none of the aforementioned
studies [2–15], takes into account the constraints linked with the whole system operation in order to
better exploit the elasticity that can be offered by the desalination system. In this respect, any constraints
linked with an actual day-ahead scheduling (particularly a day-ahead scheduling for NII systems),
like the technical characteristics of conventional units, are missing from those studies.

Moreover, none of the aforementioned studies, [2–15], or similar studies concerning simple
unit commitment problems [16], take into account a detailed overview of the desalination system.
In particular, all the water storage reservoirs that a desalination system comprises, alongside all the
pumps filling or emptying those reservoirs, shall be taken into account when considering modifications
in the desalination system’s demand. Unlike [2–16], this paper proposes a detailed representation of
the desalination system, taking into account all the relevant constraints for the system’s operation.
The mathematical representation of the aforementioned operation is incorporated in the day-ahead
scheduling for the case of Greek NII systems in order to define the optimal management of the
examined desalination system.

The Day-Ahead Scheduling in the case of the Greek NII systems, as well as the mathematical
modelling of the relevant problem, is presented in Section 2 of this paper. The mathematical
representation of the desalination system’s operation, required to incorporate the management of the
desalination demand in the day ahead scheduling problem is presented in Section 3. The proposed
optimisation procedure is applied for the desalination system installed in the Greek island of Kythnos,
in order to observe how the optimal management of the desalination demand can affect the day ahead
scheduling of the system. The technical characteristics of the desalination system and the production
units in Kythnos (conventional—RES) are presented in Section 4, while the results of the analysis are
provided in Section 5. Conclusions are drawn in Section 6.

2. Day-Ahead Scheduling in Non-Interconnected Islands

The relatively small size of NII systems makes it quite difficult to support any competition in
generation and justify an energy market with an increased number of suppliers. In this respect,
according to the Greek Legislation, the unit commitment and load dispatch in Greek NII systems
is performed taking into account the operational cost of conventional units, while RES energy is
dispatched with priority. Unlike standard electricity markets, the market participants do not submit
priced offers in the Greek NII energy markets.

The operation of the Non-Interconnected Islands in Greece is mainly defined according to the
NII Operational Code. The targets set in this Code mainly aim to increase the RES penetration in
each island while, at the same time, achieving the most economical operation of the participating
conventional generation units. Apparently, the aforementioned goals shall be satisfied while ensuring
the required power adequacy and the safe system operation.
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The NII Code defines that the first operational cycle for the operation of the NII energy market
is the “Day-Ahead Scheduling” (DAS), which takes place before the examined dispatch day and
concerns the next 24 h. Dispatch Scheduling and Real-Time Dispatch shall be performed within the
day, considering small time intervals or the real-time operation of the system, in order to re-evaluate
the dispatch and the production scheduling of the production units. Since the scope of this paper is to
evaluate the potential benefit of the desalination systems, taking into account time intervals of a whole
day or even a whole year, the Day-Ahead Scheduling will be examined.

According to the NII, the System Operator shall perform the Day-Ahead Scheduling, taking into
account hourly Power Offers submitted for the generator units in the network. Moreover, the targets set
in the Greek NII Code for the Day-Ahead Scheduling mainly aim to increase the RES penetration in each
NII system, while also achieving the most economical operation of the relevant conventional generation
units. The cost for the operation of the production units can be summarized in (1), where Cg,t or Cr,t

indicates the cost of the conventional unit g ∈ G =
{
1, 2, . . .Ng

}
, or the RES unit r ∈ R = {1, 2, . . .Nr},

respectively, at timeslot t∈ T = {1, 2, . . .Nt}:

Csystem =

Ng∑
g=1

Nt∑
t=1

Cg,t +

Nr∑
r=1

Nt∑
t=1

Cr,t ∀g ∈ G, t ∈ T, r ∈ R (1)

In order to increase the RES penetration, while achieving a minimum conventional production
cost, the virtual cost of the RES units in the problem’s objective function, f , can be set equal to zero as
it is evident in (2). The rest of the terms in (2) indicate the virtual cost of slack parameters

More specifically:

• The term Pslg,t indicates the production power of unit g, at timeslot t, that is lower than the
relevant technical minimum and psl,min is the relevant penalty cost.

• The term Pru_slg,t indicates the power divergence from the ramp-up requirement and psl,ru is the
relevant penalty cost.

• The term Prd_slg,t indicates the power divergence from the ramp-down requirement and psl,rd is
the relevant penalty cost.

• The term Pmax,r,t−Pr,t indicates the power curtailment for unit r at timeslot t, where Pmax,r,t indicates
the relevant maximum available RES energy and Pr,t denotes the RES energy actually injected in
the grid. psl,RES is the penalty cost in order to ensure a lower RES curtailment Pmax,r,t − Pr,t.

A more detailed explanation on the slack parameters is provided later, when the relevant
requirements are explained thoroughly

Minimise f =
Ng∑

g=1

Nt∑
t=1

Cg,t + psl,min

Ng∑
g=1

Nt∑
t=1

Pslg,t + psl,ru

Ng∑
g=1

Nt∑
t=1

Psl_rug,t

+psl,rd

Ng∑
g=1

Nt∑
t=1

Psl_rdg,t + psl,RES
Nr∑

r=1

Nt∑
t=1

(Pmax,r,t − Pr,t),

∀g ∈ G, r ∈ R, t ∈ T

(2)

The production cost of a conventional unit is usually expressed in a quadratic form. In order to
consider this cost in a mixed integer linear programming model (MILP), Ns linear segments may be
taken into account [14,15]. The production power Pg,t of each conventional unit can be expressed as
in (3), while constraints (5)–(9) shall be taken into account in order to define the operation in each
production scale. Pmaxk,g denotes the maximum production power in each segment k ∈ S = {1, 2, . . .Ns},
Pming indicates the technical minimum power of unit g, sk,g,t is a binary variable indicating whether
unit g operates at the production segment k ∈ S = {1, 2, . . .Ns} and psk,g,t is the power production in
each segment. Specific conditions when resolving the DAS problem may require that the production
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power Pg,t is lower than the technical minimum. Thus the term Pslg,t is introduced in (3), alongside the
constraint in (4), indicating that the production power of unit g, at timeslot t, is lower than the relevant

technical minimum. In order to avoid such situations, the term psl,min

Ng∑
g=1

Nt∑
t=1

Pslg,t is included in the

objective function (2). The relevant penalty cost psl,min shall be considerably high in order to avoid a
production power lower than the technical minimum:

Pg,t = Pming ∗ s1,g,t +

Ns∑
k=1

psk,g,t − Pslg,t, ∀g ∈ G, t ∈ T (3)

Pslg,t ≤ Pming, ∀g ∈ G, t ∈ T (4)

Pg,t ≥ 0, ∀g ∈ G, t ∈ T (5)

sk,g,t ≤ sk−1,g,t, ∀g ∈ G, t ∈ T, k ∈ S− {1} (6)

s2,g,t ≤
ps1,g,t

Pmax1,g − Pming
≤ s1,g,t, ∀g ∈ G, t ∈ T (7)

sk+1,g,t ≤
psk,g,t

Pmaxk,g − Pmaxk−1,g
≤ sk,g,t, ∀g ∈ G, t ∈ T, k ∈ S− {1, Ns} (8)

0 ≤
psNs,g,t

PmaxNs,g − PmaxNs−1,g
≤ sNs,g,t, ∀g ∈ G, t ∈ T (9)

The production cost Cg,t for a unit g operating with a power Pg,t at timeslot t is provided according
to (10). In particular, the cost is equal to the cost for producing a power equal to the technical minimum
C0,g plus the relevant cost for the production of power psk,g,t at each segment k. The production cost in

each segment can be linearly approximated by the term
dCk,g
dPk,g

=
Ck,g−Ck−1,g

Pmax,k,g−Pmax,k−1,g
[1], where Ck,g indicates

the production cost for a power equal to Pmaxk,g. Apparently, C0,g indicates the cost for the production
of a power equal to the technical minimum Pming:

Cg,t = s1,g,t ∗C0,g +

Ns∑
k=1

dCk,g

dPk,g
psk,g,t, ∀g ∈ G, t ∈ T (10)

dCk = Ck,g −Ck−1,g, ∀g ∈ G, k ∈ S (11)

dPk = Pmax,k,g − Pmax,k−1,g, ∀g ∈ G, k ∈ S (12)

dP1 = Pmax1,g − Pming, ∀g ∈ G (13)

The ramp-up requirement for a conventional unit indicates that the increase in the power between
two examined timeslots cannot be greater than the relevant limit RUg as expressed in (14). If the unit
is required to be put in operation after a timeslot where it is idle (i.e., Pg,t−1 = 0), the power of the
unit in timeslot t shall be equal to Pming. This can be expressed by including the relevant term in
(14). In case the ramp-up requirement cannot be satisfied, the term Pru_slg,t shall be introduced in
(14), indicating the relevant power divergence. The relevant slack variable shall also be introduced in
the objective function (2), where the relevant penalty cost psl,ru shall be quite large in order to avoid
conditions where the ramp-up condition is not met. For the first timeslot of the examined day the
state of the conventional unit g at the last timeslot of the previous day, s1,g,0 as well as the relevant
production power Pg,0 shall be taken into account, as it can be seen in (15). Similar constraints shall be
considered for the ramp-down requirements of the conventional units (indicating that the decrease in
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power among two examined timeslots cannot be greater than the relevant limit RDg), as it can be seen
in equations (16)–(17).

Pg,t − Pg,t−1 ≤ RUg +
(
Pmin,g −RUg

)(
s1,g,t − s1,g,t−1

)
− Pruslg,t, ∀g ∈ G, t ∈ T − {1} (14)

Pg,1 − Pg,0 ≤ RUg +
(
Pmin,g −RUg

)(
s1,g,1 − s1,g,0

)
− Pru_slg,1, ∀g ∈ G (15)

Pg,t − Pg,t−1 ≥ RDg +
(
Pmin,g −RDg

)(
s1,g,t−1 − s1,g,t

)
+ Prd_slg,t, ∀g ∈ G, t ∈ T − {1} (16)

Pg,1 − Pg,0 ≥ RDg +
(
Pmin,g −RDg

)(
s1,g,0 − s1,g,1

)
+ Prd_slg,1, ∀g ∈ G (17)

If a unit gmu shall remain connected to the grid for a specific amount of timeslots equal to Tgmu

within the day (or for all the timeslots of the examined day, Nt), then (18) shall be taken into account:

Nt∑
t=1

s1,gmu,t = Tgmu (18)

The constraints for the minimum up time, mutg, of each conventional unit, g, are indicated in
Equations (19)–(22). In particular (19) and (20) concern the minimum up time requirement for the first
hours of the examined day, taking into account the number of hours the unit has been operating, utg,0,
up until the last timeslot, of the previous day. The requirement for the last hours of the scheduling day
is expressed in (22), while the relevant requirement for the rest of the day’s timeslots is expressed in
(21). Similar constraints are defined for the minimum down time requirement, mdtg, of each unit g, as
expressed in (23)–(26):

iutg = max
{
0, s1,g,0

(
mutg − utg,0

)}
, ∀g ∈ G (19)

iutg∑
t=1

(
1− s1,g(t)

)
= 0, ∀g ∈ G (20)

t+mutg−1∑
tt=t

s1,g,tt ≥ mutg
(
s1,g,t − s1,g,t−1

)
, ∀g ∈ G, ∀t ∈

{(
iutg + 1

)
. . .

(
T −mutg + 1

)}
(21)

T∑
tt=t

s1,g,tt ≥ (T − t + 1)
(
s1,g,t − s1,g,t−1

)
, ∀g ∈ G, ∀t ∈

{(
T −mutg + 2

)
. . . T

}
(22)

idtg = max
{
0,

(
1− s1,g,0

)(
mdtg − dtg,0

)}
, ∀g ∈ G (23)

idtg∑
t=1

s1,g,t = 0, ∀g ∈ G (24)

t+mdtg−1∑
tt=t

(
1− s1,g,tt

)
≥ mdtg

(
s1,g,t−1 − s1,g,t

)
, ∀g ∈ G, ∀t ∈

{(
idtg + 1

)
. . .

(
T −mdtg + 1

)}
(25)

T∑
tt=t

s1,g,tt ≥ (T − t + 1)
(
s1,g,t − s1,g,t−1

)
, ∀g ∈ G, ∀t ∈

{(
T −mdtg + 2

)
. . . T

}
(26)

When considering a RES unit, r ∈ {1, 2, . . .Nr}, with a controllable output power, the power Pr,t

injected in the grid, cannot be greater than the relevant maximum available produced power Pmax,r,t

from this unit, in the examined timeslot t, as indicated in (27). Moreover, for safety reasons related to
the uncertainty in the forecasted RES production, it is important that significantly increased amounts
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of RES power compared to the system’s load, Lt, shall not be considered when resolving the DAS.
Thus a limit equal to Rl is considered in the relevant injected power in Equation (28):

0 ≤ Pr,t ≤ Pmax,r,t ∀t ∈ T (27)

Nr∑
r=1

Pr,t ≤ Rl ∗ Lt, ∀t ∈ T (28)

In order to ensure that the energy balance constraint is satisfied for every timeslot of the Dispatch
Day, the total sum of the energy produced from all the production units (conventional and RES) at the
examined timeslot, t, shall be equal to the system load Lt, as indicated in Equation (29):

Ng∑
g=1

Pg,t +

Nr∑
r=1

Pr,t = Lt, ∀t ∈ T (29)

3. Operation of a Desalination System

An overview of the desalination system installed in Kythnos, a NII island in Greece, is depicted in
Figure 1. The desalination units are providing clear water to the community of Merichas in the island.
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Figure 1. Overview of the desalination system installed in Kythnos.

The operation of each desalination unit in Figure 1 lies in removing the salt from the sea water
(which is referred to as feed in the desalination process) while producing clear water (or permeate) [1,10,17].
The desalination units have a specific performance concerning the amount of clear water that can be
produced from a certain amount of sea water. This performance is usually called Recovery Ratio and is
calculated according to (30). During the process of desalination a part of the sea water turns into a
mixture with a high salt concentration, called brine. Potential disturbances in the marine ecosystem
shall be taken into account when considering the brine disposal in the sea [18], however ways are
proposed in literature [2,19,20] in order to reduce the relevant environmental impact:

R =
permeate

f eed
(30)

Initially, the sea water is transferred to two feed reservoirs (Reservoirs 1 and 2 in Figure 1) by
employing the relevant pumps (Pumpsf1 & Pumpsf2 in). Additional pumps (Pumpfd1 & Pumpfd2 in
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Figure 1) are employed in order to provide sea water to the desalination units. After the desalination
process is completed (by one or both of the desalination units in Figure 1), clear water is provided
to the relevant Permeate Reservoirs. These reservoirs are in the same location with the desalination
units, yet the water is required to be transferred to a higher altitude in order to finally be provided to
Mericha’s population. The relevant task is performed with Pumppcw1 & Pumppcw2 in Figure 1 that
transfer clear water to the relevant reservoirs.

The high salt concentration mixture that is created during the desalination process is disposed in
the Brine Reservoir depicted in Figure 1, and is finally transferred to the sea with the relevant pumps
(Pumpbs1 and Pumpbs2).

The desalination system in Kythnos currently operates according to the level of water in each
reservoir, as indicated in Figure 2. More specifically, when the water is lower than a specific level (Llow)
the relevant pump or desalination system is activated in order for the reservoir to be filled up until
a specific high level (Lhigh). In this respect, the power required for the operation of the desalination
system does not take into account any specific requirement (for instance available RES production)
but merely depends on the relevant reservoir levels. It is evident, however, that the available volume
capacity in all the system’s reservoirs could be exploited in order to schedule the system’s energy
consumption during the day and offer demand response services towards the system operator.
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Figure 2. Current operation of the desalination system in Kythnos, according to the High and Low-Level
of each Reservoir.

In order to exploit the demand-response capabilities that can be provided by the desalination
system, specific constraints shall be taken into account in order to define the relevant mathematical
model that will allow the incorporation of the desalination operation in the DAS scheduling, as specified
in Section 2. In particular the exact demand of the desalination system at each timeslot Ldesalt , shall be
calculated by the defined optimisation problem and shall be added to the system’s load without
the desalination demand, Lno_desalt , (which can be considered constant in the Day-Ahead Scheduling
problem) as indicated in Equation (31):

Lt = Lno_desalt + Ldesalt , ∀t (31)

The water volume Vi,t of each reservoir i ∈ I = {1, 2, ..7}, at each timeslot t, will be equal to the
volume of the reservoir in the previous timeslot, Vi,t−1, plus the water flowing towards the reservoir, fini,t .
The water flowing out of the reservoir, fouti,t , shall be subtracted from the relevant result, as indicated
in (32). Concerning the first timeslot of the day the volume of the reservoir, Vi,0, at the last timeslot
of the previous day shall be taken into account, as it is evident in (33). Physical Constraints shall be
considered for the minimum and maximum limit of each reservoir as noted in (34).

The water flowing towards each reservoir i, fini,t , shall be limited according to the relevant limit
established by the relevant pump. In particular, if Fpu is the water flow in m3/h indicated for each
pump pu = {sf1,sf2,fp1,fp2,bs1,bs2,pcw1,pcw2}, then the maximum water flowing through the pump at
the timeslot examined will be equal to FpuDt, where Dt is the duration of the timeslot examined and is
the power requirements of the pump (in kW). The relevant limits for the water flowing through the
pumps are defined according to (35) and (36). Particularly concerning the 7th reservoir in Figure 1
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and the brine produced from the desalination units, it can be observed in Figure 1 that two pumps are
pumping brine towards the sea, thus Equation (37) shall be taken into account. The relevant limit for
the water flowing through the pumps are expressed in equations (38) and (39):

Vi,t = Vi,t−1 + fini,t − fouti,t ∀i,∀t = 2 . . . 24 (32)

Vi,1 = Vi,0 + fini,0 − fouti,0 ∀i ∈ I (33)

0 ≤ Vi,t ≤ Vmax,i ∀i = 1 . . . 7, ∀t (34)

0 ≤ fini,t ≤ Limit fin,i ∀i = 1 . . . 6, ∀t (35)

Limit f _in =



Fs f 1Dt

Fs f 2Dt

Fd1Dt

Fd2Dt

Fpcw1Dt

Fpcw2Dt


(36)

fout7,t = fs1,t + fs2,t, ∀t (37)

0 ≤ fs1,t ≤ Fbs1Dt, ∀t (38)

0 ≤ fs2(t) ≤ Fbs2Dt, ∀t (39)

It can be observed in Figure 1 that pumps are providing water to the desalination units, thus the
relevant limits in (40) and (41) shall be taken into account. Moreover, the water flowing out from
reservoirs 3 & 4 is equal to the water flowing towards reservoirs 5 and 6 as noted in equations (42) and
(43):

0 ≤ fout1,t ≤ F f d1Dt, ∀t (40)

0 ≤ fout2,t ≤ F f d2Dt, ∀t (41)

fin5,t = fout3,t , ∀t (42)

fin6,t = fout4,t , ∀t (43)

Concerning the operation of the desalination units, according to Equation (30) the produced clear
water at each timeslot t will be equal to the sea water provided to the desalination unit multiplied
by the Recovery Ratio R, as indicated in Equations (44) and (45). The water flowing out of the
desalination units, fin3,t and fin4,t in Figure 1, is also limited by the Recovery Ratio as indicated in (36).
Moreover, it is evident in Figure 1 that both desalination systems share a common reservoir for the
brine produced from each one of them ( fb1t and fb2t), thus constraints (46)–(48) shall be taken into
account. The maximum flow rate of brine towards the Brine Reservoir (Reservoir No. 7 in Figure 1) is
defined according to the Recovery Ratio of the desalination units as expressed in (49) and (50):

fin3,t = R ∗ fout1,t , ∀t (44)

fin4,t = R ∗ fout2,t , ∀t (45)

fin7,t = fb1t + fb2t , ∀t (46)

fb1t = (1−R) fout1,t , ∀t (47)

fb2t = (1−R) fout2,t , ∀t (48)

fb1t ≤
1−R

R
Fd1Dt, ∀t (49)
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fb2t ≤
1−R

R
Fd2Dt, ∀t (50)

The water flowing out of the Clear Water reservoirs (Reservoirs No. 5 and 6 in Figure 1) shall
be equal to the population’s water demand at the specific timeslot examined as it is evident in (51).
The Volume of the Clear Water Reservoirs in the end of each timeslot shall be equal to, or greater than,
the water demand of the next timeslot as noted in (52). (53) indicates that in the last timeslot of the
examined day, Nt, the volume of the clear water reservoirs shall be equal to the demand of the 1st
timeslot of the next day, DW0 :

fout5,t + fout6,t = DWt , ∀t (51)

V5,t + V6,t ≥ DWt+1 , ∀t = T − {Nt} (52)

V5,Nt + V6,Nt ≥ DW0 (53)

The energy required for the operation of a pump pu (where pu ∈
{
s f1, s f2, f d1, f d2, pcw1, pcw2, bs1, bs2

}
with the relevant indices referring to the pumps in Figure 1) can be calculated according to (54), taking
into account the water flowing through the pump fpu,t (in m3), the nominal water flow supported by
the pump, Fpu, (in m3/h) and the nominal power of the pump, Ppu, in kW. The exact calculation for
the energy of each pump can be provided according to (55). Similarly the energy, Edst , required for the
operation of each desalination unit ds ∈ {ds1, ds2} can be calculated according to (56), taking into account
the nominal power of the unit Pds (in kW) and the nominal clear water production Fds (in m3/h). Thus the
total amount of energy for the operation of the desalination system, Ldesalt , can be calculated according to
(57). This amount of energy is added to the system load without the desalination demand, as indicated in
(31), in order to define the system’s total load:

Epu,t =
Ppu

Fpu
fpu,t, pu ∈

{
s f1, s f2, f d1, f d2, pcw1, pcw2, bs1, bs2

}
(54)



Es f 1,t
Es f 2,t
E f d1,t
E f d2,t
Epcw1,t
Epcw2,t

Ebs1,t
Ebs2,t


= diag

(Ps f 1

Fs f 1
,

Ps f 2

Fs f 2
, . . . ,

Pbs2

Fbs2

)


fin1,t

fin2,t

fout1,t

fout2,t

fin5,t

fin6,t

fs1t

fs2t


(55)

[
Eds1t

Eds2t

]
= diag

(
Pds1

Fds1
,

Pds2

Fds2

)[
fin3,t

fin4,t

]
(56)

Ldesalt =
∑

pu∈{s f 1,...,bs2}

Epu,t +
∑

ds∈{ds1,ds2}

Eds,t, ∀t (57)

It shall be noted that resolving the DAS problem (i.e., minimise the objective function in (2),
taking into account constraints (3)–(29)), while also considering the demand flexibility that can be
offered by the desalination system (constraints (31)–(57)) will result in the grid absorbing the maximum
amount of RES energy in order to serve the daily water demand. However, in order to further increase
the RES produced energy injected in the grid, the RES energy within the day may be exploited in order
to further increase the volume of water in the reservoirs of the desalination system. Thus additional
clear water may be available in the end of the day that can potentially cover the water demand of

the following days. This can be achieved by introducing the term psl,RES
Nr∑

r=1

Nt∑
t=1

(Pmax,r,t − Pr,t) in the

objective function (2), where Pmax,r,t indicates the maximum available RES energy and Pr,t denotes
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the RES energy actually injected in the grid. A large penalty cost psl,RES will result in a lower RES
curtailment, Pmax,r,t − Pr,t.

4. Study Case

In order to observe the potential benefits that can arise by managing the desalination system’s
demand, the load for the year 2019 in the island of Kythnos is taken into account, as depicted in Figure 3.
It is evident that significant variations are observed in the system load during the year. In particular,
the tourism activity in the summer months significantly increases the system load, introducing a peak
of 3.42 MW. A peak of 2.56 MW is also noted during April, denoting the Easter vacations in Greece
when an increased tourism activity is observed.
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Figure 3. Load of Kythnos Island in 2019.

In order to cover the island’s demand during the winter and summer days, while also ensuring
the safe operation of the system, four conventional generators of a nominal power equal to 1.1 MW
are installed in Kythnos Island. The four generators are identical, with the characteristics provided
in Table 1. It is evident that two scales can be distinguished for the production of these generators
(i.e., k ∈ S = {1, 2}). The technical minimum power for the relevant units is equal to 637 kW, while the
Ramp-up and Ramp-down requirements demand that the power between two hours cannot be
increased (or decreased) more than 600 kW.

Table 1. Characteristics of the conventional production units in Kythnos.

Pmin P1,max P2,max

0.637 MW 0.8685 MW 1.1 MW
C0 C1 C2

144.8 €/h 191.3 €/h 239.1 €/h

Ramp-Up Ramp-Down

0.6MW (per hour) 0.6MW (per hour)

Minimum Up Time Minimum Down Time

1 h 1 h

A wind generator of a nominal power equal to 600 kW is considered to be installed in Kythnos,
with the production (Pmax,t in (27)) as depicted in Figure 4. The limit Rl for the RES injected power in
(28) is considered equal to 30%.
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Figure 4. Wind Production during the examined year.

Concerning the desalination system in Kythnos, depicted in Figure 1, the maximum
volume

{
Vmax,1, Vmax,2, Vmax,3, Vmax,4, Vmax,5, Vmax,6, Vmax,7

}
of the reservoirs is equal to{

30, 30, 50, 50, 300, 300 and 30 m3
}
. It is evident that the Clear Water Reservoirs (Reservoirs No. 5 and 6)

have quite an increased capacity for clear water (Vmax,5 = Vmax,6 = 300 m3), indicating significant demand
response capabilities. The nominal flow rate of the pumps and desalination units, as well as the relevant
nominal power is indicated in Table 2.

Table 2. Nominal flow rate and nominal power of the pumps and the desalination units in the
desalination system.

Pump Flow Rate (m3/h) Power (kW)

sf1 72 11
sf2 72 11
fd1 120 22
fd2 120 22

pcw1 39 11
pcw2 39 11
bs1 72 11
bs2 72 11

Desalination Unit Flow Rate (m3/h) Power (kW)

ds1 12 35.5
ds2 12 35.5

The high and low limits in the reservoirs indicating the simple operation of the desalination
system, not considering any smart demand response scheme to be applied, are presented in Table 3

Table 3. High and Low Levels for the reservoirs indicating the operation of the system when a smart
DR scheme is not applied.

Reservoirs 1 & 2 Reservoirs 3 & 4 Reservoirs 5 & 6 Reservoir 7

High Level (m3) 15 25 300 30
Low Level (m3) 13.5 22.5 270 27

Taking into account data provided for NIIs in Greece (https://www.deya-parou.gr/), the estimation
of the yearly water demand in Merichas (the area in Kythnos where clear water from the desalination

https://www.deya-parou.gr/


Energies 2020, 13, 4021 12 of 20

system is provided) is presented in Figure 5a. The distribution of the demand during the day is
depicted in Figure 5b, according to data provided in [21].Energies 2020, 13, x FOR PEER REVIEW  13 of 21 
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Figure 5. (a) Water demand in Merichas for each period of the year and (b) distribution of the water
demand during the day [21].

5. Results

5.1. Simple Operation of the Desalination System

When the desalination system operates without applying any demand response scheme, the pumps
and the desalination units only operate when the water in the reservoirs gets lower than the relevant
low-level limit. The pumps and/or desalination units keep operating up until the water in the relevant
reservoir reaches the required high-level limit.

For instance, considering the first day of the examined year, and taking into account that reservoirs
5 and 6 (the clear water reservoirs) in Figure 1 are filled up to an initial volume equal to 280 m3 each,
the operation of the system can be observed in Figure 6. In this case the desalination system only
operates when the water in reservoirs 5 and 6 gets lower than the relevant Low-Limit of 270 m3.
The system operates up until the high-level limit of 300 m3 in these reservoirs is reached. The operation
of the pumps and the desalination system providing water to the rest of the system’s reservoirs is also
performed considering the relevant high and low-level limits of each respective reservoir. For instance,
the volume of water in reservoirs 3 and 4 (the reservoirs where the clear water –or permeate- from the
desalination system is initially stored) is depicted in Figure 6b. In this case, the desalination units are
only required to operate three times during the day in order to respect the relevant High and Low-level
limits in reservoirs 3 and 4.

Figure 6c depicts the volume of the sea water in reservoirs 1 and 2 in Figure 1. It is noted that
a steady water volume among two consecutive hours does not necessarily mean that there is no
water flowing in or out of the relevant reservoirs. For instance, for the 23rd hour of the examined
day, reservoirs 1 and 2 are filled up until the maximum level. The system requires at this particular
hour 38 m3 of sea water to flow out of these reservoirs, in order to be provided to the desalination
units, reducing the relevant volume of sea water lower than the required low-limit. Thus, sea water is
pumped towards reservoirs 1 and 2, as it can be observed in Figure 6c. The operational power of the
relevant pumps is enough to fill the reservoirs up until the High-level within the examined hour.

The total energy requirements of the desalination system (energy demand for the operation of the
desalination units and all the pumps in the system) is depicted in Figure 6d. Since the system operation
is only considering the high and low-level rules described earlier, the operation of the system is not
taking into account the available RES production. Thus, when applying the Day-Ahead Scheduling
described in Section 2 for this specific day (i.e., the optimisation problem with the objective function (2)
and constraints (3)–(29)), an amount of the available wind production will not be effectively exploited.
In particular, significant amounts of wind energy are available, however, the desalination system cannot
exploit this production as it can be observed in Figure 6d. For the specific day examined the total wind
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energy curtailed (i.e., the difference among the available wind production and the wind production
finally injected in the grid) is equal to 5.14 MWh, or 47% of the total available wind production.
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Figure 6. Conventional operation of the desalination system for the first day of the examined year:
(a) Volume of water in the clear water reservoirs and the relevant water demand, (b) energy demand
of the desalination units and volume of permeate water, (c) energy demand for pumping sea water
and the relevant volume of sea water in reservoirs 1 & 2, (d) Curtailment of the wind production &
desalinations system demand.

It shall be noted that the optimisation problem, concerning the results in this section, as well as the
relevant optimisation problems in Sections 5.2 and 5.3, have been solved using the modeling system
GAMS, utilizing the CPLEX solver.

5.2. Smart Operation of the Desalination System Offering DR Services

In order to exploit the available wind production, while also taking into account the rest of the
constraints linked with the operation of the conventional units in Kythnos, it is important to incorporate
the operation of the desalination system within the optimisation problem of the Day-Ahead Scheduling.
In this respect, constraints (31)–(57) are taken into account in the initial DAS problem described in
Section 2. When applying the aforementioned optimisation problem for the day examined in Figure 6,
it can be observed that the volume in the clear water reservoirs (reservoirs 5 & 6 in Figure 1) does
not follow the water demand, as it is evident in Figure 7a. Similarly, the desalination units do not
operate in order to satisfy the High and Low-level limits of the relevant reservoirs, as it is evident in
Figure 7b. Instead the whole desalination system operates taking into account the optimal exploitation
of the available wind production (in addition to the constraints linked with the operation of the
desalination units).
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Figure 7. “Smart” operation of the desalination system for the first day of the examined year:
(a) Volume of water in the clear water reservoirs and the relevant water demand, (b) energy demand
of the desalination units and volume of permeate water, (c) energy demand for pumping sea water
and the relevant volume of sea water in reservoirs 1 & 2, (d) Curtailment of the wind production &
desalinations system demand.

The total energy required for the operation of the desalination system in this case is depicted in
Figure 7d. It is evident that there are significant differences compared to the conventional operation of
the desalination system in Figure 6d. In particular, the solution to the optimisation problem for the
day examined, indicates the exact amount of energy required for the operation of the system at each
specific hour in order for the produced wind energy to be effectively exploited.

Additionally the introduction of the term psl,RES
Nr∑

r=1

Nt∑
t=1

(Pmax,r,t − Pr,t) in the objective function (2)

results in further exploiting the RES production by increasing the volume of the clear water reservoirs
at the end of the examined day (Figure 7a). It might not be necessary to fill these reservoirs, considering
the relevant water demands, however, the additional RES production (Figure 7d) can be exploited to
cover the relevant water demand of the next day(s).

It shall also be noted that a simple order from the system’s operator towards the desalination
system to transfer a part of its energy among two hours could potentially not be performed, unless the
capacity of the reservoirs has been optimally managed during the previous hours to allow the relevant
increase/decrease in the demand. In particular, it is evident in Figure 7d that in order to effectively
exploit the available wind production, an increase is required in the system’s demand during the
last hour of the examined day. In order to achieve such an increase, the solution to the optimisation
problem indicates that a lower water volume shall be available in reservoirs 1–6 during the previous
hours (Figure 7a–c). However, when a non-scheduled operation is considered (Figure 6) the relevant
reservoirs are already full during the hours preceding the last hour of the examined day, not allowing
a significant increment in the system’s consumption. Thus, the DAS problem shall be fully aware
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of the capabilities of the desalination system in order to allow specific water flows (in and out of
specific reservoirs) at specific hours of the day, allowing the optimal exploitation of the available RES
produced energy.

For the examined day (Figures 6 and 7), the effective exploitation of the desalination’s demand
response capabilities results in reducing the RES curtailment to 4.89 MWh (a reduction equal to around
5% considering the initial RES curtailment of 5.14 MWh). Apparently, the capabilities for reducing
the RES curtailment are linked with many parameters when resolving the Day-Ahead Scheduling,
like the load of the system, constraints of the conventional generation units, available wind production,
daily water requirements, etc.

In specific days the reduction of the RES curtailment that can be achieved may be much more
significant than the one noted in the very first day of the examined year (Figures 6 and 7). For instance,
in August 29th significantly different energy and water needs are noted in the island of Kythnos.
More specifically, the daily electricity needs as well as the relevant water demand are considerably
increased due to the tourism activity in the island. In this specific day, it is evident in Figure 8a that
the elasticity offered by the desalination system’s demand can significantly decrease the relevant
RES curtailment. In particular, a reduction equal to around 42% is noted in this case in the curtailed
wind production.
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Figure 8. Operation of the desalination system with and without the relevant DR capabilities
in 29/08/2019: (a) Comparison of the RES curtailment and the desalination system demand,
(b) operation of the conventional generators without the DR capabilities of the desalination system
enabled, and (c) operation of the conventional generators when the desalinations system offers demand
response services.
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The importance of incorporating the operation of the desalination system within the Day Ahead
Scheduling problem is also evident when closer inspecting Figure 8a and particularly the 9th hour of
the day. Comparing the operation of the desalination system with and without the demand-response
capabilities enabled, it appears that the optimisation problem in the former case suggests that a part of
the desalination system’s demand shall be transferred from the 9th hour to the adjacent hours (8th and
10th hour), in order to better exploit the available wind production during these hours.

However, the decrease in the desalination’s system demand during the 9th hour also allows
more wind energy to be injected in the grid. More specifically, when considering the non-scheduled
operation of the desalination system, the initially increased demand of the whole island at the 9th hour
of the examined day requires that the system’s energy is supplied by two conventional generators as it
is evident in Figure 8b. More specifically, the Day-Ahead Scheduling (according to constraints linked
with the operation of conventional units, safety limits for the power injected from RES production
units, etc.) indicates that a second generator is required to start operating in order to cover the island’s
demand. In this case, the RES produced energy cannot be fully exploited resulting in an increased RES
curtailment at this specific hour, as it is evident in Figure 8b.

However, when the operation of the desalination system is considered alongside the relevant
DAS problem (according to the methodology proposed in Section 3), the reduction of the desalination
system’s demand during the 9th hour is enough to avoid the operation of the second conventional unit
at this specific hour (Figure 8c). More specifically, the power production from the 1st unit in addition
to the available RES produced energy, is enough in this case to sufficiently cover the island’s demand,
resulting in a zero RES curtailment during this hour.

It is, therefore, evident that the exploitation of the desalination’s demand is not a simple problem
that can be resolved by a mere reduction or increase in the systems demand. In particular, it is
important to incorporate the management of the desalination system within the DAS problem in order
to be fully aware of the system’s management capabilities. In this respect, the effective operation of
the desalination system while also taking into account parameters linked with the DAS, will allow
specific variations in the system’s demand that can avoid the operation of additional conventional
units, while better exploiting the available RES production.

The application of the DAS for all the days of the examined year, indicates that a significant
reduction can be achieved in the curtailed wind production. In particular the initial wind curtailment
of 655 MWh can be reduced to 583 MWh, indicating a reduction equal to around 11%. The relevant
increase in the RES production injected in the grid is equal to around 5%.

5.3. Employment of the Desalination System to Cover the Whole of Kythnos’ Water Demand

Better results for the RES energy injected in the grid can be achieved in case the demand of the
desalination system is increased. In particular, the examined desalination system that is currently
providing water to the population of Merichas, could be employed to provide water to the whole island
of Kythnos. It can be observed that the conventional operation of the system (according to the high
and low-level limits in the reservoirs) can satisfy more than 87% of the island’s yearly water needs.

In this case the operation of the desalination system introduces a significant energy demand.
However, when considering the conventional operation of the system, according to the high and
low levels of the relevant reservoirs, this demand cannot always be covered with the available
RES production. For instance, for the day depicted in Figure 9a, the conventional operation of the
desalination system (red line in the figure) indicates an increased energy demand for many hours of the
day, yet this demand does not always coincide with the RES curtailment. However, the incorporation
of the system’s operation within the DAS problem allows a better management of the desalination
system’s operation, with a demand optimally distributed in the day in order to effectively exploit the
available RES production. In this case the curtailed RES production can be decreased by more than
22%.
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Figure 9. Comparison of the RES curtailment and the desalination system demand, when the
desalination system satisfies the water requirements of the whole island of Kythnos. Operation with &
without the relevant DR capabilities for (a) 06/01/2019 and (b) 13/07/2019.

For days with an extremely high water demand (Figure 9b), the conventional non-scheduled
operation of the desalination system indicates that the desalination system shall constantly operate
with a steady demand during the day, to retain the required high and low level limits in all the
reservoirs. However, when considering a scheduled operation of the desalination system, according to
the methodology proposed in this paper, the capacity of the reservoirs can be effectively exploited in
order to introduce slight variations in the energy demand that can better exploit the available RES
production. Such variations can effectively reduce the RES curtailed energy by around 29% in the day
examined in Figure 9b.

When the proposed optimisation problem in Section 3 is applied for the whole year of 2019,
the RES curtailment can be reduced from 0.58MWh to 0.45 MWh, indicating a reduction greater than
22%. The energy required from conventional units in this case is reduced from 8.91 GWh to 8.77 GWh.

When considering the conventional operation of the desalination system, the network can absorb
the whole daily amount of the produced RES energy (i.e., the maximum available RES production
during the day) for a total amount of 30 days. However, when considering the application of the
proposed optimisation procedure the relevant number of days is increased to 51.

6. Discussion

An optimisation procedure is proposed in this paper for the optimal management of the demand
of a desalination system in a non-interconnected island, taking into account parameters linked with the
day-ahead scheduling. The application of this optimisation procedure on the examined study–cases
indicates quite significant results in achieving a greater RES penetration in the examined island.
Future work on the proposed optimisation procedure could potentially include a brine discharge rate
in order to minimize the relevant environmental impacts.

In order to allow the integration of the proposed optimisation process in the operation of a
desalination system, appropriate modifications shall be realized on the operation of the system’s
pumps and desalination units. More specifically, the desalination units as well as the relevant pumps
shall no longer operate according to the High/Low level limits in the reservoirs, but shall be modified
to operate according to the optimal management procedure described in this paper.

The examined study case for the application of the optimisation method proposed in this paper
concerns the desalination units installed on the island of Kythnos and the installation of a 600 kW wind
generator with the production profile depicted in Figure 4. Other study cases, like the installation of
other RES units, could potentially lead to different results due to the different production profiles,
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compared to the one of the wind generator in Figure 4. In any case, however, the proposed optimisation
procedure could be applied for any study-case of RES units in order to indicate the optimal operation
of the desalination system.

7. Conclusions

This paper proposes a novel methodology to define the optimal management of a desalination
system’s demand within the framework of the Day-Ahead Scheduling rules considered in NII
systems. The proposed methodology has been applied for the desalination system in the Greek
Non-Interconnected Island of Kythnos that supplies clear water to the community of Merichas.
The results of the analysis indicate that the conventional operation of the desalination system can
potentially lead to significant amounts of curtailed RES energy. However, the efficient management of
the desalination system’s operation, allowing specific water flows, in and out of specific reservoirs,
at specific hours of the day, can increases the RES penetration in the examined system. In particular,
the RES curtailment can be decreased from 655 MWh to 583 MWh, when considering the operation
without and with the proposed optimisation procedure respectively. The relevant increase in the RES
produced energy injected in the grid is equal to around 5%.

The increment in the RES injected energy is much more significant in case the desalination system
is required to supply water to the whole island of Kythnos. More specifically, the application of the
proposed optimisation procedure for the whole year of 2019, indicates that the RES curtailment can be
reduced from 0.58 GWh to 0.45 GWh (i.e., a reduction greater than 22%).

Moreover, according to the results of the analysis presented in this paper, it is quite significant to
consider the optimisation of the desalination demand management alongside the constraints of the
day-ahead scheduling. More specifically, the right amount of decrement in the desalination system’s
demand can lead to a better exploitation of the available RES production, by avoiding the operation of
additional conventional units. Thus, the Day-Ahead Scheduling problem shall be fully aware of the
capabilities of the desalination system in order to allow the optimal exploitation of the available RES
produced energy.

Author Contributions: Formal analysis, I.K., A.D. and N.H.; Methodology, I.K., A.D. and N.H.; Supervision,
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Nomenclature

DAS Day Ahead Scheduling
NII Non-Interconnected Island
RES Renewable Energy Sources
MILP Mixed Integer Linear Programming

Sets

g Conventional generation unit, g ∈ G =
{
1, 2, . . .Ng

}
i Reservoir i ∈ I = {1, 2, ..7}
k Segment for the calculation of the conventional production cost k ∈ S = {1, 2, . . .Ns},
pu Pumps in the examined desalination system pu = {sf1,sf2,fp1,fp2,bs1,bs2,pcw1,pcw2}
r RES generation unit, r ∈ R = {1, 2, . . .Nr}

t Examined timeslot, t ∈ T = {1, 2, . . .Nt}

ds Desalination unit ds ∈ {ds1, ds2}
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Abbreviations

C0,g Production cost for unit g for producing a power equal to its technical minimum Pming.

Cg,t
The cost of the conventional unit g ∈ G =

{
1, 2, . . .Ng

}
, or the RES unit r ∈ R = {1, 2, . . .Nr},

respectively, at timeslot t ∈ T = {1, 2, . . .Nt}.
Ck,g production cost for a power equal to Pmaxk,g

Cr,t
The cost of the conventional unit g ∈ G =

{
1, 2, . . .Ng

}
, or the RES unit r ∈ R = {1, 2, . . .Nr},

respectively, at timeslot t ∈ T = {1, 2, . . .Nt}.
Csystem Production cost of the system
Dt Duration of the examined timeslots
DW0 Water demand at the 1st timeslot of the next day
DWt Water demand at timeslot t
dtg,0 The number of hours the unit has not been operating, up until the last timeslot, of the previous day
Epu,t Energy required for the operation of each desalination unit pu, at timeslot t
Edst Energy required for the operation of each desalination unit ds, at timeslot t
Fds Nominal clear water production of desalination unit ds
Fpu Maximum water flow allowed through the pump pu
fini,t Water flowing into reservoir i, at timeslot t
fouti,t Water flowing out of reservoir i, at timeslot t
fpu,t Water flowing through pump pu
gmu Unit that must remain connected to the grid for a number of Tgmu timeslots within the day
mdtg Minimum-Down time for unit g
mutg Minimum-Up time for unit g
utg,0 The number of hours the unit has been operating, up until the last timeslot, of the previous day
Lt System’s Load at timeslot t
Ldesalt Demand of the desalination system at each timeslot t
Lno_desalt System’s load without the desalination demand
Ng Maximum number of conventional units in the system
Nr Maximum number of RES units in the system
Ns Maximum Number of linear segments for the calculation of the production cost of conventional units
Nt Maximum number of timeslots in the examined day
Pg,t Production Power of the conventional unit g at timeslot t
Pg,0 Production Power of the conventional unit g at the last timeslot of the previous day
Pmax,r,t Maximum available RES energy from unit r at timeslot t
Pmaxk,g Maximum production power in each segment k
Pming Technical minimum power of conventional unit g
Ppu Nominal Power of pump pu
Pr,t Energy injected in the grid from RES unit r at timeslot t
Pru_slg,t Power divergence from the ramp-up requirement
Prd_slg,t Power divergence from the ramp-down requirement
psk,g,t power production of unit g in in each segment k at timeslot t
Pslg,t Production power of unit g, at timeslot t, that is lower than the relevant technical minimum
psl,min Virtual penalty cost related to Pslg,t

psl,rd Virtual penalty cost related to Prd_slg,t

psl,RES Virtual penalty cost related to the term Pmax,r,t − Pr,t

psl,ru Virtual penalty cost related to Pru_slg,t

R Recovery Ratio
Rl Limit considered for the RES power injected in the grid
RUg Ramp-Up requirement
RDg Ramp-Down requirement
s′1,g,0 State of the conventional unit g at the last timeslot of the previous day
sk,g,t Binary variable indicating whether unit g operates at the production segment k
Tgmu Number of timeslots that the unit gmu must remain connected to the grid
Vi,0 Water volume at reservoir i, at the beginning of the day
Vi,t Water volume at reservoir i, at timeslot t
Vmax,i Maximum water volume capacity of reservoir i
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