Applied Energy 358 (2024) 122564

Contents lists available at ScienceDirect

Applied Energy

L

ELSEVIER journal homepage: www.elsevier.com/locate/apenergy

Reduced desalination carbon footprint on islands with weak electricity
grids. The case of Gran Canaria

Pedro Cabrera®™’, José A. Carta®, Carlos Matos*, Enrique Rosales-Asensio ", Henrik Lund ©

& Department of Mechanical Engineering, University of Las Palmas de Gran Canaria, Campus de Tafira s/n, 35017 Las Palmas de Gran Canaria, Canary Islands, Spain
Y Department of Electrical Engineering, University of Las Palmas de Gran Canaria, Campus de Tafira s/n, 35017 Las Palmas de Gran Canaria, Canary Islands, Spain
¢ Department of Sustainability and Planning, Aalborg University, Rendsburggade 14, Denmark

HIGHLIGHTS GRAPHICAL ABSTRACT

o A method for achieving large-scale, low-
carbon desalination is presented.

e Optimal wind farm and storage capac-
ities for the system are determined. : ~JCONTROL

e The method offers substantial CO2 ' - SYSTEM
emission reduction potential. = ! i

e Using climate ERAS reanalysis data,
enhances robustness by addressing wind
variability.

e Proposed adjustments enhance adapt-
ability to technological advances and
future scenarios.

Offshore/onshore wind farm

l Transformers

Conventional
clectrical grid

CO, emission into !
the atmosphere
conversion ---» Control signal s

system o--o Tele information network —~Wind energy

g

ARTICLE INFO ABSTRACT
Keywords: The aim of this paper is to present options to make low-carbon footprint large-scale desalination a reality on arid
On-grid wind desalination islands with weak electrical grids. Through these options, the goal is to reconfigure on-grid wind energy/

Off-grid wind desalination
Zero-carbon footprint
Reverse osmosis

desalination systems for large- and medium-scale water production. In this context, it is proposed to use lithium-
ion batteries for stationary energy storage together with management strategies aimed at avoiding the wind
energy/desalination systems having to consume energy from the conventional grid they are connected to. The

Desalination

Energy control strategy is based on ensuring that the power provided by the wind farm and batteries remains in syn-
Renewable energy chrony with the power demand of the desalination plant throughout the system’s useful life. The interannual
Smart energy system variation of wind energy is considered when sizing the renewable energy system and processes for its estimation

are proposed. The case study is centred on the Canary Archipelago, a region that is especially vulnerable to the
impacts of climate change, but which enjoys exceptional characteristics for the exploitation of wind energy. The
results obtained show the optimal wind farm and energy storage system capacities of the analysed configura-
tions. The approach presented allows a low-carbon operational footprint. If the control strategy were to be put
into practice today, the current grid restrictions and a life cycle assessment of the system carried out in a societal
context that continues to be fossil fuel dependent indicate a potential reduction of 77.4% of the footprint.
However, the remaining 22.6% could be eliminated in the future when the manufacturing processes of wind
turbines, batteries and desalination plants receive the benefits of carbon-neutral societies.
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P. Cabrera et al.
1. Introduction

According to the United Nations World Water Development Report
2020 [1], use of water worldwide has increased sixfold over the last 100
years and continues to rise at a constant annual rate of 1%. This rise is
associated to greater agricultural and industrial use, population and
economic growth, changing consumer patterns and the effects of climate
change [2]. The latter of these causes reduces the predictability of the
availability of water and aggravates the situation in regions where water
scarcity is greatest.

In the last four decades, the increase in water consumption has led to
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a rise in the construction of desalination plants as part of the attempt to
mitigate the scarcity of this resource [3]. This is taking place in
numerous islands in the European Union (EU) [4], including those in the
Canary Archipelago [5], as well as in other parts of the world [6].

One of the problematic issues in the employment of desalination
processes is their intensive energy consumption, although the industry
has already made important strides in its reduction [7]. The prevailing
trend is towards the implementation of SWRO plants driven by electrical
energy [8].

Traditionally, the energy sources used in water desalination pro-
cesses have been of fossil fuel origin [9]. According to [10], the
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Fig. 1. On-grid wind energy systems for water desalination.



P. Cabrera et al.

desalination plants currently in operation in the world emit around 76
million tonnes of CO5 annually. In [11], with the caveat that more an-
alyses are required to improve the precision of the estimation, the
amount is calculated to be even higher, at 120 million tonnes per year. In
[10], it is calculated that if low carbon options are not implemented the
amount will rise to 218 million tonnes by 2040.

Given the importance of the water-energy binomial, one of the aims
in the desalination industry must be the replacement of fossil fuels with
other non-polluting renewable energy sources using mature and low-
cost technologies [12,13].

1.1. Literature review on installed renewable energy desalination systems
on islands

Currently, only around 1% of desalinated water comes from
renewable energy-sourced desalination systems (RES-desalination sys-
tems) [14]. However, in several regions with water scarcity problems,
different aspects related to the water-energy nexus have been tackled
based on the implementation of RES-desalination systems. Given the
high level of maturity of wind energy-associated technologies, this is one
of the most commonly used renewable energy sources in large-scale
desalination [11,15], especially in coastal areas with high wind poten-
tial [16].

According to Karimanzira [17], the electrical energy generated by
wind technology costs less than other renewable energy sources. In
another study, the same author [18] recommends this as the first option
in combination with a reverse osmosis desalination system to produce
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freshwater using sustainable energy.

The RES-desalination systems that have been installed on islands can
be classified in two major groups [8]: A) on-grid renewable energy
technologies (Fig. 1); and B) off-grid renewable energy technologies
(Fig. 2).

1.1.1. Literature review on installed on-grid renewable energy systems for
water desalination

To date, the owners of large- and medium-scale desalination plants
have opted for the use of on-grid renewable energy systems for water
desalination or, in other words, for the installation of renewable energy
technologies (principally wind) and the connection of the two sub-
systems to conventional power distribution grids [9]. Such projects
basically use two strategies (referred to in this paper as A-1 and A-2) for
renewable energy and conventional energy management when it comes
to powering the desalination plants (Fig. 1). In the A-1 strategy, the
renewable energy technology feeds all the energy that it generates into
the conventional grid and the desalination plant is treated like another
load in the system.

When used in weak energy systems in which a significant renewable
power needs to be installed to meet a high freshwater demand, this
strategy can generate problems of instability in the power system [9,19].
In this context, some authors have reported that the integration of
renewable-powered desalination in the conventional grids of isolated
islands may be limited even in the case of high renewable energy po-
tential [20]. However, interesting methods based on the Smart Energy
Systems concept [21,22] have been proposed to manage the optimal
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Fig. 2. Off-grid wind energy systems for water desalination.
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large-scale integration of renewable power in water-energy systems on
islands and increase the contribution of renewables to the primary en-
ergy supply of the islands [23]. Such methods consider the water
desalination and treatment systems as flexible loads and explore a wide
range of possible water supply infrastructures and renewable energy
combinations (wind and solar). Smart Energy Systems represent a holistic
strategy that harmonizes the integration of different sectors to unearth
the potential synergies within, striving to attain the most efficient out-
comes for every sector within the energy landscape. Unlike the more
singular emphasis of the Smart Grid concept, which primarily centrs on
electricity, this approach considers the entirety of the energy ecosystem
[24], delving into the exploration of suitable infrastructure blueprints
and operational approaches to enhance the energy system as a whole
[25].

In the A-2 strategy the renewable energy technologies must be
permanently connected to the desalination plants through a direct
connection independent from the conventional grid [9]. As a result, the
renewable technology needs to be installed in an area close to that of the
desalination plant whose energy consumption it is associated to. In this
strategy, the electrical energy generated by the renewable energy
technology is used primarily to cover the instantaneous energy needs of
the desalination plant (Fig. 1). In this case, the mismatches in instan-
taneous energy between the electrical energy generation of the renew-
able energy technology and the consumption of the desalination plant
are corrected by taking from the conventional grid the amount of energy
that is required and by feeding into the grid any surplus renewable en-
ergy production.

1.1.2. Literature review on installed off-grid renewable energy systems for
water desalination

To date, in practically all cases, installations of off-grid renewable
energy systems for water desalination are comprised of microgrids that
have been configured to handle mostly very small-scale desalination,
and generally using batteries as an energy storage system. In the case of
using a renewable technology operating in parallel with diesel-operated
generators (Fig. 2), a zero-carbon operational footprint is not possible.
However, in other off-grid renewable energy systems that do not use
diesel, a low-carbon water desalination footprint can be achieved if
considering only the operating life of the system.. Larger-scale micro-
grids have also been deployed in which no massive energy storage sys-
tems are used (Fig. 2). Examples where such microgrids have been
employed include the islands of Syros (Greece) [26], Riigen (Germany)
[27]1, Borkum (Gemany) [27], Symi (Greece) [9,28], Tenerife (Canary
Islands, Spain) [26] and Gran Canaria (Canary Islands, Spain) [29-31].

1.1.3. Literature review on proposed large-scale RE-desalination systems on
arid islands

Different configurations and strategies have been proposed in the
literature to cover the needs of islands. Segurado et al. [20] proposed the
connection of a wind farm (WF) and SWRO plant (5400 In3/d) to the
conventional power distribution grid for the island of S. Vicente (Cape
Verde). To mitigate the problems associated to the weakness of the
electrical grid [19], the construction of a pumped hydro storage system
was proposed. Mentis et al. [32] proposed optimal RES-desalination
configurations for three islands in the South Aegean Sea, Patmos
(2000 m3/d), Lipsoi (400 m3/d) and Thirasia (100 m3/d), with the
desalination system connected to the grid and powered using RES and
fossil fuels only when necessary. Configurations have also been pro-
posed that aim to cover only a percentage of the water demand of an
island.

Proposals for off-grid RES-desalination systems include the one
presented for an area in Gran Canaria [33] which considered the
installation of a microgrid comprising a modular SWRO desalination
plant (8 modules of 1000 m®/d capacity: 8000 m®/d) -powered exclu-
sively by off-grid wind energy- and a water storage reservoir (65,900
m>) to allow coverage of a freshwater demand of 1825 x 10% m>/year
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without the use of massive energy storage devices. The system they
proposed was configured based on the experience acquired with a
microgrid that had previously been installed and tested on the same
island [29]. This microgrid, which forms part of a wider programme
titled the Sea Desalination Autonomous Wind Energy System (SDAWES)
[30,31], takes advantage of the modular nature of SWRO plants, con-
necting and disconnecting modules which operate under constant
pressure and flow conditions. The configuration of the microgrid and its
operating strategy permit its extrapolation to large-scale wind-powered
water production without a back-up energy provider [29]. In the pro-
posal that they presented in [33], the authors took advantage of the
experience acquired with a wind turbine-powered prototype SWRO
plant designed and tested to operate under variable flow and feed
pressure conditions [34,35].

1.2. Aim, novelty and key contributions of this paper

The aim of this paper is to present options to make low-carbon
footprint large-scale desalination a reality on arid islands with weak
grids. The key contribution of this paper is the proposal to reconfigure
wind energy systems that operate with the A-1 strategy (Fig. 1) so that
they do not need to consume energy from the conventional grid they are
connected to or diesel generators that are generally proposed [36,37] as
an auxiliary power source when supplying energy to the WF and ancil-
lary services in island-based operation. In this study, the use is proposed
of grid-forming (GFM) converters, comprised of battery energy storage
systems (BESSs), to guarantee service availability. More specifically, to
avoid the use of fossil fuels the implementation is proposed of lithium-
ion batteries (LIBs) for medium- and large-scale stationary energy
storage together with specific system management strategies. According
to Pagnani et al. [38], given their scalability, response time and capacity
to absorb and deliver energy to the system, BESSs are a good option to
smooth wind energy generation and increase the stability of energy
systems. In this work, the objective is for the wind-sourced electrical
power to be in synchrony at each instant with the power demand of the
SWRO plants, taking into consideration the energy losses generated in
the transport of this power from the generation points to the con-
sumption points. In the configurations considered in this paper, as well
as balancing mismatches between SWRO plant power demand and WF-
generated power, the purpose of the LIBs, as is proposed in the literature,
is to ensure service availability. In other words, the goal is that power
can be supplied to the central control of the system and ensure that the
power required by the different devices (yaw mechanism, blade-pitch
control, etc.) of the wind turbines (WTs) and by the ancillary compo-
nents of the proposed on-grid system is covered in periods in which
insufficient wind energy is available. In addition, the proposed method
considers the interannual variation of wind energy and the use of pro-
cedures based on climate reanalysis data [39] if no historical meteoro-
logical data are available of the study site. This approach differs
substantially from the standard approaches which use a time series that
covers just a single year.

It should be noted that the A-1 strategy has the advantage over the A-
2 strategy that selection of the WF site can be selected on the basis of the
relevance of its energy resource and that of the SWRO plant coastal site
on the basis of optimal technical, economic and environmental impact
characteristics [40]. The tasks of the proposed algorithm for the optimal
sizing of the electrical energy generation system and the simulation of
large-scale wind-powered SWRO plants include selecting the optimal
number of WTs and determining the capacities of the LIBs required for
the proper functioning of the system such that SWRO plant energy de-
mand is covered at each instant. This island has an energy policy that
promotes the use of RES-desalination systems and enjoys exceptional
potential for the exploitation of wind energy [41].
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2. Method

In this section, a description is first provided of the general config-
uration of the systems proposed as options to make low-carbon footprint
large-scale desalination a reality on arid islands with weak grids. The
tasks of the algorithm of the method for the optimal sizing and simu-
lation of large-scale wind powered SWRO plants are then described.

2.1. Description of the general reconfiguration of the on-grid system with
strategy A-1

Fig. 3 provides a rough schematic outline of the general configura-
tion of the proposed system. The on-grid renewable electrical generation
system can be seen on the left, with the central power stations (CPSs)
below.

On the right-hand side of Fig. 3 is the conventional electrical grid to
which the SWRO desalination plants are connected in a similar manner
to the commercial, residential, industrial and electrical transport cus-
tomers of the island.

The WF will comprise one or more WTs and, given the consideration
of island-based implementation, may be onshore or offshore. It should
be noted that in the latter case, although not included in the rough
schematic outline of the general configuration of the proposed system of
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Fig. 3, there are various alternatives for offshore-to-onshore energy
transport [19], none of which have implications for the method pro-
posed in this paper. A BESS, with a bidirectional power conversion
subsystem (PCS), also forms part of the electrical generation subsystem.
The purpose of the BESS is to balance the mismatches between SWRO
plant power demand and WF-generated power. In addition, the BESS has
to supply energy to the control subsystem (CS), the WT devices (yaw
mechanism, blade-pitch control, etc. [42]) when required, and the
ancillary components of the system, including step-up substations
[36,37,43,44], reactive energy compensators, power electronic con-
verters, etc. In the scenario of the use of offshore WFs, given the
potentially large size of the GFM BESS and the consequent complications
for its installation, as highlighted by Pagnani et al. [45], its onshore
installation is proposed.

The CS acquires, through a tele information network (Fig. 3), data on
SWRO plant energy consumption to facilitate management of the wind-
sourced electrical energy that the renewable generation system needs to
inject into the conventional grid art each instant. The CS also receives
data on the operating parameters of the WF and the BESS and is
responsible for supervision of the entire energy system operating pro-
cess. The renewable generation system is coupled to a conventional
electrical grid substation.

Offshore/onshore wind farm
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SYSTEM ¢~
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- | conversion
system
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Fig. 3. Proposed on-grid option to make low-carbon footprint large-scale desalination a reality on arid islands with weak grids.
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2.2. Overall description of the method

Fig. 4 shows a schematic representation of the method applied in this
research, referring to the different sections, equations and figures where
the set of tasks proposed are described in detail. The method selects the
economically optimal system comprising a stand-alone WF, consisting of
a particular number of WTs, NWT, and a BESS that allows coverage of a
particular hourly freshwater demand.

The first task in the proposed method is to estimate the long-term
wind resource at the target site. It is assumed that there are no histori-
cal data series available and that only a short series of data is available
for the target site or its surroundings. It is proposed to use ERA5 climate
reanalysis, data [39]. ERAS is a global climate reanalysis product from
the European Centre for Medium-Range Weather Forecasts (ECMWEF). It
has high spatial and temporal resolution and provides mean hourly wind
speeds at two heights (10 m and 100 m) above ground level (a.g.l.). The
reanalysis ERA5 data are available online for public download. One of
the advantages of these reanalysis data is that they cover periods of
many years of historical data. It is proposed to use machine learning
(ML) techniques to estimate the wind resource at the hub height of the
WT at the target site corresponding to the years considered in the study
(Fig. 4). This task is developed in Subsection 2.2.1.

The second task (Fig. 4) consists of initial estimation of the NWT
required to cover annual freshwater demand, considering an SWRO
plant SEC range. For each SEC, the NWT of the selected WT must be able
to cover the annual water demand based on the wind data from the year
with the least wind power. Similarly, the NWT must also be able to cover
the on-grid system energy self-consumption [36,42]. This task is
developed in Subsection 2.2.2.

The optimization process is undertaken in the third task (Fig. 4). For
a given SWRO plant capacity Qm (m>/day), with an associated SEC
(kWh/m3), a search is undertaken of the NWT and BESS size required in
each of the considered wind years to cover the annual water demand and
satisfy the energy self-consumption of the proposed system.

The specific cost, C; (€/m®), of the product water with each config-
uration is estimated. For this, the investment costs of the subsystems
which make up the configurations (NWT, SEC, Qm and BESS capacity)
are taken into account, as well as the operating and maintenance (O&M)
costs. The latter may include the off-site power purchase agreement
(PPA) [46], in other words the costs associated to a long-term purchase
agreement between a renewable developer and a marketer who will
resell the energy.

The estimated lifetime, L, and the discount rate, I, are considered to
estimate the Cs. This third task is developed in Subsection 2.2.3.

2.2.1. Task-1. Estimation of long-term wind speed at the target site

Fig. A.1 shows a synthesised schematic representation of the first
task. In each year i and time step j (hours), the variables v, and v, are
read, extracted from the ERAS5 dataset [39]. The subindices x and y are
the longitude and latitude components of the ERA5-registered wind
speed at 100 m a.g.l.. Based on these components, for each year i and
hour j, the V.100;; wind speed module and its direction © 100;; are
determined. Sequencing was performed in the R programming language.
©.100;;, takes the value of 0° in the case of N winds and a clockwise
direction is followed. The atan2(—vy,-vy) function in R is used to calcu-
late ©_100;;, and if ©_100;; < 0 it is taken that ©_100;; = 21 + ©_100;;.

After estimating the wind speeds and directions at 100 m a.g.l. using
the ERA5-based data, an ML model is trained, validated and tested. The
aim is for the model to learn, in a supervised manner, the existing rela-
tionship between the ERAS5 data used as input signals and the estimated
short-term target site wind speeds at the hub height h, VT h, of the selected
WT. In the model proposed in this study, Eq. (1), one of the input variables
is the ERA5-registered wind speed at 100 m, V_100. As also undertaken in
other studies [32,44,45], the wind direction signal, 6_100, registered in
ERAS at 100 m, is decomposed into its sine and cosine components, and
the angle corresponding to the northerly direction is taken as angle 0°.
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The aim with the variables of month (M) and hour (H) is to include
seasonal and daily wind behaviour. In this work, the regression function
given in Eq. (1) is estimated using the Random Forest (RF) technique
proposed by Breiman [47]. It has been concluded in previous studies
that this technique provides appropriate metrics when compared to
other ML techniques [33,48,49]. It was selected for the present study in
view of its robustness against overfitting.

(VT_h), = f{(V_100), ,cos[(6-100), ] ,sin[(6-100), ] , M, H,} (€]

The randomForest package [50] of the open-source multi-platform R
Statistics software [51] was used to programme the proposed model.
Model tuning via grid search was used to estimate the hyperparameters
of the RF model. The tune_grid() function computes a set of performance
metrics for a pre-defined set of tuning parameters (number of trees
(ntree), number of features considered at each split (mtry) and
maximum tree depth (max.depth)) that correspond to a model. Ntree is
set in this work in the range of 500 to 4000, mtry in the range of 1 to 5
(the total number of features) and max.depth in the range of 10 to 60.

The estimated wind speed data at hub height h of the WT at the target
site and the ERA5-registered data corresponding to the same period are
divided into two subsets: one, comprising 80% of the data, for model
training and validation, and the other, comprising the remaining 20%,
for model testing.

If the available short-term target site wind speeds are registered at a
height h, below the height h of the hub of the WT, use is proposed of a log
law model which, based on meteorological theory, has generally been
employed considering that the boundary layer is neutrally buoyant [52].
In Eq. (2), 2o is the surface aerodynamic roughness length, a parameter
that is a representative value of surface characteristics [53].

u(2)
(VT_h), = (VI_h,),-
20

Use is also proposed of the 10-fold cross-validation method, which
provides a robust estimation of the generalization error. The vfold_cv()
function available in the rsample package [50] of the R Statistics soft-
ware can be used for this purpose.

After the training and validation of the RF model with the best
hyperparameters, the permutation feature importance measurement,
introduced by Breiman [47] for RFs, is used to determine the most
important variables to the model.

After defining the RF model, it is tested using the predict() function,
available in the randomForest package [50] of the R Statistics software,
and the test subset as its input data. Then, with the selected model, the
long-term wind speed prediction at height h at the target site is under-
taken. The metrics proposed to carry out the analysis are the root mean
square error (RMSE), the mean absolute error (MAE) and the coefficient
of determination (R?).

(2

2.2.2. Task-2. Estimation of the minimum number of wind turbines

To determine the minimum NWT that a WF requires to cover the
energy self-consumption of the on-grid system and the energy con-
sumption of the SWRO plant of capacity Qm and SEC, the mean annual
power, WTPOn, is estimated that a WT of the WF would generate in the
year with the lowest wind resource in the series of years considered in
the study (Fig. A.2).

The power curve of the selected WT is used to calculate its power
output according to the estimated wind speeds at hub height h in Task-1,
Eq. (3):

WTPO, :%'pl-s-(VTfh,)an(ﬂ,ﬂ) @

In Eq. (3), the power WTPO; produced by a WT in an instant t de-
pends on the wind speed V; at hub height h, the rotor swept area S, the



P. Cabrera et al.

r INPUTS - e e e e

Hourly inputs introduced using different Excel files

Gr, ™ ey

ERA-5 Wind speed components (m/s) ~ Wind speed (m/s) and wind direction (%) Water
obtained for a long-term recorded by an anemometer at demand
period (2002-2022) at the target site for a short-term (m?)
100 m a.g.1. in a wide region period (2014) at 60 m. a.g.l.

which includes the target site

Capacity data, investment and maintenance costs, lifetime, power curves and energy data

| —] WA
G5 G
soe
EsX 16
Desalination plant data Wind turbines data Energy storage data
(SEC, economic data, specific (ower curve, energy losses,  (costs, lifetime, charge and
capacity, lifetime, etc.) lifetime and costs) discharge data, etc.)

.

Task-1. Estimation of the long-term set of wind data
adapted to the specific height and location of the wind farm and target site

Raw wind data
preparation
(height extrapolation,

Machine learning Long-term wind datase
technique estimation

ific long-t ind dat
selection and cleaning) (tralning, testing (ApaciiRe g e Wins

idati dapted to the target sit
Eqs. (1) and () and validation) adapted to the target site)

Procedure detailed in section 2.2.1 and Fig. A.1

Task-2. Estimation of the minimum number of wind turbines to cover
the annual water demand

te the power Estimate the Estimate the
required to cover number of wind self-consumption of the
the water demand turbines system

Eq. (4) Eq. (5) Eq. (6)

V<

Task 3. System optimization and simulation

$ b
i
1
Pl H
No. wind turbi Desalination plant Energy storage capacity
and wind farm cost capacity and costs and costs

o

min: Investment costs, min: Water
O&M costs, costs (€/m*)
Total costs,

.

Procedure detailed in section 2.2.3 and Figs. A.3, A4 and A.5

Evaluation of results

Optimal No

solution?

End

Fig. 4. Schematic representation of the method followed in this research.
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air density p; and its power coefficient c,, which is a function of the tip
speed ratio A and the pitch angle § [54]. While the literature acknowl-
edges the influence that the temporal variability of p; has on estimation
of the wind power density (WPD) [55] and the power curve of WTs [49],
Eq. (3) is generally solved assuming that air density is constant over
time, with the value used being 1.225 kg m~3 [56], which corresponds
to standard atmospheric conditions, or the mean value, p, estimated at
hub height [57].

Currently, wind turbine manufacturers tend not to make public the
power curves of their machines. Therefore, in this work a parametric
model for WT power curves is used which incorporates environmental
conditions, as proposed by Saint-Drenan et al. [54]. This model can be
fed with the data related to rotor diameter, cut-in wind speed, cut-out
wind speed, nominal power, turbulence intensity, hub height h, gener-
ator type, etc., that the WT manufacturer does provide.

The power that is required to cover the freshwater demand with the
SWRO plant of Qm capacity and specific consumption SEC; is determined
through Eq. (4):

_ Om
Pm; = SEC;- (§> 4

The NWT; which is required to cover the Pm; and the losses is
determined through Eq. (5), in which the ceiling( e ) function returns the
smallest integers larger than the parameter. In Eq. (5), L¢ is the pro-
portion of estimated losses when transporting the wind-sourced elec-
trical energy from the on-grid production centre to the SWRO plants, L;
the proportion of estimated losses due to the wake effect of the WTS in
the WF [53,58,59], Ly the proportion of estimated losses due to WT
unavailability [53,59], L3 the proportion of estimated losses for envi-
ronmental reasons (formation of ice and dirt on the blades) [59], L4 the
proportion of estimated losses due to technical reasons (hysteresis,
parasitic load and WT rotor misalignment) [59] and Ls the proportion of
estimated losses when transporting the electrical energy from the
transformer at the WF to the on-grid production centre [59] (Fig. 3).

Pm;-(1+ L)

NWT; = ceiling(

SC, Eq. (5), represents the rough initial estimate of the self-
consumption of the system, which is considered covered by the energy
generated by the WTs. The composition of SC is shown in Eq. (6):

SC = 8-C3-P, + CSP+ C,-P<* + (1 — 8)-C4-PS-

WTPO,y-(1 — Ly)-(1 — Ly)-(1 — L3)-(1 — Ly)-(1 — Ls) — SC
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them turn in order to use the correct fraction of the available wind en-
ergy to obtain the greatest power output while guaranteeing that the
turbine does not exceed its maximum turning speed), cooling system
(tower fan, nacelle fans, converter cabinet fans), heating system (nacelle
heating and dehumidification during periods of high humidity, low
temperatures and low wind speed, converter cabinet heating), heating
the blades in cold weather [42], and running the turbine using the
generator as engine (if wind speed is varying close to the cut-in wind
speed the blades are kept turning using the generator as engine because
then production is more easily started as wind speed increases over the
cut-in value [42]). The second term of Eq. (6), CSP, represents the power
consumption of the control system. The third term of SC represents the
no-load losses of the transformers [60] and the fourth term their on-load
losses [60]. & is the proportion of annual hours of the year under
consideration in which the WTs, of rated power P,, were inoperative.
The coefficients Ci, Cy, C4 and Cs can be obtained from the technical
specifications provided by the manufacturer [61,62]. The coefficient C3
can be estimated from the compiled experimental data [42].

2.2.3. Task-3. System optimization

The steps to follow are as follows:

a) Step 1: Firstly, the energy storage requirements in an uninter-
rupted power system (UPS) for each hour of each study year are esti-
mated (Fig. A.3).

The aim with the UPS is to deal with the energy self-consumption of
the proposed on-grid system or, in other words, the power that is used by
the wind turbine itself and the ancillary services in order to continue
functioning even if there is no wind [63] and the energy demanded by
the CS. If the WTs are operative and generating sufficient active power
the aforementioned power consumption is covered by the WTs
themselves.

However, in on-grid systems, during standstill as well as in idle mode
(the WF does not produce electrical energy due to a lack of wind,
although some relevant required loads, such as the yaw mechanism,
cable unrolling, cooling and heating and the blade heating system, are

()

active), the WTs have to consume active power from the conventional
grid to feed their local control systems and ancillary services. In the case
of isolated systems, diverse strategies have been proposed in the liter-
ature to avoid the use of energy from the conventional grid or auxiliary
diesel generators [36].

(6)

PF

The first term of Eq. (6) is the consumption of active power that the
WTs demand to be able to feed their local control systems and the
ancillary services [42] during standstill as well as in idle mode. The
electrical loads that contribute to the energy consumption include the
control boards, lights, communication, sensors, metering, data collec-
tion, yaw mechanism (to maintain the rotor perpendicular to the wind
and also to unroll the electric cables of the tower when required [42]),
blade-pitch control (adjustment of the wind turbine blades, making

<WT‘P0,,,M-(1 —Ly)-(1 = Ly)-(1 = Ly)-(1 — Ly) )2

With the input data indicated in Fig. A.3, the required hourly UPS;
are analysed for each year under consideration. For this, the starting
point is the power generated each hour by the WF (WFPO_1,), integrated
by NWT, corrected for losses L to L4. The hourly required capacities,
UPS;, of energy storage are determined according to the difference be-
tween the available wind power and the energy self-consumption of the
system. Self-consumption consists of the no-load losses (NLL_WF and
NLI_B) and the on-load losses (LL_WF and LL _B) of the transformers of
the WF and the battery system.
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At the same time, self-consumption comprises the powers required
by the WF during standstill as well as in idle mode (CS_WF) and the
powers demanded by the control system (CSP). UPS; depends on the
UPS; 1, which increases by o, the set-discharge rate in time t [64]. RTE is
the round-trip DC-to-storage-to-DC energy efficiency of the batteries and
the electronic power converters.

b) Step 2: After estimation of the MIY, determination is made of the
maximum battery energy storage requirements (MBAT)), for each study
year considered, to balance the mismatches between the power WFPO_5,
generated by the WF, which is available after covering self-consumption,
and the power Pm;-(1 + L¢) which has to be fed into the conventional
grid for consumption by the SWRO plants in each instant t (Fig. A.4).

In each instant ¢, battery charging and discharging is carried out
(Fig. A.4) using the mathematical models shown in Eq. (7) and Eq. (8),
respectively.

BAT, = BAT,_-(1 — 0) + (WFPO_5, — Pm-(1 + Lg) )-VRTE; WFPO_5,
> Pm-(1+ L) )

BAT, = BAT,_,-(1 — ) — (Pm-(1 + Ls) — WFPO_5,) / VRTE; WFPO_5,
< Pm-(1+ L)
®

c) Step 3: Following the block diagrams of Fig. A.3 and Fig. A.4,
which synthesize the subroutines which determine the energy storage
capacities in UPS and BAT, respectively, the wind power surpluses,
which tend to increase with NWT, can result in the oversizing of these
capacities, which must be delimited. In this context, Fig. A.5 shows a
block diagram of the subroutine used to try to limit the two aforemen-
tioned energy storage capacities in each study year. In the case of BAT,
the subroutine of Fig. A.5 reduces (while Out = 0) the maximum storage
capacity obtained with the subroutine shown in Fig. A.4 until the min-
imum charge (min(BAT)) is between 0 and a value accepted as tolerable
(Tol) (see, by way of example, Fig. 5). In the UPS case, the subroutine of
Fig. A.5 reduces (while Out = 0) the maximum storage capacity obtained
with the subroutine shown in Fig. A.3, until it reaches the maximum
admitted depth of discharge (DOD), with a certain tolerable error (Tol).
That is, until the minimum charge (min(UPS)) implies that the state of
charge (SOC) = (100-DOD)% of the maximum charge (see, by way of
example, Fig. 6).

d) Step 4. Calculation of the specific cost of the water produced with
each configuration of the system. After saving in the vectors MUPS and
MBAT the energy storage capacities for each study year (Fig. A.5), their

a) 1205.6
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Fig. 6. Example of delimitation of the maximum UPS-stored energy capacity
during one of the years considered in the present study.

maximum values (max_UPS and max_BAT) are selected. In the case of
max_BAT, its value is modified to delimit its DOD, Eq. (9).

max_BAT

_BAT =
max DOD

100 9

For each system configuration, defined by the values of the variables
Qm, SEC, NWT, max_UPS and max_BAT, an analysis is undertaken of the
specific cost per m® of product water in each one.

In this study, to select the optimal configuration from an economic
perspective, it is proposed to use the simplified cost of water (SCOW)
method [65], Eq. (10), which has been widely used in the literature.

In Eq. (10), TPV is the total present value of the actual cost of all the
subsystems of a given configuration. That is, TPV, Eq. (11), takes into
account the costs associated with the investments that need to be made
in the electrical energy generation subsystem (Cyr), the water desali-
nation subsystem (Cswro) and the energy storage subsystem (CK&)
[33], with the latter representing the initial investment costs Cpgss and
the replacement costs Chys. Annual O&M costs cover the costs associ-
ated with the operation and maintenance of the system, Eq. (12).

TPV = Cswro + Cwr + Cipss an
Annual O&M costs = CEM) + CofM + COEN 4 y-C 12)

=
~
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0.9 T
0.8
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Fig. 5. Example of delimitation of the maximum battery-stored energy capacity during one of the years considered in the present study. a) Maximum capacity
obtained with the subroutine described in Fig. A.4. b) Maximum capacity estimated with the subroutine described in Fig. A.5.

TPV-CRF + Annual O&M costs .

SCOW = €/m’
0m-365 mn / m

(10)
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C? represents the costs associated to the injection of electrical energy I
in the conventional grid and the discharge from the grid to cover the 15,000 m'/d 10,000 m’/d
demand of the SWRO plants; w = 1 in the case of an on-grid system and .
w = 0 in the case of an off-grid system. 10,000 m’/d 15,000 m/d
y *®

1 1
Chess = Crss + Ciggs = Carss + Carss® [ + 1+ +e as)
. 77,600 m’/d
Chess 10,700 m’/d 16,000 m’/d

In Eq. (13), C¥.,; depends on the periods y1, y», ..., in which battery
replacement is made, and the discount rate, i, that is used, which rep-

2,500 m’/d

resents to a certain degree the opportunity cost of the resources 5,000 m’/d
employed [33,66,67]. 3
The CRF, Eq. (14), is the capital recovery factor, which is dependent : SR mel
on the useful life, L, of the system and the discount rate, i. 2,000 m/d
(1 L 2 3
crp =D (14) ‘ 4,000 m'/d 8,000 m’/d
(I+i)7—1 242,800 m'/d 34,000 m’/d
3. Case study: Gran Canaria island AJ
Fig. 8. Installed capacities of the most important SWRO plants on the island of

The Canary Archipelago is divided into two provinces: Las Palmas Gran Canaria.
and Santa Cruz de Tenerife (Fig. 7).

The Canary Islands Government, in view of the insular nature of the The majority of the freshwater production centres are situated in the
archipelago and its subtropical-outermost region situation, issued a province of Las Palmas, and more specifically the island of Gran Canaria,
declaration of climate emergency in August 2019 [68]. which, for this reason, was selected as the case study in the present

paper. Fig. 8 shows the distribution of the most important desalination
3.1. Installed capacity of the desalination systems SWRO-based centres installed on the island and their daily production

capacity. Their total installed capacity adds up to 242,800 m>/d. The
The climate reality of the Canary Islands is closely related to the mean SEC value of these SWRO plants is, according to [70], 3.5 kWh/
absence of rains. Given the additional overexploitation of its aquifers, mS.
one of the most serious problems facing the archipelago is its limited
water resources.

Over the last 40 years, the installation of a rising number of desali- 3.2. Energy situation
nation plants has had the aim of countering the effects of the above. In
the opinion of [5], the Canary Islands can be considered pioneers in the The archipelago completely lacks conventional energy sources and
development of desalination technology, and were, are and will there are six small-sized isolated systems with weakly intermeshed
continue to be a true desalination laboratory. According to [69], a total electrical infrastructure networks (Fig. 9). According to [71], the gross
amount of freshwater of 501,735,000 m® was available in 2018, with total power of the generator sets installed in the thermal power plants of
54.12% of that total being treated and purified. The volume of water for the island at the end of 2021 amounted to 999,180 kW (Fig. 9). In that
human consumption was 136,016,000 m®, 90.50% of which came from year, the majority of the total greenhouse gas emissions came from the
desalination plants, 3.9% groundwater and 5.6% surface water. energy sector, with the electrical energy subsector responsible for a
18°W 17°W 16°W 15°W 14°W
: (845.94 k') Eh
290N | |_Province of Santa Cruz ‘ | | ‘f Rk
([;GSP?ZLl?Aé) de Tenerife ‘_ Province of Las Palmas o
.32 km 5 :
TR : [T Iberian Peginsula
(2034.38 k'’ L
7] : (1659.74 k')
" GRAN CANARIA

(1560.10 knt)

LA GOMERA :
(369.76 knr’) | 4 ~
28°N | = ~ ’.‘ 1o
EI HIERRO e
(268.71 knt) \
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Fig. 7. Location of the case study.
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Fig. 9. Location of the thermal power plants and wind farms on the island of Gran Canaria.

significant percentage of them [71], corresponding to 1,782,561 t of
COq-equivalent (Fig. 9). To mitigate this problem, the islands have un-
dertaken a policy promoting the use of renewable technologies, espe-
cially in relation to wind energy. The amount of energy fed into the
conventional grid in 2021 was 3,184,056 MWh, with the contribution of
wind energy amounting to 19.3% [71] (Fig. 9). Most of the WTs installed
in Gran Canaria are found in the southeastern area (Fig. 9), given the
higher intensity of the NE trade winds that blow there.

Given the restrictions on onshore wind energy expansion because of
spatial limitations [72], offshore WFs have begun to be installed off the
southeast coast of the island (Fig. 9). As a result of bathymetric re-
strictions [73], most of the proposals that have been made are for the
installation of floating WTs [74,75].

11

3.3. Description of the data used

For the purpose of this study, we used the mean hourly wind speed
and directions available in ERA5 climate reanalysis datasets [39] in the
offshore zone of UTM coordinates 27°48'02”N, 15°18'51”W. The ERA5
data used correspond to a height of 100 m a.g.l. during the period
2002-2022. In order to fit the ERAS data to the wind behaviour of the
zone, use was made of the available mean hourly wind speeds recorded
at 60 m a.g.l. during 2014 by an anemometer tower situated on the
southeast coast of the island at a distance of 11 km from the ERA5 point.
To extrapolate the wind speeds from 60 m to 140 m (estimated hub
height of the WTs), Eq. (2) was used with a constant ocean surface
roughness coefficient of z, = 0.0002 m [76].

The power curve of the WTs was modelled [54] using a rotor
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Fig. 10. Electrical power curve (corresponding to an air density of pg = 1.225
kg m~3) of the WTs considered in this study.

diameter of 220 m, a rated power of 12,500 kW, a cut-in wind speed of 3
m/s, a cut-out wind speed of 28 m/s, an air density of 1.225 kg/m°>, a 6%
turbulence intensity, and a maximum ¢, of 0.42 (Fig. 10).

The total investment cost (€) in the wind farm was estimated based
on the fact that the values for specific investment costs depend funda-
mentally on the distance from the coast, the substructure technology
employed and the total installed wind farm power. According to [59], in
the case of floating offshore WFs the specific investment cost would be
4200 €/kW, giving a Cyr = 4200-12,500-NWT. The annual O&M cost of
the generation system was taken as 3% of the investment cost [59]. That
is, COEM = 0.03-Cwp. C? was estimated based on the data that the
electricity market operator designated to manage the daily and intra-
daily market in the Iberian Peninsula provides and on the electricity
tariffs data in 2022 for large consumers (tariff 6.2TD). This tariff has 6
different hour-based energy and power periods (P1, P2, P3, P4, P5 and
P6) and so the cost of both energy and power differs depending on the
period when it is used [77]. Additional information can be found in the
Supplementary Material (Supplementary S.1: Electricity tariffs in the
Canary Islands). The types of energy losses considered and their values
are as follows [59]: L; = 0.05, L, = 0.05, L3 = 0.005, L4 = 0.012, Ls =
0.036 and L = 0.047 [71]. The parameters used to estimate the system’s
energy self-consumption are: C3 = 0.03 [42], C; = 0.0132, C; = 0.7354,
C4=0.0292, C5 = 0.8043 [62] and CSP = 5 kW. Additional information
can be found in the Supplementary Material (Supplementary S.2:
Technical specifications of transformers).

The BESS investment cost was estimated based on the specific cost,
whose value of 297€/kWh was obtained from [78]. Cpgss includes the cost
of the PCS, balance of plant (BOP) and construction and commissioning.
The useful life before replacement was estimated as 10 years. Co<M was
estimated considering a fixed cost of 6.6 €/kW and a variable cost of 0.025
cent€/kWh [78]. An RTE of 86% was assumed as well as equal charging
and discharging efficiency. It was also taken that 6 = 0.02% [79] and DOD
= 80% (that is, the minimum SOC = 100-DOC is 20%).

The specific costs of the SWRO desalination plants were assumed to
vary depending on their capacity. Given that SWRO plants of different
capacities are being considered (Fig. 14), a mean specific cost was used
of 1165 €/m%/d weighted by the different capacities. Thus, Cswro =
1165- 242,800 m>/d. The annual O&M costs are expressed by Eq. (15)
[33]:

O&M  __
CSWRO -

0.106-0m-365 + 0.04-Cswro (15)

In this work, L was estimated at 20 years and i at 5% of investments at
constant prices, Eq. (14).
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Fig. 11. Optimal hyperparameters of the RF model and the values of the
metrics used in their evaluation.

4. Results

The results obtained in the different tasks indicated in Fig. 4 are
presented and analysed in this section.

4.1. Task-1. Long-term wind speed estimation results

It can be deduced from the analysis of the results obtained that the
proposed RF model, with the three hyperparameters indicated in Fig. 11,
was able to estimate the behaviour of the wind at the target site at 140 m
a.g.l. with a relatively good goodness-of-fit.

All the variables used as RF model inputs contributed in reducing the
forecasting error of the variable wind speed at the target site at 140 m a.
g.l.. Among these variables, the ERA-based wind speed at 100 m height
a.g.l. (V_100) showed the greatest importance [47] (Fig. C.1). This was
expected given the high correlation existing between V_100 and the
wind speed at 140 m a.g.l. at the target site. Additional information can
be found in the Supplementary Material (Supplementary S.3: Results of
Task-1).

As can be seen in Fig. 12, the mean daily behaviour of the wind at
100 m a.g.l., according to the data registered in ERAS5, differs from the
mean daily observed wind behaviour at 60 m a.g.l. in the target area.

The profile generated with the ERA5 data shows higher wind speeds

ERA5
——100m

13

TARGET
—e— Extrapoled 60-140 m —e—Predicted 140 m

60 m

—
S}

—
—
2.

—
o=

Wind speed (m/s)
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1234567 8 9101112131415161718192021222324
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Fig. 12. Mean daily wind speed profile registers in ERA5 at 100 m height and
at the target site at 60 m a.g.l., and mean daily wind speed profile extrapolated
and estimated at the target site at 140 m a.g.1..
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Fig. 13. Boxplot of the mean monthly ERA-registered wind speeds at 100 m a.
g.1. and mean monthly wind speeds at 140 m a.g.l. at the target site estimated
with the RF model for the study period (2002—2022).

occurring during the night. However, the typical profile of the zone
shows the wind speeds falling at night and tending to reach their highest
values between 12:00 and 18:00. One of the benefits of the proposed RF
model is its ability to fit the ERA5-based wind profile, which is not
characteristic of the zone, to its typical actual wind profile.

Fig. 13 shows a boxplot of the mean monthly estimated wind speeds
at 140 m a.g.l. and of the mean monthly ERA5-registered wind speeds at
100 m a.g.l at the target site. A certain trend can be seen in the seasonal
behaviour of the wind. Given the influence of the trade winds in the
area, the wind speed tends to increase in the summer months of June,
July and August.

Additional information can be found in the Supplementary Material
(Supplementary S.3: Results of Task-1).

4.2. Task-2. Results obtained in the estimation of the minimum number of
wind turbines

According to the results obtained in Task-2, a total of 5 WTs is suf-
ficient to cover, in the year with the lowest wind intensity, the annual
energy that needs to be fed into the conventional grid (324.76 GWh/
year) to cover transport losses and meet the demand of the SWRO
desalination plants in the case that the latter operate with a SEC of 3.5
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Fig. 14. Specific costs of the product water according to the number of wind
turbines and BESS capacity for a specific energy consumption of the SWRO

plants of 3.5 kWh/m®.
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kWh/m?. That is, with 5 WTs connected to the grid and operating in
accordance with the A-1 strategy described in Subsection 1.1.1, it is
possible to cover the estimated annual desalinated water demand of
88.622 Hm®/year. Based on the initial technical and economic data
considered in the present study, the specific cost of the wind energy that
needs to be fed into the conventional grid is 0.09 €/kWh. It should be
noted that with 5 WTs it is also feasible, according to the estimations
made through Eq. (5), to cover the self-consumption of the system in the
scenarios in which the SECs of the SWRO plants are in the range from 3
to 3.5 kWh/m®. However, up to 6 WTs are required if the SECs are in the
range from 3.6 to 4.2 kWh/m®.

4.3. Task-3. System optimization results

As Fig. 14 shows, as NWT increases the required BESS capacity falls
until reaching the optimal value according to the Pareto optimal front.
As can be seen in Fig. 14, in the case of considering a SEC of the SWRO
plants of 3.5 kWh/m?, 26 WTs are required and a BESS capacity of 3.32
GWh. This capacity is distributed as follows: 10.2% (340 MWh) in the
capacity of the UPS which has to supply power to the CS and ensure that
the power required by the different devices of the WTS and the ancillary
services of the proposed on-grid system is covered in the periods in
which there is insufficient wind energy available; and 89.8% (2.98
GWh) to balance in each instant the mismatches between the power
demand of the SWRO plants and the WF-generated power. If the BESS is
comprised of packs of 3 MWh, a total of 1107 units will be required. If
the recommended area [80] for the installation of each of these units is
considered, the approximate surface area that these 1107 units will
occupy is 4.3 Hm?. Additional information can be found in the Supple-
mentary Material (Supplementary S.3: Results of Task-1).

Fig. 15 shows a simulation of the optimal configuration of the system
during the study period (2002-2022) in which can be seen the capacity
of the BESS required to balance in each instant the mismatches between
the power demand of the SWRO plants and the WF-generated power
(Fig. 15a) and the required capacity of the UPS (Fig. 15b), such that the
maximum discharge does not exceed 80% in any given moment (mini-
mum SOC = 20%). The most frequent SOCs are in the 80%-100% range.
The SOC frequencies below 60% are very small, but nonetheless cause
the required BESS capacities to be high.

The investment and O&M costs that are shown in Table 1 result in a
minimum specific cost of the energy consumed by the SWRO plants of
0.82 €/kWh (excluding taxes) and a specific desalinated water cost of
3.64 €/m°>.

As shown in Fig. 16, the SECs of the SWRO plants have a direct effect
on the specific cost of the energy consumed and, consequently, on the
cost of the desalted water. If the SEC of the SWRO plant can be reduced
from 3.5 kWh/m? to 3 kWh/m?, the specific cost of the product water is
lowered by 12.4% and the footprint generated by SWRO plant energy
consumption that must be eliminated is reduced by 14.28%.

Fig. 17 represents the results obtained after carrying out a sensitivity
analysis to identify the impact on the initial results of certain changes to
the variables (investment costs and O&M costs). In Fig. 17A and B, the
impact is shown on the specific cost of water (E\m>) and the specific cost
of energy (€/kWh), respectively, when reducing in percentage terms the
investment costs of the different subsystems that participate in the
analysed whole. More specifically, the effect of reducing the investment
costs of the WF, the BESS and the SWRO is analysed along with the
combined effect produced by the reduction in costs of the WF together
with the BESS when the useful life of the latter is increased to 20 years.
Also, in orange, the combined effect of increasing the useful life of the
BESS to 20 years and reducing its cost can be observed. Fig. 17C and D
show the impact on the two parameters when reducing in percentage
terms the O&M costs of each of the subsystems (WF, BESS and SWRO).

Bearing in mind that this research article focuses on offshore wind
energy, Table 3 summarizes the number of jobs created during the
construction phase and during the O&M phase assuming two scenarios
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Fig. 15. Hourly SOC for the optimal configuration for each of the 21 years (2002-2022) considered in the study: a) BESS used to balance in each instant the
mismatches between the power demand of the SWRO plants and the WF-generated power. b) UPS used to cover the self-consumption needs of the system.

Table 1
Costs of the optimal system.
Investment O0&M Cost
WF SWRO BESS WF SWRO BESS Water Energy
M€ Mé M€ M€ M€ M€ €/m? €/kWh
1365 282.86 1561.70 40.95 20.71 19.68 3.64 0.82
Number of wind turbines
22 23 24 25 25 26 27 28 28
4.2 4.5
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Fig. 16. Specific product water cost depending on the SEC of the SWRO plants.

in which 20 and 23 offshore wind turbines of 12.5 MW each are
installed, respectively. As shown in Table 3, the total number of jobs
created as a result of the implementation of the proposed schemes
(almost entirely during the construction phase) would vary, according to
the International Renewable Energy Agency data, in a range between
4322 and 4971 jobs.

5. Discussion

The interesting result obtained in Section 4.1 (see Fig. 12) induces us
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to recommend, to the extent that it is possible, not to make direct use of
ERADS reanalysis data, but instead to use ML techniques to fit these data
to the actual wind profile in the study area. This fitting is important
given that it will influence calculations of the amount of energy gener-
ated by the WF that is injected each hour directly in the conventional
grid, the electricity tariffs and the sizing of the BESS.

In Fig. 13, it can be seen that the mean wind speed interannual
variation in a particular month can present significant differences and
atypical values (outliers). In this context, it is recommended to discard
the use of models which only use one series of annual wind speed data.
With a view to obtaining a more robust model, there is a need to consider
the interannual and seasonal evolution of wind speed when evaluating
the proposed on-grid wind energy system (WF and BESS) for water
desalination.

According to Section 4.2, the specific cost of the wind energy that
needs to be fed into the conventional grid is 0.09 €/kW. This specific cost
is in concordance with the values estimated for the Atlantic European
coast, which presents, as does the study zone in the present paper, a high
wind resource in terms of energy production [81]. This cost is relatively
low, however, due to the lack of synchrony between the energy fed into
the conventional grid and the demand of the SWRO plants, which also
require fossil fuel-sourced energy.

Additionally, according to the results obtained in Task 3 (see Section
4.3), in order to obtain a minimum product water specific cost such that
there is synchrony between the wind-sourced energy fed into the con-
ventional grid and the consumption of the SWRO plants, it is necessary
to substantially increase the size of the WF mentioned in the previous
section and decrease the capacity of the BESS. This is a consequence of
the high cost of the BESS in relation to the cost of the WF and of the
replacement costs Chy¢ that arise during over the course of the system’s
lifetime.

In Section 4.3 it was found that the most frequent SOCs are in the
80%-100% range. The SOC frequencies below 60% are very small, but
nonetheless cause the required BESS capacities to be high. These SOC
frequencies corroborate the highly limited large discharges of the BESS
and, therefore, the highest percentages of power fed each hour into the
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Fig. 17. Spider diagram representing the sensitivity analysis carried out in the study.

conventional grid come directly from the WF. It should be noted that an
interannual analysis of the wind data series, as proposed in the present
paper, is required to detect the situations in which the DODs are high.
The analysis should not be limited to the data series of a single randomly
chosen year, nor should a mean year be used. It is also concluded that, in
the case of the BESS (Fig. 15a) used to balance in each instant the
mismatches between the power demand of the SWRO plants and the WF-
generated power, the capacity of the BESS could be reduced if the
shutdown of certain SWRO plants is accepted in periods in which the
SOCs tend to be very low. If these shutdown periods are not very long,
this action would not necessarily affect the water supply as SWRO plant
facilities usually have product water regulating reservoirs.

As can be seen in Table 1, the product water energy cost is 3.5 kWh/
m>.0.82 €/m> = 2.87€/m>. However, the energy cost of the SWRO plants
connected to the conventional grid, with the 6.2 TD tariff and excluding
taxes, is 3.5 kWh/m®>.0.115€/kWh = 0.4025 €/m®. That is, the energy
cost of a cubic metre of desalinated water with the system proposed in
the present paper is 7.1 times higher than the cost generated by the
SWRO plant if it is powered from the conventional grid. However, with
the proposed system, if a SEC of 3.5 kWh/m® and an installed SWRO
capacity of 242,800 m>/day are considered then an annual reduction of
the emission of 219,915.5 t CO; equivalent (tCO2eq) is achieved. This is
equivalent to eliminating 4,398,310 tCO2-eq during the 20-year lifetime
of the system. In this case, each avoided tCO,_eq has an associated cost
of 1156.6 €. At this point it should be noted that, although the proposed
system substantially reduces the carbon footprint generated by the en-
ergy used and contributes to the fight against climate change, a carbon
footprint nevertheless remains when taking into account the complete
life cycle of the system, made up of the WF, the BESS and the SWRO
plants. According to studies carried out by Garcia-Teruel et al. [82], in
the case of floating offshore structures, the mean emission range is 34.25
gCO; eq/kWh. According to the life cycle assessment (LCA) of lithium-
ion batteries carried out by Yudhistiva et al. [83], their impact would
be 0.9 kgCO, eq/kWh delivered. Najjar et al. [84], in an LCA study that
they undertook with SWRO plants, estimated that the emissions would
be 0.36 kgCO; eq per m® of product water. Based on the above studies,
we estimate that the carbon footprint over the lifetime of the proposed

15

system that cannot be reduced despite the proposed operating strategy
would be 1,285,660 tCO2 eq. Of this footprint, 23.37% (30,052,000
tCO2 eq) is from the SWRO plants and the remaining 76.63% is due to
inclusion of the WF and the BESS. Therefore, the LCA footprint per-
centage eliminated from the system would be: 4,398,310-100/
(4,398,310 + 1,285,660) = 77.4%.

As previously mentioned, the optimal system configuration depends
heavily on the specific cost of the BESS and the replacement costsChq.
If, given the significant size of the analysed system (1107 packs of 3
MWh each) [85], a 16% reduction in the considered specific cost of the
BESS (297 €/kWh) and a BESS useful lifetime of 20 years (instead of the
10 considered in the present study) were feasible, the resulting config-
uration would be different (Table 2). The number of WTs would be
reduced by 15.38% (from 26 to 22), while the BESS capacity would
increase by 14.16% (from 3.2 to 3.79 GWh). The NWT reduction would
have an associated variation in the SOC of the BESS such that the fre-
quency of the SOC range of 20%-80%, indicated in Fig. 16a, would
increase by 33.67%.

This increase in large discharges indicates an increase in the per-
centage of BESS participation in the power that is injected into the
conventional grid each hour and, consequently, a decrease in the power
directly injected by the WF. The product water specific cost is reduced
by 19.78% (from 3.64€/m> to 2.92 €/m®). If the SWRO plants had a SEC
of 3 kWh/m?, a cost of 2.57 €/m® could be achieved. However, this cost
is still 6 times higher than the cost which, according to Karagiannis and
Soldatos [86], is generated in SWRO plants with capacities ranging

Table 2
Optimal system configuration: BESS useful life = 20 years, BESS specific cost =
249.48 €/kWh.

SEC NWT  BESS Avoided Non-avoided Cost
capacity CO2-eq CO2-eq
kWh/ GWh tonnes tonnes Water  Energy
m® €/m® €/kWh
3 20 3.17 3,770,231 1,355,043 2.57 0.632
3.5 23 3.79 4,398,310 1,516,197 2.92 0.634
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Table 3
Number of jobs created during the construction phase and during the O&M
phase. Source: [B.6] [B.8].

Wind Number Jobs created Jobs created Estimated
turbine of wind during the during the total number
nominal turbines construction O&M phase of jobs
power phase (jobs/MW (jobs/MW created
(MW) installed) installed)

12.5 20 17.29 Negligible 4322

12.5 23 17.29 Negligible 4971

between 100,000 and 300,000 m>/day that use conventional energy.

It can be concluded from the sensitivity analysis shown in Fig. 17 that
the reduction in investment costs in the BESS and the WF have the
greatest impact on the specific cost of water the specific cost of energy.
The combined effect of both reductions, together with the potential in-
crease in the useful life of the BESSs could result in the costs being
similar to those currently attained with fossil fuel-powered desalination
plants. For its part, reductions in O&M costs in the different subsystems
have a lower impact in terms of lowering the specific water and energy
costs. However, reductions of the O&M costs of the WF do have greater
impact than those of the BESS or SWRO.

Additionally, it should be noted in Table 3 that the number of jobs
created per MW of installed wind power varies significantly with respect
to the maturity of the technology. Specifically, in scientific and grey
literature between 2009 and 2015 it was common to find values of direct
job creation per MW of installed wind power varying in a range between
10 [871, 15 [88], 20 [89] and up to 27 jobs per MW installed [90]. In
terms of jobs created during the O&M phase, these were in the range of
0.7 [90] to 1.5 per MW installed [88]. However, the post-2020 scientific
literature is much more restrained in this regard. Specifically, the
number of direct jobs created during the construction phase of an
onshore project would vary from 4.9 [91], 5.24 [92] to 5.66 per MW
installed [93]. As for the number of direct jobs per MW of installed
offshore wind energy, these would amount to 17.29 jobs per MW [92].
Regarding the number of jobs created during the O&M phase, the post-
2020 literature shows a limited impact on job creation (0.056 jobs per
MW installed) [94].

Finally, it should be noted that to replicate this method in a given
geographic location the wind resource data need to be available in ERA5
for a long time period, given the spatio-temporal variability of the wind
resource in different regions. In this way, applying the methodology
indicated in Section 2 of the paper, the replicability of the first task of the
method is guaranteed. Likewise, a wind device needs to be selected and
the power it can generate calculated using the software specified in the
manuscript. Calculation also needs to be made of the investment and
O&M costs of the different subsystems, the daily demands of the desa-
lination plants, the specific energy consumption and the costs of using
the grid. In this way, results and conclusions comparable to those of our
study can be made in any island of the world.

6. Conclusions

The aim of this paper was to present options to make low-carbon
footprint large-scale desalination a reality on arid islands with weak
electrical grids. For this, the reconfiguration was proposed of on-grid
wind energy systems for water desalination in which large- and
medium-scale SWRO plants participate, including control strategies and
battery energy storage, to avoid the consumption of energy from the
conventional network to which they are connected. The case study
considered focuses on the island of Gran Canaria, with its exceptional
characteristics for wind energy exploitation, a high desalinated water
demand, and a stated desire to achieve a decarbonized economy before
the target date set by the EU. From the analyses that were conducted the
following conclusions can be drawn:
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a) In order to ensure the method has a certain degree of robustness in its
search for viable configurations, there is a need to consider the
interannual and seasonal evolution of wind speed as opposed to the
use of models which use only one series of annual wind speed data, as
has been the case to date in the scientific literature.
If historical wind data series are not available the use is proposed of
data from a global climate reanalysis product, such as ERAS5, that
covers periods of many years of historical data. However, the results
obtained suggest that, to the extent that it is possible, direct use of the
ERAS reanalysis data should not be made and that, instead, machine
learning techniques should be employed to fit these data to the actual
behaviour of the wind in the study area. This fitting is important
given that it will influence calculations of the amount of energy
generated by the WF that is injected each hour directly in the con-
ventional grid, the electricity tariffs and the sizing of the BESS. In the
case study, the proposed RF model, with its three hyperparameters
optimized, was able to fit the ERA5-based wind profile, which is not
typical of the area, to its actual wind profile with a relatively good
goodness-of-fit.
In order to minimize the specific cost of the product water with the
proposed on-grid system, it is necessary to substantially increase the
size of the WF that is required in the case of operating in accordance
with the common strategy of covering the annual desalinated water
demand but asynchronously. In the case study, it was necessary to
increase the number of 12.5 MW wind turbines from 5 to 26 and
include a 3.32 GWh capacity BESS to cover an annual desalinated
water demand of 88.622 Hm®/year, using SWRO plants with a daily
capacity of 242,800 m>/d and a SEC of 3.5 kWh/m?. The surface area
that this BESS would require is considerable and estimated at 4.3
Hm?.
The product water energy cost with the proposed system is 2.87€/
mS. This cost is 7.1 times higher than the cost generated by the SWRO
plant if powered from the conventional grid. However, with the
proposed system it is possible to eliminate 4,398,310 tCO5-eq over
the 20-year lifetime of the system. In this case, each avoided tCO,_eq
has an associated cost of 1156.6 €.

e) Although the operating strategy considered allows a zero-carbon
operational footprint, it is estimated that the current non-reducible
carbon footprint over the lifetime of the proposed system would be
in the order of 1,285,660 tCO2 eq. Of this footprint, 23.37%
(30,052,000 tCO2 eq) is from the SWRO plants and the remaining
76.63% is due to inclusion of the WF and the BESS. That is, a 77.4%
reduction of the footprint would be possible if this strategy were
applied today with current grid restrictions and a complete LCA
carried out in in a societal context that continues to be fossil fuel
dependent. However, the remaining 22.6% could be eliminated in
the future when manufacturing processes of wind turbines, batteries
and desalination plants also receive the benefits of carbon neutral
societies.

f) If, given the considerable size of the analysed system (1107 packs of
3 MWh each), a 16% reduction in the specific cost of the BESS (297
€/kWh) and a BESS useful lifetime of 20 years (instead of the 10
considered in the study) were feasible, the number of WTs would be
reduced by 15.38% (from 26 to 22), but the BESS capacity would
increase by 14.16% (from 3.2 to 3.79 GWh). This has an associated
product water specific cost reduction from 3.64€/m> to 2.92€/m?,
but a non-eliminated carbon footprint of 1,516,197 tCO; eq.

If the SWRO plants had a SEC of 3 kWh/m?3, a product water specific

cost of 2.57€/m? could be obtained. However, this cost is still 6 times

higher than the cost which is generated in SWRO plants with ca-
pacities ranging between 100,000 and 300,000 m>/day that use
conventional energy.
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BESSs battery energy storage systems

BOP balance of plant

C1, Co, C4 and Cs coefficients that can be obtained from the technical
specifications provided by the WT manufacturer

Cs coefficient that can be estimated from the compiled
experimental data

CBrss replacement costs of the energy storage subsystem

CpEss initial investment costs of the energy storage subsystem

fon power coefficient

CPS central power station (Fig. 1)

CRF capital recovery factor

CS control subsystem

Cs estimated specific cost of the product water with each
configuration (€/m>)

CS_WF  powers required by the WF during standstill as well as in idle
mode

CSpP powers demanded by the control system

Cswro  costs associated with investments of the water desalination
subsystem

Cwr costs associated with the investments that need to be made in
the electrical energy generation subsystem

DOD maximum admitted depth of discharge

ECMWF European Centre for Medium-Range Weather Forecasts

ERDs energy recovery devices

ESS energy storage system (Fig. 2)

EU European Union

GFM grid-forming converters

H hour

h height

hy height below the height h of the hub of the WT

I discount rate

i each year in algorithms (Figs. A.1, A.2 and A.3)

j time step in algorithms (Figs. A.1, A.2 and A.3)

L lifetime

Ly the proportion of estimated losses due to the wake effect of the
WTs in the WF

Ly the proportion of estimated losses due to WT unavailability

L3 the proportion of estimated losses for environmental reasons
(formation of ice and dirt on the blades)

Ly the proportion of estimated losses due to technical reasons
(hysteresis, parasitic load and WT rotor misalignment)

Ls the proportion of estimated losses when transporting the
electrical energy from the transformer at the WF to the on-grid
production centre

Le the proportion of estimated losses when transporting the
wind-sourced electrical energy from the on-grid production
centre to the SWRO plants

LCA life cycle assessment

LIBs lithium-ion batteries

LL B on-load losses of battery

LL WF  on-load losses of WF

M month

MAE mean absolute error

max.depth maximum tree depth in RF

MBAT, maximum battery energy storage requirements
MIY maximum energy storage capacity

ML machine learning

mtry number of features considered at each split in RF
NLLB  no-load losses of battery

NLL WF no-load losses of WF

ntree number of trees in RF

NWT number of wind turbines

O&M costs costs associated with the operation and maintenance of the
system
P1, P2, P3, P4, P5 and P6 6 different hour-based energy and power
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periods for the electricity tariff

PCS power conversion subsystem

P, power that is required to cover the freshwater demand with
the SWRO plant of Qm capacity and specific consumption SEC;

PPA power purchase agreement

Qm freshwater flowrate capacity of a desalination plant (m®/day)

R? coefficient of determination

RES renewable energy source

RES-desalination system renewable energy sourced desalination
system

RF Random Forest
RMSE root-mean-square error
RTE round-trip DC-to-storage-to-DC energy efficiency of the

batteries and the electronic power converters.
S rotor swept area

SCOW  simplified cost of water

SDAWES Sea Desalination Autonomous Wind Energy System

SEC specific energy consumption

SoC state of charge

SWRO  seawater reverse osmosis

tCO2eq tonnes CO; equivalent of emissions

TPV total present value of the actual cost of all the subsystems of a
given configuration

UPS uninterrupted power system

V.100;; wind speed module for a year i and hour j at 100 m a.g.1

Ve wind speed at hub height h in an instant ¢

VT h estimated short-term target site wind speeds at the hub height
h

WF wind farm

WPD wind power density

WSR water storage reservoir (Fig. 2)

WTPO; power produced by a WT in an instant ¢t

WT wind turbine

Xy longitude and latitude components of the ERA5

1 period in which battery replacement is made

20 surface aerodynamic roughness length

WTPOpin, the mean annual power that a WT of the WF would generate
in the year with the lowest wind resource in the series of years
considered in the study

sc represents the rough initial estimate of the self-consumption

of the system, which is considered covered by the energy
generated by the WTs

Greek letters

©.100;; wind direction for a year i and hour j at 100 m a.g.1
1 tip speed ratio

b pitch angle

T air density
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Appendix A. Schematic description of the method followed for the optimal sizing and simulation of large-scale wind-powered SWRO

plants

To select the economically optimal system comprising a stand-alone WF, consisting of a particular number of WTs, NWT, and a BESS that allows
coverage of a particular hourly freshwater demand, the following diagram was applied.

READ

Long-term wind speed components (height=100 m) from ERASI y

v,

Short-term wind speeds (height= /, m) from target site.
Surface aerodynamic roughness length (z, m) from target site.

Hub height of the wind turbine (2 m).

Long-term wind speeds and directions (height=100 m) from ERAS

V_100,, =V p +Vius

6_100,

|

Extrapolation of short-term wind speeds from the target site: V7 _h

I

Training/validation
80% short-term data from ERAS and Target site

lsin (0.100) —

Input variables (ERAS) Target variable
Wind speed (¥_100) == Random Forest (RF)
Month (M) s
Hour (H) —> | Parameters:
Wind direstion (BL100) | — Wind speed (VT_h)

Maximum tree depth (max_depth)
Number of features at each split (mtry)

Search for optimal hyperparameters.
Step: Determination of training errors by cross-validation of 10 folds.

Analysis of the most important features to the model.

Input variables (ERAS)

Test
20% short-term data from ERAS and Target site

Predict the
target variable
et

V_100, M, H, Cos(6_100), Sin(6_100) —-[ Optimal Random Forest (RF) model ]—- Wind speed (VT_h)

'

[ Estimated wind speeds, at height 2: VT _h } ==

Test metrics

RMSE, MAE, R’

Input variables (ERAS)

Log-term predict
Long-term data from ERAS

Predict the long-term

target variable -

V_100, M, H, Cos(6_100), Sin(9_100)—[ Optimal Random Forest (RF) model |— Wind speed (VT _h)

Fig. A.1. Schematic representation of the first task of the method employed.
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START

READ

Long-term estimated mean hourly wind speed at hub height /
at the target site: V7 _h.

Wind turbine power curve: WTPO.

Specific energy consumptions, SEC, and specific capacity,
Om, of SWRO plant.

Proportions of energy losses; L, L,, L, L,,L. and L.

Proportions of the nominal power (P,) of the WT that are
self-consumed by different lodas of the on-grid system:
- ENENENand @GN y
I

Estimate Pm

WTPO,,=0

min

year=1

1 year=year+l

hour
=
r=t+1 »
No WTPO,
=8760
| Yes
Y

Proportion of annual hours in which the
WT is not operational: & Yes

A

WTPO,,=minimum(mean( WTPO),WTPO,,)

— |
‘— Estimate NWT 4—{Estimate .T"* WTSP O

Fig. A.2. Schematic representation of the second task of the method employed.
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(uno)

READ ‘ MTIY= maximum(MUPS) ‘

Long-term estimated mean hourly wind at hub height / at the
target site: V7 _h.

Wind turbine power curve: WTPO.
Number of wind turbines: NWT.

Specific energy consumptions, SEC, and specific capacity,
Om, of SWRO plant.

Proportions of energy losses; L,, L,, Ly,L,L;and L.
Values of parameters C,, C,, C, ,C,,CSP , ¢ and R7E.

— | year—yeartl [*
Available power for desalination

Y

y=last year

MUPS,= maximum(UPS)

Power at the input of the WF transformer ’f

WFEPO_|=NWT-WTPO,(1-L,)(1-L,)(1-L,)'(1-L)) || | UPS=UPS,,-(1+c)+(CSP+(NLL_WF+LL WF+SC_WF)/(1-L)+
7 NLL_B+LL_B)/RTE"

UPS=UPS,,(1+6)+(CSP+(NLL_WF-WFPO_1)/[(1-L)+
NLL_B+LL_B)/RTE”

Power output of the WF transformer: WFPO 2, Yes
¥ . No
Power injected into the system bus:
WFPO_3=WFPO_2(l1-L,)

T
L 2

Power required to cover the CSP Available power for desalination

WFPO 4, WFPO_5=WFPO 3-WFPO 4,
t

.| UPs=UPs, (1+c)

Available power for desalination
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T
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[y

Fig. A.3. Subroutine to estimate the maximum energy storage capacity (MIY) in UPS.
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READ

target site: V7T h.
‘Wind turbine power curve: WTPO.
Number of wind turbines: NWT.

Om, of SWRO plant.
Proportions of energy losses; L,, L,, L;,L,.L; and L,.
Values of parameters C,, C,, C, ,C,, CSP, o and RTE.

B MIY= maximum(MUPS)

Long-term estimated mean hourly wind at hub height 7 at the\

END
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year: y=1
BAT=0
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— i

:-:—| beaeing { BAT=BAT, ,-(1-6)+(WFPO_5-Pm-(1+L,))-RTE"

H’.

BAT=BAT-minimum(BAT) ‘

F

=t+1 L

L

’ BAT=BAT, -(1-G)-(Pm-(1+L,)-WFPO_5)/RTE"

v

Power at the input of the WF transformer
WFEPO_1=NWT-WTPO,(1-L,)-(1-L,):(1-L,)-(1-L,)

WFPO_5>Pm-(1+L,)

] 4
Calculation of dc encrgy available in the UPS at the hour 7 Calculation of de power available for desalination the hour ¢
UPS, WFPO_S,
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Fig. A.4. Subroutine to estimate the maximum annual capacities (MBATy) of energy storage in batteries.
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Save the maximum capacities of UPS and
Batteries corresponding of the year y
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Long-term estimated mean hourly wind at hub [ _]No
height 4 at the target site: V7 h. — UPS,,-UPS;DQJ‘

Wind turbine power curve: WIPO.

Yes

|

Number of wind turbines: NWT.

‘ D=min(UPS)~(100-DOD)- UPS, ‘

Specific energy consumptions, SEC, and specific
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MIY=maximum(MUPS)

MBAT=maximum(BAT)

Tol=10"
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T
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i

year: y=1

!
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y=y+l

>
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No ‘
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y . No il
<\;=last year /\ BAT,=BAT, -(1-6)-(Pm-(1+L,)-WFPO_5)/RTE" |«
o Yes %
s S BAT=BAT, (1-0)+(WFPO_5-Pm-(1+L,))-RTE"
At

Yes

hou
' el

Power at the input of the WF transformer N
WFPO_1=NWT-WIPO,(1-L)-(1-L,)-(1-L,)-(1-L,)

T

WFPO_5>Pm-( l+L,)>VN07

/

] 1
Calculation of de energy available in the UPS at the hour / Calculation of de power available for desalination the hour ¢
UPs, WFPO_S,

Fig. A.5. Subroutine to delimit the maximum energy storage capacities in UPS and in batteries, BAT.

Appendix B. Data used for the calculation of capital and operating costs for the wind/battery-powered desalination scheme

Table B.1

General equation/input parameter, input parameters and their meaning, and input parameter values used for calculation of capital and operating costs for the wind/
battery-powered desalination scheme.

General equation/input
parameter

Input parameters meaning

Input parameter value

Cwr = 4200 x 12,500 x
NWT

COM = 0.03 x Cyr

Cswro = 1165 x 242,800
m3/d

CoxM, = 0.106 x Qm x
365+ 0.04-Cswro

P1, P2, P3, P4, P5 and P6

i(1+1)"

CRF = ———
(I+i)y -1

Ly, L, L, La, Ls, Le

Cwr: costs associated with the investments that need to be made in the electrical energy
generation subsystem

NWT: number of wind turbines

COSM: costs associated with the operation and maintenance of the electrical energy
generation subsystem

Cwr: costs associated with the investments that need to be made in the electrical energy
generation subsystem

Costs associated with investments of the water desalination subsystem

CoxM. : costs associated with the operation and maintenance of the water desalination
subsystem

Qm : freshwater flowrate capacity of a desalination plant (m>/day)

Cswro: costs associated with investments of the water desalination subsystem
Hour-based energy and power periods

6 different hour-based energy and power periods for the electricity tariff

CRF: capital recovery factor

L: lifetime

I: discount rate

Types of energy losses considered and their values

L1: the proportion of estimated losses due to the wake effect of the wind turbines in the wind
farm

L2: the proportion of estimated losses due to wind turbine unavailability

L3: the proportion of estimated losses for environmental reasons (formation of ice and dirt

22

L: 20 years
i: 5% of investments at constant prices

L; =0.05, Ly = 0.05, L3 = 0.005, L4 = 0.012, Ls = 0.036
and Lg = 0.047

(continued on next page)
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Table B.1 (continued)
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General equation/input
parameter

Input parameters meaning

Input parameter value

on the blades)

L4: the proportion of estimated losses due to technical reasons (hysteresis, parasitic load and

wind turbine rotor misalignment)

L5: the proportion of estimated losses when transporting the electrical energy from the

transformer at the wind farm to the on-grid production centre

L6: the proportion of estimated losses when transporting the wind-sourced electrical energy
from the on-grid production centre to the seawater reverse osmosis plants

Cy, Ca, C3, C4, Cs, and CSP

provided by the wind turbine manufacturer

Parameters used to estimate the system’s energy self-consumption
Cy, Cy, C4 and Cs: coefficients that can be obtained from the technical specifications

Cp =0.0132, C2 = 0.7354,
C3 = 0.03, C4 = 0.0292, C5 = 0.8043 and CSP = 5 kW

Cs: coefficient that can be estimated from the compiled experimental data

CSP: powers demanded by the control system

CpgEss Initial investment costs of the energy storage subsystem 297 €/kWh
Cggss includes the cost of the power conversion subsystem, balance of plant and construction
and commissioning
Battery useful life before replacement 10 years
ngislg Costs associated with the O&M of the energy storage subsystem ngs“g was estimated considering a fixed cost of 6.6
€/kW and a variable cost of 0.025 cent€/kWh
RTE Round-trip DC-to-storage-to-DC energy efficiency of the batteries and the electronic power  An RTE of 86% was assumed as well as equal charging
converters. and discharging efficiency
DOD Maximum admitted depth of discharge 80%
soc State of charge 20%

Appendix C. Results of importance of the predictors in the RF model that was used in the applied procedure

Fig. C.1 shows the variables used as RF model inputs which contributed to reducing the forecasting error of the variable wind speed at the target
site at 140 m a.g.l.. Of these variables, the ERA5-based wind speed at 100 m height a.g.1. (V_100) showed the greatest importance. The other variables

are trigonometric sin and cos and hour (H) and month (M) of the year.

V_100

Cos

Predictor

=}
W

10

15 20 25

Importance

Fig. C.1. Importance of the predictors in the RF model that was used.

Appendix D. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.apenergy.2023.122564.
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