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Abstract: Facilitating high-RES (Renewable Energy Resources) penetration via integrated resource
management is considered a promising strategy on different islands worldwide. For this work, the
Portuguese island of Porto Santo is established as a test bench using actual data from the island. Given
its geographical condition and energy needs, integrating the management of different resources
(namely, the electric power grid with the water supply system, intensive in-land transportation
electrification, and the energy storage applications) is analyzed by this work to achieve a power
grid relying entirely on RES. The energy storage utilization and the purposeful manipulations in
demand patterns have been perceived as instruments to reduce RES availability and consumption
mismatch. Electric Vehicles (EV) could be perceived as a reliable alternative to centralized storage
systems, acting either as a load or power resource (generator), providing the required flexibility for
power systems to uptake the increased RES and maintaining the balance of supply and demand. This
means that EVs could contribute to greening both the power system and the transport sectors. Hence,
the impact of the EVs’ penetration level on the island was assessed through a gradual increase in the
EVs’ total number (from 0 to a fleet containing 2500 vehicles). Furthermore, a collaboration between
the water supply (seawater desalination) and the energy sector is proposed. The obtained results
revealed that the optimized management of resources could significantly help the overall energy
system (power grid) to rely only on RES (solar and wind energies). The curtailments decreased
relatively (maximizing the RES share), while the polluter conventional power plant remained off
over the simulation periods.

Keywords: 100%RES; transport decarbonization; isolated power grids; EVs; V2G; RO seawater
desalination; energy storage; sector-coupling

1. Introduction

Energy transition, either on islands or on the mainland, might be subject to widespread
challenges associated with the electric power grid topology, the local population, geo-
graphic specificities, the availability of RES, and the type of load demand [1-3]. Further-
more, the nature and intensity of RES on power grids determine the real challenges that
the system operators may encounter. For instance, solar and wind energies are considered,
so far, intermittent sources without inertia, whereas geothermal and hydropower can
provide stability.

Given the available RES and their nominal installed power, every power system should
be considered a unique case to be studied. Additionally, the power system characteristics
also play a significant role in determining the real challenges such as (i) the geographical
and technical spread of RES: where more diversity means fewer challenges, (ii) the demand
size (the peak power and the average daily energy need), (iii) the match between the
demand and the RES output (seasonal and daily): where a good match means fewer issues,
(iv) flexibility that can be provided from various assets of the system (conventional power
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plants characteristics, energy storage applications, etc.), and (v) the technical standards
(grid codes).

The energy transition on islands might face slightly different challenges compared
to the mainland, particularly in places where there is no interconnection to compensate
for the shortages or export the excess electricity generation. Furthermore, the lack of
interconnections and the economy of scale of some RES projects may account for why RES
projects on large scales are not economically attractive on islands. Also, the seasonality of
the demand imposed by tourist arrivals on islands requires a secure supply system that can
efficiently run during high and low seasons. Nevertheless, islands themselves are highly
motivated to contribute to the energy transition programs, mainly because their energy
needs often differ from those on the mainland. Their energy demand, by sectors, may be
categorized primarily as residential, services and commerce, public lightning, electricity for
desalinating water (where scarcity of potable water exists), transportation, and agriculture
(if an active agriculture industry exists.

The term flexibility (the term flexibility describes the ability of the power system to
respond to uncertainty and variability in the supply-demand balance, in the timescale
of minutes to hours.) has become essential and a key enabler in the context of shifting
from conventional fossil-fuel-based systems to a dominant RES energy system. Given the
islands’ isolated nature, their power system can serve as a suitable testbed to demonstrate
innovative solutions in this regard. Usually, every solution is put in place with a common
objective, increasing the “flexibility” (kW /kWh). Preferably, several flexibility sources need
to be exploited and planned ahead of time to manage large-scale RES adoption [4]. In this
context, European islands have been hosting a large number of research projects [5] for
unlocking the Demand-side Flexibility (DSF) potentials and the Energy Storage Systems
(ESS) applications in different areas, such as in implementing microgrids [6-9], in develop-
ing and examining smart-grids (advanced communications and metering) [10,11], and in
innovative sector-coupling (heat, transportation, and water supply) [12-19].

IRENA defines DSF [20] as a portion of the demand, including the electrification of
other energy sectors (i.e., heat or transport via sector coupling), which could be reduced,
increased, or shifted at specific times. The growing number of Electric vehicles (EVs) is
perceived as one of the DSF sources, where their “active participation” in power system
operation could be recognized as Demand Response (DR). Many researchers have been
working on quantifying the flexibility that EVs could provide for system operators un-
der DR programs. The leading instruments to achieve the desired flexibility might be
identified as innovative incentive-based programs, the communication between the EV
and the grid operator, and the bi-directional power flowability [21]. DSF can only be
provided by controllable technologies, which bring additional costs and may increase
the complexity of power systems’ functionality compared to the conventional economic
dispatching procedure.

This work presents the energy system of the Porto Santo island and reviews its ongoing
energy transition program. Thus, it characterizes a possible future scenario for the island’s
power system, relying predominantly on RES (wind and solar energies). To maximize the
integration of RES, an innovative solution is proposed by utilizing the following resources:

(i) The deployment of grid-scale ESS, consisting of Li-ion batteries and Compressed Air
Energy Storage technology (CAES),

(ii) The flexible use of electricity demand associated with the water supply sector, namely
by optimum scheduling of the Reverse Osmosis Desalination (ROD) plant operation,

(iii) The flexibility that a large number of EVs could provide under the V2G concept.

The deployment of ESS is an inevitable solution to realize a power grid fundamentally
powered by RES. Given that, local authorities could shift some investment from bulk-ESS
to dispersed storage (the EV’s battery) while simultaneously incentivizing EV owners to
participate in V2G strategies, by which both the inland transportation system and the power
grid may benefit. Hence, integrating incentives in policy instruments to stimulate electric
mobility by private users might be the key to furthering the decarbonization paradigm.
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For instance, the former financial incentives for acquiring EVs on the Azores island are
now combined with reimbursing the charging stations at 50%. At the same time, the local
electricity company is encouraging users to participate in the DR programs by offering
bonuses to those possessing a time-differentiated electricity tariff, thereby promoting the
charging of electric vehicles during off-peak periods [22].

In short, mutual incorporation of aggregated EVs can bring three major advantages:
(i) the provision of flexible energy and reserve services that enable RES integration [23],
(ii) the aggregation lessens the need for the installation of new bulk ESS and brings long-
term benefits [24], (iii) the coordination of EVs improves the safety of the contribution
of aggregated EVs in electricity markets, which in turn can enhance both the power grid
and the EV necessities [25,26]. Given the growing number of EVs, the analysis of the
impacts of deploying a sizable number of EVs is of particular interest since EVs may
strongly contribute to increasing energy consumption and even the peak demand. Most
of the works found in the literature investigated the active role of EVs in what concerns
ancillary services provision EV participation in the energy market [23,27]. Fei Teng et al. [28]
concluded that EVs could benefit from both energy and ancillary service markets. Under
various assumptions and limitations, studies have demonstrated that EV owners and
utilities could maximize their profit by deploying the V2G concept through DR programs
with proper pricing mechanisms [29,30]. The main conclusion is that EV users should get
compensated from energy arbitrage for every energy unit discharged from the vehicle’s
battery. To extract the added value and fairly allocate it among the owners and the utility,
innovative charging strategies need to meet the EV owner’s comfort while tackling the
power grid constraints [31].

In this work, rather than investigating the common utilization of EVs in power grids,
the impact of many EV batteries’ stacked capacity is studied in an isolated grid. The
optimum charging/discharging scheduling of each EV is done to maximize the utilization
of RES (solar and wind energies). This work assumes that the system operator can control
the ROD’s operation as a sizeable elastic load and the plugged-in EVs as a bulk energy
storage module. This could be implemented mainly due to the specific characteristics
that the case study represents. The island’s isolation and its limited roads present a lower
demand for transportation in comparison to big cities. Besides that, the island is equipped
with several water reservoirs, which can store the desalinated seawater for several days,
guaranteeing to meet the water demand. This means the ROD’s load at the demand side
could accommodate the base-load and the RES variations (RES’s availability) without
jeopardizing the water supply.

Moreover, given the vertically integrated energy market (Vertical integration is a
strategy whereby a company owns or controls its suppliers, distributors, or retail locations
to control its value or supply chain.) on the island, adopting the growing number of EVs
and integrating them into the energy market might be less challenging since only the EV
owners and the local utility need to be considered. The results demonstrate that through
the proposed approach, the power grid of Porto Santo for several consecutive days could
rely only on RES (solar and wind energies), maximizing the use of RES while reducing the
curtailments relatively.

The following section discusses the challenges associated with the energy transition on
different European islands. The challenges regarding the availability of resources and their
energy demand profiles are discussed. Section 3 introduces the island of Porto Santo, its
resources and assets, and presents the progress of its energy transition master plan up to the
present time. The feasibility of the proposed solution is interpreted by characterizing the
case study from the energy management point of view. Section 4 argues the capability and
requirements of the identified resources (i.e., ESS, the ROD plant, and the EVs). Section 5
indicates the proposed solution, including the mathematical model. The simulation results
are reported in Section 6. Finally, in Section 7, the findings are discussed in detail, while
the main conclusion and future research directions are drawn in Section 8. Table 1 presents
the acronyms used in this work.
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Table 1. Acronyms.

RES Renewable Energy Resources.

TPP Thermal Power Plant.

EV Electric Vehicle.

V2G Vehicle-to-Grid.

ESS Energy Storage System.

BESS Battery based Energy Storage

ROD Reverse Osmosis Desalination Plant.
CAES Compressed Air Energy Storage System.
DSF Demand Side Flexibility.

DR Demand Response.

EEM Empresa da Electricidade da Madeira, the local electricity company.

2. A Glance at the Energy Transition on Islands

Dealing with the high penetration of non-synchronous RES while breaking down
the expenses can be recognized as the main common interest found in most research and
projects [3,13,32,33]. Notton [19] highlighted the importance of coupling the RES with the
ESS. They concluded that a higher share of solar and wind energy could be reached by
having accurate day-ahead predictions in RES availability and the demand profile. Gils
and Simon [34] demonstrated that the improvement in energy efficiency measures via
electrification and the intelligent management of different sectors (heat, transportation,
water) could reduce environmental emissions and energy costs. They concluded that
sector-coupling (The process of interconnecting the power sector with the broader energy
sector such as heat, gas, water, and mobility.), by employing demand response techniques,
with the energy storage applications’ assistance could significantly moderate wind and
solar power generation fluctuations, resulting in 100% RES share across all sectors. They
noted that long-term energy storage solutions are the key enabler for achieving an energy
supply system relying fundamentally on solar and wind power.

According to GIS Lounge, more than 2000 small islands (ranging from 1000 to
100,000 inhabitants) exist globally [35], which are often highly dependent on fossil fuel
imports for their electricity supply and their transportation needs. Their economy is usually
influenced by expensive energy costs and the presence of tourists [36]. Since the 2000 s,
the worldwide growth in RES, mainly in wind and solar energy, has shown promising
prospects for islands’” power grids [37,38]. The European Island Union has demonstrated
some projects that prove that the islands” energy supply could substantially rely on endoge-
nous RES. Those islands that receive high solar irradiation levels or enjoy significant wind
have been hosting various projects for coupling RES with ESS, seawater desalination plants,
the heating demand, inland transportation, and H, production for different purposes [5,39].

Table 2 presents some basic information for Porto Santo and several European islands.
All the selected locations are in the middle or have already begun their energy transition
programs. The given data were gathered through various sources, mainly associated with
the master plans and ongoing projects related to the islands” decarbonization paradigm.
As is shown by the table below, electricity costs a higher value than the average of the
EU-27 (0.21 kWh/euro); although the kWh price of electricity is usually subsidized on
most islands, meaning that the actual cost of electricity is usually even higher than what is
presented in the table below.

Since the climate, the geographic location, and energy needs vary on the selected
islands, their energy and water needs and resources differ slightly, although the common
final goal is to realize an energy supply system based on 100% RES and to reduce CO,
emissions. For instance, in Ameland, the annual residential heating demand, on average,
is 45 times higher than the electricity demand. Hence, the utilization of heat pumps and
district heating systems combined with RES, namely solar energy, has become the center
of innovative projects; while in El Hierro, maximizing the RES based on wind power
and storing energy through a reverse-hydro system have been the main objectives of its
sustainable master plan.
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Table 2. Key characteristics of Porto Santo and other selected islands.

Tourism Energy  Installed Transport Electricity

I Size Population  (Visitors  Transi- RES Resources & . . .
sland Country 2 . . . . Interconnection Electri- Price
(km*) (Inhabitants) per tion Capacity  Technologies fication  (Euro/kWh)
Year) Status (MWp)
Porto Qil, dliesel,
Santo  Portugal 42 5500 100,000  Middle >3.10 peltro - 835 No Starting 0.25
[40] solar, wind,
BESS, APL *
Tilos Diesel, wind,
[10] Greece 61 500 13,000 Advanced 1.00 solar, BESS, Yes N/A 0.23
microgrid
Diesel, sea
Pantelleria  Italy 84 7759 56,000 Starting ~ waves, solar, No N/A 0.27
wind
Solar,
solar-heating,
Ameland Netherlands 268 3683 550,000 +Advanced >6.10 fuel-cell, gas, Yes +Advanced 0.20
H,, CHP,
AEPT **, APL
Oil, gas,
mini-solar,
Aran . CHP,
J Ireland 46 1300 400,000 Middle <0.5 heat-pumps, Yes Advanced 0.29
[41,42] .
considerable
EVs, APL,
AEC ***,
Oil, diesel,
Gigha  The UK 14 160 10,000  Advanced n/a gas, wood, Yes Starting 0.27
solar-heating,
wind, AEC
Wind,
Samso biomass, solar
[43] Denmark 112 3724 400,000 +Advanced 23 heating, Yes Advanced 0.34
biogas fuel,
EVs, AEC
El Diesel, Wind
Hierro Spain 268 11,000 8000 Advanced 11.5 ,—h d 4 No Starting 0.25
[15] reverse-hydro

* APL stands for Advanced Public Lightening, ** AEPT stands for Advanced Electric Public Transport, *** AEC stands for Active
Energy Community.

“Sustainable Tourism” has been mentioned repeatedly as one of the main strategies
to decarbonize these islands since their dynamic economies depend highly on tourism
activities. Transport decarbonization and transport electrification have received particular
attention in those master plans since the transportation system is directly involved in
most tourism activities. Moreover, the islands with advanced energy transition states
have already taken some measures in this regard [43,44], since they have concluded that
transport electrification is vital to realize a 100% RES-based energy system [45]. For instance,
public transportation in Ameland has been fully electrified since 2018 and electrifying the
transport sector is now the center of the ongoing program in the Samso and Aran islands.
A growing number of works and research are associated with the transport electrification
concept’s approval, including this work.

In conclusion, the energy supply expenses count as the major expenditures on islands
since energy heavily depends on expensive fuel transportation. Hence, shifting from the
fossil-fuel-based energy supply system to growing RES (mainly solar and wind energy) has
become a favorable option in these places. However, islands may face additional challenges
when compared to the mainland in the decarbonization practices. The two main features
on most islands, their small market and isolation, imply relative constraints in different
aspects for delivering the electricity, water, and transportation needs [46]. For instance, the
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limited area and lack of interconnections make flexibility a vital issue for isolated locations.
The power fluctuations might frequently occur in isolated power grids with high-RES
penetration, degrading the power quality and reliability, posing new challenges to grid
operators. On the other hand, the simplicity that an isolated energy system and its market
may offer (known as a vertically integrated structure) could facilitate the early adoption of
new technologies and increase the RES penetration in their power system.

3. Porto Santo Island

Porto Santo island, with its 5483 inhabitants and an area of 42.17 km? (2011), is the
northern and easternmost island of Madeira’s archipelago, located in the Atlantic Ocean,
west of Europe and Africa. The Portuguese island has been practicing the developments
that let the territory turn into a touristic destination under international standard recog-
nition, free from fossil fuel sources with nearly zero pollutant emissions. The initiative
started in 2012 by launching the Sustainable Energy Action Plan of Porto Santo Island,
developed under the Pact of Islands” advisory [47]. In 2016, the local executive branches
took the project to a new phase by launching the Smart Fossil Free Island project. They
aimed to enable the gradual replacement of fossil fuel resources with RES in the medium
and long term [48].

Like many other islands, Porto Santo’s economy relies heavily on tourism (with an
average of 100,000 visitors per year), influencing the structure and variability of the island’s
water and energy demands. There are almost no water resources on the island except for
rainfall and groundwater resources (i.e., saline water sources) [49]. Seawater desalination
in Porto Santo is the only solution to supply potable water for public use. As shown in
Figure 1, the energy and water demand nearly doubled during the peak tourist season
(June, July, August, and September), requiring a high reserve capacity for a short time. It is
worth mentioning that the accumulated electricity consumption by the ROD plant roughly
accounts for 15% of the annual electricity demand of the island (the area in light blue);
that roughly corresponds to half of the energy consumption in the Services and Commerce
sector for the same year Figure 2a shows that the 32 GWh electricity consumption in 2015
was mainly supplied by the thermoelectric power plant, while the RES had a share of 11%.

X 13-Aug-2015

140 I I 1 Y 133.7
[ |Electricity demand i
120 |- [ Desalination consumption W\/
Desalinated Water

-

o

o
T

oo
o

[=)]
o

40 |

Daily energy consumption (MWh)

20

- )
X 16-Jan-2015 \'U/\ M‘M
Y 56.03

Daily Water Consumption (M3)

O |
Jan Feb

Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan

2015

Figure 1. Daily electricity and water demand profile for the year 2015. Presented data were gathered through communica-

tions with the local water company (Aguas e Residuos da Madeira, S. A.) and the local electricity company (Empresa de
Elelectricidade da Madeira).
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Public Services Agri g:_lhue
Wind Industry 11% ©
3% 5% Servicesand
. Commerce
Public 38%
Lightening
PV 7%
8%
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TPP 17%
Construction
Households 1%
21%

(a) (b)

Figure 2. Energy supply and demand for 2015, adapted from the annual report published by the EEM [48]. (a) Electricity
generation by share of each resource in percentage. (b) Consumption by activity.

The electricity consumption by activity on Porto Santo is slightly different from
mainland Portugal. As shown in Figure 2b, the service and commerce sectors, the hotels,
and the residential sectors represent the highest consumers (around 75%) compared to the
other sectors. There is no active industry sector nor agriculture (<0.01%). A considerable
share of the service and commerce sectors” and the hotels’ electricity consumption has
a linear relationship with the touristic seasons and the number of people on the island.
Figure 3. demo

s e __.I_'_____| 2+3 Population 5500~ 20 000
: : = visits/year 100 000

Registered vehicles
: 3 : Combustion engine - 4 170
1 Car fuel consumption | '0.58 EV - 25 (2018/2019)
" toe/ inhab (2018) \

E Residential clccﬂ'l'ci‘t_y'_ | -

1 eonsumption (kWh/inhab) | 1228 R Electricity Market - 1

'
[
T
'
S S
v
¥

60

Airport

i ., Desalination plant

2 wind turbines
L 1 Reverse osmosis

11 MW

%
Li-ion Batte

. A AMW/3MWh " i Thermal power plant
' 17.28 MW
2325” 5T o
,55 261 [ '1 Substations ,‘.‘5 4
< 3-20MVA
?‘ Porto santo
3
e —— {1 €Oz Emissions (1) & B
0 T £ ;
< . Finchal

Figure 3. Existing assets in the electricity, transportation, and water supply sectors on Porto Santo (2018). Data from
EEM [50,51] and the island’s statistical report [52].
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According to PORDATA (PORDATA is the contemporary Portuguese database
(www.pordata.pt, accessed on 02 February 2021).), in 2018, the car-fuel consumption per
inhabitant and residential electricity consumption per inhabitant stood at 0.58 toe/inhabt
and 1229 kWh/inhabt, respectively. Both indexes represent a higher energy consumption
per inhabitant than most Portuguese islands and the Portuguese mainland. The gener-
ating power system consists of one thermal power plant (TPP) with 16 MW installed
capacity (4 x 4 MW units), two wind turbines (1.11 MW), one solar power plant (2 MW),
and twenty mini photovoltaic installations (340 kW accumulated installed power). In
2019, a Li-ion battery pack was established with active power and a usable capacity of
4 MW /3 MWh to complement the power system’s electro-productivity [51].

According to the latest technical annual report published by the local electricity com-
pany [50], EEM, some of the fundamental groundwork concerning the island’s power grid
reinforcement and the preparation of the required facilities had been put in place, such as
(i) installing the necessary communication infrastructure and smart meters, (ii) renovating
transformation stations in the context of smart grids, (iii) establishing the EVs’ supply
network containing bi-directional load stations and testing it through a pilot project, and,
(iv) replacing the conventional public lighting with LEDs under a control center. Ultimately,
the island is equipped with a ROD plant capable of producing potable water up to a
maximum rate of about 15,700 m> day ~! with two desalination units, each working with
nominal powers between 600 and 1000 kW.

Porto Santo, with 4107 vehicles, represents only 3% of the Madeira archipelago’s total
number of registered cars [52]. Although the number of cars seems little compared to
the whole archipelago, this number is not that small for an isolated land with roughly
5500 inhabitants.

4. Proposed Means for a 100% RES-Based Energy Supply

Porto Santo’s electricity network is phasing to empower RES that rely mainly on
wind and sunlight. To facilitate the increased RES into the electric power system and
lessen the net dependence on fossil fuel sources, it would be significantly helpful if, apart
from the active TPP, flexibility could be harnessed in various sectors. These resources are
listed below:

1.  The Li-ion Battery Energy Storage System (BESS) and the Compressed Air Energy
Storage system (CAES) are the considered energy storage means,

2. Deployment of a considerable number of EVs under the V2G concept,

3. Controlling the load of the existing Reverse Osmosis Desalination (ROD) plant.

The following presents an overview of each source of flexibility and maps their
suitability and adaptability concerning the small-isolated power systems.

4.1. Energy Storage Systems

ESS technologies and their applications have been widely investigated in the litera-
ture [53-56]; accordingly, in an isolated power grid with a considerable RES penetration,
the ESS are fundamentally beneficial for two reasons:

1.  To absorb the available RES during low-demand periods and back up the power
generation during peak demand periods or when the RES are not available. Therefore,
a high-power rating (kW) and discharge duration (kWh) are the necessary attributes
associated with the ESS. This kind of service is carried mainly through Pump Hydro
Energy Storage (PHES) technologies on large scales [57].

2. Smoothing the net-demand is also particularly important for isolated grids, where
system operators often need to keep diesel generators online at less efficient oper-
ating levels to mitigate unforeseen ramps in RES generation. If the ESS can tackle
the RES variations, the operators can better manage the diesel generators, signif-
icantly reducing fuel usage and GHG emissions. Usually, an advanced lead-acid
battery or lithium-iron-phosphate is used for this specific service. For instance, the
11 MW /4.3 MWh Li-ion Hawaii wind smoothing project is an example of this kind.
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While installing storage only to provide RES smoothing is not relevant in most ap-
plications; this can, however, be an added value when stacked with other services
and other ESS technologies [58]. The island of Graciosa that belongs to the Azores
archipelago is another example of an island community that has implemented RES
with a BESS, drastically cutting its diesel consumption [8].

Since the tiny island of Porto Santo does not have the proper conditions to benefit from
an underground CAES or PHES, therefore, a BESS and an above-ground CAES represent an
attractive alternative among the others. Benefits of large-scale BESS units include providing
capacity to rapidly compensate for peak loading with a significant energy demand that
causes a change in frequency, ramp control, and capacity firming when the output of RES
drops (i.e., when the wind drops or clouds cover the PV parks) [59].

The CAES can serve as an alternative to the PHES method for bulk energy storage
purposes. They work under similar principles as to how conventional gas turbines oper-
ate, although the compression and expansion phases are decoupled instead of occurring
simultaneously [60-67]. Advanced adiabatic CAES (AA-CAES) systems, a more recently
developed concept, address environmental issues relative to fossil fuel utilization in the
classic diabatic CAES expansion phase [67,68]. Although many adiabatic CAES projects
have been proposed over the last two decades, none have reached the commercial operation
stage, with few still currently under tests in various pilot projects. Lund and Salgi [69]
performed an economic assessment by considering several energy storage technologies in
a hybrid energy system. The evaluation was conducted using the Energy-PLAN software
modeling tool under various market pricing strategies and different wind penetration
levels in the Danish electricity supply system. The result demonstrated that the CAES
alone could not solve excess electricity production problems, and other ESS options are
thus significantly more attractive. Venkataramani et al. [70] showed that integrating the
CAES with RES, such as solar and wind energy, improves the utilization of such resources
through DSM techniques, making it an attractive medium with high reliability a low
environmental impact.

4.2. Reverse Osmosis Desalination Plant & DSM

Although the idea of using desalination plants as a source of flexibility is still fresh,
recently, ROD plants have become very attractive from the energy utilities” point of view.
Many researchers in the field and real-world examples have demonstrated that coupling
RES with RODs is promising in terms of economic and technical feasibility while sig-
nificantly reducing the carbon footprint associated with the potable water production
process [71-73].

The ROD plants usually need to operate at a steady state, indicating that the plant
must always consume energy at maximum capacity. From the Demand Side Management’s
(DSM) perspective, flexibility could be provided by the ability to start and interrupt the
operation of the ROD plant under an incentive-based DR program contracted between
the water supply sector and the grid operator [16]. The water reservoir size can also be
considered a source of flexibility associated with the water supply system; through the pro-
duction and storage of potable water during the periods when RESs are available that, if not
consumed, may be otherwise curtailed. The integrated ROD plant with RES coupled with
an ESS can respond quickly enough and maintain the necessary change for a long enough
duration in response to significant changes in the power grid. As Kim demonstrated [74],
this can be further exploited through various DR programs supporting multiple ancillary
services such as operating reserves (i.e., regulating, ramping, and load following).

4.3. Transport Electrification & the Potential Flexibility

Transport electrification has become plausible due to recent improvements and the
cost reduction of available EVs in automobile markets [75]. Nonetheless, it can be a
challenging option from different perspectives for both the users and energy (electricity)
providers [76,77]. The high EV purchase price, inadequate charging infrastructure, and
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insufficient product availability may be identified as the main obstacles for the users.
In contrast, the lower fuel & maintenance costs over the vehicle’s life, tax credits, and
innovative DR programs could offset the front cost. From the system operators’” point of
view, there are some concerns about shifting the high-transportation demand (petrol) to the
electrical system (electricity). The system operator may face new challenges if the number
of uncontrolled connected EVs considerably increases (high transport electrification). On a
small island, the requested loads can even change the daily load profile.

The V2G technology can turn Plugged-in EVs into reliable assets, acting either as
loads or a power resource (generator), thereby serving the power system. It also can be
counted as a practical option in a power market. A high-value electric service such as a
quick-response is one of the greatest V2G’s short-term objectives [24,25]. However, studies
reported that the V2G is not a favorable option to satisfy the base-load power since it can
be dispatched economically by conventional generators. However, for a power system
that tends to rely only on RES, the EV adoption with V2G consideration may enhance the
power grid’s capability to facilitate more RES and improve efficiency and reliability of
the grid [78].

On the other hand, enabling the V2G technology might be very costly, including
the need for intensive communication between the vehicles and the grid, infrastructure
changes, and most importantly, the provision of a considerable number of bi-directional
charging /discharging stations, bringing additional front costs. Moreover, the participation
of the EV owners in DR programs is correlated with their willingness and behavior, a
crucial factor for extracting the flexibility that a vehicle could offer. Although various
pilot projects have been investigating the impacts of V2G integration in power markets,
the EV users’ interest in participating in this kind of project and their commitment has
still not been fully analyzed. J. Kester et al. [79] highlight the importance of introducing
new regulations, taxation, and more pilot projects to boost the research and the findings
regarding this matter. In this work, it is assumed that the number of EVs corresponds to
the number of users willing to participate in DR programs.

5. 100% RES-Based Energy Supply System

In our previous work [80], in a scenario without the utilization of storage systems,
it was concluded that a RES (solar and wind) penetration as low as 40% of the annual
energy demand of the island could lead to marginal curtailment rates that exceed 44%
of the yearly RES generation. However, given the recently installed Li-ion BESS, greater
penetration of the solar and wind resources could be granted, achieving a 38% renewable
portfolio standard. Furthermore, it was concluded that a 100% RES-based energy supply
system could not be achieved without the utilization of large ESSs; and that the curtailed
energy proportion would reach over 60% of the annual RES production. Hence, this section
first presents the required assets for achieving a green energy system in Porto Santo, and
then the optimization model that explains the optimum use of the resources is delivered
in Section 5.1.

As shown in Figure 2a, the RES covered only 11% of the demand in 2015. Hence, in
this work, a significant increase in RES is considered compared to the existing RES on the
island. Given the current data on the annual electricity demand and the RES production
(wind and solar) provided by the island’s local electricity company, the increment was
estimated by applying a linear growth on the present solar park’s available data and that of
the wind turbines. The table below presents the current resources and the proposed assets
for an entirely green energy system of the island.

As Table 3 presents, the sum of the annual electricity generated by the increased
PV and wind turbines together roughly accounts for 44 GWh, which is approximately
1.35 times greater than the average yearly energy demand (32 GWh). A 1:1 ratio for the
demand and RES supply was not considered due to various reasons:

1. Some curtailment associated with RES is inevitable;
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2. Asshown in Figure 4, the wind is less available during the summertime when the
demand is higher; hence an increase in solar production was necessary. On the other
hand, apart from the minor PV production during winter, the solar output is also
limited to the daylight; therefore, an increase in wind production was desirable since
wind availability on the island presents a more consistent availability during both the
day and the night;

3. With the substantial losses associated with the round-trip charging/discharging
ICAES, a considerable amount of added RES would be wasted;

4. Ultimately, the significant number of EVs on the island would increase the total
demand substantially.

Table 3. Existing and proposed energy system assets in Porto Santo.

Annual Annual ROD Wat
Scenarios TP Wind  Produc- PV Produc- BESS ICAES * i Tk Number
(MWp)  (MWp) tion (MWp) tion (MW/MWh)  (MW/MWh) Day-1) () of EVs
(MWh) (MWh) y
Existing 16 11 1.52 2.38 3.12 4/3 0 15,700 n/a 20
Proposal 4 15 2147 17 22.68 8/6 5/15 15,700 15,000 0-2500

* Isothermal Compressed Air Energy Storage.

Figure 5 presents the island’s electricity demand, the uncontrolled 2500 EVs demand,
and the RES production (kW) during two days for the current and increased with an
increase of RES.

As shown in Figure 5a, Even the low penetration of the wind and solar profile would
impose a substantial alteration on the power grid, mainly due to the variation in the solar
park production. The recently installed Li-ion battery seems to provide sufficient flexibility
to cope with unpredictable variations associated with the existing condition. However, the
Li-ion BESS alone cannot cope with the 100% RES-based scenario’s challenges, resulting
in more frequent “overgeneration” events, leading to a high percentage of “curtailments”
with a consequent decrease in benefits and the wasting of investment. Moreover, the EVs
would substantially increase the island’s demand, influencing its typical load profile.

350 T T T
I Wind Production (15 MW p)
| [ Solar Production (17 MW p) _
300
[ IEnergy Demand (Electricity & Water production)

250
200
150

100 ol
50 ' \ '” ” Bl

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan
2015

Daily Accumulated Energy (MWh)

Figure 4. Accumulated daily Energy demand (2015) versus increased RES production (wind and solar) for the same year.
Presented data were gathered through communications with the local electricity company (EEM).

As shown in Figure 5b, the excess production power could reach a maximum value of
about 12,000 kW with an average of nearly 7000 kW within several hours (equal to 70 MWh,
the island’s average daily energy demand), thus requiring bulk energy storage means.
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Moreover, the security of the supply and the overall cost efficiency of the power system
operation must be taken into account to increase the RES in power systems; therefore,
understanding the spatiotemporal complementarity of wind and solar power generation
and their combined capability to meet the electricity demand is a crucial step towards
increasing their share. Accordingly, given our pre-analysis on the required RES to realize
a fully-green energy supply system, 15 MWp of wind turbines together with 17 MWp of
PV panels presented a sufficient amount of RES production (in terms of both power and
energy), by which it would be possible to achieve a power system relying 100% on RES
through the proposed integrated management of the resources.

10,000 | |

RES availability [ |EVs Demand
[ IDemand net-demand

8000

6000

Power (kW)

4000 [

2000

0
Aug 05, 00:00 Aug 05, 12:00 Aug 06, 00:00 Aug 06, 12:00 Aug 07, 00:00

2015

(a)

1.5

05

Power (kW)

1+ [ RES availability [ ]EVs Demand 1 Excess Production \ -‘ ;; -
[ IDemand net-demand

Aug 05, 00:00 Aug 05, 12:00 Aug 06, 00:00 Aug 06, 12:00 Aug 07, 00:00
2015

(b)

Figure 5. RES availability and electricity, demand, and the net-demand of the island for two consecutive days. (a) presents
the island’s current situation; (b) illustrates a high RES (solar and wind) penetration for the same period.

Given the island’s peak power demand of 7.5 MW and the proposed total RES nominal
installed power of 32 MWp, the generation capacity divided by the peak demand is
32/7.5 = 4.2. For instance, this ratio for the island of El Hierro, with an 80% annual wind
share, is 2.7. However, the energy supply system in El Hierro consists of a PHES with a
total power of 11.3 MW and an enormous storage capacity of 580 MWh, 11.5 MWp of wind
turbines, and a diesel generating group with a capacity of about 12 MW. The power system
of the given example of El Hierro benefits from the security and reliability that the PHES
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offers; in Porto Santo’s case, the optimized utilization of the proposed assets would realize
a power system entirely relying on RES.

As mentioned previously, the PHES system could not be an option due to the island’s
geographical condition, and the BESS solutions are still very costly for the required grid-
scale storage capacity (15 MW /30 MWh). Additionally, the stacked storage capacity
offered by EVs would not be sufficient to support a 100% RES-based power supply system.
According to our investigation, the Isothermal CAES (ICAES) developed by SustainX in
the United States [66] and TICC-500, an AA-CAES prototype made in China [81], represent
a commercial-scale prototype that seems compatible with the energy storage requirement
on Porto Santo. Hence, in this work, the promising ICAES developed by SustainX is
considered as the bulk ESS technology. According to their performance report [66], the
1.5 MW commercial prototype system, with a 52-58% round-trip efficiency, can reach full
power (charge or discharge) in less than 60 s. The charge-to-discharge turnaround time is
under 1 s, and the ratio of charge time to discharge time is 1.3:1.

Apart from the ESS mentioned above, utilizing the batteries embedded in EVs is
considered a supplementary energy storage medium, providing extra grid-scale storage
capacity to assist the island’s uptake of RES. The Renault ZOE with a 52 kWh battery
capacity is the considered reference vehicle in this work. It is also assumed that all the
EVs could absorb or inject power through low-speed power devices (chargers) with two
different modes of 3.7 and 7.2 kW, and thus be capable of supporting “facilities” in low
distribution grids that may exist in all dwellings or buildings (residential, hotels, services,
commerce, etc.). It is assumed that all the EVs would participate in the V2G program while
a sufficient bi-directional loading infrastructure exists, including the public and private
stations. To construct scenarios closer to the real world, the availability and the connectivity
of each EV are modeled under probability distribution functions associated with the travel
patterns and the common working hours within 24 h. Section 5.2 describes the model in
detail. The following presents the mathematical model of the proposed assets and the
energy system of the island.

5.1. Model

This subsection describes the developed mathematical model. To evaluate the pro-
posed integrated management of resources, each source was characterized, considering the
operational limitations. The supply/demand equation was regarded as a hard constraint
in the model, which will later be explained in detail. Then, the model was optimized by a
Genetic Algorithm for the given simulation period. The total timeframe of the simulation
period (three days) is split into 15 min segments. Let t € {1, ..., T} be a one-time segment.
Then we have the following definitions:

D(t): Electricity Demand during ¢ (excluding the EVs” and RO’s demand);
W;(t): Water Demand (m?) during ¢;

W, (t): Desalinated-Water Production (m?®) during t;

Pi(t): Power supplied by type, i = S, W, TP, during ¢,

(S = Solar, W = Wind, and TP = Thermal Powerplant);

PRO(t): RO desalination plant load (kW) during ¢;

tank(t): Desalinated water-tank level (m®) during ¢;

Si ,(t): Discharged power (kW) of storage unit, i = 1,..., Ng, during t;

S.,(t): Charging power (kW) of storage unit, i = 1,..., Ng, during t;

Soc(f) State-of-Charge (SoC) of storage unit, i = 1, ..., Ng, at time ¢;

EVl(t) Consumption (kWh) of EV, i = 1,..., Ngy, during ¢;

E Vclh(t) Charging outlet power (kW) of EV,i =1,..., Ngy, during t;

EV/(t): Discharging outlet power (kW) of EV, i = 1,..., Ngy, during £;

EV;OC( ): State-of-Charge (SoC) of EV, i =1, ..., Ny, at time t;

Q(#): Curtailed RES power (kW) at time ¢;

cf: Cost function;
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Given the above definitions, the Si (), EVi _(t), and tank(t) can be determined
through Equations (1)—(3), respectively, as following:

Salt)  Sa(®)

Séoc(t) :Sgoc(t_l)'i_ 4 3’ t=2,...,T; (1)

: , EVi (t) EVi(t .
EVi(t) = V(- 1)+ 22O U gy o
tank(t) = tank(t — 1) + Wy (t) — Wu(t), t=2,...,T, ©)]

where the Si,.(t), EVE.(t), and tank(t) are subjected to:
Stoemin < Stoc(t) < Sioepax,  VEE€{L..., T}, Vi€ {l...,Ns}

EVioemin < EVE (1) < EVigemax, Vt€{1,...,T}, Vi€ {l,...,Ngv};
tankpn < tank(t) < tankpiax, Vit € {1,. . .,T};

where S ;v and S! ;4 are the minimum and maximum available energy of the storage
system unit i. EVspcpin and EVspepmax are the minimum and maximum available energy
of the embedded battery in each EV. Their available energy at the end of the simulation
must be equal to or greater than the initially available energy through:

EVi(1) SEVL(T), Vie{l,...,Ngv},
and an analogous constraint is set for the desalination plant
tankpn < tank(t) < tankpiax, Vit € {1,. . .,T};

tank(1) < tank(T).

Furthermore, the supply/demand at every time  is subjected to the following hard constraint:

) Ns Npy Ns Ney
Y. PO+ Y Sh(H)+ Y EVi(h) = D(t) + PRO(t) + Q(t) + ) Siu() + ) EVY, (4)
i=s,w,tp i=1 i=1 i=1 i=1
T
vte{1,...,TY.Cf =min)_ Q(t) (5)
t=1

The left side of the Equation (4) represents the sum of the supply assets power, and
the right side presents the requested power demand plus the curtailed power Q(f); the
sum of the supply assets presents a value being never smaller than the requested demand
at time t. Equation (5) presents the cost function, minimizing Q(#) the total curtailed power.
The model, for every scenario, was optimized by a Genetic Algorithm programmed in the
computer-based Matlab software. The optimization continues until no improvements in
the cost function are observed for the considered number of iterations. The number of
iterations was set to 4000 for every scenario to find the optimal solution while increasing
the number of EVs increased the computational time.

5.2. Modeling Electric Vehicles

The travel pattern and the EVs’ connectivity to the grid are modeled by using probabil-
ity distributions. The Poisson distribution is a common method to model the daily number
of trips [82]; hence, to model the travel events, as is shown in Figure 6a, a Poisson distribu-
tion with an average of 4 travels per day is used. Given the models developed and discussed
by Donati et al. [82] and Brady and O’'Mahony [83], each trip’s starting instant (departure
time) is determined by following a Gaussian mixture distribution with multivariate Gaus-
sian distribution components, having an average i € {0.1,8, 14,18, 22} representing hours
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during a day, a weight of w = 2, and a standard deviation o € {0.05,0.8,0.6,0.8,0.05}.
Figure 6b demonstrates this distribution. Ultimately, the driven distances of each trip (km)
follow a normal distribution with an average v = 5 km and a standard deviation § = 1.

0.1
0.09
0.08
g z 0.07
z 7 008
3 8 00s|
o & 004}
0.03 |-
0.02
0.01
0 5 10 15 20 :
Number of trips
(a) (b)
Figure 6. (a) Probability distribution for the number of journeys per day (A = 4); (b) Probability of departure time during 24

h.

Finally, every vehicle’s availability (of being connected to the power grid) is deter-
mined as follows: if the EV is idle for at least 8 h (usually during the night), then it is
considered that the car is connected to the grid via a type 1 connection (a bidirectional
socket of 3.7 kW). If a vehicle is idle for less than 8 h and more than 1 h, then the connec-
tivity of type 2 (a bidirectional socket of 7.4 kW) is considered during this time with a
uniform probability of 0.5. Figure 7. demonstrates the available fleet (plugged-in vehicles)
in percentage from an integrated perspective during three consecutive days.

-
o
o

o}
o
T
|

@
o
T
|

B
o
T

o]
o
T

0 | | \ | |
Jul 01, 00:00 Jul 01, 12:00 Jul 02, 00:00 Jul 02, 12:00 Jul 03, 00:00 Jul 03, 12:00 Jul 04, 00:00
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Number of Plugged-in EVs in Percentage

Figure 7. The EVs availability rate.

As can be verified, fewer cars might be connected to the power grid (with a minimum
of 35%) during the day when the probability of departures are higher, while during late
nights, the total number of plugged-in vehicles reach a maximum rate of availability at 90%
since they are mostly parked. Figure 8 illustrates the availability and traveling periods for
three EVs separately.
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Figure 8. Availability of three selected EVs and their trip time separately. The shortest travel duration is 15 min. For the

availability graphs (blue line), one stands for a connection of 3.7 kw, and 2 represents a connection of 7.4 kW.

It can be observed that most of the traveling would fall within the day, while for most
of the nighttime, the EVs would be connected to the power grid through the type 1 loading
station. It is worth mentioning that an EV would be connected to the charging station with
an average of 66% of the total time.

6. Results

Three consecutive days (72 h) from the months of July, August, and December were
selected to cover the seasonality variations associated with the RES’s availability and
changes in the demand profile. Table 4 presents the obtained results from optimizing the
proposed control model. The rows in yellow represent the existing power grid performance
under only an increment penetration of RES (scenario zero). The other rows (in white and
gray) represent the obtained results by optimizing the model for each presented scenario.
To demonstrate the impacts of optimizing the integrated management of resources in each
scenario, the ESS capacities and the number of EVs vary. In scenario one, the highest
number of EVs without an ESS increment was considered, whereas the second scenario
contains no EV contribution, and only an ESS increment was assumed.

As can be seen, the total demand for each period might differ mainly due to the
number of introduced EVs and the amount of desalinated water for that scenario. The
losses increase in those scenarios where ICAES are deployed, mainly because of the low
efficiency associated with the round-trip charging/discharging of the ICAES. However,
due to EVs’ batteries possessing better efficiency, the losses slightly decrease for scenarios
3,4, and 5, when compared to the second scenario, as the number of EVs increases. During
the 15th, 16th, and 17th of December, when there was an abundance of RES available and
the demand was as low as half of the summertime, the presence of 2500 EVs could decrease
the curtailments by 17% for the fifth scenario.

In the fifth scenario, the desalination unit would produce less potable water, assisting
the system as a whole to be supplied by only the RES; whereas in the other scenarios, since
the system could not achieve a 100% RES-based supply, the water supply system produces
and stores higher amounts of potable water to reduce the curtailments. This can be proved
by observing the amount of desalinated water and the curtailments for all scenarios for
month December. The desalination in all scenarios operates at its maximum.

The obtained results revealed that the high penetration of EVs (the fifth scenario
for each period) by optimizing the integrated management of resources could lower the
curtailment events and reduce the dependence on fossil fuels to nearly zero. In addition,
the Mix generation GWP100 index represents the environmental impacts associated with
each system. As can be verified, it can be significantly reduced by decreasing the emitted
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energy by the TPP. Figure 9. presents the results obtained for two different scenarios in
the month of July. Figure 9a represents the overall system performance for the island’s
actual grid assets (Scenario 0) and Figure 9b shows the result of employing 2500 EVs plus

increased ESSs (scenario 5).
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Figure 9. Overall system performance for the 1st, 2nd, and 3rd of July. (a) represents the results for the actual condition of
the grid assets. (b) represents a scenario with 2500 EVs, BESS, and ICAES.

As is illustrated in Figure 9b, the proposed optimized management of all resources
let the TPP stay entirely off during the three days, and curtailments did not occur. RES
could meet the total energy demand, whereas in Figure 9a, around 43% of the RES had to
be rejected, and the TPP covered 30% of the island’s total demand. Figure 10 illustrates the
results for scenario 5 in detail.
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3 [___RES availability I ‘(\ I
[ Base-load N v-\_/\//\
—_—\2G/G2V
15,000_ e ——— ROD demand T i —”__“‘-,‘_ TBO
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Figure 10. The result of optimized, integrated management of resources during 36 h. The solid black line represents the
aggregated V2G/G2V power in kW.
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Table 4. The obtained result for three days of optimized, integrated management of resources under high-RES penetration on the Porto Santo’s power grid.

. Mix Gen-
. . Li-ion Total EVs De- DlsFance ROD Desalinated RES’s . TPP ‘s eration
Simulation . Number ICAES Losses De- Driven Con- Curtailed
. Scenarios BESS mand . Water (1000 Share o Share GWP100
Period of EVs (MW/MWh (MW/MWh) (MWh) mand (MWh) (1000 x sumption % m®) %) RES (%) %) (ton CO
(MWh) km) (MWh) ° ° eq) 2

0 0 - 4/3 2 349 - - 88 20 69% 43% 31% 103

1 2500 - 4/3 4 429 32 213 90 21 83% 19% 18% 59

1st,2nd,3rd July 2 0 5/15 8/6 29 353 - - 78 20 85% 28% 15% 63
3 500 5/15 8/6 26 358 6 42 72 19 89% 22% 11% 52

4 1500 5/15 8/6 23 373 18 128 87 20 96% 8% 4% 37

5 2500 5/15 8/6 21 401 32 213 62 16 100% 0% 0% 29

0 0 - 4/3 2 391 - - 74 20 69% 37% 31% 111

1 2500 - 4/3 3 477 31 214 79 22 85% 27% 15% 53

5th,6th,7th 2 0 5/15 8/6 28 388 - . 71 19 81% 23% 19% 78
August 3 500 5/15 8/6 27 402 6 44 70 18 89% 19% 11% 72

4 1500 5/15 8/6 24 433 19.42 129 77 20 98% 6% 2% 42

5 2500 5/15 8/6 21 465 31.60 214 66 17 100% 0% 0% 38

0 0 - 4/3 1 277 - - 79 20 90% 68% 10% 38

1 2500 - 4/3 1 331 32.30 215 80 20 100% 63% 0% 15

14th,15th,16th 2 0 5/15 8/6 10 277 - - 78 20 96% 64% 4% 21
December 3 500 5/15 8/6 6 288 6.40 42 78 20 98% 61% 2% 18
4 1500 5/15 8/6 4 309 19.16 127 79 20 100% 57% 0% 15

5 2500 5/15 8/6 2 331 32.30 218 79 20 100% 51% 0% 15
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The V2G/G2V graph represents the accumulated power value (kW) associated with
discharging and charging all the EVs from the aggregated point of view. As is shown,
the EVs’ charging events took place mainly when the RESs availability (kW) exceeds the
base-load of the island, while as the RESs availability drops, the EVs would participate in
V2G to meet the demand. Figure 11 validates the average SoC of all the EVs. The dash
lines illustrate the standard deviation of all the EVs’ SoC added to and subtracted from the
average aggregated SoC. As is shown, the least SoC is about 30% and the maximum could
reach 90% of the battery capacity.
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Figure 11. Average and the standard deviation of aggregated EVs’ SoC under coordinated charging/discharging management.

7. Discussion

The absence of an interconnection cable makes the energy transition more challenging
on the Porto Santo island. The small isolated power grid requires a system to operate
efficiently during low and high seasons since it might be significantly affected by the
seasonal tourists’ arrivals and the long-term variations in the RES availability. The validity
of the proposed solution was examined by analyzing the system’s performances during
two different periods of the year (July and December). The obtained results demonstrated
that the proposed integrated management of resources could fulfill the idea of a 100%
RES-based energy supply system for both the high and low demand seasons. However, a
higher amount of RES’s power might be curtailed during the low season (winter) than in
the high season (summer), mainly due to electricity demand profile changes.

It was shown that a large number of EVs, via the V2G concept, could assist the ESS in
the island’s uptake of RES. As shown in Table 3, the EVs’ gradual increment could reduce
the curtailment events up to 40% (for July and August), assisting the grid operator to meet
the demand while reducing the dependence on fossil fuels. The grid-scale stacked charging
events took place mainly during the day, and the stored energy was injected back to the
power grid mainly at night when the RES production is insufficient to meet the demand.
Nevertheless, the charging/discharging events for each EV might occur at different periods
within 24 h, depending on the EV’s availability and the traveling demand.

One realizes that the proposed scenarios might be very costly since the EVs and
the required infrastructure to enable the V2G technology are still very expensive. For
this reason, in this work, only low-speed charging stations were assumed, which are
cheaper in comparison to the fast-charging stations. As a distributed ESS, EVs’ batteries
could enhance the operational flexibility within the distribution system while reducing the
required capacity of centralized ESS [84]. Therefore, it would be possible to improve the
power grid’s ability to facilitate a higher RES share through distributed generation (for
instance: roof-top PV installations), reducing the required capacity of the expensive grid-
scale ESS. Thus, an economic assessment might prove interesting to compare the long-term
cost and benefits of deploying a large number of EVs (as a grid-scale ESS) with existing
ESS technologies. Moreover, this work can be extended by considering the degradation
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rate associated with the battery’s charging/discharging process since the lifetime of the
vehicle batteries might be affected by the V2G operation.

8. Conclusions

This work addressed the present energy system of the Porto Santo island and reviewed
its ongoing energy transition program. Given the island’s geographical condition and
energy needs, the integrated, optimized management of resources seems to be a promising
strategy to further the island energy transition paradigm. The existing ROD plant and
intensive transport electrification via load-shifting and enabling the V2G application could
provide the required flexibility for moderating the foreseen fluctuations of both RES and
the demand profiles. The need for 213,000 km of travel from 2500 EVs in three days (on
average 85 km per vehicle) could be met by clean RES, while RES, in turn, could meet the
total electricity demand of the island (i.e., base-load, water demand, transportation).

Although this work did not discuss the EV’s participation in the energy market, it
demonstrated the benefits of a coordinated smart V2G/G2V concept from grid operators’
perspective. Optimizing the time and power (demand/supply) through a purposeful EVs
charging /discharging procedure might be the most beneficial and efficient strategy to
further the decarbonization paradigm on the island since transport electrification would
contribute to reduced CO, emissions, increased energy efficiency, better air quality and
the integration of different energy sectors. Therefore, providing a sufficient number of
bi-directional load stations, establishing communication between vehicles and system
operators, and stimulating users to participate in DR programs are necessary to form a
profitable V2G operation.

The holistic approach being explored by leading islands given in the literature magni-
fies the interaction of the numerous issues treated separately in large, interconnected grids.
Their power grid is largely still vertically integrated without liberalized markets under
the centralized decision-making structure covering the supply and demand in a holistic
way [84,85]. Given the islands’ specificities, involving end-users in the energy supply
and management regulated by a local authority might be advantageous. Furthermore,
aggregating projects may ensure economies of scale, reduce costs, and benchmark energy
costs. In addition, mechanisms aiming to facilitate the transport sector’s electrification on
large scales could strongly contribute to greening Porto Santo’s energy system, implying
that local authorities could shift some investment from the centralized storage to the dis-
persed storage (i.e., EV) while simultaneously incentivizing EV owners to participate in
V2G strategies.
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