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Abstract Isolated energy systems in archipelagos are char-
acterized for having a great dependence on fossil sources due
to isolation and territorial fragmentation. The island of La
Palma is situated on the northwest of the Canary Islands, and
its electric system is very small. Sustainability policies
planned by local authorities are aimed to increase the share of
renewable energies and the reduction of fossil energies.
However, intermittence and the concentration of unmanage-
able renewable energies in few locations may hinder the
operation of the system. In order to solve these problems,
energy storage plays an essential role. The aim of this paper is
to analyse the effects of the introduction of two possible
alternatives as a way of energy storage: pumped hydro storage
and electric vehicles. For this, we use a simulation model
adapted to the features of La Palma, considering different
scenarios. Results show that, in the most favourable scenario,
the installation of an additional 25 MW from renewables
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(more than double the current power), supported by 20 MW
of pumped hydro storage and a fleet of 3361 electric vehicles,
would allow the current share of renewables to increase from
11% (in 2015) to 49%. Furthermore, this would mean a 26%
reduction in CO, emissions, 10% in costs of generated kWh
and 19% in energy dependence.

Keywords Energy storage, Electric vehicles, Vehicle-to-
grid, Grid-for-vehicles, Pumped-hydro energy storage,
Isolated systems

1 Introduction

Island electric systems are usually dependant on fossil
fuels when isolated from the great continental networks. In
the case of archipelagos, territorial fragmentation means
that, in many cases, islands are also isolated from each
other [1-3]. This fact is clearly exemplified by Canary
Islands, whose distance is significant from the African and
European continents and its dependence on fossil resources
lies over 96% [4]. Besides, due to the small size of island
systems, a massive integration of intermittent renewable
energies hinders the operation of electric systems.

The main goal of the Canary Islands energy policy is to
attain an energy system which is environmentally sustain-
able [5]. In order to achieve this goal, it is essential to
increase the penetration of renewables, as well as to reduce
the use of fossil fuels, which would also reduce emissions.
The interconnection among different island systems would
be a potential solution. However, the great depth of the
seabed in the archipelago makes that two of the islands (La
Palma and El Hierro) remain completely isolated. In these
cases, energy storage is almost the only solution in order to
increase the share of renewables and, at the same time,
guaranteeing the electric supply.
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Although there are different technological alternatives
for energy storage [6], pumped hydro energy storage
(PHES) is very interesting for the islands, as the orography
of most the Canary Islands allows for the use of hydraulic
heads [7-10]. For instance, in the island of El Hierro, the
hydro-wind plant Gorona del Viento has achieved a
renewable share of 44% for 2015, reaching a production of
100% renewables on over a dozen days a year. The energy
development strategy includes the PHES as the most
important energy storage to increase the renewable share in
Canary Islands [5]. However, there are other ways of
energy storage, such as the use of a fleet of electric vehicles
(EVs) managed by an aggregator. This agent is a com-
mercial middleman between a system operator and plug-in
electrical vehicles. Besides, the EV is able to perform other
tasks in order to support the electric system, providing
security and stability to the network [11-14]. Nevertheless,
coordinated management when these vehicles are being
charged is an essential aspect to maintain the security of
the electric system during high-demand hours [15].

The aim of this paper is to analyse how different alter-
natives for energy storage could increase the sustainability
of the energy system in La Palma, which is an interesting
case of study of a completely isolated system where energy
and environmental sustainability could be improved due to
geographical conditions. These conditions allow energy
storages to be used along with a high penetration of
renewable energies.

Sustainability is going to be measured by evaluating the
effect of these measures on 3 essential dimensions: Dthe
share of renewables in the electric mix; @CQO, emissions;
® total consumption of fossil fuels. In order to attain this
goal, we use the simulation model described in [16]. From
that model we will obtain two other variables, such as
spilled renewable energy which cannot be introduced in the
system due to TSO requirements, and the costs of gener-
ated MWh which will provide us with extra relevant
information.

Different scenarios have been designed according to the
type of storage used. Both penetration of renewable ener-
gies and the fleet of EV will be gradually increased in each
scenario to reach the goals of the energy planning in the
islands.

The rest of the article is structured as follows. Section 2
briefly reviews the literature about energy storages in iso-
lated systems. Section 3 details the description of the
electric system in La Palma, followed by the definition of
the scenarios, and finally details the model used. Next,
Section 4 shows the results obtained and the discussion
about them. Lastly, Section 5 concludes the paper with the
main findings and energy policy measures.
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2 Background of energy storage in Canary Islands

Energy storage systems contribute to the integration of
unmanageable renewable energies. The use of these tech-
nologies has been widely studied for island isolated sys-
tems [17-19]. According to [6], energy storages can be
classified into applications of short-term (seconds or min-
utes), long-term (minutes and hours) and real-long-term
(hours and days). The authors recommend the introduction
of PHES and Battery Energy Storage (BESS) for real-long-
term storage applications. The introduction of these two
types of storage will be considered in this study for the
island of La Palma. The orography of the island is suit-
able for the installation of PHES technologies. Regarding
the second technology, EVs could function as storage
systems by using their batteries.

PHES is a mature technology with over 104 GW
installed around the world, out of which, 350 MW belong
to isolated systems in the year 2013 [20]. The major
advantages of this type of storage are the long lifetime of
the installation, the great reliability of the components used
and a quick response time, which allow this technology to
provide the electric system with ancillary services, even
working as base load. However, it has some disadvantages
as well, such as water availability which is a scarce
resource in the Canaries, lack of suitable sites and the high
impact, both landscape and environmental, of the
installation.

EVs have undergone a major expansion in recent years,
which means there are now over 1 million units running
around the world. Growing technological improvements,
better energy efficiency and their easy adaptation to island
regions make EVs a real market alternative. Considering this
phenomenon, the local government has designed a strategy
to boost the EV, targeting 2030 [21], with the purpose of
improving sustainability of ground transportation in the
archipelago. In order for the EV to be considered as electric
energy storage in the electric system, the energy flow has to
be bidirectional, that is, vehicle-grid and grid-vehicle. The
development of this technology is being tested in several
projects around the world [22-24]. According to [13] one
major advantage of this type of storage is the high-speed
response, which allows for primary regulation. Once greater
levels of integration are achieved, the EV can provide
ancillary services and peak shavings. What is more, as its
energy is distributed around different points on the grid, the
load of the transformation stations is reduced [25]. Never-
theless, there are some disadvantages, such as lack of
commercial maturity, lack of awareness of users [26], and
wear of batteries due to a greater use of the load-unload cycle
[27].
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Some research on the two types of energy storage con-
sidered in this paper has already been done in the Canary
Islands archipelago. Regarding PHES, some studies have
been conducted in La Palma [10], el Hierro [7], and Gran
Canaria [8, 9]. The main conclusions drawn from these
studies are that they seem to be an adequate instrument in
order to achieve a massive introduction of unmanageable
renewable energies. This is so because they minimize the
spilled renewable energy, they increase the share of renew-
ables and they provide security to the system against the
expected intermittence. In addition, there exists a PHES plant
known as ‘Gorona del Viento’ on the island of El Hierro.
However, its 11.32 MW installed only represent 0.4% of total
in the archipelago and contributed 0.1% to the demand cov-
erage in the Canaries for 2015 [28]. Likewise, the Canary
Islands energy planning [29] provides for the installation of
some 299 MW of PHES, targeting a 30% share of renew-
ables, thus reducing the degree of energy dependence under
10%. While La Palma would be provided with 30 MW.

Moreover, the introduction of EVs in the Canaries has
been considered by the policy of the local government.
Governmental forecasts have been detailed in the study for
EV boosting in the Canaries [21], where a penetration of
EVs of up to 413359 is expected for 2030, which would
mean almost 25% of the vehicle fleet of the Canaries. What
is more, the possibility of its use as energy storage has been
recently analysed by two studies. On one hand, Ref. [12]
analyses the introduction of a fleet of EVs as energy stor-
age to evaluate the impact on the electric mix efficiency
border in the Canaries. The authors conclude that the use of
EVs could reduce the use of fossil fuels and increase the
share of wind power, thus reducing carbon emissions and
costs. On the other hand, according to [16], the inclusion of
a fleet of 50000 electric vehicles with V2G capabilities
could increase the renewables capacity up to 30%, reduce
total emissions by 27% and reduce the consumption of
fossil fuels by 16% for the island of Tenerife.

3 Methodology

In this section we are going to describe the simulation
model for the electric system in the island of La Palma, in
order to give a response to the goals set out in the intro-
duction. The first step is to present the information of the
electric system in La Palma. Next, we describe the simu-
lation model and the different scenarios that we are going
to take into account for our empirical study.

3.1 La Palma energy system and road transport

La Palma is the third smallest electric system out of the
six which currently exist in the Canaries. The systems are
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sorted by size as follows: El Hierro (7 MW peak), La
Gomera (9 MW peak) and La Palma (43 MW peak) are the
smallest isolated systems. Followed by the interconnected
system of Fuerteventura-Lanzarote which is medium sized
(230 MW peak). Finally, Gran Canaria and Tenerife, with
approximately 540 MW peak each, are the largest [31]. On
the side of the supply, the generation system is composed
of two types of conventional technologies (diesel engine
and gas turbine), which represent almost 90% of the
installed power, whereas renewables only represent 10%
[4]. Despite the small installed capacity of renewables, a
penetration of over 11% of renewable share was achieved
in 2015. The installed capacity in La Palma is shown in
Table 1.

Examining the technical features of the generators,
Table 2 describes the minimum operational rates of the
different units, the emissions per kWh produced and lastly,
the average costs of generation, which are measured fol-
lowing the levelized cost of energy (LCOE) technique [32].
The parameters that the LCOE takes into consideration are
the expected lifetime costs including construction, financ-
ing, fuel, maintenance, taxes, insurance and incentives,
which are then divided by the system’s lifetime expected
power output. All these features are going to be important
for our empirical study.

In order to reduce the energy dependence and also
reduce carbon emissions, the energy planning proposed by
the Canary Islands Government (PECAN, 2015) [29],
suggested 28 MW of wind power and 7.91 MW of pho-
tovoltaic in La Palma for 2015. However, these goals were

Table 1 Installed capacity in La Palma (2015)

Technologies Number Total installed Electricity
of units  power capacity generation for 2015
(MW) [31] (GWh) [30]
Diesel 10 74.82 (69.65%) 239.29 (88.38%)
engines

Gas turbine 1 21.6 (20.11%) 0.94 (0.36%)
Wind power 4 6.9 (6.42%) 23.43 (8.65%)
Photovoltaic 4.1 (3.85%) 7.10 (2.62%)

Table 2 Technical characteristics in La Palma (2015)

Technologies Minimum Emission rate LCOE
operational rate (kgCO,/kWh) (€/MWh)
(MW) [33] [30] [16]
Diesel engines 6.63 0.75 130.17
Gas turbine 4.85 1.15 320.01
Wind power 0 71.80
Photovoltaic 0 118.12
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=30 Table 3 PHES plants in La Palma
=170
;60 Variables Unit PHES of “El PHES of “Las
S 28 Mulato” Cancelitas”
§30
220 Hydropower head m 929 370
o
=19 i Upper reservoir m* 6000 3000000
= 2006 2007 2008 2009 2010\?;;1 20122013 20142015 PECAN Lower reservoir m? 300000 3000000
Aut timated h 1 h 53 mi 18 h 33 mi
Pumped-hydro; = PV installed; Wind power installed utonomy estumate 3 mm i
= Gas turbine; = Diesel engines; © Maximum peak Flow rate m*/s 0.58 4.5
Number of turbines 1 3
Flig. 1 I{lstalled power capacity and peak power of La Palma Turbine power MW 59 5.0
electrical system Total turbine power % 52 15
Number of pumps 1 14/1
not fulfilled, being the current installed capacity 6.9 MW  Pumping power MW 070 0.75/2.25
of wind power, and 4.1 MW of photovoltaic. In Fig. 1, we  Total pumping power % 0.70 12.75

can see the evolution of the installed power during the
validity period of PECAN, highlighting the stagnation of
the conventional and renewable installed power. Besides,
we can highlight the stabilisation of the demand peak due
to the economic crisis, being currently around 44 MW, and
below 50 MW reaching a historic maximum in 2010 and
2012.

Following the historical tendency that hydroelectric
energy has had in La Palma, new PHES projects have been
suggested. Firstly, the old El Mulato plant is repowering
which is currently out of service, from 800 kW to 5.2 MW,
planned by PECAN. Also, another PHES power plant of up
to 15 MW turbine and pumping, has been planned in Las
Cancelitas ravine. Both plants would flow into the Barlo-
vento reservoir, which has a capacity of about 3000000 m”>.
Its current use is general supply and irrigation. Table 3
summarizes other additional features to the already men-
tioned related to the two PHES power plants.

Regarding ground transport, the island of La Palma has
a vehicle fleet of 66123 units. Our object of study will be
private cars, which represent 60% of the total. According to
a report about the introduction of the electric vehicle in the
Canary Islands [21], a total of 1085 electric cars will be
running by 2020, whereas there will be 3361 by the end of
2024.

For our empirical study, we will consider the current
situation regarding the installed conventional power.
However, we will take some steps to increase the
renewable energy power in order to achieve the goals
put forward by PECAN. Besides, we will consider the
increase of the demand expected by SEPLAN (2020)
[31], which would mean annual demand increases of
1.2%. This is a document passed by the Spanish
Government, which describes all the investments
planned according to the estimations about the Spanish
electric system for the period 2015-2020. Additionally,
the two aforementioned PHES power plants, with a
total capacity of 20.2 MW, will be introduced. Finally,
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we will consider the increase in the fleet of EVs sug-
gested by strategy of the Canary Islands Government
[21] from 2016 to 2024.

3.2 Methodology: simulation of electric power
system in La Palma

We simulate the electricity power system of La Palma
following the model of [16]. Different scenarios have been
considered to measure the impact of renewables (wind and
PV) at the same time as two energy storage systems (PHES
and V2G) are implemented. Thus, when comparing the
results under these different scenarios we will obtain yearly
values from the following outcomes:

1) Renewable share, which is defined as the total
renewable energy injected into the electric grids
compared to the total energy consumed.

2) Oil internal consumption, which is calculated as the
total TOE (Tones of Oil Equivalent) reduction in the
transport sector due to the use of EVs and electricity
production. Also, it is divided by the total oil
consumption from the internal market in La Palma.

3) Carbon emissions, which calculated following an
emission rate by technology, are shown in Table 1.
The emissions rate average is the total emissions
produced during the year per each kWh generated.

4) Cost of generating electricity, which calculated according
to the LCOE for each technology, is shown in Table 1.
The average value is the weighted sum of the cost per
technology divided by the total energy consumed.

5) Spilled energy, which is the total renewable energy
that could not be injected into the system. It is
measured as the total renewable energy that is not
injected into the system over the total renewable
energy available.
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3.2.1 Scenarios

We want to analyse the role of the two types of energy
storage which can be accomplished in La Palma in the
medium term. Each scenario will have 5 stages every two
years, for a period from 2016 to 2024, in which we will
increase the installed capacity of renewables to meet the
goals of PECAN. Accordingly, we will consider the increase
of EVs expected by the EV boosting strategy in the Canaries
[21]. The detail of the different scenarios is as follows.

3.2.1.1 Scenario 1: baseline scenario This scenario is
characterized by not considering energy storage. Two sub-
scenarios will be considered where we will vary the kind of
load management of the electric vehicle.

1) Sub-scenario 1A. In this scenario we will consider no
control over the charging of the EV (Plug&Charge
situation).

2) Sub-scenario 1B. EVs will work on demand response,
and smart-charging strategies, thus encouraging over-
night charge and recovery of spilled energy from
renewable sources. Therefore, it will function as Grid-
for-vehicle (G4V).

3.2.1.2 Scenario 2: PHES scenario In this second sce-
nario we will repeat the two previous sub-scenarios (2A
and 2B), except for the fact that we will include PHES
technology. As it was mentioned in Section 3.1, 20.2 MW
of PHES, with a pumping capacity of 15.75 MW, will be
installed.

3.2.1.3 Scenario 3: V2G scenario This third scenario
will evaluate the same case as in scenario 1, but assuming
that the fleet of EVs has V2G capabilities. Thanks to this
scenario we will be able to compare the advantages and
disadvantages of V2G-EVs against PHES. This scenario is
unique, as the whole fleet of vehicles is supposed to have,
in all the stages, load management with V2G capabilities,
instead of the Plug&Charge situation and the G4V strategy.

3.2.1.4 Scenario 4: PHES + V2G scenario Finally, this
last scenario will evaluate the potential of combining the

Table 4 Stages of scenarios proposed

two storage technologies simultaneously. In this case,
PHES will be given priority for the collection of renewable
surplus, as it is a more robust technology and both turbine
and pumping capacities will be 100% available for the
periods considered.

Table 4 shows the temporal evolution of the main
variables that determine the model. These variables are
common to all the scenarios. Therefore, by combining the
five stages from the table and the four scenarios including
the two sub-scenarios for Scenarios 1 and 2, we will obtain
30 possible situations to evaluate the five essential vari-
ables calculated by the model.

3.2.2 Simulation model

In this section, we briefly describe the equations and
restrictions of the simulation model. We choose 2015 as
reference year; due to it is representative of the demand
and the renewable generation in the island. Our model is
based on [s] considering the characteristics of La Palma. In
this isolated electric power system there exist two main
conventional technologies i.e., gas turbine (GT) and diesel
engines (DE). The empirical exercise considers the growth
of the renewable power in the island while keeping the
installed capacity of conventional power plants constant.
Moreover, the model takes into account certain restrictions
of the electric system including the demand equilibrium,
the minimum operation range, the maximum operation
range, and the secondary reserves condition.

D; = Ppg;+ Pgry+ Pwp: + Ppy; (1)

where D, is the demand at each time #; Ppg, and Py, are the
production with conventional technologies (GT and DE),
and the last two terms are production with wind power (WP)
and PV production. As renewables introduction is a priority,
their production will depend on their installed power and the
load curves at any time (renewable patterns). For each period
of time we take the demand and the wind and photovoltaic
load curves as given. Thus, when the demand and the
renewable installed power increase, (1) would be unbalanced
for most of the periods analysed in 2015.

The starting point is to introduce a set of adjustments in
the production levels of conventional plants. Diesel engines

Stage Year Wind power installed (MW) Photovoltaic installed (MW) Number of EVs Increase of demand (%)
expected [29] [29] [21] [31]

1 2016 6.91 4.1 135

2 2018 12.25 5.0 475 2.4

3 2020 17.50 5.9 1085 4.8

4 2022 22.75 6.9 2030 7.2

5 2024 28.00 7.9 3361 9.6
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are used as the buffer in (2) (on left hand), because, they
function as the base load of the system but they also show a
high flexibility to adapt to the intermittencies of renew-
ables. Thus, the diesel engines production is obtained as a
residual of existing electricity demand minus the produc-
tion of the gas turbine and the renewable production under
the new scenarios.

PB?E,: = D?n _Pi;},r + Pi/v’nP,t + Pj”,\l/,t (2)

where superscript ‘s’ refers to the new scenario proposed; ‘n’
shows the stage. The demand shown in Table 3 will increase
depending on the stage. In each adjustment, we will impose
two boundary restrictions based on the minimum operation
range (L,,;, ,) and the maximum operation range (L,,,.,) for
each power plant. As a reminder of Tables 1 and 2, the
minimum operation range for each diesel engine is 6.63 MW
and for the gas turbine is 4.85 MW. Additionally, the max-
imum operation range for each unit is 11.5 MW for diesel
engines and for gas turbine is 21.6 MW. Thus, the units
cannot produce under the minimum operation rate required
by TSOrules [33] or zero in the renewable case or beyond the
maximum power capacity.

Furthermore, we mention an unusual situation that may
occur in (2). When the production of renewables is very
high, Ppg, could be zero or negative, which is impossible.
The model must cut down the renewable flow in order to
maintain the balance of the system (1) under the new
conditions. Thus, a part of the renewable production which
spilled out of the system is lost.

The diesel engine units are responsible for maintaining the
equilibrium and the inertia of the electric power grids.
According to the TSO requirements for La Palma, at least two
diesel engines must be working in order to guarantee its security
conditions [33]. However, when the energy storages are
included, only one diesel engine must work. When the
renewable generation exceeds this condition, the system cannot
absorb the extra energy generated and the energy is spilled.

Other TSO rules about the security of the system have
been considered. Primary reserves are ensured by the
operation of the generators in a short period of time (less
than 5 minutes of response). On a second stage, secondary
reserves are covered by the diesel engine and the gas tur-
bine at any time in order to manage the intermittency of
renewables. Thus, the model does not consider the control
of primary reserves, which plays a minor role for our
purposes, and is treated by other studies [10]. Finally, the
availability of the gas turbine during the analysis is enough
to cover the system requirements in terms of tertiary
reserves. More details about the performance of the model
are specified in [16]. Furthermore, the details about the
modelling of the energy storages and the description of
parameters are shown in Appendices A and B of this paper.
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4 Results

As we mentioned in the previous sections, we are going
to evaluate the evolution of a series of variables over a
period of 8 years for different scenarios of energy storage.
We have to take into account that for the last year of the
period, the goals from the local energy planning must be
achieved in all cases. Goals by PECAN suggest the
installation of 28 MW of wind power and 7.9 MW of
photovoltaic in order to accomplish a 30% share of
renewables in the electric mix [29]. Besides, forecasts
about the penetration of EVs must be achieved reaching
3368 units this year, as it was detailed in Section 3,
according to the forecasts by the local government [21]. In
this section, we will look briefly at how all the variables
that measure sustainability evolve during the period for the
different scenarios. Then, we are going to compare the final
results for the last year of the period considered in each
scenario according to the variables we have defined. This
comparison will allow us to evaluate the advantages and
disadvantages in each scenario, in order to make recom-
mendations regarding energy policy.

As shown in Figs. C1, C2, C3, the analysis of the results
starts by addressing the evolution of the renewable share,
the spilled energy and the mix generation costs. The results
are presented for all levels of installed power in each
period, which are common to all scenarios. Beginning with
the Scenarios 1A and 1B where there is no storage, it is
worth mentioning that the renewable share has a maximum
limit of 30% for Scenario 1A and 35% for Scenario 1B. In
both cases, the spilled energy increases exponentially over
the period but the mix generation costs do not decrease in
relation to their initial values. However, the spilled energy
value is quite different for Scenarios 1A and 1B (40% and
20% respectively), which explains the difference in costs
between the two scenarios.

Regarding the two previous Scenarios 1A and 1B, the
introduction of PHES always means lower values of spilled
energy as well as lower mix generation costs. There is also
a considerable increase in the share of renewables, to
almost 50% in Scenarios 2A and 2B. The evolution of these
variables is lineal, taking into account the small quantity of
spilled energy. In this case, load management does not
generate significant differences, mainly because the
unmanaged demand from EVs is covered by PHES during
peak hours.

Replacing PHES as storage system with V2G-EV means
that a higher level of renewables and a lower generation
cost are accomplished. Besides, the spilled energy value is
very low in the previous case. However, due to V2G not
being feasible at first, the effects begin from the year 2018.
The possibility of EVs working as energy storage through a
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V2G system requires an important number of EVs within
the vehicle fleet of the island. Therefore, we will not be
able to offer this kind of storage capacity to the system
before stage 3 when we reach 1086 EVs. Finally, the case
of the combined scenario (Scenario 4) obtains the best
results, except for the costs, which are slightly worse than
those for the V2G scenario.

With regards to emissions, we can highlight that they
will be drastically reduced as long as there is storage shown
in Fig. C4. The cases of Scenarios 3 and 4 are the ones in
which this reduction is more pronounced. For the cases of
scenarios with no storage, the load management from EVs
reduces the electric system’s emissions. Therefore, the
larger the share of EVs, the greater the reduction in
emissions.

We finish the study on the evolution of the variables by
focusing on the domestic consumption of fossil fuels. The
reduction of the energy dependence is calculated assuming
that a 100% represents the total consumption of La Palma
in 2015 (90241 TOE). The introduction of energy storage
systems helps to reduce the consumption of fossil fuels
throughout the period. The combined scenario is the one
with the best results, showing a more pronounced linear
reduction than the other cases in Fig. C5. On the contrary,
the maximum reductions of energy dependence to be about
10% for the period considered is caused without using
storage systems causes, with respect to the initial situation
that in Scenario 4 it is almost double.

Next, we are going to focus on the results for the last
year. We should remember that the last year of study is
2024, when the PECAN goals regarding the installed
power of renewables (28 MW of wind power and 7.9 MW
of photovoltaic) would have to be accomplished. Similarly,
the demand will increase by 9.6% following the national
energy planning [31], and some 3363 EVs will be running
around La Palma, according to the local government [21].
In Table 5, results are summarized, and will be analysed
next.

First, focusing on Scenario 1, we observe that the share
of renewables is about 30%. This would result in a tight
accomplishment of the goals imposed by PECAN [29] in
matter of penetration of renewables. What is more,

Table 5 Results of scenarios (Stage 5)

emissions will be reduced by 10% when there is no man-
aged charging, and 15% when there is managed charging of
EVs, with respect to the initial situation. However, the
average cost increases slightly in one of the cases, around
1%, and in the other case it decreases by a mere 4.5%.

The introduction of the PHES technology causes the
share of renewables to be increased by 10% points, thus far
exceeding the goals imposed by PECAN. This increase is
due to the almost disappearance of spilled energy. Fur-
thermore, costs and carbon emissions decrease by
approximately 10% and 17% respectively comparing Sce-
nario 1A with Scenario 2B. The existence of a load man-
agement system for EVs in this scenario does not produce
significant differences, as it was the case in the previous
scenario. This fact is due to PHES collecting the renewable
energy surplus. Besides, unmanaged demand during
demand peak hours is covered by PHES mostly, and
therefore, the impact of fossil resources’ consumption is
reduced.

The use of the V2G technology to replace PHES
improves all the variables which measure sustainability in
this study. The share of renewables will increase up to four
percentage points more with respect to the previous sce-
nario, while costs decrease by an additional 3%, and
emissions by 10%. This fact is due mainly to a better
efficiency in storage compared with the PHES system and
its low LCOE in comparison with PHES

Finally, when we combine both storage technologies in
Scenario 4, all the key variables related to sustainability are
improved, except for the mix generation costs (2% lower in
Scenario 2). Thanks to this combination we can reach
levels close to 50% of penetration of renewables, thus
reducing the energy dependence in about 19%-20% with
respect to the starting point.

Although in the last scenario the cost is 2% higher than
V2G, we believe the combined scenario is the most
advisable from the perspective of energy policy. This
opinion is based, firstly, on the fact that it is the one which
presents the best results for all the variables related to
sustainability. Second, for technological reasons, we con-
sider that the maturity of the PHES technology could
compensate for the possible uncertainty about the success

Scenario  Storage EV Renewable  Energy Electricity mix Electric power system Reduction of energy
management share (%) spilled (%) LCOE (€/MWh) emissions (kTonnes CO,)  dependence (%)

1A NO NO 28.2 47.3 125.72 141.3 8.02
1B NO G4V 333 22.6 118.8 133.2 10.69
2A PHES NO 42.8 3.6 1133 121.4 14.58
2B PHES G4V 43.9 1.8 111.9 117.4 15.94
3 V2G V2G 47.1 32 109.4 109.0 18.70

PHES + V2G V2G 48.8 0.7 111.7 108.9 18.73
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of the EV implementation. Given these factors, we believe
there is a complementarity between these types of storage
in this case of study.

5 Conclusion

In this study, we have analysed the role of energy
storage as a mean to accomplish sustainability in an iso-
lated energy system. The island of La Palma represents an
interesting case, partly because of its situation of isolation,
and partly because it presents favourable conditions to
introduce PHES, and a fleet of EVs.

Using a simulation model adapted to the particular fea-
tures of our case of study, we have evaluated sustainability
through the following variables: share of renewables, spilled
energy, mix generation costs, carbon emissions and energy
dependence. From the results of this study, the most inter-
esting conclusions are the following.

The use of storage systems allows to accomplish goals
related to environmental and energy sustainability which
are more ambitious than those suggested by the local
energy policy (PECAN). These goals are achieved even
reducing the costs of the generation mix. Regarding
external dependence, the goals achieved are also more
ambitious than the 10% suggested by PECAN. In relation
to the specific storage system, we believe that a combina-
tion of both systems is the most suitable choice, because
although in relation to other options, only marginal
improvements are achieved, the cost is not much higher
and it is a safer alternative.
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Appendix A: EV fleet modeling

In this appendix, the introduction of an EV fleet in the
power system is described. We consider three different
management situations (uncontrolled charge, G4V, and
V2G). For the first situation, the uncontrolled charge is
detailed by a plug&charge EV demand curve, according to
the mobility characteristics of the island [26]. For the second
and third situations, the smart charging management can
recover spilled energy from renewables overproduction.
However, only with the last strategy (EVs with V2G func-
tion), the additional services to the system, such as backup
supplier and peak power shaving, could be provided.

A set of parameters have been considered when intro-
ducing the EV in the model, such as the number of EVs in
the island (Ngy), total battery capacity of EV fleet (Sgy) and
the average millage of the EV (EC,,u0)-

The Electric Vehicle Supply Equipment (EVSE) is also
modelled. For each stage, it is measured the power of the
charger (Ppome), the total number of charging points
(Npome), and the efficiency of the charger (Eff). The simu-
lator also considers a minimum Operation State of Charge
(SOC,.) of 40% to refrain from jeopardizing the batteries.
All these parameters are shown in Table Al.

The drivers’ mobility patterns [26] are introduced to
obtain the total storage capacity of each timestamp (each
hour). This storage capacity (Cy,g,,) is defined as the total
number of vehicles connected at period ¢ (Nj,,,,,.,,) multiplied
by the power capacity of the charging station (Pj,e)-

The energy of the EVs could be consumed in three dif-
ferent ways: road trips, backup supplier and peak shavings.
First, the road consumption depends on the particular aver-
age distance travelled (D), the number of vehicles con-
sidered on the step and the average millage of the fleet. This
consumption is located outside the charging station. Sec-
ondly, the V2G capacity could provide energy from their
batteries to the grid. This consumption is situated when the

Stage ECroad NEV SEV SOC:eC Eﬂ Nhome leme Dtrav Pmin,peak Fmin, backup SOCmin, V2G LCOEVZG (€/
(kWh/km) (MWh) (%) (%) &W)  (km) (MW) (MW) (%) MWh)

1 0.2 135 4.05 20 90 135 3.7 35/40 - 10 40

2 0.2 473 1455 20 90 473 3.7 35/40 - 10 40 108.75

3 0.2 1085 3255 20 90 1085 3.7 35/40 35 10 40 108.75

4 0.2 2030 60.00 20 90 2030 3.7 35/40 30 10 40 108.75

5 0.2 3361 100.83 20 90 3361 3.7 35/40 28 10 40 108.75
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EV is connected into the electrical grid. In this stage, the
batteries could send energy to the electrical grid in order to
cover falls (Epgcxup,) When the renewable fall is over a ref-
erence value (F ., packup)- Furthermore, the EVs could inject
energy into the system in peak hours (£, ) only if the total
demand is above a particular limit (P, peak)-

Furthermore, the EVs, which are connected into the elec-
trical grids, could recover renewable energy when the
renewable source overwhelms the capacity of system. Any-
wise, the introduction of the EV produce an increment of the
overall demand of electricity in the power system (D, in (1)
and (2)). On the scenario with energy management strategies
(Scenarios 1B, 2B, 3 and 4) the over-night charging mode
allows to increase the off-peak. The over-night charging
mode is represented by a variable (Dgy,,). Reference [16]
contains more details of the EV fleet characterization and the
model simulator equation and restrictions.

Appendix B: PHES modeling

The inclusion in the simulator model means that we
have to take into account 3 essential situations, such as the
pumping of water, production through the turbine, and the
storage situation in the upper tank. As it was described
above in Section 3.1, two PHES will be installed. In order
to simplify the model, both plants will be considered as one
production technology, adjusting the parameters as much
as possible to the projected situation.

The storage situation in the upper tank is the most
important feature to be taken into account for the proper
functioning of PHES. This capacity will vary for timestamp
(1 hour), SC,, and will depend on the amount of energy
turbined Pppyes, (the tank loses capacity); and the energy
pumped (this is added to the total storage capacity of the
tank). Losses owing to leaks in the subsoil, evaporation
processes or other consumptions have not been considered
in this model.

For the pumping of water, the most important parameters
taken into account are, the number of pumps considered
Npump- the power of each pump, P,,,,,,,,, and the efficiency of
the pumping process Effy,,,- The renewable energy surplus
will set the conditions for pumping. Thus, it will be guar-
anteed that all of the energy produced by the hydroelectric
plant comes from renewable energies. However, the energy
surplus recovered is limited by the total pumping capacity
Ppyrs;. Besides, one restriction to be taken into account
regarding pumping is the maximum capacity of the tank,
SCuax- Therefore, pumping will be restricted when the
maximum capacity of the tank is reached.

What is more, in order to consider the production of
electric energy through the Pelton turbines, the following
parameters will be taken into account. The number of

STATE GRID

Table B1 Summary of PHES modeling parameters

Parameters Value
SCrax 130.22 MWh
SCin 25.5 MWh
Npump 21

Py 0.75 MW
Effpum 0.84

Ny 4

Py 5 MW
Effrury 0.82

Ppeak, turb. 28 MW
LCOEpygs [20] 152 €/ MWh

turbines N,,,, and their power, P,,;,. One of the major
difficulties for the installation of this plant in the island of
La Palma is the great distance from the upper reservoir to
the station where the turbines are located. This will reduce
the performance of the turbine process, Eff;,» Finally, for
the process of energy production, these 3 conditions must
be fulfilled simultaneously: 1) Availability of stored water
capacity. For this, we set a security limit of minimum
storage capacity SC,,;,; 2) Amount of renewable injected at
that moment into the system; 3) the production is subjected
to the peak condition of the system, P,eq - Table Bl
summarizes all the parameters considered for the design of
the PHES.

Appendix C: evolution of main variables

In this appendix we detail the evolution of the sustain-
ability variables considered in the analysis throughout the
period studied. First, Fig. C1 shows the share of renew-
ables in the electric mix of the system.

Next, as backup variables, Fig. C2 shows spilled energy,
measured as the renewable energy surplus above the total

Renewable share (%)

10 : - . g
2016 2018 2020 2022 2024
Year

-~ Scenario 1A; 4 Scenario 1B; -+ Scenario 2A
-+ Scenario 2B; -+ Scenario 3; -© Scenario 4

Fig. C1 Evolution of renewable share

@ Springer

STATE GRID ELECTRIC POWER RESEARCH INSTITUTE



Complementarity of electric vehicles and pumped-hydro as energy storage in small isolated... 613

W
S

N W B
S O O

—
S

Renewable energy spilled (%)

[y}

6 2013 2050 2o§z 2024

Year
--Scenario 1A; 4 Scenario 1B; -+ Scenario 2A

»Scenario 2B; -+Scenario 3; © Scenario 4

=
ae

@
$)

Renwable energy spilled

Levelized cost of energy (%)

108 . . .
2016 2018 2020 2022 2024
Year
- Scenario 1A; 4 Scenario 1B; <-Scenario 2A
% Scenario 2B; -+ Scenario 3; -©-Scenario 4

Fig. C3 Average LCOE of electricity mix

0.70
£ 0.65
=4
30.60|
Q
2055
g 0.501
§0.45}
2
‘20401
m
0.35 ‘ s - -
2016 2018 2020 2022 2024

Year
--Scenario 1A; 4@ Scenario 1B; -4 Scenario 2A

»Scenario 2B; -+ Scenario 3; © Scenario 4

Fig. C4 Emission rate in electricity production

Oil internal consumption (%)

2016 2018 2020 2022 2024
Year

< Scenario 1A; @ Scenario 1B; -4 Scenario 2A
% Scenario 2B; -+ Scenario 3; -© Scenario 4

Fig. C5 Reduction in oil internal consumption
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renewable, in percentage. Also, Fig. C3 shows the average
generation costs of the electric system.

Figure C4 shows the ratio of the electric system’s CO,
emissions.

Finally, in Fig. C5 we observe the reduction in the
domestic consumption of fossil fuels, measured in per-
centage of reduction over current starting point.
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