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This study explores the potential of Vehicle-to-Grid (V2G) technology in utilizing Electric Vehicle (EV) batteries
for energy storage, aiming to fulfil Spain’s 2030 and 2050 energy goals. The validated Simulink model uses 3.15
million EVs in 2030 and 22.7 million EVs in 2050 as primary energy storage. The results show that Spain can
achieve its 2030 target of 42 % renewable energy by utilizing 800 GW of PV + Wind, or 220 GW of installations
combined with an annual import of 18 TWh. For the 2050 goal of 97 % renewable energy, the study proposes
1300 GW installation without external support, or 600 GW renewable energy source installation with a 50 TWh
import. Detailed analysis shows that the storage provided by 3.15 million EVs can replace 122 GW of new energy
storage installation in 2030 and 22.7 million EVs replace 2.7 TW of new energy storage requirements in 2050 to
support high penetration of intermittent renewable energy installations. The analysis showcases the substantial
storage capacity provided by EVs, emphasizing their potential as a primary ESS and the effectiveness of V2G
technology in grid support. The overall results underscore V2G technology’s role in minimizing the need for

additional energy storage infrastructure in the future.

1. Introduction

Renewable energy offers the most promising solution to generating
green electricity. Renewable energy (RE) sources include photovoltaics
(PV), wind energy, geothermal energy, hydropower plants, and bio-
energy fuels. Besides being sustainable, renewable energy systems (RES)
have other advantages, such as local availability and reducing the
dependence on imported energy. From a grid standpoint, the inclusion
of high-penetration distributed RES helps to improve the voltage profile,
better energy scheduling and reduced energy cost [1]. The European
Union (EU) targets reducing greenhouse gases by 55 % in 2030
(compared to 1990 levels) and aims to become a climate-neutral
continent by 2050 [2]. For meeting these low greenhouse gas emission
demands, the combination of variable RES, such as PV and wind, and
energy storage systems (ESS) is essential. The EU aims to achieve 100 %
carbon neutral and 100 % renewable electricity (RElec) generation in EU
nations by 2050 [3].

Several studies support the concept of a 100 % RES for zero-
emissions goals. The International Renewable Energy Agency (IRENA)
report shows the global mapping of 100 % renewable energy targets and
puts together several case studies from national, regional, city and island
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levels to illustrate different paths to a 100 % RE transformation [4]. The
report shows that a 100 % RE system is achievable, but each country
requires tailor-made frameworks to include local circumstances. The
International Energy Agency (IEA) study on the global net zero emission
pathway shows that the global energy demand will go down by 8 % in
2050 [5]. Their report describes that PV and wind installation need to
increase 20-fold and 11-fold, respectively, to meet the demands. In
2021, IEA analysed the possibility of France achieving net zero emission
through 100 % RE sources and the results show that improving energy
efficiency and scaling up PV and wind installations as key pillars to
reaching a 100 % RE system [6].

Various studies have investigated to potential of 100 % RE-systems in
different regions. Caglayan et al. [7] investigate the possibility of the
European energy supply with 100 % RE sources and show various
Nordic countries, Germany and France could be potential energy ex-
porters to the rest of Europe in the long run. A 100 % RE system study in
the United States of America by Denholm et al [8] points out economic
imbalance and the development of the grid to sustain 100 % RE sources.
Through a grid integration model-LOADMATCH, Jacobson et al [9]
study shows that 100 % RES is possible with low cost and no-load loss in
the USA. Including 1065 GW storage capacity in 2050-2055, the lev-
elized cost of energy (LCOE) would be around ~11.37 ¢/kWh (in 2013
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Nomenclature

Caprgy Total battery capacity

Eqverv  Energy available in EV

Eg Energy balance

Egy EV energy consumption

ESIG Energy system integration group
ESS Energy storage system

EU European union

EV Electric vehicles

FEC Final energy consumption

GW Giga watt

GWh Giga watt-hour

HP Hydro power system

HR Hourly reliability

IEA International energy agency
IRENA  International Renewable Energy Agency
kw Kilo watt

kWh Kilo watt hour

LCOE Levelised Cost of Energy

my EV share of moving vehicles

PHS Pumped hydro storage system

P EV share of parked vehicles

PV Photovoltaics

RE Renewable energy

RES Renewable energy source

Swarv  The storage capacity available in EV

SocC State of Charge

SOC_Mgy(x+1) Updated SOC of moving vehicles
SOC_Pgy(x+1) Updated SOC of parked vehicles

SOCgy(x+1) SOC of the EV fleet at the end of the time period

SOCgy.x SOC of the EV fleet at the beginning of the time period
SS Self-sufficiency

™ Tera watt

TWh Tera watt-hour

V2G Vehicle-to-grid technology

dollars). Studies by the Institute for Sustainable Futures in 2017,2019
and 2020 [10-12] highlight the possibility of a 100 % RE system in
Tanzania, Bangladesh and Costa Rica. For Tanzania, 60 GW of combined
RE installation is estimated to meet 110 TWh of electricity demand in
2050 [10]. To meet the 380 TWh energy requirements of Bangladesh in
2050, authors estimate 76 % of energy generation from 150 to 200 GW
installation of RE sources (56 % of 76 % from wind and solar energy)
[11]. For Costa Rica, the study estimates 2.4 GW of hydropower, 4 GW of
wind installations and 12.8 GW of solar PV installation to meet the en-
ergy demands [12]. The study by Andrew Blaker [13] focuses on ana-
lysing 100 % RE in Australia with PHS system reports with 23 GW of
Solar PV, 45 GW of wind installation, 7.4 hydropower system, 16 GW of
pumped hydro system and 0.6 GW of biomass, the annual demand of
205 TWh can be met. The energy security of Jordan with 100 % RE in
2050 is analysed by Azzuni et al [14]. Using the LUT Energy System
Transition model (LUT-ESTM) result shows that to meet the primary
energy demand of 130 TWh in 2050, 25 GW of solar PV, 11 GW of
concentrated solar power, 5 GW of wind power and 90 GWh of storage
capacity is required. With 92 % of total energy generation from solar PV,
their study also shows that the LCOE drops from 78 €/MWh in 2015 to
61 €/MWh in 2050. Furthermore, the 100 % RE system in Europe is also
analysed with the LUT-ESTM model [15]. The results show that a total
energy installation of 3100 GW is needed with 62 % PV, 17 % wind, 7 %
hydropower and the rest from other sources. Using the same LUT-ESTM
model, a few other studies analyse the possibility of a 100 % RES system
for Finland and the Aland Islands [1617]. Several studies conducted in
other parts of the world also show that shifting to 100 % RES over the
next 20 years is possible and that energy costs would become lower than
before [1819-212223].

Apart from nationwide studies, localised studies were also done for
various cities. The possibility of converting the municipality of Aalborg
to a 100 % smart energy community is done by Thellufsen et al [24].
Through Energyplan software, the results from the study show that wind
will be the primary energy generation unit generating 43 % of total
energy demand, followed by biomass/waste with 32 % of energy gen-
eration and PV with 10 % of energy generation. The study by Lu et al
[25] examines the 90-100 % RE system for Western Australia. The result
shows additional 20-30 % of RES installation is needed to generate 100
% RElec with higher LCOE ($129/MWh) compared to 90 % RElec system
($117/MWh). The report by the Energy Systems Integration Group
(ESIG) on “Towards 100 % renewable energy pathways” concludes that
a 100 % RE system with right balance between reliability and cost is the
most optimal rather than achieving at a high cost and/or a low level of

reliability [26].

From all the studies above, we can identify the energy storage system
(ESS) as an integral part of 100 % RES. Apart from countries that have
hydropower in abundant, solar PV or wind would be the primary RE
source. The unpredictable nature of PV and wind energy generation
demands a large ESS capacity [27]. Considering thermal energy storage,
hydro storage, and mechanical and electrochemical storage, IRENA es-
timates the need to triple the ESS to meet the growing demands [28]. At
the end of 2020, the world’s total installed energy storage capacity was
34 GWh and expect to reach 1 TWh by 2030 [29]. The US Department of
Energy’s global energy storage database reports that, as of 2020, PHS
accounts for 95 % of the current world storage capacity [30]. With a
high round-trip efficiency and low response time, pumped hydro energy
storage systems (PHS) were previously considered the best energy
storage solution [31,32]. Nevertheless, The US Department of Energy
estimates that battery technology will be the most dominant form of
energy storage shortly due to the rapid increase of electric vehicles
(EVs). They estimate a growth factor of 3-5 times in the next ten years,
reaching a storage capacity of 2.5——4 TWh in 2030 [30]. To reach 100
% RES; for Jordan, 90 GWh of energy storage is estimated [14], and
1065 GWh of energy storage is projected for the USA to reach 100 %
low-cost RE penetration [9]. For Western Australia, 1.5 GW of pumped
hydro for 10 h is estimated to meet 100 % RElec in Western Australia
[25]. To meet the former ESS capacity, it is required to build a new ESS.
This requires more raw materials and financial and economic resources.
Given limited resources, it is critical to utilise already existing energy
storage possibilities, such as the vast aggregated battery capacity that
can offer by the large electric vehicle (EV) fleets. Considering the lev-
elized cost of storage (LCOS) of $480/MWh for pumped hydro, $560/
MWh for flywheel, $280/MWh for lithium-ion ESS, $210/MWh for va-
nadium redox flow, $158-290/MWh for V2G technology in a colder
climate and $200-250/MWh for hydrogens storage, energy storage V2G
seems cheaper and favourable [33-35].

In this study, instead of traditional ESS, we focus on vehicle-to-grid
technology (V2G) to achieve high penetration of RES. Various studies
have shown interest in (V2G) from 2017 as a viable ESS to store excess
energy in electric vehicle (EV) batteries. Being stationary 95 % of the
time, EVs could become an essential part of our energy systems [36].
Bostrom et al. [37] analyse a pure PV-EV energy system PV as the only
electricity source working solely with EVs to satisfy the nationwide
energy requirement in Spain. Their result showed that an hourly reli-
ability of 100 % is possible with 73 m? of PV per capita in Spain, solely
using EVs for energy storage and balancing. Sagaria et al [38] show that
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Table 1
Characteristics of V2G studies focusing on regional/nationwide deployment.
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Study EV fleet size High VRE share Varied grid mix EV storage interaction Social and technical variable interaction Energy exchange interaction
[37] 29.4 M X

[38] 15 M X X

[39] 0.2 M X X

[42] X X

[50] 4 M X X

[51] 1M X X

[52] 14.7 M X X

[53] IM X X X

This study 0-287M X X X X X

Germany can achieve its 2035 energy goals to generate and supply 80 %
Renewable electricity through EV as ESS. Sassi et al. [39] analyse the
suitability of V2G technology to meet the Moroccan national grid. Their
study shows that shifting to EV and accommodating V2G will provide
7.7 GW of controllable energy storage in 2030. The studies [4041-4440]
examine the peak load shaving capacity, techno-economic analysis and
grid parameters using V2G technology. The results show that the power
demand can reduce by up to 6 % with a proper energy management
system. Further, advanced energy concepts on energy generation in EVs
through onboard PV can also supply energy back to the grid to support
the energy system [45].

Schuller et al. [46] developed an optimization model aimed at
maximizing the utilization of Electric Vehicles (EVs) and Variable
Renewable Energy (VRE) under various power generation and charging
infrastructure scenarios. Their findings highlight the potential of coor-
dinated charging, which could more than double VRE utilization,
although the effectiveness is constrained by the length of the lookahead
period. Mehrjerdi and Rakhshani [47] utilized stochastic programming
to optimize the charging and discharging of EVs in a 33-bus distribution
grid. The objective was to mitigate VRE intermittency and reduce bat-
tery cycling. Nezamoddini and Wang [48] approached the challenge
from the perspective of ISOs, incorporating uncertainties in VRE output,
load and parking patterns, and transmission line reliability to optimize
Vehicle-to-Grid (V2G) dispatch. However, the limitation across these
studies is the relatively smaller vehicle fleets and system size. Conse-
quently, the results of larger power systems, where extensive EV fleets
and long-term VRE investment decisions, remain uncertain. In a recent
study by Zhao et al [49], the environmental impacts of Vehicle-to-Grid
(V2G) technology were evaluated within the context of a 2050 United
Kingdom system, employing a consequential Life Cycle Assessment
(LCA) methodology. The results show that implementation of V2G has
the potential to effectively offset the environmental footprint of elec-
tricity generation in high RE scenarios, however, the model neglects
time-dependent dispatch and other system dynamics. Table 1 presents
additional research on the regional or nationwide deployment of V2G
dispatch, along with the specific characteristics from the studies.

After Examining numerous previous research works, we can observe
that several delve into V2G research, as discussed earlier. However,
these studies primarily concentrate on energy systems with high pene-
tration of renewable energy systems with a limited energy mix. More-
over, there is a lack of emphasis on the social and technical variables
interaction within the developed model. Additionally, a significant
portion of the studies do not consider the possibilities of energy ex-
change with other nations to enable 100 % RE systems.

In contrast to the studies, our research exclusively centres on V2G
technology, considering varying EV volumes, high penetration of RES
with a diverse grid mix, energy exchange possibilities, and interactions
among social and technical variables.

The main contribution of the paper is to shed light on the potential of
V2G technology to support a nation with high penetration of renewable
energy sources. By demonstrating the capability of interconnecting
stand-alone EVs into a virtual ESS, the paper emphasizes the role of V2G
in enhancing grid stability, balancing energy demand, and reducing the

reliance on traditional energy storage solutions. The multi-variable
simulation model provides high parameter flexibility in considering
EV parameters for V2G simulations. Through sensitivity analyses, the
paper identifies critical factors influencing the model, such as EV vol-
ume, V2G acceptance, battery availability and energy exchange between
nations. This allows us to identify key dependencies of the model, of-
fering insights into the feasibility of achieving energy goals under
various scenarios. Recognising these factors improves the understanding
of the potential challenges and opportunities associated with different
configurations of the energy system, ultimately contributing to more
informed decision-making, crucial for policymakers, researchers, and
industry stakeholders in developing strategies to encourage V2G
adoption.

Considering the currently available ESS as secondary storage op-
tions, the study examines the feasibility of electrifying a nation
depending exclusively on V2G for energy storage. For this analysis, we
chose Spain because of its high penetration RE goals in 2030 and 2050,
renewable energy and energy storage system growth plans. With 47 %
RElec generation in 2021, 40 % RElec is from wind, 10 % from solar and
the rest from hydropower and other sources [54]. In 2050, Spain aims to
have 100 % RElec and 97 % of total energy from RE sources [55]. This
study progresses through the simulation analysis. We develop the model
in MATLAB/Simulink interface. With PV, wind and hydropower as RES,
the model considers V2G for primary energy storage and pumped hydro
system as secondary ESS. The main objectives of this study are to:

e Identify the potential of V2G technology as a future ESS.

e Estimate RES installations (PV and wind) required to meet Spain’s
2030 and 2050 energy goals.

e Estimate the number of EVs requires compared to secondary ESS to
meet the energy goals through V2G technology.

The remainder of this paper is organised as follows. Section 2 de-
scribes i) the modelling principle and methods and ii) the different
operational conditions in which the model is tested. Section 3 gives the
results obtained by the simulation model under various operational
scenarios. Section 4 comprises a discussion of the results and assump-
tions made, and Section 5 presents the conclusion of this study.

2. Modelling and method

This research aims to study the self-sufficiency of RES systems with
EV as ESS to meet grid load requirements. The use of RES and EVs is
being studied to achieve this. We develop a simulation model to perform
the study in MATLAB/Simulink. In this case study, Spain is the focus
country. Using the total electricity consumption (section 2.1), we
calculate the hourly electricity consumption for the household and in-
dustrial, sectors. We use hourly data from RES as input for the simula-
tion (sections 2.2, 2.3 and 2.4). Section 2.5 also explains the EV’s
stationary and moving pattern using a log-normal distribution function
during each hour. The model’s primary focus is simulating the energy
flow between the RES, ESS, and the grid. The pseudo-code (section 2.5)
explains how the model works. The different operation scenarios
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Fig. 1. (a) Hourly household load profile. (b) weekly load profile for the industrial load.

Table 2

Energy generation distribution between sources.
Energy source Nature of 2030 2050

source Scenario Scenario
PV and wind Non - flexible 42 % 97 %
Hydropower Flexible
Other renewable energy Flexible
sources

0il Flexible 25 % -
Natural gas Flexible 33% 3%

envisioned for this study are discussed in section 2.6.

2.1. Energy demand and load profile

The Annual energy demand of Spain comprises energy consumption
in industries, for transportation, for residential purposes, for commercial
and public services, for agriculture and other uses. With an average Final
annual energy consumption (FEC) of 970 TWh (3496722 TJ) between
2010 and 2020 [56], the transportation sector accounts for 36.3 % of
FEC, industry accounts for 23.9 % of FEC, residential usage accounts for
18.3 %, commercial and public usage accounts for 11.5 % and rest of the
FEC is used for forestry, fishing and non-energy usages [56]. Since there
are no validated load profiles, we generate the load profiles from FEC. By
using Sandel et al. ’s model [5737], we generated hourly load profiles.
Fig. 1 shows the hourly load profile for household energy consumption
and the weekly load profile for industrial applications. As the model
calculates the energy demand for transportation separately, 36 % of the
energy demand by the transportation sector is excluded from the load
profile. For the household load profile, we assume constant load demand
every day throughout the year. This daily load is then divided into
hourly consumption, based on Sandel et al. ’s model [57]. Fig. 1a shows
the hourly load profile of a household for a day. For the industrial load
profile, the model generates a weekly constant load profile with hourly
load distribution based on Sandel et al. ’s model [57]. The model as-
sumes the same base load throughout the week and a reduced workload
during the weekdays. Fig. 1b shows the weekly distribution load profile
of industrial sectors.

To analyse the future scenarios, it is required to estimate future
electricity consumption. From the FEC data of Spain in the previous
years, it can be observed that the FEC each year is declining by 1 % (from
2011 to 2019) [5658]. In addition to this, The study by Sahin [59] found
that Spain’s gross FEC will reduce by up to 20 % in 2030 compared to the
gross FEC in 2005 and less than 2 % compared to the gross FEC in 2018
(Fig. 8 - [59]). The study used an optimised fractional nonlinear grey
Bernoulli model to study the electricity consumption of different coun-
tries in 2030. As a result, the yearly final energy consumption remains

the same throughout the study. However, it is to be noted that the
electricity demand rises as more sectors focus on getting electrified. One
of the objectives of this study is to estimate the additional RES instal-
lation to meet this increasing electricity demand.

This paper mainly focuses on the 2030 energy goal — where 42 % of
the annual energy supply is from RES and the 2050 energy goals of Spain
—where 97 % energy supply is from RES. For the 2030 scenario, meeting
the 42 % energy demand from RES, the rest of the energy is assumed to
be from non-renewable energy sources. As of 2020, Oil (42.7 %), Nat-
ural gas (22.6 %) and nuclear fuel (10.2 %) are the main non-renewable
energy sources followed by coal (2.39 %) [5660]. Progressing towards
2030 energy goals, Spain schedules the decommissioning of coal and
nuclear power plants in 2030, while continuing the operation of natural
gas combined cycle power plants to supply one-third of the energy de-
mand and oil to supply the rest of the energy need [55]. Focusing on this,
for 2030 operation scenarios, the model considers oil and natural gas as
non-renewable sources. For the 2050 scenario, the model considers only
natural gas as a non-renewable energy source. The energy generation
distribution for the above two scenarios in the model is shown in
Table 2.

Flexible energy sources represent the ability of the source to increase
or decrease the energy supply based on demand. The term Flexibility is
related to electric energy and refers to “the extent to which a power
system can modify electricity production or consumption in response to
variability” [61]. Even though non-renewable energy sources are used
for various purposes other than electricity generation at present, in the
future, electricity will be used as the primary power source, which will
be converted into mechanical and thermal energy [62]. For flexible
energy, the model considers flexibility in terms of its average energy
supply per hour. With a 33 % annual contribution for the demand of 970
TWh, the model considers the annual output of 320.1 TWh from natural
gas with an hourly supply of 58 GW throughout the year. Considering a
flexibility of 10 %, the corresponding source can increase the generation
by 10 % during the high load demand period and reduce the supply by
10 % during low load demand periods. Normal coal and gas power
plants have a minimum load generation of 30 % from the rated power
and they can ramp up the production to 100 % if desired [63]. While the
new state-of-the-art power plant can reduce the minimum load even
further down to 15-20 % [64].

In the model, we give the flexible energy sources a flexibility option
of 35 % with an average load generation of 65 % each hour. In high-load
demand periods, the energy source can ramp up the production by 35 %
more to reach 100 % of the rated power and during low-load demand
periods, the energy generation can be brought down by 35 % to 30 % of
the rated power. The same flexibility is added to all flexible energy
sources, except hydropower systems. Hydropower systems can reduce
their minimum load generation by up to 1 % of rated power if desired
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Fig. 3. EV driving distribution for 24 h(1 day) [37].

and can increase the supply to 100 % without any technical difficulties
[65]. This makes hydropower the most flexible energy source in this
study. Instead of hourly energy supply like other sources, hydropower
only operates when the other sources fail to supply the total demand.
The operation of hydropower and other RE sources is explained in sec-
tion 2.2.

2.2. Renewable energy sources (RES)

In this study, we consider PV, Wind, and hydropower (HP) as RE
sources. As of 2020, Spain has an installed capacity of 11.5 GW,, of PV
with an average annual output of 15.3 TWh energy [66,67]. The energy
generation from the PV system is taken from the PV energy generation
data - PVGIS database (Photo-Voltaic Geographical Information Sys-
tems) [68]. This 15.3 TWh energy generation from 11.5 GW,, of PV gives
an annual capacity factor of 15.2 % [66,67]. While in 2019, 8.7 GW,,
installation produced 9.2 TWh of electricity, with a capacity factor of
12.2 %. For this study, we assume an average capacity factor of 13.65 %
from the former data for PV installation. Along with the capacity factor
and hourly yield data from the PVGIS database, the model estimates the
hourly PV energy generation for each MW installation.

Over the last decade, the growth in wind installation was low in
Spain. From 2015 to 2018, the total wind capacity installed increased by
just 0,5 GW (from 23.0 GW,, in 2015 to 23.5 GW,, in 2018). The elec-
tricity production data during these years shows an average energy
production of 47.9 TWh/year. With 47.9 TWh energy generation, the
capacity factor falls between 23 and 24 %. Fig. 2a shows the hourly wind
electricity production in Spain in 2020, with a capacity factor of 23.6 %.
The wind energy production data is collected through the RED Electrica
de Espana data depository [69]. Using the energy generation profile

from 2020 as a reference, the model estimates the hourly energy gen-
eration from wind installations.

The model also includes hydropower (HP) as a RE source. Hydro-
electric power, also called hydropower, produces electricity through the
kinetic energy of flowing water. This conventional way of electricity
production depends upon water stored in reservoirs. With an HP ca-
pacity of 20.1 GW between 2015 and 2020; the annual average energy
generation of Spain is 28.7 TWh [7071]. Due to uncertainties with the
average inflow of water, the net head, and the discharge rate from HP
plants across the country, it is challenging to develop a model that es-
timates the water level in the reservoir of HP each hour. To overcome
this challenge, the model includes a more straightforward HP system
which considers the annual average output over the past years (28.7
TWh), the average rainfall distribution, the average monthly energy
generation from HP in Spain over the years [72] and the rated HP output
(20.4 GW [73]). During high-demand periods, the HP discharges energy,
whereas the maximum discharge per hour is limited by the rated power
and the monthly maximum discharge limit will be the maximum
discharge reported in the respective month in the last 6 years (Fig. 2b).
This helps to develop an energy generation profile from hydropower
without overproduction of energy. In addition to this, the model con-
siders other renewable energy sources such as biomass, waste, and
geothermal sources. Supporting RE sources in the future, Spain also aims
to improve the contribution from biomass, waste and other RE sources.
For other RE sources, the model looks at the mix in yearly contribution
and generates a constant output throughout the year to match it.

2.3. Energy storage system (ESS)

The energy storage system (ESS) is a vital component in the energy
system to support RE penetration. The model considers two types of ESS
for this study, primary ESS, and secondary ESS. When the energy sources
fail to fulfil the demand, or there’s excess energy from the energy
sources, the ESS will engage. The study analyses the performance of V2G
as a futuristic ESS. Due to this, the energy storage in EV batteries
through V2G is the primary mode of energy storage. To include the
presently available energy storage system in a country, we consider
existing ESS as secondary ESS that could continue to be utilized in the
future. In this case study, the pumped hydro system (PHS) is taken as a
secondary energy storage system. As of 2020, PHS is the only energy
storage Spain has installed at scale. Having V2G as the primary ESS
implies that no new investments will be made on other ESSs.

To facilitate V2G, we consider that the vehicle fleet consists of only
private light-duty vehicles. For private light-duty vehicles, the average
distance travelled per day combining all vehicle types is 49 km, with an
average energy consumption of 220 Wh/km [37]. The log-normal
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distribution function gives a probability, showing the percentage of
vehicles moving each hour The probability distribution function helps to
generate the log-normal distribution pattern to characterise the vehicle
operation during various hours. Fig. 3 shows the percentage of moving
EVs during each hour.

During the energy transfer process, there is a loss of energy. For V2G
purposes, the model considers an energy loss of 6.5 % for the charging
and discharging process each, with 93.5 % one-way efficiency. Hence,
the round-trip efficiency of the V2G technology becomes 87 %.
Currently, EVs offer battery packs that vary from 60 kWh to 100 kWh
[74]. For this study, the model considers a 100 kWh battery pack for
each vehicle [74]. The initial state of charge (SOC) is set at 50 %.
Considering the optimal battery life, the recommended maximum SOC
that the EV fleet to charge is 80 % and the minimum SOC is 20 % while
discharging to avoid extra losses, battery degradation, and improved
battery life [75]. In this study, we also consider the whole EV fleet as one
big battery system. This leads to having the same SOC for all the EVs in
the fleet at any particular time. Finally, we also assume that the nation
has a 1:1 EV-to-charger ratio and that all EVs are connected to bi-
directional chargers when it is stationary to facilitate V2G energy
transfer. At the end of 2020, the total EV registration in Spain was
87,000, which is less than 1 % of the total registered vehicles [76]. With
28.7 million total vehicles registered in 2020, Spain aims to have EVs
between 2.7 and 3.6 million vehicles in 2030, and only zero carbon
emissions with EVs, fuel cell vehicles and biofuel-powered vehicles in
2050 [777879].

Pumped hydro storage systems (PHS) are energy storage devices to
store electricity in the form of potential energy. The system consists of
two reservoirs and a turbine/pump. The PHS activates by pumping
water from the lower reservoir to a higher reservoir. When electricity is
required, water will flow through the turbine to produce electricity.
Currently, Spain has a total PHS capacity of 5.54 GW, with 2.75 TWh
energy generation in 2020 [8081]. The model also considers a 5.54 GW

installed capacity for the futuristic study with a round trip efficiency of
80 % [82]. The model assumes the maximum water levels in the top
reservoir are 100 %, and the minimum water level of the reservoir is
considered 30 % in the simulations.

2.4. Energy import and export

To improve national energy economies and energy security, energy
imports and exports are important. With Spain, most energy exchange is
happening with the neighbouring countries Andorra, France, Morocco,
and Portugal. Over the last decade, Spain both imported energy from
and exported energy to these countries, of which Spain was a net
exporter for 4 years and a net importer for 6 years (Appendix 1). The
highest amount of imported electricity was 24.02 TWh in 2018, while
the highest export was 27.83 TWh in 2022. Fig. 4 shows the energy
exchange of Spain over the last 10 years.

From the energy exchange data over the last decade, the import and
export data are separated into the annual energy exchange, monthly
exchange, and average exchange over the period. Fig. 4a shows the
energy exchange (import and export) per month over the period, Fig. 4b
shows the annual energy exchange over the decade and Fig. 4c shows
the distribution of the energy import and export. In the simulation
model, we consider energy trade/exchange between countries in certain
scenarios. Considering the energy trade for the simulation, the
maximum energy import and export possible is given as input. As a
result, the model helps to identify the changes in RE installation and ESS
installation needs in operational conditions. However, in reality, energy
exchange occurs gradually over time and is constrained by the capacity
of international connections. Therefore, the system should not permit
the use of all imports in a concentrated time frame, like imports during
the winter and exports during the summer. The import or export should
be distributed over the period. To restrict this, the model follows the
average monthly distribution of imports and exports from the past data.
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Start:  1: Read Inputs:
2: Estimate energy consumption for EV fleet (Eg)
3: Estimate Energy balance (Eg)
4: Determine energy flow between systems based on E;
IF Eg is greater than zero; shows higher energy demand than RE generation.
Energy stored in EV exceeds minimum SOC of EV fleet
Provide energy until the demand is satisfied or eaches minimum SOC.
Energy demand is fulfilled
Update SOC of EV
Require energy from other sources.
5: IF Energy stored in PHS exceeds minimum SOC of PHS
Provide energy until the demand is satisfied or reaches minimum SOC
Energy demand is fulfilled
Update SOC of PHS system
Require energy from other sources
6: IF Hydro power system have energy to supply
Provide energy until the demand is satisfied or until all stored
energy is supplied; Update energy availability in Hydropower
IF Energy demand is fulfilled
Update energy availability in Hydropower
ELSE Require energy from other sources
7: IF Importing energy is feasible
Import energy until the demand is satisfied or maximum export
limit is reached
ELSE Energy import limit has reached
Indicate ‘Energy shortage’

END
END
ELSE
Move to step 7

END

ELSE
Move to step 6

END

follow step 5

ELSE Eg is less than zero; shows higher RE generation than energy demand
The SOC of EV fleet is below maximum SOC of EV fleet
Charge EV fleet until EV fleet reach maximum SOC or until excess energy is stored
Update SOC of EV fleets
(continuing**)

Fig. 5. Pseudo-code of the developed model in Simulink.

Comparing the average energy exchange from the last decade with the the smaller deviation, the model follows the distribution from the 6-year
last 6 years, where the rapid increase of RE is seen, we can observe that average data to limit the monthly import and export. However, the total
the import/export has been relatively stable, from Appendix 1. With import/export can increase in the future as other countries are also in an
energy import, the deviation between the 10-year and 6-year average energy transition phase.

data is 0.6 % and for energy export, the deviation is 1.2 %. Considering
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(continuing**)

END

ELSE
follow step 9
END
END

follow step 8

END

configuration
END

IF There is surplus energy remains after storing it in EV batteries

8: IF The SOC of PHS is below maximum SOC of PHS system

Store energy until PHS reach maximum SOC or until excess energy is stored

Update the SOC of PHS system

There is surplus energy remains after storing it in PHS
9: IF Energy export is possible
Export the excess energy;
ELSE Energy export is impossible or export limit has reached
Indicate ‘Excess energy’

Update the SOC of PHS system

10: Estimate system self-sufficiency, hourly reliability, and energy trade of the different

Fig. 5. (continued).

2.5. Modelling of sustainable energy system

To analyse V2G influence and high penetration of RES and ESS, a
model is developed in the Simulink/MATLAB interface. The model in-
cludes RES (PV, wind energy, HP, other RES), non-RES (oil and natural
gas), ESS (EV, PHS), and energy consumption profiles as mentioned in
the previous sections. The hourly energy demand, hourly energy gen-
eration from RES and the initial (SOC) of ESS are the inputs to the model.
The input profiles include the energy losses during electricity generation
and consumption. EVs are considered the primary ESS and PHS is the
secondary ESS. V2G satisfies energy storage requirements for a short-
term period and PHS satisfies long-term energy storage requirements.
Considering both charging and discharging cycles, the round-trip effi-
ciency is 87 % for EVs and 80 % for PHS systems. The model output
includes excess energy generation, energy shortage, hourly self-
sufficiency, system self-sufficiency and SOC of ESS. Fig. 5 shows the
pseudo-code of the model developed in Simulink for this study.

The initial step of the simulation is to estimate the energy balance
from the inputs. The energy balance (Ep) is different from the total en-
ergy demand (from load profile and energy for EV) to the energy gen-
eration from RES. Equation 1 shows the calculation of Eg. Introducing
the energy consumption by EV as an individual variable allows the
model to estimate the total energy demand for transportation based on
the input. Equation 2 shows the calculation of energy demand for
transportation.

Ep (t) = (load cons.(t) + Egy(t)) — (Wind energy (t) + PV(t)) (€D)

Egy (1) = Average energy cons./km x distance travelled x Total EV x EV
distribution (2)

't’ represents the time step (hours) of the simulation. The energy
balance can be positive — which represents more energy demand than a
generation from RES, negative — which represents higher energy gen-
eration from RES than demand and zero energy balance — where demand
is equal to RES energy generation. During positive energy balance, the
model extracts the missing energy from ESS. The initial energy is taken
from EV and if more energy is still needed, PHS delivers maximum
discharge each hour. Even if more energy is required, HP delivers the
maximum possible energy in that hour. The missing energy after using
ESS and HP is considered an energy shortage. During negative load
balance, the RES system more energy than energy demand. This addi-
tional energy is stored in EV first and then on PHS until both ESS reach
maximum SOC. Any additional energy available is termed excess en-
ergy. The model considers this excess energy as wastage, but in real life,
it is possible to use this excess energy for other applications or energy

Table 3

Model variables that are assumed to be constant.
Variables Values
PV capacity factor 13.65 %
Wind capacity factor 23.6 %

Average travel distance 49 km
Average energy consumption 220 Wh/km
SOCgy Initial 50 % of total SOCgy

SOCgy Min 10 % of total SOCgy
SOCgy Max 90 % of total SOCgy
Battery capacity 100 kWh

SOCpys Initial 70 % of the capacity
SOCpys min 30 % of the capacity

SOCpys max 100 % of the capacity
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trading purposes. To estimate the SOC of EV during each hour, initially,
the model identifies the SOC share of parked and moving vehicles
through equations 3 and 4.

my (t) = EV driving distribution X total EV fleet capacity (3)
ps (1) = (I — EV driving distribution) X total EV fleet capacity. (€))

where SOCgy., represents the SOC of the EV fleet at the beginning of
the time period. During energy extraction or vehicle movement energy is
taken from the battery and the final SOC of the EV at that particular hour
is represented by SOCgy(x+1). This SOCgy(x+1) from the previous hour
becomes the SOCgy() for the current hour, which is indicated by
equation (5). Based on the maximum and minimum SOC given as input
to the model, the model estimates the energy available (Egqpy) and
storage capacity available (Sqq-gy) in EV through equations (6) and (7).

SOCgy_, ([) = SOCEV,XJH (t — 1) 5)
Euva-gv(t) = py(t) X Capy_gy (SOCev—x(t) = SOCev-min) ®)
Sava—ev (t) = py(t) X Capr_gy (SOCgy_max — SOCev (1)) @)

Where Capry is the total battery capacity provided by the EV fleet.
EVs provide energy to the grid during positive load balance if E;q gy is
positive for that period. The energy extracted from EV is represented by
Egx. While EVs store energy in the batteries during negative load balance
if Sqa—gv is positive. The energy stored in the EV is represented by Egr.
Upon successful energy injection into the grid/energy storage, the SOC
of the parked vehicle gets updated, as in Equation (8). Equation (9)
shows the SOC of moving vehicles after the travel of each hour. Finally,
the SOC of the total EV fleet at the end of each hour is estimated through
equation (10).

SOC_Pgy(x1)(t) = {

SOC Mgy (1) (1) = ((my(t) x Capy_gy x SOCry_«(t) ) — Exy(t))/Capr_gy
9

SOCx+l(t) :pshare(t) X SOC—PEV(,H»])(I) +mshare(t) X SOC—MEV(.VJrl)(t))
10

For PHS, the model estimates the SOC during each hour using the same
equation. Instead of EV parameters, PHS parameters such as SOCPHS
will be used, and the model does not consider the moving EV variables to
estimate the SOC of PHS. Finally, the system’s self-sufficiency and the
hourly reliability of the system are calculated. Hourly reliability and
self-sufficiency serve as key metrics to evaluate the performance and
stability of the energy system under different scenarios. Hourly reli-
ability is determined by analysing the system’s ability to meet electricity
demand consistently throughout each hour. This involves comparing the
actual electricity generation, including both renewable and energy
storage sources, with the demand. If the renewable and energy storage
sources fail to meet the demand, energy will be taken from external
sources, and reliability for those hours will be zero. The reliability metric
reflects the percentage of hours in which the system successfully satisfies
the demand without any shortfall. In simulation scenarios with energy
import, the model compares the actual electricity availability, including
renewable energy, energy storage sources, and electricity import, with
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the demand. Self-sufficiency measures the system’s capability to fulfil its
electricity demand solely from internal renewable energy and energy
storage, without relying on external support. It is calculated as the
percentage of total energy demand met through in-house renewable
energy generation. Equations (11) and (12) represent the calculation of
hourly reliability and system self-sufficiency.

=R {lf (E bal.pys + Epp)

Hourly reliability = Z if (E bal.ps + Enp)

<0; 0
: >0:1 }/8760 (1D

Total energy produced

System self — sufficiency = x 100 (12)

Total energy required

2.6. APPLICATION OF THE MODEL

The primary application of the model is to analyse the energy goals of
Spain in 2030 and 2050 with EV as ESS through V2G. The analysis
consists of two main operational scenarios for Spain,

1%]1 To fulfil 42 % of the energy requirement with RES and ESS (2030
RE goal).

2%1 To satisfy 97 % of the energy requirement with RES and ESS
(2050RE goal).

In the first scenario, the model simulates the RES installation
required to meet the energy goals of Spain in 2030. The simulation is
structured so that the RES and ESS system delivers 42 % of the total load.
Fossil-based power plants deliver the rest. Spain has already decided to
shut down the nuclear power plants starting in 2027. The electricity
production from nuclear power plants will be replaced by RES [55]. By
2030, Spain aims for a 23 % reduction in greenhouse gas emissions
compared to 1990 levels; a 42 % share of renewables in energy end-use;

ifEs < 0: ((ps(r) X Capy_py x SOCey_x(t)) + Esr)/Capy_zy } ®
ifEg >0 ((ps(r) x Capr_py x SOCev(t)) — Eg:)/Capy_gy

a 39.5 % improvement in energy efficiency; and a 74 % share of re-
newables in electricity generation RES [55]. Spain also targets a sig-
nificant buildout of new RES to reach 74 % of electricity generation by
2030, notably wind and solar. To estimate the PV-wind share, the mode
assumes varying PV installations (from 100 to 400 GW). Then the model
computes the necessary wind energy installation to meet the energy
demands without any energy shortage. Planning to have 2.7 to 3.6
million EVs in 2030, using a portion of this EV for energy storage
through V2G can benefit Spain. For the analysis of 2030 scenarios, we
assume a total EV fleet of 3.15 million EVs for V2G purposes.

In the second scenario, the simulation identifies the RES installation
required to provide 97 % of energy requirements from RES and ESS. For
2050, Spain’s energy goal is to make the country climate neutral, with
100 % renewable energy in the electricity mix and 97 % in the total

Table 4
Comparison of results from Energyplan and Simulink (error).

Parameter Energy plan Simulink model*
Electricity import (TWh) 1.53 1.54 (0.6 %)
Electricity Export (TWh) 5.51 5.33 (3.2 %)
Hourly reliability (%) 77.01 75.97 (1.3 %)
System Self-sufficiency (%) 85.02 84.92 (0.1 %)

*(difference in percentage w.r.t the results from Energyplan within the
brackets).
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energy mix RES [55]. In 2050, we assume 60 % of the total vehicles will
be EVs, rest will be powered by hydrogen/biofuel without any emis-
sions. Through these two scenario analyses, we can display the possible
renewable energy installation and ESS requirement and V2G influence
to reach those energy goals. For the analysis, we assume that the total EV
fleet is available for V2G and is connected to the grid through bi-
directional chargers except when it is operational. Table 3 shows the
variables assumed to be constant throughout the studies, as explained in
the former sections.

2.7. Sensitivity analysis and model validation

To study the influence of the number of EVs, the impact of V2G
technology and RES installation on energy production and storage,
sensitivity analyses (systematically varying variables to understand
their impact on results) were done for each of the two main scenarios.
The analysis focuses on

i. RES installation and excess energy generation
ii. Analysis on the influence of EVs as primary energy storage system
and sensitivity analysis on EV volume
iii. Sensitivity analysis on V2G acceptance and battery availability

We study the variables because these would have the most prominent
outcome on the potential contribution for energy balancing of V2G. The
simulation focuses on meeting 42 % and 97 % system self-sufficiency to
meet future energy goals. Each of these studies portrays the influence of
each variable on the respective energy goals.

Before performing the analysis, model validation is necessary to
ensure the model’s reliability. The ISO 9000:2015 standards [83]
explain the validation of model as a “through the provision of objective
evidence, that the requirements for a specific intended use or application have
been fulfilled; the objective evidence needed for a validation is the result of
a test or other form of determination, such as performing alternative calcu-
lations”.The International Energy Agency [84] also quotes that “model
verification and validation is to ensure the computer program of the com-
puterised model and its implementation are correct”. For this study, we
follow the ‘model validation by comparison technique’, a technique
suited to models of future scenarios when model validation through
comparison with empirical data is not an option [85].

Further, Smiatek et al [86] state about the validation process that ‘if
the simulation model output data and the real-world output data are
consistent with each other, the simulation model is not rejected, but neither is
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it accepted or ‘proven true’. It is provisionally accepted as ‘valid’ because it
has not been falsified’ [86,87]. Wang & Grant and Rykiel forward the
notion that validation “means that a model is acceptable for its intended use
because it meets specified performance requirements.” [88,89]. Collier et al
[90] mention in their study that validation is a process of comparing the
correspondence between model outputs and system behaviour. Sargent
et al [91] explain the process of validation as “substantiation that a
computerized model within its domain of applicability possesses a satisfactory
range of accuracy consistent with the intended application of the model.”
Furthermore, Refsgaard & Henriksen’s [92] support validation by
comparison method. They explain that a “Model code may be verified
within given ranges of applicability and ranges of accuracy, but it can never
be universally verified. Similarly, a model may be validated, but only with
reference to site-specific applications and to pre-specified performance
criteria. ” Based on this, they arrive at the finding that a “model’s validity
will always be limited in terms of space, time, boundary conditions and types
of application” [92].

The previous sources highlight model validation by comparison
proves as one of many ways to validate models. Based on these, we
define the model validation process as a process that involves confirm-
ing that the model accurately represents the system, provided that the
system generates enough evidence in the form of results that are com-
parable, and the model results align with the observed or expected data.
Following the ISO 9000:2015 definition, we emphasise the importance
of providing objective evidence to confirm that the model’s re-
quirements for a specific intended use have been met. @stergaard et al
[85], Smiatek et al [86], Collier et al [90] and other references above
further supports his method by highlighting that validation is not a
universal process but is contingent upon specific applications, perfor-
mance criteria, and contextual constraints such as space, time, and
boundary conditions. Furthermore, the studies suggest as long as the
performance of the model can generate objective evidence in terms of
results and can meet expectations from an operational scenario, the
model can be considered reliable and fit for the task it was created for.

However, it is necessary to find the right model to compare and
perform the process. The model which we employ for comparison needs
to be valid, reliable, and widely used. The literature by @stergaard et al
[85] explains a comprehensive exploration of the validation process for
Energyplan software and its authenticity in performing energy systems
simulation. With over 73 articles published with the results from Ener-
gyplan software, the model is considered valid and reliable. we validate
our model using validation by comparison techniques against the
Energyplan software (V — 16.22) itself.
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We simulate identical operation conditions and compare the results
to examine the differences in results. Energyplan software is an open-
source energy system simulation model developed in 2006 and is still
in use for 100 % of RE studies [93]. Over the years, more than 73 articles
have been published using the results from Energyplan software which is
still considered one of the most used energy systems model software.
Even though Energyplan software has been widely used in the past, for
V2G studies, the model has limited flexibility to explore a wide range of
inputs for V2G service, thus limiting the diverse operational scenarios
for the V2G operation. The limitation in the software with V2G simu-
lation is further discussed in section 3.1. For the validation process, we
simulate a 100 % RE scenario with both models. Custom-made load
profile, PV and wind profile and EV driving profile for a year are given as
input. Appendix 2 shows the inputs to both simulation models. For the
validation process, the annual electricity demand is given as 7 TWh. In
addition to the electricity demand, the model adds the electricity de-
mand from EVs for travelling. The model considers one million EVs with
80 kWh battery packs, consuming 220 Wh/km. Over the course of a day,
each EV is designed to travel 49 km on average. Out of one million EVs,
with a small portion supports V2G, which provides an energy storage
capacity of 10 GWh in total. Since the primary goal of this study is to
identify the potential of EV batteries to replace other energy storage
systems, only EV battery is used for energy storage purposes in both
models. As the validation process aims to compare the results from both
software, all the inputs given for the validation testing are arbitrary.
Section 3 discusses the results from the analysis and validation process.

3. Results

The simulation model made in Simulink/MATLAB software helps to
simulate various parametric studies, as mentioned in Section 2.5. The
model estimates the excess energy production from the RES and the
energy shortage through the high penetration of the RES. Also, the
model computes the system’s self-sufficiency, hourly reliability, energy
exchange and SOC of ESS on the system. The annual PV and wind
electricity production and the electricity consumption profile are given
as input along with the initial SOC of EV and PHS systems, as explained
in section 2.5.

3.1. Model validation by comparison technique

The model validation follows model validation by comparison
technique, by comparing the results from the Simulink model with re-
sults from the open-access Energyplan software [93]. A 100 % RE sce-
nario is tested where the electricity demand is 7 TWh excluding the
demand for EVs. The load profile, EV driving profile, and PV and wind
energy generation profiles were given as input (Appendix 2). The simu-
lation duration is 8784 h (leap year). Table 4 shows the results of the
simulation from both simulation models.

Table 4 shows the simulation results from both simulation models.
From the results, we can observe that the deviation in electricity import,
and export, hourly reliability and system self-sufficiency are very small
between the two simulation models. With Energyplan software, the
scenario imports 1.53 TWh and exports 5.51 TWh energy, while 1.54
TWh import and 5.33 TWh energy export potential are seen in the
Simulink model with a deviation of 0.6 % and 3.2 % respectively. With
Hourly reliability and system SS, the deviation in results is very small for
the Simulink model with respect to the Energyplan model with 1.3 %
and 0.1 % for hourly reliability and SS respectively.

In the results, we can observe a 3.2 % higher electricity export from
the Simulink model. With the Simulink model, the maximum energy
transfers between the EV and the grid are limited by the charger power.
With one million EVs providing 10 GWh storage capacity, the number of
vehicles that participated in V2G, also called the V2G acceptance rate
would be 12.5 %. With an 11-kW charger and 12.5 % of total EV support,
the maximum electricity transfer possible between the grid and the EV
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would be 1375 MWh. When the Energyplan model transfers electricity
of more than 1375 MW in 1 h, the Simulink model limits the transfer to
1375 MW and exports the rest of the electricity. This is the reason for
higher energy export in the simulation model. This leads to reduced
hourly reliability and SS. Nevertheless, it is vital to consider charger
power during the analysis, as charger power determines the maximum
energy exchange possible between the EV and the grid. Fig. 6 shows the
electricity transfer between the grid and EV from both simulation
models.

Both the Energyplan and Simulink simulation model facilitates the
dynamic nature of the vehicle moving distribution. Appendix 3 shows
the simulation results and a comprehensive description of the dynamic
nature of vehicle movements and simulation. Appendix 4 shows the
Hourly reliability, self-sufficiency, energy import and export from both
models during each hour. Comparing the results from the Simulink and
Energyplan model, including the hourly energy flow, hourly reliability
and self-sufficiency, the Simulink output succeeded in capturing system
behaviour and giving corresponding results, higher satisfactory accu-
racy in results (error less than 3 %) and finally providing objective ev-
idence by comparing with a validated model - Energy plan software.
Considering all these facts, the model meets the expectations discussed
in section 2.7 and is considered validated.

Despite the close match between the results with Energyplan soft-
ware, the Simulink model includes a number of functions, for con-
ducting a more comprehensive V2G study, that the Energyplan model
lacks. In contrast to Energyplan’s model, which is based on the battery
capacity and the patterns of EV movement, Simulink’s model offers a
range of variables that can be customised to simulate specialised oper-
ational conditions. Among them are the following:

e Charger Power Control: where the user can input the charger power.
This feature enables the simulation of different charging scenarios,
including various charging rates.

Average EV Energy Consumption: Depending on the type of vehicle,

the amount of energy consumed can be changed. This reflects the

real-world variations in EV efficiency and driving patterns, making
simulations more accurate and relevant.

e EV Share in the Fleet: Simulink allows users to model different pro-
portions of EVs in the total vehicle fleet. This flexibility facilitates
understanding the implications of different adoption rates and fleet
compositions on V2G operations.

e V2G Acceptance Rate: Users can study the effects of varying V2G
acceptance rates, which reflect the willingness of EV owners to
participate in grid services. This facilitates assessing the feasibility
and impact of V2G at different adoption levels.

e SOC Constraints: The ability to set minimum and maximum State of
Charge (SOC) levels for EV batteries, which can charge and
discharge. It allows the exploration of different strategies for man-
aging battery health and grid support.

o Customizability and Variable Analysis Conditions: Simulink allows a
wide range of parameters and an array of conditions to suit the
specific study objectives. This level of customization is invaluable
when analysing V2G systems under varying conditions.

This versatility allows for in-depth analysis under various scenarios,
with the flexibility to modify each of these variables to suit specific
research conditions.

3.2. Scenario 1: 42 % energy from res - to fulfil the 2030 renewable goal

Scenario 1 in the study analyses the influence of V2G to support the
2030 energy goal of Spain. In 2030, Spain intends to generate 42 % of
the total energy from RES. The rest of the generation is from non-
renewable sources. Through this analysis, we identify the influence of
EVs as energy storage, along with the RES installation and secondary
ESS systems required to meet 42 % of the yearly energy requirement in
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Fig. 7. Renewable energy installations required without external support to
meet 2030 demands.

Spain. While meeting the 42 % requirement from RES, the rest of the
electricity is from oil and natural gas as explained in Table 2. Scenario 1
analysis is completed in 3 stages, as follows.
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3.2.1. RES installation and excess energy generation

In the initial stage of Scenario 1 analysis, we determine the RES
installation require to meet the demands in Stage 1. This analysis ex-
amines the PV and wind installation ratio to meet the demand with 100
% self-sufficiency and hourly reliability. With 100 % self-sufficiency and
hourly reliability, the model implies that RES (PV/Wind) deliver their
share without any additional external support. One of the drawbacks of
such an approach is that if the total supply is short of 1 kWh, the model
advises increasing the installation. This can be solved by including en-
ergy imports from neighbouring countries.

In this analysis, we analyse all these options, where we estimate the
RES installation requires to meet 100 % self-sufficiency without any
external support and with energy trade possibility, using EV as the pri-
mary energy storage option. To estimate the PV-wind share to support
the demand, we assume PV installation (from 100 GW to 400 GW) and
the model calculates the wind energy installation to meet the energy
demands. In addition to the wind installations, the model also calculates
the energy flow, excess energy generation, energy shortage and SOC of
different technologies. Fig. 7 shows the simulation results of the PV and
wind ratio with zero energy shortage (without external support and
import). For this analysis, the PHS capacity is 5535 MW, which is the
current available PHS capacity of Spain and uses 80 % battery avail-
ability for V2G technology, with 3.15 million EVs in 2030.

From Fig. 7, we can observe that the total required installation
ranges between 800 GW and 1000 GW to support a 42 % share of RES in

w
o

0

Wind installation {(GW); Excess energy generation (TWh)

100 115 130 145 160 175 180 205 220 235 250 265 280 295 310 325 340 355 370 385 400

|PV installations (GW]l

—Casel —Case 2

PV-Wind installations;

Fig. 8. Renewable energy installation required with energy import to meet 2030 demands. Case x: [import, export]. Case 1: [10 TWh,17 TWh], Case 2:

TWh], Case 3: [30 TWh,17 TWh], Case 4: [50 TWh,17 TWh].

Twwwwwwwwwm

12

T
N
o

o 1)
)
<= Import (TWh) ; Export (TWh) =—p

.
"

I
Uiy

——~Case 4

:
sy
o

—2Case 3

Excess energy generation

[18.8 TWh,17



S. Sagaria et al.

140 30
120

100

80

Ll
Excess energy/energy import/energy export (TWh)

Secondary energy storage system (GW)

0 0.25 05 1 15 2 25 3 3.15 3.5
EVs (in million)
mmmimport mmmExport mmmExcessenergy ——EVvs PHSdemand

(a) Number of EVs vs secondary ESS

gy shortage (TWh)

o

2.

Energy Conversion and Management: X 22 (2024) 100545

i Wlﬁi@ 1
| I[Iﬂ

EVs (in million)

 Excess energy

i

o 0.25 0.5 1 4 45 5

100

95

Hourly reliability/ self-sufficiency

u Import m Export shortage m Self sufficiency m Hourly reliability

(b) Impact of change in EV volume

Fig. 9. Influence of change in EV volume as the primary energy storage system.

the energy mix. The higher RE requirement is because of high load de-
mand during certain hours. In such conditions in real life, energy is
brought in through import or operating reserve power plants. Since the
model does not have any reserve power plants and energy shortage and
import are set to zero, the model increases the RES installation (PV and
wind installations) to meet the peak demands.

With renewable energy import from neighbouring countries, it is
possible to reduce the RES installations without depending more on
reserve power plant which operates on non-RE sources. Considering the
electricity import/export, in the past decade, the data shows the highest
electricity import in 2018 with 24 TWh with an average of 19 TWh [69].
The highest export was recorded in 2022 with 28 TWh with an average
of 17 TWh over the last decade [69]. In this study, we emphasise elec-
tricity imports, as importing electricity helps to reduce the installations
in Spain. Using a linear regression model, an estimate of 9 TWh import
and 21 TWh export can be expected in 2030. Nevertheless, future
forecasting is highly unpredictable because the energy sector is going
through a transition phase. Due to this unpredictability and based on
average and maximum import over the decade, we established 4 cases
with different energy import values. Case 1 with the maximum import of
10 TWh in 2030, as that of predicted output from linear regression. Case
2 with the maximum import of 19 TWh in 2030, as that of the average
from last decade. Case 3 and case 4 test a hypothetical situation where
Spain imports more energy than its highest import in the last 10 years.
Case 3 has a maximum import of 30 TWh import in 2030, which is 25 %
more than the highest import and case 4 has a maximum import of 50
TWh import in 2030, which is 100 % more than the highest import in the
last decade. For export, the model considers the average value of 17
TWh for all the cases. Fig. 8 shows the simulation results with energy
import and export, for the zero-energy shortage situation.

From the results in Fig. 8, we can observe that with an energy import
of 10 TWh to 50 TWh, the total required installation reduces from a total
of 800 — 1000 GW without any external support to 300 — 400 GW. From
the results, we can observe that for any of the cases, the drop in wind
installations is very small when PV installation increases from 100 to
400 GW. This implies that PV needs to be combined with other sources
to reach RE targets. Considering different cases, in this study, we choose
to follow case 2 with an energy import of 18.8 TWh and an import of 17
TWh. Even though various organisations perform 100 % renewable
energy studies in various parts of the world, none of the studies explicitly
predicts the energy exchange market for Spain in 2030 or 2050
[4,10,18,94]. This is because of the highly uncertain variables in the
energy sector. Due to this uncertainty on future energy exchanges,
performing further studies with average energy exchange value is a
rational choice.

From Fig. 8, we can observe that for each installation, the excess
energy generation varies. Excess energy is the energy available after
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energy imports. To identify the best possible installation combination,
we choose the PV-wind installation with the least excess energy gener-
ation. For case 2, 120 GW of PV with 100 GW of wind energy gives the
least excess energy generation of 16.4 TWh. Considering case 1, the best
possible combination is 115 GW - PV with 110 GW of wind energy
installation. We can see that the increase in installation is 5 GW to offset
the import of 8.8 TWh. In case 1 Spain acts as a net energy exporter. As
the energy import rises, as in cases 3 and 4, the best possible combina-
tion of PV and wind is 100 GW PV and 94 GW wind installation and 100
GW PV with 74 GW wind installations, respectively.

3.2.2. Analysis on the influence of EVs as primary energy storage system
and sensitivity analysis on EV yolume

As with other European countries, Spain is also in the midst of a
transition in its transportation sector. In order to replace fossil-fuelled
vehicles with green alternatives, EVs and biofuel vehicles are
becoming more popular. This analysis examines the benefits of having
EVs as energy storage devices. By comparing EV as ESS, we estimate the
total ESS replaced by EV through V2G. This study considers PHS as a
secondary ESS. The secondary storage represents all the storage avail-
able in Spain. It is not necessary to increase the capacity of PHS in order
to meet the secondary capacity requirement of an ESS from this study;
there can be another storage system installed in its place.

This analysis has two main purposes,

1. To identify the amount of ESS required if EV is not employed.
2. Analyse how changes in EV numbers influence the total energy flow
and system performance.

From the previous analysis, we identified 120 GW of PV and 100 GW
of wind as the best combination to have zero energy shortage with 18.8
TWh import and 17 TWh export. Also, we considered 3.15 million EVs
for energy storage. In this analysis, keeping all the other variables
constant, we analyse a range of EV numbers in the fleet that provide
energy storage options through V2G. From 0 EVs to 5 million EVs (which
is the most optimistic forecast for EVs in 2030) and the model identifies
the secondary energy storage required to meet zero energy shortage in
each case. Fig. 9a shows the simulation results from the analysis. Fig. 9b
shows the impact of change in EV volume. Forecasts always have un-
certainty, and this uncertainty can cause errors in the forecast values. In
2030, different forecasts estimate different EV volumes ranging from 2
million to 5 million EVs. To identify the influence of EV volume on re-
sults, we perform a sensitivity analysis on EV volume ranging from 0 EVs
to 5 million EVs in the 2030 scenario.

Fig. 9a shows the importance of EVs as an energy storage system and
ESS demand if EVs are not used for energy storage purposes. Focusing on
the 2030 scenario with 3.15 million EVs and 5535 MW PHS installation,



%]

. Sagaria et al.

100

Self sufficiency (%)

NS~
NSt
SN
e S it
SXS ~ - —~——
S == ==
SRSII~ - T
N T~ I -—
SIS T--
SIS ,
ST~ ~ — _ -
_\_.\—:j,‘,\ -l \::::
it = RS it e it SO B
[ 10 20 30 40 50 60 70 80 20
V2G acceptance (%)

——BA=80% ——BA=70% ——BA=60% BA=50% ——BA=40%

Self sufficiency — = = = Excess energy = - - — Energy shortage

(a) Influence of V2G acceptance and BA on system performance

11

100

—BA=30% —BA=20%

Energy Conversion and Management: X 22 (2024) 100545

>
2
20 ©
z i)
2 5
40 E £
z 15 80
=
35 Ed g
g &
Z £
wE 3w 60 §
2
Ee | 7 Tl ©
PR3
]
25 £ ‘5 5 20
2
H —— Energy flow
20 5 =====Charging cycles
3 0 20
15 8 0 20 40 60 80 100
- V2G acceptance (%)
s
g
10 S o _BA=80% —BA=70% —BA=60% BA=50% —BA=40% —BA=30% —BA=20%
&

s (b) Influence of V2G acceptance rate and battery
availability on EV energy flow and number of charging
cycles in an EV.

Note: BA — battery availability; For 0% V2G acceptance,
the EV energy flow and charging cycle for V2G is zero.

Fig. 10. Sensitivity analysis on V2G acceptance and battery availability.

the excess energy generation is 16 TWh. As we decrease the number of
EVs, to maintain the same self-sufficiency, hourly reliability and energy
shortage point, the system needs more secondary ESS systems. If no EV
participates in V2G, the approximate requirement of ESS is 122 GW of
new storage units. If EVs replace fossil cars, at a slower pace, e.g.: 2.5
million EVs in 2030, to have 100 self-sufficiency systems which provide
42 % of energy from RES, the system needs 25 GW of new storage units.
Fig. 9b shows the impact of the change in EV volume. When EV growth is
slower than anticipated, with 2.5 million EVs in 2030, without any new
energy storage units in the system, the self-sufficiency decreases. From
Fig. 9b, we can observe that self-sufficiency decreases to 98.6 % with an
hourly reliability of 99 %. With no EV connected to the grid through
V2G, the system reliability reduces to 96.2 % with hourly reliability of
97 %.

3.2.3. Sensitivity analysis on V2G acceptance and battery availability

V2G technology provides exceptional energy storage possibilities,
using the batteries of electric vehicles. However, the balancing potential
of V2G technology is dependent on several factors other than the tech-
nology itself [95]. One such factor is the V2G acceptance rate, which
refers to EV user’s willingness to participate in V2G services. Studies
conducted in the past have shown that potential V2G adoption among
EV users may be very low for a variety of reasons [96-99]. A lower
acceptance of V2G reduces energy storage capacity and the number of
vehicles connected to the grid. Further, range anxiety is another major
barrier to V2G adoption [100,99]. Range anxiety is the fear that a
vehicle does not have enough battery capacity left to travel the distance
required to reach its destination in this analysis, we investigate the ef-
fects of these two prime variables on V2G’s energy storage and flow
capacity.

In the initial simulation, we assume a V2G acceptance of 100 % with
battery availability of 80 %, with maximum SOC of 100 and minimum
SOC of 10 %. In the analysis, we simulated different V2G acceptance
rates, from O to 100 %, and battery capacity ranging from 20 % to 80 %
reserved for V2G purposes. For the simulation, The PV and wind in-
stallations are 120 GW and 100 GW with 3.15 million EVs connected to
the grid through a 7-kW bi-directional charger. Fig. 10 shows the results
of the simulation. Fig. 10a shows the simulation results on the influence
of V2G acceptance and battery availability on system performance and
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Fig. 10b shows the influence of V2G acceptance and battery availability
on EV energy flow and charging cycles per year. Since the change in self-
sufficiency is small, the self-sufficiency of the plot starts from 94 % on a
different scale (on the Y axis).

From Fig. 10a, we can observe that the self-sufficiency of the RE
system is declining as the V2G acceptance rate and battery availability
drop. With a lower V2G acceptance rate, fewer EVs are connected to the
grid for energy transfer. As a result of the reduction of EVs connected for
V2G service, the total ESS capacity available through V2G decreases.
This will reduce the storage potential of energy, especially during pe-
riods with high-RES energy generation and will decrease energy
discharge during high-load periods. As a result of this, the excess energy
generation and energy shortage increases as shown in Fig. 10a. This
reduces the self-sufficiency and the hourly reliability of the system.
While for the same V2G acceptance rate, a decrease in available battery
capacity for V2G service also reduces the storage capacity through V2G
service. This will result in the reduction of self-sufficiency and hourly
reliability of the system.

Fig. 10b shows the change in energy flow through EVs and the
number of charging cycles dedicated for V2G purposes for different
operational scenarios. From the results, we can observe that as V2G
acceptance or battery availability is reduced, the energy flow through
EVs is also reduced. It is because of the reason discussed above, i.e., the
change in total energy storage capacity. This will then reduce the
maximum possible storage/extraction, and hence the energy flow.
However, looking into the number of charging cycles each vehicle has to
go through, for different V2G acceptance rates and battery availability,
it can be observed that a low V2G acceptance rate puts more pressure on
each vehicle. With 10 % V2G acceptance and 50 battery availability,
each EV has to go through 115 full charging cycles as compared to 102
and 94 charging cycles with 30 % and 50 % V2G acceptance.

From the results, we can observe that with 50 % V2G acceptance and
50 % battery availability, we lose approximately 1.9 % self-sufficiency
(hourly reliability — 97.9) as compared to the scenario with 100 %
V2G acceptance and 80 % battery availability (hourly reliability —
99.8). The reduction in self-sufficiency is very small in this scenario. It is
because of the smaller share of RES. With a 42 % share from RES, there
are other flexible sources to support the grid. The results also show a 30
% V2G acceptance rate with 50 % battery availability helps to achieve
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97.32 % hourly reliability with 96.17 % system self-sufficiency. Subse- 3.3. Scenario 2: 97 % energy from res - to fulfil the 2050 renewable goal

quently, the study indicates that V2G services using EV batteries sub-

stantially can reduce RES intermittency issues, also if less than half of the Scenario 2 analyses the energy goals of Spain in 2050. In 2050, Spain

owners are willing to be part of the V2G service. intends to generate 97 % of the total energy from RES. While meeting
the 97 % requirement from RES, the rest of the energy is from natural gas
as explained in Table 2. In this scenario, we analyse RE installation and
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excess energy generation, the influence of EVs as primary energy storage
systems sensitivity analysis on EV volume and finally sensitivity analysis
on V2G acceptance rate and battery availability for the energy system in
Spain for 2050. The whole study is completed in three sections as
follows,

3.3.1. RES installation and excess energy generation

In scenario 2, the initial analysis determines the RES installation
required to meet the demands in 2050, which is 97 % of the total energy
demand. As in section 3.2.1, in this study we analyse all these options,
where we estimate the RES installation required to meet 100 self-
sufficiencies without any external support and with energy trade pos-
sibility, using EV as the primary energy storage option. Similar to section
3.2.1, to estimate the PV-wind share to support the demand, we assume
PV installation ranging from 100 GW to 400 GW and the model calcu-
lates the wind energy installation to meet the energy demands. In
addition to the wind installations, the model also calculates the energy
flow, excess energy generation, energy shortage and SOC of different
technologies. For this analysis, the PHS capacity is 5535 MW, which is
the current available PHS capacity of Spain, and we assume no new PHS
storage is made after that. In 2050, the vehicles will be emission-free,
but only a part of them will be EVs. The rest of the vehicles will be
powered by hydrogen or biofuel. In this study, we assume 60 % of all
vehicles will be EVs, which is 17.22 million EVs. Fig. 11 shows the
simulation results of the PV and wind ratio with zero energy shortage
with 100 % V2G acceptance and 80 % battery availability (without
external support and energy exchange).

From Fig. 11, we can observe that the total required installation
ranges between 1400 GW and 1800 GW to support a 97 % share of RES
in the energy mix. 1400 GW is more than 10 times the current instal-
lation in Spain. Having such a large installed capacity, we can observe
that the excess energy generation is between 1500 TWh and 3000 TWh,
which is in the range of annual electricity demand of a country the size
of Spain. This high excess energy generation is the result of high-RES
installation, which helps to meet the high hourly energy demands.
Since the model does not have any reserve power plants and energy
shortage and exchange are set to zero, the model increases the RES
installation of PV and wind to meet the demand.

Considering the electricity import/export, we also consider the 4
cases as we have done in section 3.2.1. Case 1 with a maximum import of
10 TWh, Case 2 with a maximum import of 18.8 TWh, Case 3 with a
maximum import of 30 TWh import and Case 4 with a maximum import
of 50 TWh. The import energy has significant importance in the model,
as based on the potential import, the model has the flexibility to reduce
the RE installations. While energy export only influences the result of
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excess energy generation in the model, which has very less impact on
other performance variables. Due to this, we consider a fixed export of
17 TWh (average export in the last decade). Fig. 12 shows the simulation
results with energy import and export, for the zero-energy shortage
situation.

Fig. 12 shows the simulation results with four different energy im-
ports and export limits for the zero-energy shortage situation. From the
results, we can observe that energy import helps to reduce the total RE
installation. With case 1, the total installation is reduced from 1400 to
1800 GW without any import to less than 900 GW with 10 TWh import.
This value further goes down to 700 — 800 GW installation with 18 TWh,
to 600 — 650 GW with 30 TWh and 500 — 550 GW with 50 TWh import.

Nevertheless, the linear regression model identifies that the import
could be zero in 2050, based on the past data. The past data used for
linear regression only considers the past with fewer renewable sources
and electrification processes. Since most of the countries turn to net zero
emission states and RE-supported grid systems, the energy exchange
would possibly increase, which in turn increases the import and export
for a country. With 24 TWh imports in 2018, where the total RE share
was less than 20 % of the total energy mix, we assume this can double in
2050. Since no report or article explicitly gives an import limit in 2050,
the real import can increase or decrease. for further studies, we choose
an annual import of 50 TWh and subsequent RE installations. Consid-
ering 50 TWh import, the best possible PV-wind combination is identi-
fied by looking into the least excess energy generation point. The
combination of 235 GW PV and 328 GW wind installation gives the least
excess energy of 204 TWh of electricity. Even though the excess energy
generation is high, with one-fifth of the total demand, this excess energy
can be used for producing hydrogen which can be further used, or for
other purposes.

3.3.2. Analysis of the influence of EVs as primary energy storage system
and sensitivity analysis on EV volume

This analysis focuses on examining the benefits of having EVs as
energy storage devices. The EU is looking to stop the sales of internal
combustion engine vehicles by 2035 and phase all internal combustion
vehicles by 2050, implying that light-duty vehicles will be powered by
hydrogen, electricity or biofuel [101]. In 2050, the prediction shows 60
% of the total vehicle fleets will be EVs. Considering this, having EVs as
energy storage devices would be remarkable. By comparing EV as ESS,
we estimate the total ESS replaced by EV through V2G. This study
considers PHS as a secondary ESS. The secondary storage represents all
the storage available in Spain. It is not necessary to increase the capacity
of PHS in order to meet the secondary capacity requirement of an ESS
from this study; there can be another storage system installed in its
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place.
As in section 3.2.2, this analysis also serves the two main purposes,

1. To identify the amount of ESS required if EV is not employed.
2. Analyse how changes in EV numbers influence the total energy flow
and system performance.

We identify 235 GW of PV and 328 GW of wind as the best combi-
nation to have zero energy shortage with 50 TWh import and 17 TWh
export. Starting from 0 EVs participating in V2G to 28.7 million EVs
(which is the total light-duty vehicles in 2021) and the model identifies
the secondary energy storage required to meet zero energy shortage in
each case. To identify the influence of EV volume on results, we perform
a sensitivity analysis on EV volume ranging from 0 EVs to 28.7 million
EVs in the 2050 scenario as well. Fig. 13a shows the simulation results
from the analysis of EV number and secondary ESS requirement and
Fig. 13b shows the simulation results of the impact of change in EV
volume on hourly reliability and self-sufficiency.

Fig. 13a shows the importance of EVs as an energy storage system
and ESS demand if EVs are not used for energy storage purposes.
Focusing on the 2050 scenario with 60 % of the total light-duty vehicles
as EVs and 5535 MW PHS installation, the excess energy generation is
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204 TWh. If the number of EVs participating in V2G decreases, the
storage through V2G decreases and to maintain the same self-
sufficiency, hourly reliability and energy shortage point, the system
needs more secondary ESS systems. If no EV participates in V2G, the
approximate requirement of ESS is 2750 GW of new storage units. If EVs
replace fossil cars, at a slower pace, e.g.: 40 % of EVs (11.5 million EVs)
out of all light-duty vehicles in 2050, to have a 100 % self-sufficiency
system which provides 97 % of energy from RES, the system needs
1077 GW of new storage units. Further having more EVs, i.e., 50 % and
60 % reduces the requirement of the new storage system to 540 GW and
30 GW respectively.

Fig. 13b shows the impact of the change in EV volume in the 2050
scenario with no new addition to secondary ESS. When EV growth is
slower than anticipated, with 11.48 million EVs (40 % EVs) in 2050,
without any new energy storage units in the system, self-sufficiency
decreases. From Fig. 13b, we can observe that the self-sufficiency de-
creases to 98.6 % with an hourly reliability of 99 %. With no EV con-
nected to the grid through V2G, the system reliability reduces to 93 %
with hourly reliability of 94 %.

3.3.3. Sensitivity analysis on V2G acceptance and battery availability

As explained in section 3.2.3, V2G technology provides attractive
energy storage possibilities, using the batteries of electric vehicles.
However, the balancing potential of V2G technology is dependent on
several factors such as V2G acceptance rate and range anxiety [96-100].
In this analysis, we investigate the effects of these two prime variables
on V2G’s energy storage and flow capacity in the initial results.

In the initial simulation, we assume 10 % V2G acceptance with 80 %
battery availability, with a maximum SOC of 100 % and minimum SOC
of 10 %. In this analysis, we simulated different V2G acceptance rates,
from 0 to 100 %, and battery capacity ranging from 20 % to 80 %
reserved for V2G purposes. For the simulation, we consider 235 GW of
PV and 328 GW of wind energy installation with 17.22 million EVs (60
% of total light-duty vehicles) connected to the grid through a 22-kW bi-
directional charger. Fig. 14 shows the results of the simulation. Fig. 14a
shows the simulation results on the influence of V2G acceptance and
battery availability on system performance and Fig. 14b shows the in-
fluence of V2G acceptance and battery availability on EV energy flow
and charging cycles per year. Since the change in self-sufficiency is
small, the self-sufficiency of the plot starts from 94 % and on a different
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scale (on the Y axis).

From Fig. 14a, we can observe that the self-sufficiency of the RE
system is declining as the V2G acceptance rate and battery availability
drop, the same as the results in section 3.2.3. With a lower V2G accep-
tance rate, fewer EVs are connected to the grid for energy transfer and
the total ESS capacity available through V2G decreases. This will reduce
the energy storage and retrieval potential. This leads to excess energy
generation during peak production periods and energy shortage during
peak demand periods, as shown in Fig. 14a. This reduces the self-
sufficiency and the hourly reliability of the system. While for the same
V2G acceptance rate, a decrease in available battery capacity for V2G
service also reduces the storage capacity through V2G service. This will
result in the reduction of self-sufficiency and hourly reliability of the
system.

Fig. 14b shows the change in energy flow through EVs and the
number of charging cycles dedicated for V2G purposes for different
operational scenarios. From the results, we can observe that an EV has to
go through more charging cycles with lower V2G acceptance rates. In
addition to this, lower V2G acceptance reduces the maximum possible
storage/extraction, and hence the energy flow. Considering the battery
availability, the lower battery capacity dedicated to V2G has to go
through fewer charging cycles for lower V2G acceptance scenarios. For
the 10 % V2G acceptance scenario, EVs have to go through only 60
charging cycles/year for 20 % battery availability compared to 160
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cycles EV has to go through per year for an 80 % battery availability
scenario. It is because an EV with a higher battery dedicated facilitates
more energy flow, which leads to more charging/discharging cycles,
while with lower battery dedicated to V2G only facilitates small energy
flow with a small battery capacity for storage. With a V2G acceptance
rate, a low V2G acceptance rate puts more pressure on each vehicle.
With 10 % V2G acceptance and 50 % battery availability, each EV has to
go through 116 full charging cycles as compared to 73 and 54 charging
cycles with 30 % and 50 % V2G acceptance.

From the results, we can observe that with 50 % V2G acceptance and
50 % battery availability, we lose approximately 1 % self-sufficiency
(hourly reliability — 99.4) as compared to the scenario with 100 %
V2G acceptance and 80 % battery availability (hourly reliability —
99.9). The results also show a 30 % V2G acceptance rate with 50 %
battery availability helps to achieve 99.1 % hourly reliability with 98.6
% system self-sufficiency. Subsequently, the study indicates that V2G
services using EV batteries substantially can reduce RES intermittency
issues, also if less than half of the owners are willing to be part of the
V2G service.

4. Discussion

Renewable energy systems are crucial in order to mitigate the chal-
lenges of climate change. To support sustainable development in Spain,
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the Spanish government introduced future energy goals. Building sus-
tainable energy solutions is not only about deploying wind turbines and
solar panels; it is about transforming our energy infrastructure at its core
by reimagining how we generate, store, and distribute power. To sup-
port a sustainable future with RES, it is essential to have an energy
storage system as well to overcome the intermittency. In this study, we
examine the possibility of using EV batteries to store energy through
V2G technology.

The study results presented in sections 3.2 and 3.3 show that V2G can
positively support Spain in achieving its energy goals by using EV bat-
teries to store energy without the need for new ESS. The results from
sections 3.2.1 and 3.3.1 show that 100 % energy generation within the
country demands more RES installations. With all energy generation in-
house, the RES needs to meet the energy demands at all times, which is
not practical due to the intermittent nature of RES, even with the energy
storage option. There would be a time when ESS does have not sufficient
energy to meet the peak demands. The results show that even for RE
supported grid, it is vital to have an external source (such as a reserve
power plant or energy import from the neighbouring country) to support
the peak demand periods. The results showed that energy trade helps to
reduce the total RES installation needed to cover internal energy de-
mand. In the 2030 scenario, with 18 TWh energy import, the model
estimates a requirement of 120 GW of PV and 100 GW of wind energy in
combination with 3.15 million EVs to meet the 42 % share in the annual
energy mix. Comparing with the latest update on the estimates, which is
to have 214 GW of total installed capacity by 2030. This includes 160
GW from renewable generation and 22 GW from various forms of stor-
age [102].

The plan for 2030 includes the new installation of hydropower and
combined gas power plants with carbon capture, which is not included
in the model. Instead, the model considers PV and wind to replace such
installations. With the energy storage system, the plan is to include 22
GW of new storage system. With V2G technology, 22 GW storage can be
achieved through 220,000 EVs, with a 100-kWh battery considering
100 % V2G acceptance and battery availability. With immense in-
vestments in sustainable solutions and rapid deployments of new tech-
nologies, governmental policy can encourage V2G. However, 100 %
V2G acceptance and battery availability from the community is impos-
sible, as these are the main obstacles in V2G [96,98,103]. A more
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realistic scenario will be in 2030 with 50 kWh battery capacity, 50 %
V2G acceptance and 50 % battery dedicated for V2G purposes, 1.76
million EVs can provide 22 GW energy storage. Further going down with
40 % V2G acceptance and 40 % battery dedicated for V2G, 2.75 million
EVs still can provide 22 GW energy storage. Focusing on the electrifying
transportation sector with EVs, it is wise to use them to their full po-
tential to reduce the carbon footprint from new installations. In addition
to this, V2G offers higher rated output contrary to normal ESS. To
facilitate V2G, it is essential to connect EVs to their chargers when not in
operation. Connecting one million EVs to the grid through a 7 kW di-
directional charger gives a rated power of 7 GW. From 22 GW storage
with a service duration of 8 h only gives a rated output of 2.75 GW.
The results from sections 3.2.2 and 3.3.2 show the impact of EV as
ESS. The results show that V2G facilitates a large capacity of virtual
energy storage system (based on V2G acceptance and battery avail-
ability ratio). For the 2030 scenario, the analysis focuses on 3.15 million
EVs with 100 % V2G acceptance and 80 % battery availability. This
provides a total capacity of 252 GWh storage potential. To replace this
storage potential provided by the EV fleet, 122 GW installation of sec-
ondary ESS is required. For the 2050 scenario, the model estimates that
the EV provide a total storage capacity of 1.4 TW and 2.7 TW of sec-
ondary ESS is required to replace the storage capacity provided by the
EV. Even though 100 % V2G acceptance and 80 % battery availability
seem optimistic, the results also show in such conditions, the total
charging cycles the vehicle has to go through is 85 cycles in the 2030
scenario and 44 cycles in the 2050 scenario. Considering the former
assumption for V2G acceptance and battery dedicated for a duration of
10 years, under the 2030 scenario, the vehicle has to go through a total
of 850 cycles under the 2030 scenario and 440 cycles under the 2050
scenario, both of which are less than the total number of cycles a battery
has to go through to reach the end of life (2000 cycles) However,
reducing V2G acceptance and battery availability put more pressure on
the vehicles participating on V2G technology and the number of cycles
per year increases, as shown in the result in the section 3.2.3 and 3.3.3.
Furthermore, the study by Thingvad et al [104] shows a battery
degradation of 10 % and 17.8 % for a period of 2 years and 5 years with a
23 kWh battery delivering primary frequency regulation for 15 h per day
with a daily energy throughput of 50.6 kWh respectively. Analysing
different battery charging strategies for EVs by Bui et al [105], the study
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reports a battery degradation of 0.0165 % with V2G against 0.0140 %
for a week of EV usage. The additional degradation of 0.0025 %/week of
capacity fade is experienced by the battery due to V2G technology,
which is 17 % higher than normal battery degradation. Nevertheless,
very little research has been done on the practical implementation of
V2G technology, it is essential for battery degradation analysis to
explicitly confirm the battery degradation under the V2G process and to
perform an economic analysis to identify the incentives that have to be
offered to the EV users to participate in V2G technology. With proper
changes in policies to support V2G along with proper research on V2G
effects on battery and financial incentives, it may be possible to have
higher V2G acceptance and batteries dedicated to V2G in the real world.

Despite uncertainties about the viability of using EVs as ESS in the
future, advanced research in the automobile sector supports the wide-
scale implementation of V2G technology in the future. The introduction
of autonomous vehicles plays a pivotal role, as cutting-edge automobiles
incorporate onboard intelligent control systems that can actively
monitor V2G interactions and battery functionalities. This seamless
integration ensures optimal performance and efficient energy utiliza-
tion. Moreover, ongoing advancements in wireless charging technolo-
gies and centralized control mechanisms for charging and discharging
further contribute to the establishment of sophisticated smart V2G sys-
tems, minimizing the need for extensive human intervention. The
research and development in these areas are supporting an intelligent
energy grid that can leverage virtual ESS.

Nevertheless, we also acknowledge the potential challenges associ-
ated with V2G technology, such as a lower acceptance rate, insufficient
infrastructure; particularly the scarcity of charging stations, and the
influence of V2G on power grid energy dynamics. The European Union
(EU) is committed to achieving zero pollution from cars in 2040.
Consequently, there are plans to modernize the grid system and transi-
tion the entire infrastructure to accommodate electric transportation
systems. It is anticipated that sufficient charging stations will be
implemented to cater to the growing number of EVs. To enhance the
acceptance rate, it is required to make policy adjustments favouring V2G
and motivating EV owners to participate in V2G. Furthermore, Mehdi-
zadeh et al [106] and Parson et al [107] report high V2G participation
with monetary compensations which shows offering adequate V2G
compensation can also motivate EV owners to participate in V2G
technology.

With more EVs participating in V2G, it could influence the power
grid energy dynamics considerably. An uncontrolled charging process
can create voltage and frequency disturbances in the grid system. Un-
controlled charging can lead to voltage unbalances in weak low-voltage
grids, which can become a major power quality issue [108]. Some of the
previous studies show that proper charging and discharging of EVs can
control the problems caused to an extent [109-112]. The studies report
that careful planning of charging station placements, setting up systems
to initiate car charging at delayed times and employing smart control
systems can overcome the issues of grid issues from the uncontrolled
charging process [109-113]. While utilizing vehicle-to-grid (V2G)
technology presents challenges with a controlled charging process.
However, advanced, and smart control systems can overcome these
challenges. Through the centralised control system, the frequency and
voltage drop, or rise can be monitored and the rate of charging and
discharging of EVs can be controlled. The maximum charging and dis-
charging rate will be controlled by the charger power and advanced
control algorithms will effectively control the operation with the least
impact on the grid stability.

Furthermore, this conceptual study includes a few assumptions
which are realistic and simplified in the timeframe under consideration
within the model’s context. All these assumptions can be grouped as i)
simplified technical assumptions and ii) technically realistic. Simplified
technical assumptions represent realistic system behaviour of systems
that are too complex for modelling. These simplified assumptions aim to
make modelling these complex systems manageable and
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computationally less demanding, while sufficiently approaching real-
istic system functioning. The simplified technical assumptions consist of

e Fixed annual output in the hydropower system

e Considering the whole EV fleet as one big battery pack.
e Considering the electricity grid as a single grid system.
o Considering the 1:1 EV and charger ratio

Modelling of Hydropower systems to replicate real-world operation
needs to estimate the average head, water availability in reservoir and
turbine power. It is possible to model that for a single power plant. Doing
for a whole country makes it difficult. In addition to this, it is also
essential to address the water inflow in these reservoirs. As we cannot
predict the inflow precisely, capturing the physical characteristics is
complex. However, it is possible to co-simulate with another simulation
software to estimate the energy generation from hydropower. None-
theless, relying on historical hydro energy production data from previ-
ous years helps mitigate the impact of this simplified assumption. The
second simplified technical assumption is considering the whole EV fleet
as a big battery pack and not considering individual driving patterns for
reasons of the practicality of the mode development. Considering larger
fleets with millions of EVs with unique driving profiles requires millions
of data points and computational power to process the data each hour.
This requires no less than a supercomputer to simulate a period of 1 year,
which is challenging. To avoid this, in future studies, we plan to cluster
drivers with similar profiles and identify multiple such clusters for
simulation to reduce the need for high computational time and result in
more refined findings. The third simplified technical assumption of the
electricity grid is represented in a simplified manner as a single system.
In reality, the electricity generation and electricity consumption points
vary in the grid, which requires multilevel modelling of electricity sys-
tems. Since V2G technology is more emphasized in this study, a detailed
grid and computationally intensive grid model with high resolution is
not needed. In future studies, we plan to consider multiple energy
generation and consumption nodes instead of a single nationwide grid
system. Finally, acknowledging the last assumption, which assumes one
charger for each EV (1:1 ratio) parked while connected to the grid.
Although this ratio seems high compared to current charge point
availability, proper planning of infrastructure could pave the way for
more efficient and scalable charging solutions in the future. Develop-
ment in the field of wireless charging will also simplify the connectivity
challenge. The impact of lower charger-EV ratios is also explored in this
study by modelling different V2G acceptance rates, which can also be
interpreted as reflecting different availability rates of bidirectional
chargers. In addition to this, the model includes some technically real-
istic assumptions such as:

o the connection of EVs to the grid when they are not moving.

e 100 kWh battery capacity for EV

e 7 kW charger in the 2030 scenario and 22 kW charger in 2050
scenario

Technically realistic assumptions represent the system, which is not
available at present, but will be available in the near future, i.e., 2030
and 2050. Connecting EVs to chargers while not using them is not
practical now. However, several studies have shown that, in the future,
with the Internet of Things, automated vehicles and wireless DC char-
gers, EVs could be connected to chargers and grid when they are not in
use without any human involvement, which facilitates a controlled
charging process to maintain the grid frequency and stability
[114-116]. The second realistic assumption concerns the battery ca-
pacity of EVs. For the simulations, 100 kWh battery capacity is consid-
ered. Currently, the battery pack for EVs ranges from 40 kWh — to 120
kWh, with only a handful of EVs having battery capacity above 100
kWh. Since we have seen a big change in EV battery capacities, the
probability of reaching the assumed capacity is very high. Furthermore,
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more than 60 % or more of EV users now have a 7-kW uni-directional
charger. So, the probability of having a 7-kW bi-directional charger is
very high if the EV user has enough motivation to participate in V2G. To
increase the user’s willingness to participate, it is essential to update the
governmental policy to support V2G technology. V2G is a part of Spain’s
proposal for 2030 and 2050 goals. Assuming positive changes in policy
favouring V2G policies, having a 7-kW bidirectional charger in 2030 and
a 22-kW charger in 2050 is realistic.

The overall results show that there is a high potential in Spain for
V2G to support reaching energy targets by contributing to grid
balancing. The analysis shows EV numbers have a considerable influ-
ence on energy flow; the same influence is expected with battery
availability for V2G. Even though this case study focuses on Spain, the
results will be similar to other countries with similar solar irradiance and
wind profiles. However, changing the geographical location may lead to
different outcomes in results because of the varying nature of weather,
usage profile and RES generation profiles. To improve the understanding
of the supported grid, future studies will analyse and compare more
variables and countries from different latitudes and longitudes to iden-
tify the impact of V2G technology under different operating conditions.

5. Conclusion

This conceptual study identifies the potential of V2G technology to
use the batteries of EVs as a virtual ESS. Giving more attention to V2G
services as compared to ESS, this study analyses how large-scale inte-
gration of RES can benefit from V2G as an energy storage technology.
Analysing the 2030 and 2050 energy goals of Spain, this research article
shows the required RES installation to meet the demand, energy ex-
change possibilities and impacts along with the influence of V2G tech-
nology of a RE-supported grid.

To conduct the study, we develop a model in the Simulink platform
in MATLAB, and we validated it through a model comparison with the
Energyplan software. The model carries out the 2030 and 2050 scenario
analysis in 3 sections, which include analysis of RES installation and
excess energy generation (without external support or import, with
external support and with energy import), analysis of the influence of EV
as primary ESS and sensitivity analysis on EV volume and finally a
sensitivity analysis of V2G acceptance and battery availability for V2G
process.

The results show that having EV batteries as virtual ESS through V2G
technology would be a potential and sustainable option. To fulfil the
energy goals of Spain in 2030, to have 42 % of the total energy from RES,
the model estimates a requirement of 800 GW RES installations, without
any external support or energy imports. Considering the energy import
of 18 TWh, this installation goes down to a total RES requirement of 220
GW (120 GW PV and 100 GW wind energy) with 3.15 million EVs for
energy storage purposes. The 18 TWh import (less than 2 % of annual
demand) helps to meet the energy demand during peak periods and
reduces the RES installations by 70 %. The analysis of the 2050 scenario
also shows results in a similar pattern. To have 97 % of Spain’s energy
from RES, the model estimates a total RES requirement of 1300 GW
without any external support for energy import. With an import of 50
TWh (5 % of annual demand), this required RES installation goes down
to less than 600 GW (235 GW PV and 328 GW of wind energy) with 22.7
million EVs. The results from the analysis of the influence of EVs as
primary ESS and sensitivity analysis on EV volume show that 3.15
million EVs provide a huge storage capacity in 2030 and 122 GW
installation of secondary ESS is required to swap EVs to support the grid.
In 2050, EVs will provide a total storage capacity of 1.4 TW with 22.7
million EVs, and 2.7 TW of secondary ESS is required to replace the
storage capacity provided by the EV. This result shows the potential of
V2G technology to interconnect stand-alone EVs into a virtual ESS.
Furthermore, the studies on V2G acceptance and battery availability
show that higher battery availability and V2G acceptance led to more
energy flow through EVs and reduced charging cycles. When V2G
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acceptance or battery availability goes down, it affects the total storage
capacity negatively reduces energy flow and puts more effort into the
battery through more charging/discharging cycles. Nevertheless, this
study does not discuss further battery degradation, policy analysis and
economic analysis which is essential to identify the solutions to improve
the V2G acceptance rate. Further study is essential to determine the
battery degradation and economic aspects of V2G technology.

Appendix 3 shows the simulation results of the initial 30 h from the
Energyplan model. Observing hour 10, the electricity demand is 620
MW, while electricity generation from wind and PV is 1680 MW and
315 MW, respectively. Having an excess electricity generation of 1375
MW, the EV demand during that hour is 1083 MW. Because of 11 % EV
move during the hour, the model only uses 1016 MW of excess elec-
tricity for EVs (with 90 % charger efficiency, the energy reached by EV is
914 MW) and the rest of the excess electricity is used for export pur-
poses. Only satisfying 914 MW out of the 1083 MW requirement, the rest
of the electricity for travelling (169 MW) is taken from the EV batteries,
reducing the available electricity in the storage from 9086 MW to 8917
MW. The Simulink model also captures this dynamic nature of
simulation.
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Appendix 3 shows the simulation results of the initial 30 hours from
the Energyplan model. Observing hour 10, the electricity demand is 620
MW, while electricity generation from wind and PV is 1680 MW and 315
MW, respectively. Having an excess electricity generation of 1375 MW,
the EV demand during that hour is 1083 MW. Because of 11% EV move
during the hour, the model only uses 1016 MW of excess electricity for

EVs (with 90% charger efficiency, the energy reached by EV is 914 MW)
and the rest of the excess electricity is used for export purposes. Only
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satisfying 914 MW out of the 1083 MW requirement, the rest of the
electricity for travelling (169 MW) is taken from the EV batteries,
reducing the available electricity in the storage from 9086 MW to 8917

MW.

The Simulink model also captures this dynamic nature of

simulation.

Comparison of simulation results from the developed model and
Energyplan software

Fig. A4

References

[1]

[2

[}

[3

[t

[4

=

[5

=

[6

=

[7

—

[8

[}

[91

[10]

[11]
[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Wei L, Yi C, Yun J. Energy drive and management of smart grids with high
penetration of renewable sources of wind unit and solar panel. Int J Electr Power
Energy Syst 2021;29(January):106846. https://doi.org/10.1016/j.
jjepes.2021.106846.

European Commission, “A European Green Deal.” https://ec.europa.eu/info/
strategy/priorities-2019-2024/european-green-deal_en.

European Union, “2050 long-term strategy.” https://ec.europa.eu/clima/eu-
action/climate-strategies-targets/2050-long-term-strategy_en.

IRENA, “Towards 100% Renewable Energy: Status, Trends and Lessons Learned,”
pp. 1-48, 2019, [Online]. Available: https://coalition.irena.org/-/media/Files/
IRENA/Coalition-for-Action/IRENA_Coalition_100percentRE_2019.pdf.
International Energy Agency, “Net zero by 2050.” https://www.iea.org/reports/
net-zero-by-2050.

International Energy Agency. Conditions and Requirements for the Technical
Feasibility of a Power System with a High Share of Renewables in France Towards
2050. In: Conditions and Requirements for the Technical Feasibility of a Power
System with a High Share of Renewables in France towards 2050; 2021. https://
doi.org/10.1787/6be9f3ac-en.

Caglayan DG, Heinrichs HU, Robinius M, Stolten D. Robust design of a future
100% renewable european energy supply system with hydrogen infrastructure.
Int J Hydrogen Energy 2021;46(57):29376-90. https://doi.org/10.1016/j.
ijhydene.2020.12.197.

Denholm P, et al. The challenges of achieving a 100% renewable electricity
system in the United States. Joule 2021;5(6):1331-52. https://doi.org/10.1016/
j.joule.2021.03.028.

M. Z. Jacobson, M. A. Delucchi, M. A. Cameron, and B. A. Frew, “Low-cost
solution to the grid reliability problem with 100% penetration of intermittent
wind, water, and solar for all purposes,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 112, no. 49, pp. 15060-15065, 2015,
doi: 10.1073/pnas.1510028112.

S. Teske, T. Morris, and K. Nagrath, “100% Renewable Energy for Tanzania —
Access to renewable and affordable energy for all within one generation. Report
prepared by ISF for Bread for the World,” 2017.

S. Teske, T. Morris, and K. Nagrath, “100-Renewable-Energy-for-Bangladesh.pdf.”
2019.

S. Teske, T. Morris, and K. Nagrath, “100% Renewable energy for Costa Rica.,”
2020, [Online]. Available: www.isf.uts.edu.au.

Blakers A, Lu B, Stocks M. 100% renewable electricity in Australia. Energy 2017;
133:471-82. https://doi.org/10.1016/j.energy.2017.05.168.

Azzuni A, Aghahosseini A, Ram M, Bogdanov D, Caldera U, Breyer C. Energy
security analysis for a 100% renewable energy transition in Jordan by 2050.
Sustainability (switzerland) 2020;12(12):4921. https://doi.org/10.3390/
SU12124921.

Child M, Kemfert C, Bogdanov D, Breyer C. Flexible electricity generation, grid
exchange and storage for the transition to a 100% renewable energy system in
Europe. Renew Energy 2019;139:80-101. https://doi.org/10.1016/].
renene.2019.02.077.

Child M, Bogdanov D, Aghahosseini A, Breyer C. The role of energy prosumers in
the transition of the Finnish energy system towards 100 % renewable energy by
2050. Futures 2020;124(October):102644. https://doi.org/10.1016/j.
futures.2020.102644.

Child M, Nordling A, Breyer C. The impacts of high V2G participation in a 100%
renewable dland energy system. Energies 2018;11(9):1-19. https://doi.org/
10.3390/en11092206.

Cheng C, Blakers A, Stocks M, Lu B. 100% renewable energy in Japan. Energ
Conver Manage 2022;255:115299. https://doi.org/10.1016/j.
enconman.2022.115299.

Furubayashi T. Design and analysis of a 100% renewable energy system for Akita
prefecture, Japan. Smart Energy 2021;2:100012. https://doi.org/10.1016/j.
segy.2021.100012.

Hrncié B, Pfeifer A, Juri¢ F, Duié¢ N, Ivanovi¢ V, Vusanovi¢ I. Different investment
dynamics in energy transition towards a 100% renewable energy system. Energy
2021;237. https://doi.org/10.1016/j.energy.2021.121526.

Chen X, Xiao J, Yuan J, Xiao Z, Gang W. Application and performance analysis of
100% renewable energy systems serving low-density communities. Renew Energy
2021;176:433-46. https://doi.org/10.1016/j.renene.2021.05.117.

X. Xu, Z. Zhang, J. Yuan, and J. Shao, “Design and multi-objective comprehensive
evaluation analysis of PV-WT-BG-Battery hybrid renewable energy systems in
urban communities,” 2023, doi: 10.1016/j.ecmx.2023.100357.

22

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Energy Conversion and Management: X 22 (2024) 100545

Schlachtberger DP, Becker S, Schramm S, Greiner M. Backup flexibility classes in
emerging large-scale renewable electricity systems. Energ Conver Manage 2016;
125:336-46. https://doi.org/10.1016/j.enconman.2016.04.020.

Thellufsen JZ, et al. Smart energy cities in a 100% renewable energy context.
Renew Sustain Energy Rev 2019;129(November):2020. https://doi.org/10.1016/
j.rser.2020.109922.

Lu B, Blakers A, Stocks M. 90-100% renewable electricity for the South West
Interconnected System of Western Australia. Energy 2017;122:663-74. https://
doi.org/10.1016/j.energy.2017.01.077.

Energy Systems Group Integration, “Renewable Energy Pathways : Needs,” no
October, 2019.

European Commission, “Energy storage — the role of electricity,” Commission Staff
Working Document, p. 25, 2017, [Online]. Available: https://ec.europa.eu/
energy/sites/ener/files/documents/swd2017_61_document_travail_service_partl_
v6.pdf.

International Renewable Energy Agency 2017;no. October:132 [Online].
Available: http://irena.org/publications/2017/Oct/Electricity-storage-and
-renewables-costs-and-markets%0Ahttps://www.irena.org/-/media/Files/IRENA
/Agency/Publication/2017/Oct/IRENA Electricity_Storage_Costs_2017.pdf.
Bloomberg, “Global Energy Storage Market Set to Hit One Terawatt-Hour by
2030,” 2021. https://about.bnef.com/blog/global-energy-storage-market-set-to-
hit-one-terawatt-hour-by-2030/.

U.S Department of Energy, “Energy Storage Grand Challenge : Energy Storage
Market Report,” 2020.

Tan KM, Babu TS, Ramachandaramurthy VK, Kasinathan P, Solanki SG,
Raveendran SK. Empowering smart grid: A comprehensive review of energy
storage technology and application with renewable energy integration. J Storage
Mater 2021;39(February):102591. https://doi.org/10.1016/j.est.2021.102591.

1. International renewable energy agency, “Electricity storage and renewables
Costs and markets to 2030”. https://www.irena.org/publications/2017/Oct/
Electricity-storage-and-renewables-costs-and-markets.

Schmidt O, Melchior S, Hawkes A, Staffell I. Projecting the Future Levelized Cost
of Electricity Storage Technologies. Joule 2019;3(1):81-100. https://doi.org/
10.1016/j.joule.2018.12.008.

Rahman MM, Gemechu E, Oni AO, Kumar A. The development of a techno-
economic model for assessment of cost of energy storage for vehicle-to-grid
applications in a cold climate. Energy 2023;vol. 262, no. PA:125398. https://doi.
org/10.1016/j.energy.2022.125398.

Mayyas A, Wei M, Levis G. Hydrogen as a long-term, large-scale energy storage
solution when coupled with renewable energy sources or grids with dynamic
electricity pricing schemes. Int J Hydrogen Energy 2020;45(33):16311-25.
https://doi.org/10.1016/j.ijjhydene.2020.04.163.

Wu Q, et al. “Driving Pattern Analysis for Electric Vehicle (EV). Grid Integration
Study” 2010. https://doi.org/10.1109/ISGTEUROPE.2010.5751581.

Bostrom T, Babar B, Hansen JB, Good C. The pure PV-EV energy system — A
conceptual study of a nationwide energy system based solely on photovoltaics
and electric vehicles. Smart Energy 2021;1:100001. https://doi.org/10.1016/j.
segy.2021.100001.

S. Sagaria and T. Bostrom, “Electric vehicle and vehicle to grid technology
influence on renewable energy supported grid — a case study on Germany,” 2022,
[Online]. Available: https://ieeexplore.ieee.org/abstract/document/10048075.
Ben Sassi H, Alaoui C, Errahimi F, Es-Sbai N. Vehicle-to-grid technology and its
suitability for the Moroccan national grid. J Storage Mater 2021;33(May):2020.
https://doi.org/10.1016/j.est.2020.102023.

Elkholy MH, et al. Techno-economic configuration of a hybrid backup system
within a microgrid considering vehicle-to-grid technology: A case study of a
remote area. Energ Conver Manage Feb. 2024;301:118032. https://doi.org/
10.1016/J.ENCONMAN.2023.118032.

Zheng Y, Shao Z, Jian L. The peak load shaving assessment of developing a user-
oriented vehicle-to-grid scheme with multiple operation modes: The case study of
Shenzhen, China. Sustain Cities Soc 2021;vol. 67, no. January:102744. https://
doi.org/10.1016/j.5¢5.2021.102744.

Bibak B, Tekiner-Mogulkoc H. “Influences of vehicle to grid (V2G) on power grid:
An analysis by considering associated stochastic parameters explicitly”,
Sustainable Energy. Grids and Networks 2021;26. https://doi.org/10.1016/j.
segan.2020.100429.

Li X, et al. A cost-benefit analysis of V2G electric vehicles supporting peak
shaving in Shanghai. Electr Pow Syst Res 2020;179(September). https://doi.org/
10.1016/j.epsr.2019.106058.

Drude L, Pereira Junior LC, Riither R. Photovoltaics (PV) and electric vehicle-to-
grid (V2G) strategies for peak demand reduction in urban regions in Brazil in a
smart grid environment. Renew Energy 2014;68:443-51. https://doi.org/
10.1016/j.renene.2014.01.049.

S. Sagaria, G. Duarte, D. Neves, and P. Baptista, “Photovoltaic integrated electric
vehicles: Assessment of synergies between solar energy, vehicle types and usage
patterns,” Journal of Cleaner Production, vol. 348, no. March, p. 131402, 2022,
doi: 10.1016/j.jclepro.2022.131402.

Schuller A, Flath CM, Gottwalt S. Quantifying load flexibility of electric vehicles
for renewable energy integration. Appl Energy Aug. 2015;151:335-44. https://
doi.org/10.1016/J.APENERGY.2015.04.004.

Mehrjerdi H, Rakhshani E. Vehicle-to-grid technology for cost reduction and
uncertainty management integrated with solar power. J Clean Prod Aug. 2019;
229:463-9. https://doi.org/10.1016/J.JCLEPR0O.2019.05.023.

Nezamoddini N, Wang Y. Risk management and participation planning of electric
vehicles in smart grids for demand response. Energy Dec. 2016;116:836-50.
https://doi.org/10.1016/J. ENERGY.2016.10.002.


https://doi.org/10.1016/j.ijepes.2021.106846
https://doi.org/10.1016/j.ijepes.2021.106846
https://doi.org/10.1787/6be9f3ac-en
https://doi.org/10.1787/6be9f3ac-en
https://doi.org/10.1016/j.ijhydene.2020.12.197
https://doi.org/10.1016/j.ijhydene.2020.12.197
https://doi.org/10.1016/j.joule.2021.03.028
https://doi.org/10.1016/j.joule.2021.03.028
https://doi.org/10.1016/j.energy.2017.05.168
https://doi.org/10.3390/SU12124921
https://doi.org/10.3390/SU12124921
https://doi.org/10.1016/j.renene.2019.02.077
https://doi.org/10.1016/j.renene.2019.02.077
https://doi.org/10.1016/j.futures.2020.102644
https://doi.org/10.1016/j.futures.2020.102644
https://doi.org/10.3390/en11092206
https://doi.org/10.3390/en11092206
https://doi.org/10.1016/j.enconman.2022.115299
https://doi.org/10.1016/j.enconman.2022.115299
https://doi.org/10.1016/j.segy.2021.100012
https://doi.org/10.1016/j.segy.2021.100012
https://doi.org/10.1016/j.energy.2021.121526
https://doi.org/10.1016/j.renene.2021.05.117
https://doi.org/10.1016/j.enconman.2016.04.020
https://doi.org/10.1016/j.rser.2020.109922
https://doi.org/10.1016/j.rser.2020.109922
https://doi.org/10.1016/j.energy.2017.01.077
https://doi.org/10.1016/j.energy.2017.01.077
http://irena.org/publications/2017/Oct/Electricity-storage-and-renewables-costs-and-markets%250Ahttps://www.irena.org/-/media/Files/IRENA/Agency/Publication/2017/Oct/IRENA_Electricity_Storage_Costs_2017.pdf
http://irena.org/publications/2017/Oct/Electricity-storage-and-renewables-costs-and-markets%250Ahttps://www.irena.org/-/media/Files/IRENA/Agency/Publication/2017/Oct/IRENA_Electricity_Storage_Costs_2017.pdf
http://irena.org/publications/2017/Oct/Electricity-storage-and-renewables-costs-and-markets%250Ahttps://www.irena.org/-/media/Files/IRENA/Agency/Publication/2017/Oct/IRENA_Electricity_Storage_Costs_2017.pdf
https://doi.org/10.1016/j.est.2021.102591
https://doi.org/10.1016/j.joule.2018.12.008
https://doi.org/10.1016/j.joule.2018.12.008
https://doi.org/10.1016/j.energy.2022.125398
https://doi.org/10.1016/j.energy.2022.125398
https://doi.org/10.1016/j.ijhydene.2020.04.163
https://doi.org/10.1109/ISGTEUROPE.2010.5751581
https://doi.org/10.1016/j.segy.2021.100001
https://doi.org/10.1016/j.segy.2021.100001
https://doi.org/10.1016/j.est.2020.102023
https://doi.org/10.1016/J.ENCONMAN.2023.118032
https://doi.org/10.1016/J.ENCONMAN.2023.118032
https://doi.org/10.1016/j.scs.2021.102744
https://doi.org/10.1016/j.scs.2021.102744
https://doi.org/10.1016/j.segan.2020.100429
https://doi.org/10.1016/j.segan.2020.100429
https://doi.org/10.1016/j.epsr.2019.106058
https://doi.org/10.1016/j.epsr.2019.106058
https://doi.org/10.1016/j.renene.2014.01.049
https://doi.org/10.1016/j.renene.2014.01.049
https://doi.org/10.1016/J.APENERGY.2015.04.004
https://doi.org/10.1016/J.APENERGY.2015.04.004
https://doi.org/10.1016/J.JCLEPRO.2019.05.023
https://doi.org/10.1016/J.ENERGY.2016.10.002

S. Sagaria et al.

[49]

[50]

[51]

[52]

[53]

[54]

[55]
[56]

[57]

[58]

[59]

[60]
[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]
[70]

[71]
[72]

[73]

[74]
[75]

[76]

[77]

[78]

[79]

Zhao G, Baker J. Effects on environmental impacts of introducing electric vehicle
batteries as storage - A case study of the United Kingdom. Energ Strat Rev Mar.
2022;40:100819. https://doi.org/10.1016/J.ESR.2022.100819.

Wang M, Craig MT. The value of vehicle-to-grid in a decarbonizing California
grid. J Power Sources 2021;513:230472. https://doi.org/10.1016/j.
jpowsour.2021.230472.

M. Huda, T. Koji, and M. Aziz, “Techno Economic Analysis of Vehicle to Grid
(V2G) Integration as Distributed Energy Resources in Indonesia Power System,”
doi: 10.3390/en13051162.

B. Tarroja, L. Zhang, V. Wifvat, B. Shaffer, and S. Samuelsen, “Assessing the
stationary energy storage equivalency of vehicle-to-grid charging battery electric
vehicles,” 2016, doi: 10.1016/j.energy.2016.03.094.

Carrion M, Minano RZ. Operation of renewable-dominated power systems with a
significant penetration of plug-in electric vehicles. Energy 2015. https://doi.org/
10.1016/j.energy.2015.07.111.

Yale Environment 360, “Wind Became Spain’s Biggest Power Source In 2021.”
https://e360.yale.edu/digest/wind-became-spains-biggest-power-source-in-
2021.

International Energy Agency, “Spain 2021-Energy Policy Review,” 2021.
[Online]. Available: https://www.iea.org/reports/spain-2021.

International Energy Agency, “Spain energy consumption,” 2023. https://www.
iea.org/countries/spain.

Sandels C, Widén J, Nordstrom L. Forecasting household consumer electricity
load profiles with a combined physical and behavioral approach. Appl Energy
2014;131:267-78. https://doi.org/10.1016/j.apenergy.2014.06.048.

Eurostat, “Eurostat - Final energy consumption.” https://ec.europa.eu/eurostat/
%O0Adatabrowser/view/t2020_34/default/table?lang'sen.

Sahin U. Future of renewable energy consumption in France, Germany, Italy,
Spain, Turkey and UK by 2030 using optimized fractional nonlinear grey
Bernoulli model. Sustainable Production and Consumption 2021;25:1-14.
https://doi.org/10.1016/j.spc.2020.07.009.

H. Ritchie and M. Roser, “Spain: Energy Country Profile,” Our World in Data.
https://ourworldindata.org/energy/country/spain.

Energypedia, “Flexibility (Power System).” https://energypedia.info/wiki/
Flexibility_(Power_System).

Wacket M. Germany aims to get 100% of energy from renewable sources by 2035.
Reuters 2022. https://www.reuters.com/business/sustainable-business/german
y-aims-get-100-energy-renewable-sources-by-2035-2022-02-28/.

Glensk B, Madlener R. The value of enhanced flexibility of gas-fired power plants :
A real options analysis. Appl Energy 2019;251(December). https://doi.org/
10.1016/j.apenergy.2019.04.121.

Agora Energiewende, “Flexibility in thermal power plants.” [Online]. Available:
https://www.agora-energiewende.de/fileadmin/Projekte/2017/Flexibility_in_
thermal_plants/115 _flexibility-report-WEB.pdf.

BBC, “facebook’s data sharing deals exposed.” https://www.bbc.com/news/
technology-46618582.

Statista, “Installed solar photovoltaic power capacity in Spain from 2009 to
2020,” 2021. https://www.statista.com/statistics/1003707/installed-solar-pv-
capacity-in-spain/.

Statista, “Annual electricity generation from solar photovoltaic power in Spain
from 2009 to 2020,” 2021. https://www.statista.com/statistics/1007411/
electricity-generation-from-solar-pv-power-in-spain/.

EU SCIENCE HUB, “PHOTOVOLTAIC GEOGRAPHICAL INFORMATION
SYSTEM.” https://re.jrc.ec.europa.eu/pvg_tools/en/#PVP.

“RED Electrica de Espana.” https://www.ree.es/es/datos.

ANDRITZ, “Spain - Sun, wind and hydropower,” [Online]. Available: https://
www.andritz.com/hydro-en/hydronews,/hn-europe/spain.

RED electrica de Espana, “renewable energy generation,” [Online]. Available:
https://www.ree.es/en/datos/generation/renewable-structure.

Climatemps, “Climate, Average Weather of Spain.” http://www.spain.
climatemps.com/index.php.

Statista, “Cumulative hydropower capacity in Spain from 2010 to 2022,” 2022.
https://www.statista.com/statistics/1003340/installed-hydropower-capacity-in-
spain/.

“Electric Vehicle database.” https://ev-database.org/.

Kostopoulos ED, Spyropoulos GC, Kaldellis JK. Real-world study for the optimal
charging of electric vehicles. Energy Rep 2020;6:418-26. https://doi.org/
10.1016/j.egyr.2019.12.008.

REUTERS, “Spain to invest $5.1 bln in electric vehicle production.” https://www.
reuters.com/business/autos-transportation/spain-invest-43-bln-euros-electric-
vehicle-production-2021-07-12/.

Statista, “Number of registered passenger cars in Spain between 2010 and 2020,”
2023. [Online]. Available: https://www.statista.com/statistics/452310/spain-
number-of-registered-passenger-cars/#:~:text=Spain has one of the,million cars
registered in 2020.

Deloitte, “A sustainable energy model for Spain in 2050 Policy recommendations
for the energy transition,” 2016. [Online]. Available: https://www2.deloitte.
com/content/dam/Deloitte/es/Documents/estrategia/deloitte-es-monitor-
deloitte-a-sustainable-energy-model-for-spain-in-2050.pdf.

European Environment agency, “Electric vehicles and the energy sector - impacts
on Europe’s future emissions,” 2021. [Online]. Available: https://www.eea.
europa.eu/publications/electric-vehicles-and-the-energy.

23

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]
[89]
[90]
[91]

[92]

[93]
[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

Energy Conversion and Management: X 22 (2024) 100545

Statista, “Pure pumped storage capacity in Spain from 2008 to 2020.” https://
www.statista.com/statistics/867906/pure-pumped-storage-capacity-in-spain/.
Statista, “Annual electricity generation from pumped-storage hydropower in
Spain from 2009 to 2020.” https://www.statista.com/statistics/1006420/
pumped-storage-hydroelectricity-generation-in-spain/.

H. Electric, “Energy storage.” https://web.archive.org/web/20151118171429/
http://www.heco.com/portal/site/heco/
menuitem.508576f78baal4340b4c0610c510b1ca/?vgnextoid=94600420af
0db110VgnVCM1000005c011bacRCRD&vgnextchannel=ab020420af0db110
VgnVCM1000005c011bacRCRD&vgnextfmt=default&vgnextre.

L. O. for S. (ISO), “ISO 9000:2015.” https://www.iso.org/obp/ui/#iso:std:iso:
9000:ed-4:v1:en.

International Energy Agency, “Perspectives on the Validation of Energy System
Models,” 2011. [Online]. Available: https://iea-etsap.org/workshop/
stanforduniversity_california_2011/hoffman - perspectives on validation -etsap.
pdf.

P. A. Ostergaard, H. Lund, J. Z. Thellufsen, P. Sorknes, and B. V. Mathiesen,
“Review and validation of EnergyPLAN,” Renewable and Sustainable Energy
Reviews, vol. 168, no. June, 2022, doi: 10.1016/j.rser.2022.112724.

Smiatek J, Jung A, Bluhmki E. “Validation Is Not Verification. Precise
Terminology and Scientific Methods in Bioprocess Modeling” 2021. https://doi.
org/10.1016/j.tibtech.2021.04.003.

Herskovitz P. A Theoretical Framework For Simulation Validation: Popper’S
Falsifications. Int J Model Simul Jan. 1991;11(2):51-5. https://doi.org/10.1080/
02286203.1991.11760122.

Rykiel EJ. Testing ecological models: the meaning of validation. Ecol Model Nov.
1996;90(3):229-44. https://doi.org/10.1016/0304-3800(95)00152-2.

H.-H. Wang and W. E. Grant, “How good (‘valid’) are models?,” vol. 31, pp.
191-214, Jan. 2019, doi: 10.1016/B978-0-444-64163-2.00010-4.

Collier ZA, Lambert JH. “principles and Methods of Model Validation for Model
Risk Reduction™” 2019;39:146-53. https://doi.org/10.1007/510669-019-09723-5.
Henderson SG, et al. VERIFICATION AND VALIDATION OF SIMULATION
MODELS. Inter Simulation Conference 2007.

Refsgaard JC, Henriksen HJ. Modelling guidelines—terminology and guiding
principles. Adv Water Resour Jan. 2004;27(1):71-82. https://doi.org/10.1016/J.
ADVWATRES.2003.08.006.

EnergyPlan, “EnergyPlan Software.” http://www.energyplan.eu/.

Zhong J, Bollen M, Ronnberg S. Towards a 100% renewable energy electricity
generation system in Sweden. Renew Energy 2021;171:812-24. https://doi.org/
10.1016/j.renene.2021.02.153.

Sagaria, Shemin, M. van der Kam, and T. Bostrom, “The Influence of Socio-
Technical Variables on Vehicle-to-Grid Technology,” no. May, pp. 1-34, 2023,
[Online]. Available: https://papers.ssrn.com/sol3/papers.cfm?abstract_
1id=4464807.

Geske J, Schumann D. Willing to participate in vehicle-to-grid (V2G)? Why not!
Energy Policy 2018;120(March):392-401. https://doi.org/10.1016/j.
enpol.2018.05.004.

Kester J, Noel L, Zarazua de Rubens G, Sovacool BK. Promoting Vehicle to Grid
(V2G) in the Nordic region: Expert advice on policy mechanisms for accelerated
diffusion. Energy Policy 2018;116(March):422-32. https://doi.org/10.1016/j.
enpol.2018.02.024.

B. K. Sovacool, L. Noel, J. Axsen, and W. Kempton, “The neglected social
dimensions to a vehicle-to-grid (V2G) transition: A critical and systematic
review,” Environmental Research Letters, vol. 13, no. 1, 2018, doi: 10.1088/1748-
9326/aa9c6d.

Noel L, Zarazua de Rubens G, Kester J, Sovacool BK. Navigating expert skepticism
and consumer distrust: Rethinking the barriers to vehicle-to-grid (V2G) in the
Nordic region. Transp Policy 2019;76(January):67-77. https://doi.org/10.1016/
j-tranpol.2019.02.002.

Esmaili M, Shafiee H, Aghaei J. Range anxiety of electric vehicles in energy
management of microgrids with controllable loads. J Storage Mater 2018;20
(June):57-66. https://doi.org/10.1016/j.est.2018.08.023.

European Commission, “Zero emission vehicles: first ‘Fit for 55’ deal will end the
sale of new CO2 emitting cars in Europe by 2035,”” 2022. [Online]. Available:
https://ec.europa.eu/commission/presscorner/detail/en/IP_22_6462.

PV magazine, “Spain targeting 56 GW of new solar by 2030 under new energy
strategy,” 2023. [Online]. Available: https://www.pv-magazine.com/2023/06/
29/spain-targeting-56-gw-of-new-solar-by-2030-under-new-energy-strategy/#:
~:text=From pv magazine Spain&text=To meet these targets%2C the,from
various forms of storage.

S. Mkhize and D. G. Dorrell, “Practical limitations of vehicle to grid (v2g)
infrastructure,” Proceedings of the IEEE International Conference on Industrial
Technology, vol. 2019-Febru, pp. 1616-1621, 2019, doi: 10.1109/
ICIT.2019.8754965.

Thingvad A, Calearo L, Andersen PB, Marinelli M. Empirical Capacity
Measurements of Electric Vehicles Subject to Battery Degradation From V2G
Services. IEEE Trans Veh Technol 2021;70:7547-757.

T. M. N. Bui, M. Sheikh, T. Q. Dinh, A. Gupta, D. W. Widanalage, and J. Marco, “A
Study of Reduced Battery Degradation Through State-of-Charge Pre-Conditioning
for Vehicle-to-Grid Operations,” IEEE Access, vol. 9, 2021, [Online]. Available:
https://ieeexplore.ieee.org/abstract/document/9617644.


https://doi.org/10.1016/J.ESR.2022.100819
https://doi.org/10.1016/j.jpowsour.2021.230472
https://doi.org/10.1016/j.jpowsour.2021.230472
https://doi.org/10.1016/j.energy.2015.07.111
https://doi.org/10.1016/j.energy.2015.07.111
https://doi.org/10.1016/j.apenergy.2014.06.048
https://doi.org/10.1016/j.spc.2020.07.009
https://www.reuters.com/business/sustainable-business/germany-aims-get-100-energy-renewable-sources-by-2035-2022-02-28/
https://www.reuters.com/business/sustainable-business/germany-aims-get-100-energy-renewable-sources-by-2035-2022-02-28/
https://doi.org/10.1016/j.apenergy.2019.04.121
https://doi.org/10.1016/j.apenergy.2019.04.121
https://doi.org/10.1016/j.egyr.2019.12.008
https://doi.org/10.1016/j.egyr.2019.12.008
https://doi.org/10.1016/j.tibtech.2021.04.003
https://doi.org/10.1016/j.tibtech.2021.04.003
https://doi.org/10.1080/02286203.1991.11760122
https://doi.org/10.1080/02286203.1991.11760122
https://doi.org/10.1016/0304-3800(95)00152-2
https://doi.org/10.1007/s10669-019-09723-5
http://refhub.elsevier.com/S2590-1745(24)00023-0/h0455
http://refhub.elsevier.com/S2590-1745(24)00023-0/h0455
https://doi.org/10.1016/J.ADVWATRES.2003.08.006
https://doi.org/10.1016/J.ADVWATRES.2003.08.006
https://doi.org/10.1016/j.renene.2021.02.153
https://doi.org/10.1016/j.renene.2021.02.153
https://doi.org/10.1016/j.enpol.2018.05.004
https://doi.org/10.1016/j.enpol.2018.05.004
https://doi.org/10.1016/j.enpol.2018.02.024
https://doi.org/10.1016/j.enpol.2018.02.024
https://doi.org/10.1016/j.tranpol.2019.02.002
https://doi.org/10.1016/j.tranpol.2019.02.002
https://doi.org/10.1016/j.est.2018.08.023
http://refhub.elsevier.com/S2590-1745(24)00023-0/h0520
http://refhub.elsevier.com/S2590-1745(24)00023-0/h0520
http://refhub.elsevier.com/S2590-1745(24)00023-0/h0520

S. Sagaria et al.

[106]

[107]

[108]

[109]

[110]

[111]

Mehdizadeh M, Nordfjaern T, Klockner CA. Estimating financial compensation
and minimum guaranteed charge for vehicle-to-grid technology. Energy Policy
2023;180:113649. https://doi.org/10.1016/j.enpol.2023.113649.

Parsons GR, Hidrue MK, Kempton W, Gardner MP. Willingness to pay for vehicle-
to-grid (V2G) electric vehicles and their contract terms. Energy Econ 2014.
https://doi.org/10.1016/j.enec0.2013.12.018.

S. Helm, C. Wenge, S. Balischewski, M. Wolter, and P. Komarnicki, “Impact of
unbalanced electric vehicle charging on low-voltage grids.”.

Dias FG, Scoffield D, Mohanpurkar M, Hovsapian R, Medam A. Impact of
controlled and uncontrolled charging of electrical vehicles on a residential
distribution grid. International Conference on Probabilistic Methods Applied to
Power Systems (PMAPS). 2018. https://ieeexplore.ieee.org/stamp/stamp.jsp?
arnumber=8440511 (accessed Jan. 03, 2024.

Z. Needell, W. Wei, and J. E. Trancik, “Strategies for beneficial electric vehicle
charging to reduce peak electricity demand and store solar energy,” Cell Reports
Physical Science, vol. 4, no. 3, Mar. 2023, doi: 10.1016/j.xcrp.2023.101287.

S. Deilami and S. M. Muyeen, “An Insight into Practical Solutions for Electric
Vehicle Charging in Smart Grid,” Energies 2020, Vol. 13, Page 1545, vol. 13, no. 7,
p- 1545, Mar. 2020, doi: 10.3390/EN13071545.

24

[112]

[113]

[114]

[115]

[116]

Energy Conversion and Management: X 22 (2024) 100545

Gamil MM, Senjyu T, Masrur H, Takahashi H, Lotfy ME. Controlled V2Gs and
battery integration into residential microgrids: Economic and environmental
impacts. Energ Conver Manage Feb. 2022;253:115171. https://doi.org/10.1016/
J.ENCONMAN.2021.115171.

Hashemi-Dezaki H, Hamzeh M, Askarian-Abyaneh H, Haeri-Khiavi H. Risk
management of smart grids based on managed charging of PHEVs and vehicle-to-
grid strategy using Monte Carlo simulation. Energ Conver Manage 2015;100:
262-76. https://doi.org/10.1016/j.enconman.2015.05.015.

Sufyan M, Rahim NA, Muhammad MA, Tan CK, Raihan SRS, Bakar AHA. Charge
coordination and battery lifecycle analysis of electric vehicles with V2G
implementation. Electr Pow Syst Res 2020;184(September). https://doi.org/
10.1016/j.epsr.2020.106307.

Mendes PRC, Isorna LV, Bordons C, Normey-Rico JE. Energy management of an
experimental microgrid coupled to a V2G system. J Power Sources 2016;327:
702-13. https://doi.org/10.1016/j.jpowsour.2016.07.076.

Fathabadi H. Novel solar powered electric vehicle charging station with the
capability of vehicle-to-grid. Sol Energy 2017;142:136-43. https://doi.org/
10.1016/j.solener.2016.11.037.


https://doi.org/10.1016/j.enpol.2023.113649
https://doi.org/10.1016/j.eneco.2013.12.018
http://refhub.elsevier.com/S2590-1745(24)00023-0/h0545
http://refhub.elsevier.com/S2590-1745(24)00023-0/h0545
http://refhub.elsevier.com/S2590-1745(24)00023-0/h0545
http://refhub.elsevier.com/S2590-1745(24)00023-0/h0545
http://refhub.elsevier.com/S2590-1745(24)00023-0/h0545
https://doi.org/10.1016/J.ENCONMAN.2021.115171
https://doi.org/10.1016/J.ENCONMAN.2021.115171
https://doi.org/10.1016/j.enconman.2015.05.015
https://doi.org/10.1016/j.epsr.2020.106307
https://doi.org/10.1016/j.epsr.2020.106307
https://doi.org/10.1016/j.jpowsour.2016.07.076
https://doi.org/10.1016/j.solener.2016.11.037
https://doi.org/10.1016/j.solener.2016.11.037

	Conceptualization of a vehicle-to-grid assisted nation-wide renewable energy system – A case study with spain
	1 Introduction
	2 Modelling and method
	2.1 Energy demand and load profile
	2.2 Renewable energy sources (RES)
	2.3 Energy storage system (ESS)
	2.4 Energy import and export
	2.5 Modelling of sustainable energy system
	2.6 APPLICATION OF THE MODEL
	2.7 Sensitivity analysis and model validation

	3 Results
	3.1 Model validation by comparison technique
	3.2 Scenario 1: 42 ​% energy from res - to fulfil the 2030 renewable goal
	3.2.1 RES installation and excess energy generation
	3.2.2 Analysis on the influence of EVs as primary energy storage system and sensitivity analysis on EV volume
	3.2.3 Sensitivity analysis on V2G acceptance and battery availability

	3.3 Scenario 2: 97 ​% energy from res - to fulfil the 2050 renewable goal
	3.3.1 RES installation and excess energy generation
	3.3.2 Analysis of the influence of EVs as primary energy storage system and sensitivity analysis on EV volume
	3.3.3 Sensitivity analysis on V2G acceptance and battery availability


	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgement
	Appendix
	Monthly average energy exchange between 2012 to 2022
	Inputs for model validation
	Simulation results from Energyplan Software
	Comparison of simulation results from the developed model and Energyplan software

	References


