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Abstract

Electric vehicles (EVs) are emerging as cost-effective and eco-friendly alternatives to gas-
oline cars, but widespread adoption still faces hurdles, notably the scarcity of public fast-
charging stations. This paper proposes an optimal method to locate and size a fast-charg-
ing station in Barcelona, integrating solar photovoltaics (PV) and a battery energy storage
system (BESS). The goal is to reduce range anxiety, cut investment costs, and minimize
environmental impact. We introduce a modular, scalable station design compatible with
second-life batteries and PV panels. Our methodology is twofold: first, determining the
optimal charging infrastructure configuration; second, calculating financial viability via
net present value (NPV) and internal rate of return (IRR). Results indicate that PV and
BESS installation represents the largest cost component, yet energy independence enables
rapid capital recovery, with payback in around four years. Selling surplus energy can gen-
erate an additional ~4% profit. NPV and IRR values confirm feasibility for scenarios using
PV, BESS, or both. Particularly in the highway deployment scenario, combining PV and
BESS yields a 72% reduction in greenhouse gas emissions. Overall, our study demon-
strates that integrating renewable generation and storage into fast-charging infrastructure
in Barcelona is both economically viable and environmentally beneficial.

Keywords: DC fast charging stations; battery energy storage system (BESS); modular
charging infrastructure

1. Introduction

Transport is one of the economic sectors where greenhouse gas (GHG) emissions
have been increasing since 1990, with the sector accounting for almost 20% of total EU
GHG emissions [1]. The growing concern about environmental issues, along with the re-
duction in GHG emissions from road transport, has forced car manufacturers to transition
to alternative lower-carbon fuels, such as electricity, hydrogen, biofuels, or biogas [2,3].

For this reason, the governments of the European Union have determined certain
climate and environmental goals that must be met. For example, a 55% reduction in GHG
emissions by 2030 compared to 1990 levels, as well as the obligations of the Paris Agree-
ment [4]. According to the Zero Emission Vehicles Transition Council (ZEVTC), for road
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transport emissions to align with the goals of the Paris Agreement, approximately 80% of
new light-duty vehicle sales and 45% of heavy-duty vehicle sales must be zero emissions
by 2030 [5].

EV markets are expanding quickly as a result of different countries offering incen-
tives for the purchase of electric vehicles and the reduction or elimination of circulation
taxes for these vehicles, all to reduce greenhouse gas emissions. Electric car sales repre-
sented 9% of the global car market in 2021, four times their market share in 2019, despite
the COVID-19 pandemic and supply chain challenges, including semiconductor chip
shortages [6], and a total of 10.5 million new BEVs and PHEVs were sold during 2022,
which meant an increase of 55% compared to 2021 [7]. Figure 1 presents the evolution of
battery electric vehicles (BEVs) and plug-in hybrid electric vehicles (PHEVSs) from 2020 to
2030F, along with the corresponding market share of electric vehicles (EVs). The signifi-
cant increase in sales observed since 2020 can be largely attributed to the enforcement of
stringent CO:z emissions regulations by the European Union, which mandate that vehicle
manufacturers comply with an emissions threshold of 95 g CO2 per kilometer [5], among
other environmental directives. The sales trend is projected to maintain this upward tra-
jectory through 2030, driven by continued regulatory pressure and supportive policy
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Figure 1. Global BEV and plug-in hybrids sales and market share [8].

Although EV sales are increasing year after year —reaching 17.1 million units glob-
ally in 2024, a 25% increase compared to 2023 [9,10] —purchaser concerns about long
charging times, higher initial purchase costs, reduced range compared to internal com-
bustion engines (ICE), and limited charging station availability remain impediments to
widespread adoption [11,12]. Residential charging (slow charging), parking charging
(slow charging), public charging (slow and fast charging), and battery swapping are the
four main types of charging options available today, characterized by their accessibility
and power range [10,13].

If we take a closer look at these types of chargers, charging the EV from home can
assist in reducing the strain on the grid by charging EVs at night, which lowers baseload
demand and reduces the per-unit cost of electricity. Vehicles can readily charge in 7 to 8
h with this option, and this feature is increasingly available at restaurants, shopping malls,
libraries, and other locations with adequate infrastructure policies [10].

Public charging infrastructure plays a critical role in improving availability and ac-
cessibility, decreasing range anxiety, and enabling long-distance travel. Fast and ultra-fast
chargers (typically rated between 50 kW and 350 kW) are expanding rapidly across Eu-
rope, with over 1 million public charging points installed by 2024 [14,15]. However, dis-
parities remain: countries like Germany, France, and the Netherlands lead in deployment,
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while Spain, Italy, and Portugal still lag behind in fast-charging availability [14]. Further-
more, given that the transportation sector’s demand will increase by 54% by 2035 [16],
public charging contributes to reducing fossil fuel consumption and increasing transpor-
tation sustainability. Local or regional transportation authorities commonly own and op-
erate public charging stations. The maximum time users are allowed to spend at these
stations is usually 3—4 h during the day, at which time they should anticipate obtaining at
least 80% of their vehicle’s full charge [11].

In Spain, although the number of public charging points has grown, the infrastruc-
ture remains insufficient. As of early 2024, Spain had approximately 28,655 public charg-
ing points, far below the estimated 65,000-95,000 needed to meet the National Integrated
Energy and Climate Plan’s goal of five million EVs by 2030 [4,14]. Prioritizing fast-charg-
ing stations is essential to compensate for this gap and support mainstream adoption.

Battery swapping stations (BSS) offer an alternative to fast charging by allowing users
to replace a depleted battery with a fully charged one in under 3 min. Companies like NIO
and CATL have deployed thousands of swap stations in China and are expanding into
Europe. However, challenges such as standardization, battery ownership, and vehicle
compatibility continue to limit widespread adoption [11,17].

According to the European Commission, more than 90% of all charging events occur
at private chargers, while public charging accounts for only about 5% [18]. This reflects
the dominance of home and workplace charging, especially in countries with high EV
adoption rates such as Germany and France [19]. Although current battery capacities can
deliver enough energy to complete the average daily driving distance, estimated at less
than 20 km [18], the median range of electric vehicles reached 283 miles (=455 km) in 2024,
more than triple the figure from a decade ago [20]. However, access to public infrastruc-
ture remains essential for enabling long-distance travel and supporting drivers without
private charging options, particularly those living in multi-unit dwellings [10].

To complete journeys beyond the range of their vehicles, fast charging points are re-
quired along roads and highways. These stations also serve as a psychological safety net,
allowing drivers to travel farther from their usual routes. With power outputs ranging
from 50 to 120 kW and up to 400 kW or higher, fast and ultra-fast charging enables mean-
ingful recharging in 10-25 min [15,21]. The EU’s Alternative Fuels Infrastructure Regula-
tion (AFIR) mandates the installation of fast-charging stations of at least 150 kW every 60
km along the Trans-European Transport Network (TEN-T) by 2025, with a minimum total
output of 400 kW per station, increasing to 600 kW by 2027 [22,23].

By mid-2024, the EU had approximately 900,000 public charging points, with over 1
million across Europe [10,15]. This marks a dramatic increase from 185,000 in 2019, reflect-
ing a compound annual growth rate of over 30%. While AC chargers still dominate the
network, the deployment of DC fast chargers and HPC (High-Power Charging) stations
has accelerated. Around 7% of EU chargers are DC, and 10% are HPC, with HPC installa-
tions growing by nearly 25% year-on-year [15]. Countries such as Germany, the Nether-
lands, France, and the UK show dense and mature infrastructure, while Spain, Italy, Por-
tugal, and several Central and Eastern European nations still lag behind despite recent
improvements [14].

Despite this progress, the infrastructure remains insufficient to meet climate targets.
According to ACEA [24], 6.8 million public charging points will be needed by 2030 to
achieve a 55% CQO: reduction in car emissions, requiring a 22-fold increase in less than a
decade [1]. By 2024, Germany had over 160,000 public points, France 155,000, and the
Netherlands 180,000, many of which include high-capacity chargers [10]. The rollout is
supported by EU-wide regulations, national subsidies, and private sector initiatives such
as IONITY, Fastned, and Tesla Superchargers, which are expanding fast-charging net-
works across urban and rural areas [15].
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It is estimated that, in the EU, there were roughly 185,000 public points at the end of
2019. That equates to one public charging point for every seven cars [25]. Although there
is good coverage of slow charging points (61%) in Europe, the network of fast and ultra-
fast charging points is expanding rapidly, with 9000 fast charging points and 630 ultra-
fast chargers [25]. The geographic coverage of the European fast-charging network is de-
picted in Figure 2, where countries such as the United Kingdom, the Netherlands, Ger-
many, Sweden, Austria, and Denmark have a good enough network to achieve the electric
mobility transition. In contrast, the number of fast charging points in nations like Spain,
Italy, and Portugal, as well as other Central and Eastern European countries, is still far
from desired.

Over the past years, there has been an increase of 180% in the number of charging
points available in Europe, reaching a total of 307,000 charging points [24]; however, it
still falls far short of what is required. For instance, up to 6.8 m public charging points
would be required by 2030 to reach a 55% CO: reduction for cars, meaning that over 22
times growth in less than 10 years is needed [24]. In contrast to 2019, in 2021 the number
of public fast charging points in Europe was up by over 80% to nearly 50,000 units, with
9200 fast charging points in Germany, 7700 in the United Kingdom, 6700 in Norway, 4500
in France, 2600 in Spain, and the Netherlands [26].
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Figure 2. Distribution of fast (blue) and ultra-fast (red) public charge points [25].

The geographical distribution of fast (blue) and ultra-fast (red) charging stations for
electric vehicles across Europe, based on 2024 data, is shown in Figure 2. Over one million
public points are represented, with a notable concentration in Germany, the Netherlands,
and France. Blue markers indicate fast-charging stations (50-150 kW), while red markers
represent ultra-fast stations (above 150 kW). Color intensity reflects regional density —
metropolitan areas and strategic corridors show high concentration, while rural regions
display emerging coverage. This visualization highlights regional gaps and progress in
electromobility infrastructure [14,25,27].

If we focus on Spain, the infrastructure of urban charging points continues to raise
skepticism about the pace of transportation electrification. Although the network has ex-
panded significantly, coverage remains uneven, as illustrated in Figure 3. By the end of
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2024, Spain had approximately 30,345 public charging points, nearly doubling the 2022
figure of 15,772 [28,29]. These points are still concentrated in major metropolitan areas
such as Madrid, Barcelona, and Valencia, where demand is highest and infrastructure in-
vestment has been prioritized [30]. There is also a robust network along the Mediterranean
corridor and in the northern regions, supported by initiatives like Iberdrola’s Smart Mo-
bility Plan, which aims to install fast and ultra-fast stations every 50 km along key traffic
routes [31].

However, many mid-sized and smaller cities still lack sufficient infrastructure, par-
ticularly fast-charging options. According to [32], less than 10% of Spain’s public chargers
exceed 50 kW, with the majority offering slower AC charging. To accelerate adoption and
reduce range anxiety, it is essential to upgrade existing facilities and deploy a balanced
mix of rapid and slow charging stations, especially in underserved urban zones. This will
not only improve accessibility but also support Spain’s broader climate and mobility
goals.
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Figure 3. Geographical distribution of public charging points in Spain [33].

Most urban charging points (83%) installed in Spain are slow charging, which means
charges of three hours on average. Only Valencia, Catalonia, and Madrid have fast charg-
ing points with power ratings greater than 22 kW [29].

Figure 4 illustrates the number of charging points above 250 kW and how they are
distributed along the main corridors, which are key to ensuring comfort during trips. Each
red line indicates 100 km without this type of charging available at the moment. However,
Tesla chargers in Spain are still exclusive to brand users; therefore, they are not considered
public access.

Most urban charging points in Spain continue to be slow chargers, with approxi-
mately 68% operating at 22 kW or below, resulting in average charging times of around
three hours [32]. While Valencia, Catalonia, and Madrid remain the leading regions in
deploying faster infrastructure, recent expansions have introduced fast and ultra-fast
chargers in other metropolitan areas such as Malaga, Bilbao, and Zaragoza [30]. By mid-
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2024, Spain had installed 1437 public charging points rated above 250 kW, a significant
increase from 816 in 2023, reflecting growing investment in high-capacity infrastructure
[34].

Figure 4 illustrates the distribution of these ultra-fast charging stations (=250 kW)
along Spain’s main transport corridors. Red lines indicate stretches of 100 km or more
without access to this type of charger, highlighting critical gaps in long-distance coverage.
These corridors include the Mediterranean Route, Cantabrian Axis, and Silver Route,
which are essential for interregional travel. Although Tesla has expanded its Supercharger
network to 76 locations with 721 stalls, most of these remain exclusive to Tesla vehicles
and thus are not considered publicly accessible [35,36].
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Figure 4. Distribution of public fast-charging points in Spain [37]. Each red line indicates 100 km
without ultra-fast charging availability (=250 kW). The vehicle intensity considered for the analysis
corresponds to the average number of vehicles passing through each road section per day (vehi-
cles/day), as detailed in Tables 3 and 4.

The effectiveness of electric vehicle (EV) charging infrastructure depends not only on
the number, location, and operation of charging stations but also on their quality and
power capacity. As of 2024, fast chargers (between 50 and 150 kW) and ultra-fast chargers
(above 150 kW) are predominantly found along the urban corridor stretching from south-
ern England to the Netherlands, Belgium, western Germany, and Switzerland, making
this the densest high-power charging area in Europe [14,15]. Spain is progressively closing
this gap, as firms such as Iberdrola, Repsol, Endesa, and Zunder are deploying a mix of
fast, super-fast, and ultra-fast chargers across the country. Iberdrola’s Smart Mobility
Plan, in particular, envisions a station every 50 km along six radial roads extending from
Madrid and the country’s three primary traffic routes—the Mediterranean, Cantabrian,
and Silver corridors—ensuring coverage in all provincial capitals and major urban centers
[31,32].

There are several studies of EV fast-charging stations, and most of them focus on
infrastructure design and allocation, economic feasibility, operation optimization, and en-
vironmental impacts. For example, ref. [38] provides a location optimization method
based on traffic volume, EV range, user demand, population, and expected installation
costs. The study identifies traffic volume and population of nearby settlements to be the
primary factors of charging demand along motorways and other main roads. Ref. [39]
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proposes an optimization model taking into account the creation cost of the charging sta-
tion, its durability, and the space it will occupy as constraints. The model is used to max-
imize the ROI of the charging station. As a result, an increase in the investment does not
necessarily mean an increase in infrastructure but rather a relocation of the resource. Ref.
[40] analyzes two energy management strategies for a photovoltaic energy-based EV
charging station, with or without the support of a fuel cell and electrolyzer system. It dis-
cusses two case studies; the first one focuses on controlling power flow to maintain battery
state of charge (SOC) within predefined limits, while the second one introduces a power-
following strategy to optimize battery performance and lifespan in various operational
scenarios. Ref. [41] proposes a mathematical framework to model and quantify the foot-
print of the global warming potential for high-power charging of EVs with battery assis-
tance.

Ref. [42] proposed a nuclear-renewable hybrid energy system and compared it with
different energy systems in terms of greenhouse gas emission, cost of energy, net present
cost, and return on investment to analyze feasibility. This is one of the few papers that
covers a lot of technical, economic, and environmental aspects of charging stations; how-
ever, it lacks a study of an optimal location to implement them. Ref. [43] examined the
cost-effectiveness of the stationary storage system and identified different needs for fast
charging stations in cities and along highways. In contrast to the present study, the au-
thors focus only on the battery storage system and do not take into account the environ-
mental impact. Ref. [44] used a hierarchical framework model for achieving a high electric
vehicle charging station revenue and minimum charging tariff while balancing the gener-
ated power with the consumed power during the fast charging process, but an environ-
mental impact assessment is nonexistent. Ref. [45] proposed an off-grid, hybrid renewable
energy-based fast charging station powered by solar, wind, and biofuel energy based on
space limitation, site-specific meteorological conditions, and the optimum capacities of
the renewable energy system and energy storage. However, their study is more focused
on the operational aspect of the charging station rather than the economic and environ-
mental analysis. Ref. [46] proposes a framework for performing reliability and economic
assessment of a charging station integrated with solar PV and BESS and a distribution
network. It introduces multiple battery capacities and queuing models to calculate the
charging demand and a multi-objective approach to determine the optimal charging sta-
tion location, taking into account the cost, system reliability, energy loss of the distribution
grid, and the convenience of the EV user. However, there is no environmental impact
analysis comparing the different energy systems configurations for the charging infra-
structure. Ref. [47] analyzes the technical-economic optimization of an ultrafast charging
station at a highway application integrated with a PV system, battery storage, and a con-
nection to the grid. The charging load demand is calculated through a vehicle density
probability distribution with traffic flow data. An optimization algorithm is used to size
the PV and BESS to maximize the profitability of the whole system. However, there is no
environmental impact assessment of each scenario evaluated, nor a determination of the
optimal allocation to deploy the ultra-fast charging station. Ref. [48] analyzed the chal-
lenges of locating and determining the optimal capacity of charging stations as well as the
advantages and disadvantages of introducing renewable energy. They also discussed the
key role of energy storage and management systems on the demand side, yet the economic
and environmental aspects are only discussed based on other studies, and no analysis is
performed.

In recent studies, ref. [49] examined various aspects of charging infrastructure, in-
cluding station design, site selection, and optimal planning models. Their analysis also
highlighted the potential of innovative solutions such as mobile charging stations to ad-
dress rural electrification and roadside assistance. However, the study does not offer a
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specific design proposal, nor does it assess the environmental impact associated with the
infrastructure’s lifecycle.

Similarly, ref. [50] conducted a comprehensive literature review from a systemic per-
spective, viewing charging stations as interconnected nodes within a broader energy eco-
system. Their work emphasizes the relevance of emerging technologies like ultra-fast
charging, advanced energy management systems, and integration with the Industrial In-
ternet of Things (IloT), as well as a shift toward decentralized management models. While
their review underlines the importance of interoperability, the social impact of EV infra-
structure on vulnerable communities, and its integration with smart grids and renewa-
bles, these topics are only briefly mentioned and not fully developed.

Therefore, this paper seeks to address these gaps by proposing a modular and scala-
ble fast-charging station concept that is environmentally conscious, economically viable,
and adaptable to both urban and peri-urban mobility needs. The present work combines
infrastructure design with an environmental and economic impact assessment, offering a
more holistic and application-oriented approach.

Since fast-charging is seen as a way to make long-distance driving easier for EVs and
minimize range anxiety, the lack of fast-charging infrastructure in Spain calls for addi-
tional in-depth research to implement more charging of this type while also increasing EV
adoption. Most of the aforementioned articles focus on the design and allocation, the eco-
nomic feasibility, or the environmental impact. There are hardly any papers that combine
the three aspects to give a broader and more detailed view. Therefore, this article aims to
fill this literature gap by performing an economic and environmental analysis to imple-
ment a public fast charging station at an optimal location.

The contribution of this paper is as follows:

- The study focuses on the design and allocation of an EV fast charging station in two
scenarios: inner city roads and highways.

- The design of the fast-charging infrastructure is based on traffic flow and the number
of EVs that will be charged per day.

- Different renewable energy systems (solar PV, wind power, and batteries) are con-
sidered and analyzed to power the fast-charging station.

- Aneconomic model that calculates the NPV and IRR of each scenario is used to select
the feasible option between the different scenarios and the energy system cases to
power the fast charging station.

- Anenvironmental analysis is also performed to support the selection of the most fea-
sible and environmentally friendly option.

The rest of the paper is organized as follows. Section 2 describes in detail the meth-
odology used for the design and allocation of the fast-charging station, including the as-
sumptions, infrastructure, and economic model. The results are presented in Section 3,
while Section 4 discusses a scalable and future-ready EV charging strategy. Section 5 in-
troduces the modular charging station design, and Section 6 presents the conclusions.

2. Materials and Methods

In this research, two scenarios are assessed to determine the most suitable location to
implement public fast charging stations in Spain. The scenarios are particularized in the
city of Barcelona, where Scenario 1 is an urban road and Scenario 2 is a highway. For the
comparison between the two scenarios, km traveled daily, charging habits, and traffic
flow factors are taken into account.

The reason behind the selection of Barcelona instead of any other city in Spain is be-
cause, as can be seen in Figure 5, a study made by researchers at “Escuela Nacional de
Sanidad del Instituto de Salud Carlos III” showed that Madrid and Barcelona are the two
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Spanish cities with more natural deaths caused by NOz, Os, PM10 and PM2s pollution [51].
Moreover, “Agencia de Salud Publica de Barcelona [52]” (Public Health Agency of Barce-
lona) states that air pollution causes more than 350 premature deaths per year, being fur-
ther a particularly relevant health problem for the most vulnerable population, such as
the 200.000 children under the age of 14 who live in Barcelona [52]. For this reason, the
study has focused on Barcelona, but it can be replicated in other large Spanish cities, mod-
ifying the calculations according to their population density.

In terms of renewable energy and storage systems to implement the fast charging
station, there are a handful of studies that analyze the feasibility of a solar-wind hybrid
charging station [53-56]. However, in our case, we have discarded the possibility of using
wind energy mainly due to the low velocities of wind in Spain for the installation invest-
ment to be feasible and the area (m?) available to install big wind turbines. Figure 6 illus-
trates the average annual wind speed in Spain. As can be seen, the maximum wind speed
in Barcelona is around 6-7 m/s. With that small wind speed, a large number of turbines
would need to be installed to generate enough energy to meet the daily demand for a
charging station and increase its costs. Furthermore, ref. [57] analyzed four renewable en-
ergy alternatives, including solar, wind, hydro, and biomass energy, and identified solar
energy as the most cost-effective solution. Therefore, the energy and storage systems used
in this study are PV and lithium—ion batteries.
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The method developed is divided into two main parts. The first is aimed at calculat-
ing the fast-charging infrastructure (i.e., to know exactly the number of charging points
needed) by using the battery charging times, traffic flow, and the number of cars that will
recharge per day.

The second part aims to calculate the net present value (NPV) and the internal rate
of return (IRR) of each scenario considered, taking as input the number of charging points
needed and also considering some economic and financial assumptions.

In summary, the methodology follows the scheme presented in Figure 7.

Calculate the
number of charging
points

Define average
battery capacity of
the EV

Calculate battery “alculate the daily
charging times charging demand

Select location

Calculate NPV and
and fin IRR of each
assumptions scenario

Select the feasible
option

Figure 7. Methodology.

2.1. Assumptions
The study was based on the following main assumptions for simplicity:

(i) EVsarrive at the charging station with the battery discharged, and the fast charging
point will allow charging up to 80%;
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(ii) The charging station has a finite number of charging points, and each charger pro-
vides service to one EV at a time;

(iii) The number of conventional vehicles to refuel per day is the same as the number of
EVs to recharge per day.

2.2. Fast-Charging Infrastructure

The first step to size the fast-charging infrastructure is to define the average battery
capacity of the EV. Based on the top-selling EV models in Spain during 2024, the average
battery capacity is estimated at 58 kWh, reflecting the market shift toward longer-range
vehicles and larger battery packs [14,30]. Table 1 presents updated specifications for the
most popular models.

Table 1. EV sales in Spain 2024 (top models).

Model Power [kW] Energy [kWh] WLTP [km]
Tesla Model Y (USA) 239 75 533
MGH4 Electric (CHINA) 150 64 450
Hyundai Kona EV(Korea) 150 65 484
Peugeot e-208 (France) 115 51 400
Volkswagen ID.4 (Germany) 150 77 520
Renault Megane E-Tech(France) 160 60 470
Fiat 500e (Italy) 87 42 320
Kia Niro EV (Korea) 150 64 460
BMW iX1(Germany) 230 66 440
Citroén é-C4(France) 100 50 360
MGH4 Electric (China) 150 64 450
Average 153 58 444

Knowing the average battery capacity and the power rating of the charger, charging
times can be estimated. Most public fast chargers installed across Europe in 2024 are rated
at 50 kW, 150 kW [59], and increasingly 250-350 kW for ultra-fast charging [60,61]. Charg-
ing typically occurs at a low state-of-charge (S0C), and fast chargers are designed to de-
liver energy up to 80% capacity, which helps preserve battery health and optimize charg-
ing speed [62].

Table 2 illustrates the charging times of the two types of chargers according to their
power and the average battery energy of 48 kWh.

Table 2. Battery charging times for 50 kW and 150 kW chargers.

Hours Minutes
50 kW charger 0.77 45.32
150 kW charger 0.26 15.44

Once the charging times are calculated, we proceed to calculate the charging demand
of the station in terms of the number of EVs that will charge per day. EV demand depends
on the flow of vehicles that arrive at the charging station and on the capacity and state of
their batteries. We also have considered that the charging station has a finite number of
chargers and that when a consumer arrives and there are no chargers free, he or she will
leave the charging station.

In this study, we used Barcelona traffic flow data to select the strategic location to
implement the public fast charging station and determine the charging demand. The data
is provided by [63] for the urban road station and by [64] for the highway station. Table 3
illustrates the average daily vehicle intensity of different inner-city roads in Barcelona
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from 2014 to 2019. For inner-city allocation, we considered taxi fleets as the main public
transport because it is estimated that a taxi in the city of Barcelona drives more than 42,000
km per year [65]. That is about 185 km per day (230 working days), much more km than
an average passenger car drives per day (average of 30 km) [66], and therefore will benefit
from a fast charging station in the urban area. Taking a look at the data, the roads with
more daily vehicle intensity are situated in “Av. Diagonal”, “Calle de Aragén”, “Ronda
de Dalt” and “Ronda del Litoral”. However, we decided to choose “Gran Via de les Corts
Catalanes” as the location to implement the charging station because it is an area fre-
quented by taxis since it is along the route from the train station to the airport.

Table 3. Average daily vehicle intensity of different inner-city roads of Barcelona from 2014 to 2019

[63].
2014 2015 2016 2017 2018 2019
VIAS EN DIRECCION MAR-
MONTANA
Calle de Entenca 12,461 13,184 13,341 12,624 13,340 14,000
Calle de Numancia 27,669 27,999 29,553 29,068 29,616 27,370
Calle de Aribau 24,374 24,413 24,118 23,781 23741 22,817
Calle de Muntaner 30,918 28,247 27,445 26,704 25,940 25,022
Calle de Balmes 33,770 34,612 34,914 34545 35594 33,367
ACCESOS
Av. Diagonal 61,158 63,324 64,490 65528 63,446 61,771
Av. Meridiana 62,797 60,765 58,966 58,462 56,797 52,497
VIAS TRANSVERSALES
Gran Via de les Corts Catalanes 57,825 60,888 58,766 58,248 58983 55321
Calle de Aragén 72,087 73,975 74,534 76,864 84,561 84,252
Ronda del mig 41,537 44,892 44,717 45,084 44,565 45,021
Calle de Mallorca 25,430 21,512 22,509 21,942 16,876 17,795
Calle de Valencia 33,035 30,824 31,444 31,758 31,564 31,409
RONDAS

Ronda de Dalt 144,821 150,435 148,612 149,358 157,397 157,506
Ronda del Litoral 91,754 92,536 93,664 93,330 89,838 84,478

For highway allocation, we have chosen the Mediterranean highway known as AP-
7, which connects the entire Spanish Mediterranean coast from the border with France to
Guadiaro. Table 4 shows the average annual vehicle intensity on the AP-7, which is the
one that connects Barcelona with Tarragona, with a total distance of 104 km.

Table 4. Annual vehicle intensity on the AP-7 Barcelona-Tarragona highway [64].

AP-7 Barcelona-Tarragona

(No Vehicle)

January 44,986
February 50,390
March 53,096
April 60,167
May 55,783
June 62,282
July 69,765
August 75,531
September 57,520

October 52,711
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November 51,173
December 50,305
Average 57,021

The daily EVs that travel through these areas is estimated by the traffic flow and the
passenger cars sold in Spain. In 2020, the number of licensed vehicles in Spain was 767,887,
of which 20,611 were PHEVs and 18,553 were BEVs, making a total of 39,164 electric ve-
hicles, representing 5.10% [67]. Therefore, a total of 2822 and 2908 EVs will travel along
the chosen inner-city road and highway, respectively.

The next step is to determine the daily number of EVs that will be recharged at the
station. We hypothesized that the number of conventional vehicles to refuel per day is the
same as the number of EVs to recharge per day. With data extracted from [68] on the fuel
consumption of conventional vehicles, we calculated the fuel demand per day at a petrol
station. Figure 8 shows the evolution of the monthly fuel consumption in the province of
Barcelona from 2010 to 2020. Dividing the total consumption of the different types of fuel
per month in 2020 by the total number of petrol stations in Barcelona, we obtain a con-
sumption of 306,767 L/month. Considering that the month has 30.5 days, the fuel demand
per day in a petrol station is 10,060 L. Subsequently, with the average fuel tank size of 45.9
L [69] and the daily demand, a total number of 219 vehicles/day stop to refuel the tank.

If we compare that number (219 vehicles/day) with the number of EVs that travel the
inner city road and highway, it can be estimated that the total number of vehicles that stop
to refuel the tank would account for 20% of the total EVs that enter or exit the area selected
for both inner-city and highway fast-charging stations. Furthermore, according to [62],
only 8% of the charging is performed at DC fast-charging stations. Therefore, multiplying
the total number of EVs that travel through inner city roads and highways by 20% and 8%
leads to a charging demand of 45 EVs/day and 47 EVs/day on inner city roads and high-
ways, respectively.

Average fuel consumption per month
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Figure 8. Fuel consumption per month in the province of Barcelona from 2010 to 2020.

In this study, we have considered two types of fast chargers that can deliver 50 or 150
kW of power and that the station works 24/7. To determine the number of charging points
needed, we calculated the daily energy demand by multiplying the charging demand in
EV/day by the average battery energy capacity, obtaining a total energy demand of 1800
kWh/day and 1880 kWh/day on inner-city roads and highways, respectively. Taking into



Designs 2025, 9, 125

14 of 33

€/kWh

0.4
0.2

account the power delivered by the chargers, only one 50 kW charger will not be enough
to meet the total energy demand, while a 150 kW charger would deliver a total of 3600
kWh/day, which would be enough to cover the demand. However, to ensure the availa-
bility of a charger in case more than one vehicle arrives at the station at the same time, we
decided to install two chargers, one of 50 kW and the other of 150 kW, delivering a total
energy of 4800 kWh/day.

2.3. Economic Model

Once the public fast-charging infrastructure has been estimated, the techno-economic
evaluation can be carried out. The economic feasibility of fast-charging stations is strongly
impacted by electricity charges related to consumption (kWh) and power demand (kW)
[70]. Therefore, to maximize their profits while meeting EV charging demand, the optimal
operation of main grid power and photovoltaic (PV) systems and energy storage systems
(ESSs) is essential.

The scenarios economically analyzed are two:

e  Scenario 1: Public fast-charging station on an urban road
e  Scenario 2: Public fast-charging station on a highway

At the same time, to make a comparison, these two scenarios are subdivided into four
according to the system used to generate the necessary energy for the charging station to
operate.

¢  Grid-connected public fast-charging station

¢  Grid-connected public fast-charging station with battery energy storage system
(BESS) support

e  Public fast-charging station with photovoltaic (PV) support

e  Public fast-charging station with photovoltaic (PV) and battery energy storage sys-
tem (BESS) support.

For simplicity, this study considers a single Battery Energy Storage System (BESS) as
the base configuration for the economic analysis. This assumption allows focusing on the
operational and cost interactions between the BESS, the grid, and PV generation.

To calculate the total cost of the public fast charging station, we have followed the
same approach as [71], which takes into account the operational cost and the installation
cost of the charging points, PV, and BESS. In each scenario, the total profit is the revenue
minus the total cost, where the revenue is obtained from the charging tariff to the users
and selling electricity back to the grid for 0.10 €/ kWh. The energy from the grid is bought
for 0.23 €/kWh based on the development of the electricity price shown in Figure 9, while
the charging tariff is set at 0.43 €/kWh based on data from Table 6.
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Figure 9. Electricity price development in a day [72].
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Regarding the cost to implement a charging point, we have followed the same ap-
proach as [71], which states that four types of cost are in it: the equipment cost, the instal-
lation cost, the supply point registration cost, and the operation and maintenance cost.
The first two are fixed in every type of charging point, independent of the power, whereas
the third one is only applied to charging points above 50 kW, as they are not connected to
any nearby facility for high-capacity energy. The cost of operation and maintenance is the
cost related to ensuring the correct functioning of the charging point (technological obso-
lescence, replacement of the hoses and connectors, public deterioration, etc.). Table 5
shows the breakdown of costs we have used to size the infrastructure investment.

Table 5. Installation costs of the charging point [71].

Type of Equipment Installation Supply Point Operation &
Power . . .

Charger Cost Cost Registration Maintenance

Fast 50 kW 20,500 € 12,000 € 1863 € 3484.51 €/year

Ultra-fast 150 kW 50,000 € 37,500 € 4986 € 6184.83 €/year

Setting a specific price for public charging is a difficult task because it is strongly
linked to several factors such as the power of the charging point, the owner of the charging
point (private company or public administration), the charging point use and the charging
point location [71]. Therefore, we have approximated a charging price based on the com-
parison of charging prices per kWh for the major charging point providers in Spain (both
public and private), shown in Table 6.

Table 6. Public charging point price comparison [71].

Price (€/kWh)

Charging Points Operators

Fast (50 kWh) Ultra-Fast (150 kWh)
AMB (Area Metropolitana de
Free
Barcelona)
Blaudrive Free
Cargacoches 0.38 €
EDP 0.45€
Electromaps [31] 0.30€ 0.30€
EMT Madrid 0.35-0.40 €
Endesa X 0.40 €
Easy Charger 0.50 €
Etecnic 0.45¢€
Fenie Energia Free
GIC 0.45€

There are a few deviations to the data in Table 6 that must be mentioned, such as that
some companies apply higher charging prices to users who do not have a subscription to
any of their charging schemes, while others enjoy a discount fee for owning a certain type
of vehicle. On the other hand, Tesla cannot be called a rival, since its charging network is
exclusive to Tesla cars. That being said, we have taken the average charging price (0.43
€/kWh) of the prices listed in Table 6 to make the economic analysis.

As two DC fast-charging outlets are selected for the charging station (one 50 kW and
one 150 kW), the minimum peak PV capacity should be 200 kW. The chosen PV module
has a peak capacity of 100 kW, so it will require installing three modules with a total ca-
pacity of 300 kW, and the PV system’s installation cost is 3.08 EUR/WDC [73]. The instal-
lation price includes the PV module, inverter, labor, and other soft costs. For the BESS, a
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lithium-ion battery is considered with a capacity of 80 kWh and a price of 246.61 EUR/kWh
[74].

Another thing we need to take into account is the fluctuation of the electricity price
over the years, but especially the price rise over the last year. According to OMIE (“Ope-
rador del Mercado Ibérico de Energia”), the average annual price of electricity in Spain
has increased by 178% between 2020 and 2021, as illustrated in Figure 10 [75].

Electricity price in Spain is forecasted to trend around 521.05 €/ MWh in 2023 and
769.32 €/ MWHh in 2024 [76]. In that sense, for the economic model to be the most accurate
possible and close to reality, we have considered an electricity price rise of 55% after the
first year of investment. Regarding the price of the charging tariff, we opted for a price
increase of 35% since it can be adjusted according to the business model.

Net present value (NPV) and internal rate of return (IRR) are two popular indicators
to evaluate investment projects [73]. Therefore, NPV and IRR are chosen for the cost anal-
ysis in the present study.

The NPV is equal to the present value of all the future free cash flows less the invest-
ment’s initial outlay [77]. It calculates the total value of discounted cash flows. A positive
NPV means that a project is profitable. The IRR is equal to the rate when the NPV equals
zero [78]. It is used to estimate the profitability of potential investments [79]. The higher
the IRR of a project is, the more desirable it is to undertake it. In addition, the payback
period will be calculated as an indicator of the inherent risk of the project. The payback
period is the time when the initial investment is expected to be recovered through the cash
inflows generated by the investment [79].
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Figure 10. Annual price of historic electricity in Spain [70].

3. Results

The methodology described in Section 2 has been used as the basis for analyzing the
feasibility and environmental impact of installing fast-charging infrastructure on inner-
city roads and highways of Barcelona, using data from traffic flow and charging demand.

Table 7 shows the fast-charging station estimation requirements for both scenarios in
terms of the number of charging points to install and the daily charging demand in the
number of EVs and kWh.

Table 7. Estimation of the number of chargers, number of EVs and energy demand required.

No of Chargers No of EVs Energy Demand
50 kW 150 kW per Day (kWh/Day)
Scenario 1 1 1 45 1.800

Scenario 2 1 1 47 1.888
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The economic feasibility of the public fast-charging station has been assessed and
compared in both scenarios, setting four cases: (i) baseline case (without PV and BESS),
(ii) with BESS, (iii) with PV, and (iv) with PV and BESS.

The numerical results shown in Table 8 represent the optimal fast-charging station
planning to be able to provide enough energy for the expected daily demand (Table 7) in
both scenarios. The corresponding profit is presented in Table 9 for scenario 1 and Table
10 for scenario 2.

Table 8. Optimal fast-charging station planning for scenarios 1 and 2.

No of Chargers BESS Cap. Grid (kWh)
PV Cap. (kW
50kW 150 kW 2p- (W) (kWh) Scenario 1 Scenario 2
Baseline 1 - - 1800 1880
With BESS 1 - 80 1720 1800
With PV 1 300 - - -
With PV and
BESS 1 1 300 80 - -
Table 9. Total cost of the public fast-charging station for the four cases in scenario 1 (inner-city road).
Operation and
I lati
Revenue (€) nsta a(t€1)o n Cost Supply Cost (€) Maintenance Total Profit (€)
(€/Year)
Baseline 282,510 126,849 151,110 9669.34 -5118
With BESS 282,510 146,578 144,394 9669.34 -18,131
With PV 293,460 967,689 - 9669.34 -683,898
With PV and BESS 296,380 987,418 - 9669.34 -700,707
Table 10. Total cost of the public fast-charging station for the four cases in scenario 2 (highway).
. Operation and
Revenue (€) Installation Cost Supply Cost (€) Maintenance Total Profit (€)
©
(€/Year)
Baseline 295,066 126,849 157,826 9669.34 722
With BESS 295,066 146,578 151,110 9669.34 -12,291
With PV 303,096 967,689 - 9669.34 -674,262
With PV and BESS 306,016 987,418 - 9669.34 -691,071

As can be seen in Tables 10 and 11, in the first year, the fast-charging station only
gains some profit in the baseline case in scenario 2, as the revenue is higher than the cost,
which means that the total profit has a positive value. Comparing the four cases, it is not
a surprise that the case of the fast-charging station with PV and the fast-charging station
with PV + BESS has a higher revenue because, aside from the charging fee paid by the
users, there is no supply cost since the energy generated with the PV and the support of
the BESS is enough to supply the energy demand. Moreover, the surplus of energy gen-
erated by the PV is sold back to the grid.

Because the revenue of the fast-charging station comes from the charging fee paid by
the EVs, it increases with the number of EVs that charge per day. As a result, it is slightly
higher in scenario 2 than in scenario 1. Nevertheless, the high cost of installation of both
PV and BESS is the main component of charging stations’ cost, which is reflected in the
negative profit of both scenarios.

If we extend our analysis and look into 5 years, Figures 11 and 12 illustrate how the
total profit of the charging station increases since the burden of the installation cost is only
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taken into account in the first year. However, after year 3, the total profit of the baseline
and BESS case starts to decrease due to the high dependence on grid power as the elec-
tricity price increases year after year. In contrast, PV and PV + BESS are not affected by
the increase in electricity prices because the system is self-sufficient, which means that it
does not need to purchase power from the grid and can sell the surplus of energy gener-
ated back to the grid, increasing profits. The graphs in Figure 13 show the energy balance
of one-day performance. The outer circle of the energy balance represents the percentage
of system utilization in terms of energy production, storage, and usage of the network.
The inner circle shows the energy surplus generated by the system (if there is any) that is
sold back to the grid. The results show that the fast charging station without PV and BESS
did not achieve the highest profit due to its high operational cost, since 96% of the energy
must be purchased from the grid. The same happens in the case of the fast charging station
with BESS support, as only 4% of the energy demand is supplied by the BESS. Therefore,
the rest of the energy must be purchased from the grid, increasing its annual supply cost.

Considering the power generated by the PV, the station with PV support is more
advantageous than one with only BESS support in terms of profit. However, it should be
considered that the option with only PV is not that effective on cloudy and/or rainy days.
Therefore, the most profitable option is the fast-charging station with PV and BESS sup-
port, where a part of the energy demand can be covered by the BESS in case the energy
generated by the PV is not enough.

In terms of allocation, scenario 2 can be considered a more suitable location to imple-
ment a public fast-charging station since the estimation of traffic flow around the area is
slightly higher (3%), and consequently, scenario 2 generates EUR 1033,598 of total profit,
which is 2.46% more than the profit generated in scenario 1 (EUR 1008,747.12). Further-
more, the installation of the solar panel is also more feasible in scenario 2 due to the larger
surface area available on highways than in cities.

Scenario 1
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Figure 11. Total profit evolution over the years of the fast-charging station for scenario 1.
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Scenario 2
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Figure 12. Total profit evolution over the years of the fast-charging station for scenario 2.
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Figure 13. Energy balance of one-day performance (a) BESS, (b) PV, (c) PV + BESS.

The NPV, IRR, annual savings, and payback period in each case for both scenarios
are provided in Table 11. The NPV over the fast-charging infrastructure for 5 years is cal-
culated. Comparing NPVs, the case of a fast-charging station with PV and PV + BESS gen-
erates EUR 306,290 and EUR 302,873 more, respectively, than the base case connected to
the grid for scenario 1, and EUR 351,916 and EUR 348,496 more, respectively, for scenario
2. Although PV and BESS have a higher installation cost, the NPV difference is directly
related to the electricity price increase over the years, which makes the supply cost higher
in the base case and results in a lower NPV. In the comparison of the two scenarios, both
have a positive value of NPV. Meaning that the project is feasible. However, scenario 2
has a higher NPV than scenario 1, making it more attractive in terms of investment.

Even though the positive value of the NPV indicates the project investment is feasible
for all cases, there is a huge difference in the IRR value. The case of a fast-charging station
with BESS support has 49% and 52% profitability for scenarios 1 and 2, respectively, while
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the case of PV and PV + BESS has a profitability of 15% and 16% for scenarios 1 and 2,
respectively.

Finally, the payback period of the investment is calculated. The slight variations in
the payback period of the 3 cases are significantly related to the system used to generate
energy and its cost. The simpler the system used, the higher the IRR and the lower the
payback period, since the system is less expensive. For instance, the case of BESS has a
higher IRR and a lower payback period than the case of PV + BESS because the system of
PV + BESS is more expensive than BESS.

Table 11. NPV, IRR, annual savings, and ROI for scenarios 1 and 2.

Scenario 1 Scenario 2
NPV IRR Ann.ual Payl:.)ack NPV IRR Ann.ual Payl:.)ack
Saving Period Saving Period
Base case 260,995 € 52% - 2 years 285,463 € 56% - 1.9 years
BESS 303,202 € 49% 6716 € 2.1 years 327,669 € 52% 6716 € 2 years
PV 567,285 € 15% 151,110 € 3.1 years 637,379 € 16% 157,826 € 3.9 years
PV + BESS 563,865 € 15% 151,110 € 4 years 633,959 € 16% 157,826 € 4 years

In summary of the economic analysis, the optimal allocation of a public fast-charging
station is scenario 2, alongside highways, due to its higher flow of vehicles. In terms of the
energy generation system, a fast charging station with PV and/or PV + BESS support could
achieve annual savings in electricity costs compared to the base case with a grid connec-
tion only. However, there are additional investments associated with the use of PV and
battery, which are reflected in the low NPV and IRR values.

Although the NPV and IRR values of the system with PV and BESS are low, this does
not necessarily mean that the concept may not be of interest to owners of highway services
that want to install fast-charging stations. On one hand, the payback period of the system
with PV and PV + BESS is relatively low, 3.1 years and 4 years, respectively, compared to
other studies where the estimated payback period is around 5 to 7 years [55,77]. Even in
other studies, it can be up to a payback period of 14-15 years [70]. On the other hand, the
installation of PV and batteries may be cheaper than grid upgrades that may be required
to accommodate the additional power demand of the charging station.

Assessing the increasing electricity demand and its production capacities can be the
key to identifying investment opportunities in sustainable energy. For instance, a study
[80] revealed that the electricity production capacities of emerging markets are expected
to grow significantly in the future, with a significant potential for renewable energy
sources such as solar, wind, and hydropower. Therefore, implementing renewable energy
projects such as the one discussed in this paper can be an attractive investment oppor-
tunity.

Most highway service facilities are located far away from the population area. Due
to this, the electricity supply infrastructure is not as flexible as it would be in an inner-city
location. Any major increase in the load of a highway service facility may require costly
upgrades to the grid connection, such as the installation of transformers. As the load on a
fast charging station is relatively high, the implementation of even a small fast charging
station at a highway service facility may already require a more expensive upgrade of the
grid than installing PV and/or BESS [70].

In parallel, the optimization of grid-PV and battery hybrid systems with the most
technically efficient PV technology is a key aspect to maximize efficiency and minimize
the costs of renewable energy systems. Ref. [81] provides valuable insights into the opti-
mization of this kind of system by evaluating different PV technologies based on their
efficiency, temperature coefficient, and spectral response. The results of the study indicate
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that the optimal sizing of the PV modules, the battery capacity, and the inverter rating can
significantly improve the performance of the system and reduce its cost.

Although the result of the analysis shows that the incorporation of PV and BESS is
feasible, the prices of PV and lithium-ion batteries are expected to continue to decline in
the coming years. According to the latest U.S. PV system cost benchmark report [73], the
cost of a commercial system with a range of 200 kW-1 MW has dropped 10.71% from 1.72
USD/WDC to 1.56 USD/WDC from Q1 2020 to Q1 2021. The lithium-ion battery price is
forecast to fall from 162 USD/kWh in 2017 to 74 USD/kWh in 2030 [82]. Therefore, the
economic viability of fast charging stations with PV and BESS support will improve soon.

Furthermore, the environmental impact of the fast-charging station must be consid-
ered. The implementation of public fast charging stations with PV and/or BESS support
could have a positive environmental impact, leading to less fossil fuel consumption due
to fewer internal combustion engine vehicles; a reduction in air pollution (COz, NOx gases,
and PM); a decrease in environmental noise; and the use of solar power to generate clean
electricity to substitute energy from conventional power plants.

To quantify the environmental impact, the CO2 emissions from the electric grid are
calculated using emission factors and the Spanish energy mix [83,84]. An emission factor
is a coefficient that describes the rate at which an activity releases GHG [85]. For instance,
17.12% of the Spanish energy is produced by a combined cycle, which has an emission
factor of 0.37 kg CO:2 eq./kWh. Table 12 presents the environmental impact of the energy
system used in the fast-charging station for each scenario.

Table 12. Environmental results.

Scenario 1 Scenario 2
Base Case BESS PV PV +BESS Base Case  BESS PV PV + BESS
Electricity purchased (kWh/year) 65000 627,800 0 0 686,200 657,000 0 0
CO: emissions (kg CO: eq./year) 78,556.77 75,065.36 0 0 82,048.18 78,556.77 0 0

According to the results, from an environmental point of view, it is clear that the best
option is using PV or PV + BESS as the system to supply the energy to the charging station.
Using solar power will save around a total of 75,065.36 kg CO: eq./year and up to 82,048.18
COz eq./year in the best case. It should be noted that the solar PV emission factor is 0 as
long as we use the standard factor, which includes only the emission that occurs directly
or indirectly due to electricity production. The LCA emission factor takes into considera-
tion all emissions from the life cycle of the system used to generate the electricity. How-
ever, even using the LCA emission factor, a fast charging station with PV would emit
22,995 kg of CO: eq./year for scenario 1 and 21,017 kg of CO:2 eq./year for scenario 2,
against 83,272.91 kg of CO: eq./year for scenario 1 and 86,973.93 kg of CO: eq./year for
scenario 2 if the fast charging station is connected to the grid.

4. Discussion: A Scalable and Future-Ready EV Charging Solution

After thoroughly analyzing the proposed location for the charging station, we began
developing a range of potential design concepts tailored to the urban context and user
needs. Our design process included several rounds of ideation and discussions, based on
scrum methodology and structured in several steps:

1.  Project explanation: A Scalable and Future-Ready EV Charging Solution

2. Brainstorming

3. Scrum methodology explanation: “One session. Scrum” is used mainly after a brain-
storming process to focus on what will be carried out and helps us structure and
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simplify problems/developments, with the aim of providing a quick, satisfactory re-
sponse to users/customers with minimal effort and the best quality.

4. Charging station functionalities: structured in two sessions, with the content ex-
plained in the previous sections of this article.

5. Place and environment requirements: one session about the integration of the new
infrastructure in the urban planning and design, including urban morphology, the
public space’ uses and activities, the citizens’ life, and the accessibility and mobility
system [86].

6. Users’ needs: one session with the content of section two of this article.

7. Technological implementation proposal (using Scrum to implement the proposal): It
is based on iterative and incremental work principles with the goal of delivering a
product of the highest possible quality with the least effort, carried out in a collabo-
rative and adaptive manner. In Scrum, work is organized into cycles called “Sprints,”
with fixed durations ranging from one to three or four weeks (but always the same
throughout a project). Each sprint begins with a very short planning meeting, and
selections are made from the Backlog (or whiteboard, which is a prioritized list of
requirements or features to be developed for the product) during the work week.
Any changes, new proposals, or issues from the previous sprint are also discussed.
Once the tasks are assigned, the group self-organizes and collaborates to develop and
complete the work on time. At the end of each sprint, progress is presented to the
project manager, user, client, or product owner to receive feedback on the work per-
formed. In addition, the “Daily Scrum” is held every day, which is a 15 min meeting,
where each participating member of the team presents their progress, needs, or prob-
lems [87].

8.  Solution delivery

9. Rounds of discussion and feedback for the solution improvement.

10. Replicability and scalability of the solutions.

The results are consistent with several design iterations and proposals that sought to
balance functionality, esthetics, and user experience. From the outset, the design frame-
work explicitly considered both electric cars and motorbikes. This dual focus was partic-
ularly pertinent in the case of Barcelona, where electric two-wheelers represent a signifi-
cant component of the urban mobility ecosystem [88].

The city hosts a well-established infrastructure for electric motorbikes, including
public fleets. For example, SEAT was awarded a municipal concession to operate electric
scooters in partnership with the local manufacturer SILENCE, underscoring the city’s
commitment to sustainable transport solutions [89]. Beyond public initiatives, a growing
number of private users rely on electric motorbikes for commuting, logistics, and service
delivery, further reinforcing the need for a system capable of accommodating multiple
vehicle types [90].

As illustrated in Figure 14, the proposed solution consists of a modular charging sta-
tion designed to provide a scalable, visually distinctive, and technically versatile platform
for both cars and motorbikes. A central design challenge was the comparatively long
charging time associated with EVs relative to conventional refueling [91]. To address this,
the left side of the canopy integrates fast-charging outlets for cars (Figure 15). The fast-
charging infrastructure is located underground and supported by second-life automotive
batteries, which are charged at low power and subsequently provide supplemental capac-
ity during peak demand. In this configuration, the grid delivers the primary fast-charging
load, while the auxiliary batteries function as a buffer, mitigating grid stress during high-
power events [92].

On the right-hand side of the canopy, removable motorbike battery modules are in-
corporated into the lower section (Figure 14). This arrangement enables users to exchange
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depleted batteries for pre-charged units, a model already implemented in several Asian
markets [93]. The replacement modules are continuously replenished by a secondary set
of batteries housed in the upper canopy, ensuring uninterrupted availability. Once a mod-
ule is exchanged, the system automatically triggers a rapid recharge cycle. The upper-
layer batteries consist of second-life units recovered from cars or motorbikes. Although
such batteries may be deemed unsuitable for their original application once capacity falls
below approximately 80%, they remain viable for stationary use [94]. Their integration not
only extends functional lifespan but also supports circular economy principles by defer-
ring material recycling and reducing waste streams [95]. Figure 14 also presents additional
modules dedicated to energy management and system control.

Finally, user experience considerations were incorporated into the physical design.
The canopy provides shelter from adverse weather conditions, while the overall structure
remains compact and lightweight. This avoids the spatial and visual intrusion commonly
associated with conventional fuel stations, a critical factor in dense urban contexts [96].

Figure 14. Conceptual design of a modular charging infrastructure.

The modular system offers flexibility in both deployment and operation. It can be
implemented through two main approaches. The first involves connecting the module to
the main electrical grid and integrating fast-charging infrastructure, which is ideal for lo-
cations with stable grid access and high turnover. The second approach is more autono-
mous: the entire module can be equipped with second-life batteries repurposed from elec-
tric vehicles. These batteries would be kept continuously charged, potentially supple-
mented by solar panels installed on the canopy itself. This configuration offers a more
sustainable and self-sufficient solution, particularly suitable for locations with limited grid
infrastructure or where energy resilience is a priority.

An additional advantage of the modular concept is its scalability. Modules can be
added incrementally, in response to increasing demand or based on the observed flow of
electric vehicles. This phased deployment allows for cost-effective scaling and adaptation
over time, ensuring that the infrastructure can grow organically as the adoption of electric
mobility expands.

In addition to the modular and scalable concept described in Figure 15, the evolution
of charging technologies brings forward complementary innovations that could shape the
future of electric mobility infrastructure. Among these, wireless charging is one of the
most promising, offering a hands-free alternative to traditional plug-in systems. Although
still under development and facing efficiency challenges, it has the potential to reduce the
reliance on cables and connectors, thus minimizing wear, user handling errors, and safety
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risks. Wireless charging solutions are typically categorized into static systems (where ve-
hicles charge while stationary, for example, in parking spots) and dynamic systems, which
enable continuous charging while the vehicle is in motion through embedded infrastruc-

ture on specific roads.

Figure 15. Two design variations in a charging station based on the proposed modular innovation.

Parallel to this, automated and robotic charging technologies are gaining traction. As
the demand for higher-capacity fast DC charging grows, so does the need for thicker,
heavier cables, which can be impractical for everyday users. Robotic arms and fully auto-
mated charging platforms aim to address this issue by handling the charging process
without human intervention. These systems are particularly relevant for autonomous ve-
hicles and could integrate seamlessly with smart parking environments, allowing vehicles
to self-navigate to a charging point, recharge autonomously, and return to the user when
ready. Companies like Tesla, BMW, and Hyundai are actively testing such solutions.

Battery-swapping systems, another emerging alternative, offer rapid energy replen-
ishment by replacing depleted batteries with fully charged ones. This model is especially
effective for fleets or high-usage vehicles, though it requires a robust management system
to coordinate inventory, battery condition, and compatibility. Effective communication
between the vehicle, robotic units, and station infrastructure is critical for the success of
such systems.

Finally, the rise in ultra-fast charging (UFC) stations, also known as hyperchargers,
represents a major leap in reducing charging times. These stations can deliver over 350
kW and even up to 500 kW in next-generation prototypes, enabling full charges in under
10 min. For widespread deployment, UFC systems require universal standards and com-
munication protocols such as OCPP, CCS, and ISO 15118 [97] to ensure interoperability
across different vehicle brands and charging networks. The implementation of roaming
agreements further enhances the accessibility of this infrastructure, allowing users to
charge their vehicles across various networks using a single account or payment system.

5. Modular Charging Station Design (Figure 16): Structure, Materials,
and Advantages

The proposed modular charging station features a lightweight, prefabricated struc-
ture designed for ease of installation, adaptability, and user comfort. Its architecture
draws inspiration from the familiar form of traditional gas stations but reimagined for
electric mobility, combining functionality with a visually appealing, modern esthetic.
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Figure 16. Conceptual design of a modular charging infrastructure for electric vehicles and motor-
bikes.

The structure consists of two main components: a canopy and a central container.
The canopy, designed to provide shelter during charging, is built from perforated alumi-
num supported by a steel wireframe. The central container houses the energy system and
battery modules and is constructed using insulated aluminum panels. The dimensions of
the container are approximately 2700 x 750 x 2450 mm, while the full unit, including the
canopy, reaches 3950 x 2924 x 3600 mm (Figure 14). All joints are reinforced using metal
brackets, with high-security access doors on the rear and lateral sides.

Materials used include EN AW 1050 aluminum (2 mm thick) (Manufacturer: Alu-
dium from Spain) for both solid and perforated surfaces, steel bars (DIN 5185) with diam-
eters of 80 x 65 mm and 35 x 20 mm, high-security locking systems on access panels, and
LCD interactive displays for user interface and battery management.

One of the key advantages of the design is its modularity and scalability. Units can
be deployed individually or expanded as needed, depending on vehicle traffic and charg-
ing demand. The internal layout accommodates up to 32 s-life electric motorbikes, with
six swappable battery units available for electric motorbikes (Figure 14). These second-life
batteries are repurposed from electric vehicles, contributing to circular economy princi-
ples and lowering the station’s environmental impact. The energy supply can come from
two sources:

- Direct connection to the electrical grid, with fast-charging capacity (Figure 17).

- Afully self-sufficient system powered by photovoltaic panels integrated into the can-
opy, supplying daily energy needs. According to performance estimates, around 40
panels (occupying approximately 7.1 x 3.5 m) would suffice to charge 12 batteries
daily, each requiring ~21.84 kWh.
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Figure 17. Details of the electric vehicle (EV) charging system.

The design also enhances the user experience, offering quick service through battery
swapping (under 5 min), an intuitive digital interface, and optional chill-out zones for
waiting users. Its urban-friendly form factor allows easy integration in peri-urban areas
while maintaining strong visibility and accessibility, key factors borrowed from conven-
tional fueling stations.

From a sustainability and innovation standpoint, the solution emphasizes:

- Energy independence through solar generation

- Minimized environmental footprint via reused battery systems

- Cost-efficiency due to prefabrication and simplified installation

- Potential for robotic or automated integration in future developments

This modular station offers a flexible, forward-thinking alternative to traditional
charging infrastructures.

The design of the modular charging station has been developed as a direct response
to the findings from the economic and environmental analyses. For instance, the battery
capacity was selected to optimize the net present value under projected electricity costs,
ensuring sufficient energy supply during peak demand periods without incurring exces-
sive costs. In particular, second-life batteries from both cars and motorcycles were used in
the design, contributing to cost reduction and environmental sustainability. Similarly, the
choice of fast chargers was guided by projected charging tariffs and user demand patterns,
maximizing potential revenue while meeting operational needs. Environmental consider-
ations, such as the integration of renewable energy sources and energy-efficient compo-
nents, were also incorporated based on the analysis of emissions and sustainability met-
rics. These design choices demonstrate that the proposed station is a practical solution
derived directly from the preceding analyses.

6. Conclusions

This paper addresses an important topic in the context of EV infrastructure, particu-
larly fast-charging stations, in Spain. With the growing importance of fast charging in re-
ducing range anxiety and facilitating long-distance travel, the lack of fast-charging infra-
structure in Spain calls for in-depth research.

We provide a design and allocation analysis of an EV fast-charging station in two
scenarios: inner city roads and highways in Barcelona. The design of the infrastructure is
based on traffic flow and the number of EVs that will be charged per day, supported by
renewable energy systems (solar PV and BESS). Additionally, for each scenario (inner city
road or highway) we performed an economic and environmental analysis of four cases
based on the energy system used to power the fast-charging station (i.e., (i) grid, (ii) grid
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+ BESS, (iii) PV, and (iv) PV + BESS) to determine the most feasible and environmentally
friendly option.

The advantages of implementing a fast charging station with BESS, PV, or PV + BESS
support were highlighted by comparing its performance, feasibility, and environmental
impact with a reference case of only grid support. Thus, the main findings of this research
study are as follows:

e  The best location to install a public fast charging station is on highways due to their
higher traffic flow compared to inner-city roads.

e The high cost of installation of both PV and BESS is the main component of charging
station costs.

e  The economic efficiency depends on the avoided grid support cost and the additional
revenues from selling back to the grid the surplus of energy generated with PV, as
well as the cost of the PV and/or BESS.

e  The IRRs of both PV and PV + BESS cases are relatively low compared to the base
case and the system with only BESS; nevertheless, it can still be an interesting invest-
ment in terms of energy independence and low payback periods (3 to 4 years).

¢  From an environmental point of view, integration of PV and BESS into a fast charging
station can save up to 82,048.18 CO: eq./year, considering only emissions that occur
directly or indirectly due to electricity production, and a 72% reduction in emissions
if it takes into account all emissions from the life cycle of the system used to generate
the electricity.

Despite these advancements, several challenges still need to be addressed to ensure
the widespread success and efficiency of EV infrastructure. One major issue is battery
degradation; second-life or reused batteries naturally experience a decline in performance
over time, which can affect both reliability and the economic viability of charging stations.
Moreover, permitting and infrastructure development present significant obstacles. In
many countries, acquiring the necessary approvals to install chargers, build facilities, and
connect to the power grid can involve lengthy bureaucratic processes, often taking several
months or even years.

Another critical consideration is the capacity of the existing electrical grid. As the
number of electric vehicles grows, so does the energy demand. This raises concerns about
whether current grid systems can absorb the additional load without major upgrades or
whether substantial investment in grid reinforcement will be required to ensure stability
and prevent outages.

As explored in this work, the integration of emerging technologies, such as wireless
charging, automated systems, and ultra-fast charging networks, combined with a modu-
lar and scalable station design, points toward a future where EV infrastructure is increas-
ingly intelligent, autonomous, and adaptable. These innovations aim to improve the user
experience while enabling faster deployment, greater energy independence, and en-
hanced operational flexibility.

To illustrate this vision, we have presented a modern, modular charging station con-
cept specifically designed to meet contemporary mobility needs. This prefabricated struc-
ture, capable of integrating second-life batteries and solar energy systems, offers a sus-
tainable and space-efficient alternative to traditional fueling stations. Its adaptability to
both urban and peri-urban environments, combined with a user-centric design and the
potential for technological integration, positions it as a forward-thinking solution for the
evolving landscape of electric transportation.

Looking ahead, future work should take into account all these factors, from energy
storage limitations and grid capacity to permitting challenges and user behavior, to fully
assess the long-term value and impact of such infrastructure. Only by addressing these
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multidimensional aspects can we ensure that EV charging systems are not only techno-
logically advanced but also economically viable, socially accepted, and environmentally
sustainable.
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