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Abstract

Given the current load and power density limitations in electric vehicle (EV) storage systems, it is necessary to study
hybrid and control systems in order to optimize their performance and present themselves as a real alternative to internal
combustion engine (ICE) vehicles. This implies the development of legislation and specific regulations that enable the research
and development of these storage and management systems for hybrid systems. The research presented here aims to analyze
the implementation of the SMES (Superconducting Magnetic Energy Storage) energy storage system for the future of electric
vehicles. To do this, the need for a hybrid storage system has been taken into account, with several regulatory options, such
as the reduction of rates or the promotion of private investments, which allow the technological development of EVs. What
is sought is to achieve the market share proposed by the different countries to reduce Greenhouse Gases (GHG), according
to their objectives. This approach must be taken from the legislative and regulatory perspective, specific to EVs and charging
points, of several countries or regions with different cultures, management models and implementation potential, such as the
United States of America (USA), Europe and China. This analysis is associated with the economic study of costs that this
storage system may involve in the implementation of EVs to replace ICE vehicles, resulting in possible economic benefits as
well as the environmental benefits of the use of EVs. In this analysis, the current high cost of using a hybrid system of these
characteristics can be observed with the comparison of three EVs, as well as current data on GHG emissions produced by
transport. All this leads to a series of advantages and disadvantages that must be taken into account in order to achieve the
objectives that countries have in the coming decades of EV diffusion.
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Nomenclature

AC Alternate Current

AFDC Alternative Fuels Data Center

ANSI American National Standards Institute
BEV Battery Electric Vehicle

DC Direct Current

DOE Department of Energy

C2ES Center for Climate and Energy Solutions
EDLC Electrostatic double-layer capacitors

ETS Emissions Trading Schemes

EV Electric Vehicle

FC Fuel Cell

FCEV Fuel Cell Electric Vehicle

FEV Full Electric Vehicle

GHG Green House Gas

HEV Hybrid Electric Vehicle

HoC Heat of Combustion

HTS High Temperature Superconductor

ICE Internal Combustion Engine

IEC International Electrotechnical Commission
ISO International Organization for Standardization
LTS Low Temperature Superconductor

mHEV Mild Hybrid Electric Vehicle

PHEV Plug-Hybrid Electric Vehicle

REE Red Eléctrica de Espaifia

REEV Range Extended Electric Vehicle

SAC Standardization Administration of China
SAE Society of Automotive Engineers

SMES Superconducting Magnetic Energy Storage
SOC State of Charge

STRIA Strategic Agenda for Research and Innovation in Transport
Tc Critical Temperature

TRIMIS Transport Research and Innovation Monitoring and Information System
USA United States of America

V2G Vehicle to Grid

ZEV Zero Emission Vehicle

1. Introduction

The need for the use of electric cars is becoming increasingly important. In recent years the use and purchase of
electric vehicles (EV) and hybrids (HEV) is being promoted with the ultimate goal of reducing greenhouse gases
(GHG), as can be the Paris Agreement [1]. In 1834, Thomas Davenport presented the first electric vehicle in the
United States of America (USA) [2], and in 1851, Charles G. Page’s vehicle reached a speed of 31 km/h [3] A year
later, the first car was sold in the USA.

The main reasons for promoting electric and hybrid vehicles are threefold:

e Environmental sustainability: They are a sustainable alternative to internal combustion engines (ICE). The
automotive sector needs to innovate towards more environmentally friendly mobility.
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Fig. 1. EV sales by region or country [6].

e Economic sustainability: The main oil-producing countries are socio-politically unstable, which leads to
fluctuations in the cost of fossil fuels.

e Energy sustainability: Electric vehicles represent an important alternative to oil and a suitable way to integrate
renewable energies into transportation. It also makes it possible to improve the energy efficiency of the
electricity sector through so-called V2G (Vehicle to Grid) [4,5].

Once the importance and necessity of the use of electric and hybrid vehicles for mobility in the coming years is
known, this study seeks to analyze EV storage systems both economically and at a regulatory level, together with
the charging systems through grid connection sockets associated with EVs. This importance is shown in Fig. 1,
which shows the evolution of EV sales worldwide, and in Fig. 2, the total number of EVs in specific regions or
countries.

8000000
7000000
6000000
n Others
2 5000000
5 mmmm United States
X
& 4000000 m Europe
s
(fu = China
I
2 3000000 e BEV+PHEV
2000000 BEV
1000000
0 ||

2013 2014 2015 2016 2017 2018 2019

Fig. 2. Total stock of EVs by region or country [6].
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Fig. 2 shows exponential growth in all countries of the world and the difference between BEVs (Battery Electric
Vehicle) and PHEVs (Plug-in Hybrid Electric Vehicle). Apart from what the graphs show, the vast majority of the
countries have projected that their vehicle fleets, or at least most of their vehicle sales, will be of this type.

On the other hand, given the characteristics of EVs and due to the frequent starts and stops of these vehicles, the
charging and discharging profiles of the batteries suffer strong variations. The specific power of today’s batteries is
much lower than that required to cope with such demanding and repetitive power cycles. One option is to realize
a hybrid storage system with some basic requirements [7—11]. These requirements are based on reaching a design
compromise between specific energy, mainly provided by the battery, specific power, provided by another storage
system, and a long lifetime.

In the hybrid systems studied for electric vehicles, mainly batteries and ultracapacitors (EDLC) are used [9,12—
14]. Another option is the use of other systems with high power density, such as flywheels or SMES systems, to a
lesser extent.

The main storage system with high specific power that is sought to be analyzed in this study is the SMES
(Superconducting Magnetic Energy Storage) where the energy is stored in a superconducting coil at a temperature
below the critical temperature, Tc. This technology is being researched and developed in order to be used in different
types of applications [15-23], mainly in Smart Grid or Smart Cities application [4,15,21,24-36], although there are
also researches that focus on the improvement of its technical characteristics [22]. The main characteristics available
in this energy storage system (ESS) are shown in Table 1. This table shows a comparison with the main storage
systems capable of providing the specific power required for a hybrid storage system for the study.

Table 1. Main characteristics of a SMES system [4,19,24,28,36—49].

Daily self- Energy  Specific Power Specific Response Discharge Suitable Efficiency Lifetime Lifetime
discharge  density  energy  density power time time storage (%) (yr) (cycles)
(%) (Wh/L)  (Wh/kg) (W/L) (W/kg) duration
SMES 10-15 0.2-6 0,5-5 10004000 500-2000 >10 ms ms-5 min min-h <95 30+ 5.10°
EDLC 2040 2-30 2,5-15  100.000 500-5000 >10 ms ms-60 min s-h <90 30+ 5-10°
FlyWheel = 55-100 20-80 10-30 1000-5000 400-1500 ms-s ms-15 min s-min <85 >20 1-100

It can be seen that the three storage technologies have similar characteristics but that SMES systems have very
low response time and very high performance, which may favor their use in self-driving vehicle applications. In
contrast, these systems can be expensive to implement and develop in vehicles.

During this study, their main advantages and disadvantages in hybrid storage systems for electric and/or hybrid
vehicles, costs, application regulations and technical standards, as well as their environmental and economic benefits
will be analyzed. According to [50], the aforementioned criteria, together with the technical and social criteria, allow
the evaluation of an ESS.

Section 2 of this study seeks to explain the methods used in the research presented here. In this section, a review
of hybrid storage systems in EVs is shown, as well as the legislation related to electric vehicles and charging points
that allow enhancing the use of EVs in the main markets. Section 3 performs an economic cost analysis on the
implementation of a hybrid system of this type in vehicles. During this analysis, a cost comparison of several EVs
with a hybrid system consisting of a lithium battery and a SMES system will be carried out. This allows obtaining
the possible economic benefits of the development of these systems due to the reduction of transportation and
processing of oil to obtain gasoline or diesel, as well as other indirect benefits. It also addresses the discussion of
the environmental benefits provided by the use of EV as opposed to the use of ICE vehicles, an important factor
for its implementation and competitiveness with other types of systems in the case of hybrid storage in EVs.

It is in Section 4 where a brief summary is made of both the advantages and disadvantages that the SMES
system presents in a hybrid storage system for this particular case. Finally, Section 5 is reserved to show the main
conclusions obtained from the regulatory and economic study that may involve the study of these hybrid storage
systems in the EV.

2. Materials and methods

In order to analyze electric vehicles, they must be classified according to their configuration and capabilities.
For this purpose, it must be kept in mind that an electric vehicle owes its propulsion energy partially or totally to
electric energy. In this sense, according to [4,44,51-53], a classification can be made as shown in Fig. 3.
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Full Electric Vehicle (FEV)

Fuel Cell Electric Vehicle (FCEV)

Electric Vehicle (EV) —

Micro Hybrid electric Vehicle (LHEV)
Mild Hybrid electric Vehicle (mHEV)
Hybrid Electric Vehicle (HEV) —
Plug-in Hybrid electric Vehicle (PHEV)

Range Extended Electric Vehicle (REEV)

Fig. 3. Classification of electric vehicles [4,44,51-53].

The study focuses on FEVs, where the true potential of a power storage system such as the SMES system can
be shown. Hybrid systems are ICE-centric systems with an electrical energy storage element as a support. These
hybrid systems are classified according to their degree of electrification, an example being uHEVs, where the
electric systems do not reach more than 5 kW of power but without incorporating any electric drive system.

FCEVs are usually encompassed as hybrid vehicles since they are usually associated with electric batteries or
power storage systems, as shown in the studies of [54]. The development of these vehicles can enhance the use of the
SMES system as a secondary storage system, due to the use of hydrogen as a cooling system for the superconducting
coil, as discussed later in this study.

FEVs are usually vehicles whose energy storage element is based on a chemical battery [55], either by means of
Lithium, Nickel, Sodium or metal-air batteries [35,45,48], leaving aside lead—acid batteries not used for their use
in the traction movement of EV engines.

In all the above cases, the use of standardized electric chargers, connectors and some degree of electrification
is required, as will be seen later. In this sense, and as an example of EV charging systems, according to [56] for
Spain, there are 4 types of recharging according to their connection to the vehicle:

1. Connection of the EV to the recharging station by means of a cable terminated in a plug with the cable
attached to the EV (Fig. 4a).

2. Connection of the EV to the charging station by means of a cable terminated at one end in a plug and at the
other end in a connector, where the cable is an accessory of the EV (Fig. 4b).

3. Connection of the EV to the recharging station by means of a cable terminated in a connector, the cable is
part of the fixed installation (Fig. 4c).

4. Connection of a light EV to the charging station by means of a cable terminated in a connector, the cable
incorporates the charger (for motorcycles, e.g.) (Fig. 4d).

Among all the options, it is necessary to study hybrid FEVs, i.e. having two different electrical energy storage
systems. These hybrid systems are usually composed of an energy storage system, such as a Lithium battery, and
a power storage system, in this sense a supercapacitor [9,12—14], a flywheel or a SMES superconducting coil, as
discussed above.

2.1. Hybridization systems

Normally, the main ESSs where the energy density is high have as a counterpart a rather low power density,
with the drawbacks that this can produce for starting and starting an electric motor of a vehicle [51]. Therefore, a
hybrid system is sought where the power density of some systems can be combined with the energy density.
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Fig. 4. (a) Type 1 EV charging; (b) Type 2 EV charging; (c) Type 3 EV charging; (d) Type 4 EV charging [56].
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Fig. 5. Parallel configuration of the ESS for EV [44,52,53].

2.1.1. Parallel hybrid system
Fig. 5 shows the configuration of a parallel hybrid system of an FEV, [44,52,53]. In this case, it has been realized
using a battery and the SMES power storage system.
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In this case, charging is done through an interface to the battery, which is connected in parallel directly to the
secondary storage system, SMES system. This parallel system is connected to a DC-DC converter to match the
power to be supplied to the inverter that provides alternating current to the three-phase motor. From this motor,
through gears and mechanical coupling systems, it is connected to the differential gear that transmits the motor’s
movement to the vehicle’s drive wheels.

The control system is in charge of controlling different parameters, such as temperatures, SOC or rpm to send
control orders to provide optimum management and performance of the systems. It must also control the cooling
system and losses that may occur in the SMES system.

As advantages, this system provides simplicity in its configuration and savings in its development but, on the
contrary, in these systems, the main storage system, the one formed by batteries, and the secondary one, in this
case the SMES system, must have the same nominal voltage. This is due to the use of a single DC-DC converter
before the inverter that provides alternating current to the motor, assuming that a three-phase alternating motor is
used and not any other type of direct current motor.

2.1.2. Serial hybrid system

Within this category are different types of variants, with ESS directly coupled to the IGBT inverter or through
more complex configurations that allow for increased performance and resource optimization, as shown by
[44,52,53].

The most common type of series hybrid system is the one shown in Fig. 6, where each storage system is connected
to its own DC-DC converter to match the power provided to the motor through the IGBT inverter.

Transmission

Motion |«
Control |+
System  [*
I Wy

Fig. 6. Serial configuration of the ESS for EV [44,52,53].

In this system, parameters and values are also monitored and controlled from a central control module. This
system provides the control with greater energy supply and storage stability, configuration flexibility and efficiency.
However, there is a reduction in the battery life cycles caused by the large power supplies provided by the ESS.
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For both systems there is currently a recharging system that can allow battery recharging times ranging from
several hours to a full recharge in several minutes. So-called ultra-fast recharging is still being researched and
developed, as it is one of the major problems with all EVs.

In addition, the electric motors used perform generator functions for energy recovery through the KERS system,
or regenerative braking, [9,14,51], by which they transform the energy of the vehicle’s motion into electrical energy
that is stored in the accumulators, controlled by the central motion control system to store this energy in the
accumulators.

2.2. Regulatory framework

Due to the different EV alternatives and their configurations, it is possible to see the legislative and economic
limitations that this causes. For this, it is necessary to know the standardization and regulatory options that affect
each country or territory, summarized in [57].

In terms of this regulation and legislation, we seek to expose three countries or regions from different continents,
where EVs are currently more widespread and where their use is being promoted the most. The objective of
this comparison is to observe the different ways in which three completely different regions are promoting the
development, purchase and use of EVs. In principle, these countries have completely different social and resource
management characteristics that are reflected when it comes to encouraging EVs, although they also have similarities
and points in common.

2.2.1. Chinese legislation

The New Energy Vehicle (NEV) program supports the promotion policy for the acquisition of EVs in China.
In this sense, the Chinese central government encourages research by EV manufacturers through subsidies, credits
or tax exemptions [58], and other aid through the Ministry of Transport (MOT) [59], the Ministry of Finance
(MOF) [60] or the Ministry of Industry and Information Technology (MIIT) [61], whose main objectives are to
clean the air in China’s cities, reduce oil imports and position China for world leadership in a strategic industry
such as the automotive industry. Also from the Chinese government, it is sought to encourage the development and
inclusion in energy storage systems, at a general level, which can directly or indirectly affect EVs [62].

In the case of China, the calculation to incentivize the purchase of EVs is based on the energy density of ESSs
and their energy efficiency. It seeks to subsidize a maximum of 2 million EVs per year.

On the other hand, it is also sought to encourage the purchase of this type of vehicles through provincial
governments, through exemptions from traffic restrictions or reductions in parking fees, even with free parking,
such as [63].

As for EV-related standards, they are developed by the Standardization Administration of China (SAC), a
member of the International Organization for Standardization (ISO) [64]. In relation to EVs, and their storage
systems, the standards that affect in their construction are very varied, from those related to battery safety
requirements (GB 38031-2020) to the accumulator control and management system (GB/T 38661-2020), even
the requirements of electromagnetic compatibility in EVs (GB/T 36282-2018). On the other hand, there are also
standards affecting vehicle charging systems, such as NB/T 33020-2015 or NB/T 33021-2015, or storage systems,
such as supercapacitors for EVs (QC/T 741-2014) or for the manufacture and calibration of SMES superconductor
systems (GB/T 30109-2013) [65].

2.2.2. U.S. Legislation

At the US level, there are also various levels of assistance and support for EVs. At the federal government
level, tax improvements, R&D investments and different programs have been promoted to enable the competitive
development of EV technology, although in the last year the US Congress decided not to extend the federal credit [6].
Both the Alternative Fuels Data Center (AFDC) of the Department of Energy (DOE) [66] and the Center for Climate
and Energy Solutions (C2ES) [67] show the regulations at both federal and state level, where it can be observed that
there are only four cases where the commercial deployment of alternative vehicles, not only EVs, is not supported.
Virtually all states have measures in place to encourage the purchase and use of EVs, such as tax advantages
subsidies or other measures [68].
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Several states joined together to sign a program called ZEV (Zero Emission Vehicle) in 2014 where those
states are sought to encourage the purchase of EVs and the installation of grid chargers, or failing that refueling
infrastructure [69]. This program has been led by the state of California, along with others such as Massachusetts,
New York or Connecticut, among others.

Even so, government incentives have been reduced since 2019, both in the USA and in China, despite which an
increase in EV purchases is still being seen in these countries [6]. The increase in sales may be due to financial
supports at the local government level.

At the standardization level, the USA has the American National Standards Institute (ANSI) for the development
of standards [70]. This institute belongs to ISO, so ISO norms are related to these standards.

On the other hand, in the USA there is also the Society of Automotive Engineers (SAE) [71] specialized in the
automotive and aerospace industry whose manufacturing standards are usually considered as standard for use in
these industries. Among these standards are some such as Life Cycle Testing of Electric Vehicle Battery Modules
(J2288) or Electric and Hybrid Electric Vehicle Rechargeable Energy Storage System (RESS) Safety and Abuse
Testing (J2464), among others.

2.2.3. European legislation

As for the European Union (EU) there are also several levels, and the first of all is the one created by the
European Council together with the European Parliament that creates regulations and guidelines, which must be
adapted by the member states to their internal legislation, which would be the second legislative level in the EU.

The main document created by the EU is the so-called White Paper on Transport, of 2011, where it indicates
the need to reduce GHGs in Europe by 60% in 2050 in relation to 1990 levels [72]. As a result, Europe defined the
Strategic Transport Research and Innovation Agenda (STRIA) [73], which defines seven areas where the EU should
concentrate its efforts to achieve these transport objectives, monitored by the Transport Research and Innovation
Monitoring and Information System (TRIMIS) [74].

In relation to the promotion of the use and development of EVs in Europe, there are regulations aimed at the
design of electric motors and variable speed drives [75] or the promotion of these vehicles itself [76]. This is derived
from regulations for the reduction of GHG emissions, such as [77] for commercial vehicles and [78] for heavy-duty
vehicles. These regulations also include a mechanism to incentivize the adoption of zero- and low-emission vehicles
in a technology-neutral manner.

At the EU member country level, laws have been implemented to incentivize the purchase of EVs and to prohibit
the purchase of vehicles with gasoline or diesel engines before 2030-2040, depending on the case [79].

Likewise, incentives have been provided for member countries to develop a network of alternative fuel
infrastructures through Directive 2014/94 [80] with a ratio of one recharging point for every ten EVs. The aim
is to have 1 million charging points in the European Union by 2025.

At the standardization level, the European Union, and its members, rely mainly on the standards made by the
International Electrotechnical Commission (IEC). As in the rest of the international standardization organizations,
they are divided into Committees, among which TC 69, on “Electric power/energy transfer systems for electrically
propelled road vehicles and industrial trucks” [81] stands out at the EV level, where the standards applied to the
EV power supply, the internal communication bus or the EV charging system are described.

Apart from these three large blocks, there are also other large consumers or producers such as South Korea,
Japan or India, but the generic regulations of the main countries seek to promote the purchase of EVs in one way
or another.

2.3. Economic analysis

For a hybrid storage system to be implemented in vehicles, they must be economically viable, as well as
technically feasible to use. SMES systems for small applications have not yet been tested with the necessary
efficiency.

To analyze the cost of a hybrid EV storage system, the hybridization configuration of the component systems
and the characteristics of these systems must be taken into account. The calculations have been based on [12,24,
45,47,48,82-84], and are based on manufacturing and investment costs and financial costs.

TSC@S)=Ci($)+Cr($) ey
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In this case, operation and maintenance (O&M) costs are not considered since these costs should not be reflected
in the final cost of an EV. These costs are related to energy storage plants that require infrastructure and specialized
personnel for their maintenance.

As for the investment cost, C;, it takes into account the materials used, as mentioned above, their construction
and commissioning of all the auxiliary systems and subsystems they may have. Investment costs can be broken
down into three subsets:

Cr($) =Cy (3) + C. (8) + Cavx ($) 2)

where:

C,; ($) is the cost of materials and construction of the ESS,

C, ($) is the cost of the electrical system of the device, and

Caux ($) is the cost of auxiliary systems not included in the above items.

If we break down each subassembly, the cost of materials can be further subdivided, at the level of the
construction of the coil or battery, the construction of the hydraulic cooling system, the pump, the materials that
compose them and the design itself. In spite of that, prices are usually taken per kW or kWh unit, so the value of
the cost of materials would be:

Csi (8) = (Ce1- E\) /m + (Cga - E2) /ma (3)

where:

Cg is the materials cost per unit energy of the primary system, possibly a Lithium battery, and the secondary
system, in this case a downsized SMES system. It is measured in $/kWh.

E is the storage of the primary and secondary system, respectively. It is measured in kWh.

n is the efficiency of the primary and secondary system, respectively

On the other hand, the cost of the electrical system depends on the raised configuration and the vehicle
management and control system. The term of the electrical system cost would be:

C.($)=¢-(Cp1-PL+Cpy- Po) 4)

where:
¢ is a hybridization factor, i.e., depending on the system used, the system can be made more expensive or cheaper.
Cp is the power cost of the system. It is measured in $/kW.
P is the stored power capacity. It is measured in kW.
Finally, there is the auxiliary system, where the focus is on the strategy for storing and supplying and monitoring
the energy flow. This value is also usually obtained as a function of power or stored energy.

Cavx (3) = Caux (8/kWh) - Er 5)

where:

Er is the total energy stored in the system. It is measured in kWh.

As for the second summand of Eq. (1), the financial or investment cost, where there are purely economic
components, such as investment interest, or the years to amortize the storage system

Cr($)=5-C/(3) (6)
With the multiplying factor § produced by:
r-(1+ r)k
— —— (M
(1+r-—1
where:

r is the investment interest,

k is the useful life, in years.

With the above approach and with the price information of storage systems in [43,44,51,83,84], it can be obtained
that the cost of the hybrid electric storage system using a Lithium-Ion battery system and SMES would be as shown
in Table 2.

On the other hand, a 10% interest rate and costs that are expected to be reduced by 50% in the future in the
manufacture of batteries and storage systems have been considered, as shown in [6,83]. Considering the previous

863



E.-L. Molina-Ibdiiez, E. Rosales-Asensio, C. Pérez-Molina et al. Energy Reports 7 (2021) 854-873

Table 2. Costs of vehicles with hybrid storage system [43,44,51,83,84].
BYD Tang EV600  Model 3 T EQC 400 4MATIC Mercedes Benz

Power (kW) 182.7 261 304.24
Capacity batteries (kWh)  82.8 75 88

Lifetime (yr) 20 20 20

G ® 47.666,44 $ 62.755,85 $  65.009,05 $
Cr ($) 5.598,88 $ 7.371,28 $ 7.635,94 $
Total ($) 53.265,32 $ 70.127,13 $  72.644,99 $

point, three vehicles from the three regions indicated in the previous section have been assumed. In this case, we
have looked for vehicles with a very similar range, about 500 km, from the companies BYD [85] from China, Tesla
[86] from USA and Mercedes-Benz [87] at European level. It must be taken into account that the costs shown
are relative to the current prices of the technologies used, and only of the ESS, so the complete vehicle would be
somewhat more expensive, considering that energy storage is the most expensive part of this type of vehicle.

3. Results

Bearing in mind the different models of hybrid storage systems for EVs and the regulations that seek to promote
the purchase of these vehicles and their development, the costs of using a hybrid storage system with an SMES
system must be analyzed.

For this, we must keep in mind that SMES systems are formed from a coil with superconducting materials,
divided between LTS (NbTi) and HTS (YBCO or BSCCO) [16-19] according to their Tc. There are different
studies that seek to analyze the optimization of this ESS [22]. They also have a container where to contain such
coil and the coolant, which can be Helium, Nitrogen or liquid Hydrogen (LIQHYSMES) [21], in this last case
Hydrogen can also be used to supply a fuel cell (FC) [20], as well as a coolant reservoir and a suitable pump to
recirculate the coolant [35].

A flow management and electronic control system that allows monitoring of temperature, voltages, currents and
other variables for proper operation, must control all this. These management strategies for charging, discharging
and optimal control of storage systems are encompassed in stochastic control, linear programming, dynamic
programming or Pontryagin’s minimum principle. These management and control systems for both hybrid systems
and for a single ESS come from different studies, both for individual uses and applications, such as EV, as well as
in the electrical grid itself, [10,13,23,45,49,53,54,88-94].

3.1. Environmental benefits

Among the main benefits found with the use of EVs, and discussed above, is the use of electricity as fuel. The
use of electricity as a fuel in transportation can lead to a very considerable decrease in GHG.

If we take into account the use of fossil fuels such as gasoline, diesel or LPG for vehicle transport, whether for
private or professional use, there is data such as that shown in Fig. 7. In this case, the energy consumption in Spain
during the last decade has been taken into account as an example.

As the consumption data are in MWh, the amounts of GHG and harmful gases, such as CO,, SO, or NOy, can
be calculated using the so-called emission factor (), which indicates the amount of a substance for each kg of fuel
consumed. A summary table of these values depending on the type of fuel can be seen in Table 3. These values may
vary over time due to improvements made by manufacturers due to environmental restrictions in different countries.

To obtain the total amount per year of the different substances that have been generated due to the use of these
fuels, the following formula must be taken into account.

ECx © Xx

R, = —=2 8
HoC, 3

where:
E¢ is the energy consumed by that fuel,
x 1is the emission factor of the fuel, and
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Fig. 7. Energy consumption in transport in Spain (MWh) [95].
Table 3. Emission factor, by IDAE [96].
Kg COy/kg of fuel kg SOz/kg of fuel kg NOy/kg of fuel
Gasoline 3.1800000 0.0000150 0.0087300
Diesel Oil 3.1400000 0.0001500 0.0129600
LPG 3.0170000 0.0000000 0.0152000
Biomass 0.0180000 0.0000736 0.0014160
Gaseous 2.4664000 0.0000000 0.0530000
Table 4. Heat of Combustion, by IDAE [96].
kWh/kg of fuel
Gasoline 12.3060
Diesel oil 11.9440
LPG 13.1390
Biomass 3.9330
Gaseous 12.2780
Table 5. Tons of CO,, SO, and NOy produced by transport in Spain (Tn), by IDAE [96].
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
CO, 86143.24 8301235  78736.75  72194.57 7442272 7529556  77967.71 8001092  81359.65 82230.56
SO, 3.55 3.53 3.44 3.27 3.15 3.21 3.34 343 3.52 3.60
NOx  336.77 327.66 312.90 289.54 295.12 299.57 310.76 319.71 326.24 331.92

HoC is the calorific value of the fuel

Considering the calorific value obtained from the Institute for Energy Diversification and Saving (IDAE),
belonging to the Ministry for the Ecological Transition and Demographic Challenge of Spain [96], shown in Table 4,
the tons produced of CO,, SO, and NOy in Spain by transport are obtained. Table 5 shows the amounts of these
gases produced between 2009 and 2018.

It can be observed the large amount of GHG generated per year only by vehicles with ICE in a country like
Spain, a member state of the EU. In addition, it should be noted that these values do not show other gases or
particles that can be generated, such as CO or NH3. On the other hand, it is also possible to see the reduction of
emissions produced by an economic crisis. It can also see the economic recovery with the growth of these levels
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as of 2018. It is in these situations where the strengths and weaknesses of the technologies can be seen and where
one must bet on some technologies or others to be able to position oneself in the market.

3.2. Economic benefits

The economic benefits that the use of EV can bring about can be monetized by considering the phases of the fossil
fuel process, extraction, processing, transportation and distribution and storage. Added to this are taxes, customs,
regulatory changes and other factors that cause uncertainty in this type of energy vector [97]. Due to the complexity
and great variability of these factors, it is difficult to make an exhaustive study of each case. When it comes to
monetization, in the EU there is the actor of Emissions Trading Schemes (ETS) [98], where CO, is priced per ton
of emission. Fig. 8 shows the evolution of its price in recent years.

€40.00
€35.00
K2
o €30.00
=
e
c €25.00
ON
O €20.00
e
©
T €15.00
Q.
2 €10.00
S
[
€5.00
€0.00
N IS IS IS IS IS 00 0 60 00 0 60 Oy OO O OO0 OO OO0 ©O O O O O O «
oI Hd o Hd Hd Hd A Hd d d d A A d Hd d dd NN NN NN
N N g NN g AdCJNNF g g
25 E2 g3 3225 E=25g g 5 E =g TS5 E =3 o T
© < S 0 o © < S 0 o © < S 0 o © o S 0 o0 ©
> @ “EED\’G _‘EEJM _‘EED(U “EEJ
c s c s c s c s c
© L ¢ L ¢ L ¢ L ¢ =
- =3 = =4 = 5 = 5 =
GJO GJO ﬂ)o CUO
n Z n Z n Z wn <

Fig. 8. European CO, price [98].

The price of CO, emissions in the EU with the amount of tons of CO, emitted due to ICE vehicles is a biased
way of looking at the cost of using these vehicles. In order to promote EV and zero emission energy sources, it
is estimated that this “emission tax” should be increased to 80 €/ton. These costs are usually borne by the fossil
fuel energy generating companies. In contrast, other harmful emissions such as PM10 or NOy emissions cannot be
monetized. To this should be added the costs of energy, caused by generation and distribution, depending on the
energy mix, in the Spanish case, where 44% of electricity generation was from so-called renewable sources [99].

On the other hand, the possibility of EVs can also be seen in the so-called V2G, where EVs are used as support
elements of the power grid. This system can reduce power outages [43] or smooth the energy curve to avoid stressing
the power system [100]. In this sense, and for reference, in a member state such as Spain, an availability of 97.9%
was obtained in the peninsular grid, according to Red Eléctrica de Espaiia (REE) in 2020 [99]. That 2% can cause
economic losses in the millions in continuous manufacturing processes, such as.

On the other hand, the cost of using EVs must take into account the investment, both public and private, made
in the development of EVs with greater autonomy and greater reliability, as well as the development of a supply
network as dense as possible. This is associated with inflation, payback time and investor profitability. It should be
borne in mind that for the private investor, any operation must produce a return in a reasonable period, so regulatory
and economic uncertainty can make many investors wary of investing. Therefore, if demand for EVs and competition
between manufacturers is encouraged, private investment for the technological development of the industry will be
boosted, helping the research community to develop an EV with similar performance to a conventional vehicle at
a similar cost.

Despite this uncertainty, there are a large number of projects in Europe focused on the development of EV-related
technologies, such as the development of batteries, over €300 m, EV charging and infrastructure, over €200 m,
or the development of engines, electronics and transmission systems to increase the efficiency of EVs, over €500
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m. According to [79], around 450 projects related to the development of technology to make EVs competitive with
ICE vehicles

4. Discussion

The use of EV provides great advantages, where the great environmental benefits stand out, and important
disadvantages to be taken into account. Specifically, a hybrid storage system consisting of a lithium battery [55,101],
proposed in this case, and a SMES system.

4.1. Advantages of the hybrid system

Among the advantages that can be obtained from this system are, very extensible to EVs in general:

e Environmental benefit: This type of advantage is applicable to the substitution of ICE vehicles by EVs, as
seen above. Even so, it should be kept in mind that in the manufacture of EVs, procedures and materials are
used that produce GHG emissions and other products that can negatively affect the environment, but this is
beyond the scope of this research. On the other hand, the considerable reduction of noise pollution due to the
use of EVs should be commented. It is such that, as an example, European legislation requires EVs and HEVs
to make a minimum noise level between 0-20 km/h. This noise must be between 56 and 75 dB’s [102].

e Durability: With the choice of a suitable management and control system, [13,23,53,88], and the right
materials, they are very reliable systems with fairly basic maintenance. This can provide more than 20 years
of trouble-free use with little maintenance.

e Higher performance: The use of hybrid systems, with a proper management and control system, as well as
the appropriate hybridization configuration for each use, can provide higher performance and efficiency in EV
use.

e Helping the energy system: The use of EVs with high power and energy density can help the electric system
through the so-called V2G, as a storage source and grid overload regulation system. This system is associated
with Smart Grids and electricity distribution, allowing the development of an energy system less dependent
on fossil fuels.

4.2. Disadvantages of the hybrid system

Despite the many advantages, these systems have many other disadvantages that need to be solved. This section
focuses on the disadvantages that the SMES system can provide in the EV. Among them are:

e Health problems: the use of the SMES system produces high magnetic fields, although they are being the
subject of studies and research, with uncertain results and without any evidence of possible health effects,
it must be taken into account. In this case, the EU drafted a recommendation regarding public exposure to
magnetic fields [103].

e Technical complexity: The hybridization system can be complicated depending on the method of administration
and control of the storage components. To this, we must add the intrinsic complexity of the SMES system
because the coil must be kept at a temperature below Tc to have the necessary performance to make this
system useful. All this influences the following point.

e Economic cost: It has been seen above that the storage system can be around 80%—-90% of the cost of an EV.
This is because SMES systems are not fully developed for the particular use in EV. It is also due to all the
systems associated with the superconducting coil, such as the coolant reservoir, booster pump or hydraulic
system, apart from the coolant temperature control and pressurization system. It should also be borne in mind
that the materials used for their manufacture and processing are often difficult to obtain, which can significantly
increase costs in this regard.

e Storage volume: This point is derived from the technical complexity and lack of development of the SMES
system, discussed above. If the power density values provided are taken into account, where the power density
is around 1000-4000 W/L, it is obtained that for a system such as those studied in the Economic Analysis,
of about 250 kW of power, a volume of between 62.5-250 L is obtained for the SMES system alone. This
is also associated with the specific power, around 500-2000 W/kg, which would weigh this system around
125-500 kg, only this storage system, which would cause the vehicle to be quite heavy.
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e Slow recharging: Current EV recharging systems are quite slow compared to those related to ICE vehicles.
Currently recharging systems can recharge an average battery between 8 h and 30 min, the fastest and reaching
80% SOC, State of Charge, of the batteries [104]. This can be a major drawback if the vehicle is used for
long journeys where time is of the essence. Even so, it is a field that is developing algorithms for fast vehicle
charging, such as [28,105,106].

Despite all the drawbacks, it is estimated that in the coming years the cost will be reduced [6,83] and will be
developed at a technical level so that the SMES system can be presented as a viable alternative to other high power
density systems, such as the supercapacitor [46]. This is propitiated by the bet made by the different governments
for the development and implementation of EV to replace vehicles with ICE, as for example Norway that in 2019
had 55.9% of EV, either BEV or PHEYV, according to [6].

4.3. Factors to enhance EV
Considering the advantages and disadvantages of EVs, it is necessary to analyze the factors and fields that

should be focused on to achieve greater EV implementation. Fig. 9 shows a summary of the main factors and their
relationships.

Standardization and regulation

Investment and private initiative

Fig. 9. EV implementation factors.

The three main blocks are promotion, R&D and reindustrialization of the sector and, finally, recharging
infrastructures and the electric system. These three blocks are interconnected because many initiatives and projects
are interrelated and depend on each other. Encompassing them are regularization, standardization, and private
investment. This is because private investment and the public sector must go hand in hand in order to develop
the EV and increase EV deployment.

Many of these measures have been developed in different countries for years, as we have seen. Within the
different factors to be enhanced, some measures can be listed:

e Promotion of EV:

o Public/private advertising campaigns with the aim of showing the great advantages of EV.
o Incentivize the purchase of EVs through tax reductions, or through direct purchase aid for cab fleets,
delivery vehicles, among others.
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o Agreements between manufacturers and major brands to reduce the selling price to companies or
institutions.

o Purchase, by the cities, of the electric public transport fleet. Large parts of the trips are urban or
peri-urban.

o Development of mobility benefits for EV owners in cities.

e R&D and Reindustrialization:

o Re-industrialization can increase the strategic value of regions and increase the formative potential of
society.

o Reindustrialization leads to the development of ancillary companies specialized in recharging systems
or specific EV modules to manufacturing plants, which allows for a decrease in unemployment.

o Collaboration agreements between EV component manufacturing companies and public research
entities, such as foundations or universities, with the aim of developing the academic field.

o Development of research into recharging points or storage systems.

o Reduction of administrative procedures to develop components or private initiatives in the field of
mobility.

e Recharging infrastructures and demand management:

o Implementation by municipalities of a network of public recharging points.

o Regulatory development of standardization and normalization of the technical elements of charging
points, both connectors and feeders.

o Private development of electric recharging stations by fuel retailers to increase the number of recharging
points.

o Strengthening of the renewable electricity system with the aim of reducing electricity supply costs. It
should be borne in mind that these vehicles are connected to the grid.

o Creation of reduced tariffs during off-peak hours to flatten the electricity demand curve.

All these factors, with their initiatives, are interrelated and therefore depend on each other. They are also
dependent on the regulation and standardization to be done by public entities, from the highest level to the level
of municipalities, and on private investment and initiative, which has the potential to develop a large number of
innovation projects, both in terms of knowledge and material.

The relationship between the public and private sectors is essential to achieve the degree of implementation of
EV that is sought in the coming years. If agreements are not reached, it will take much longer to reach the targets
for the reduction of GHG produced by transport, and EV may be limited to the urban environment.

5. Conclusions

According to this study, it can be seen that the development of EVs involves investing in research on their
energy storage elements and the performance of the vehicle’s control and drive system. The aim is to increase the
autonomy of these vehicles and reduce recharging time, in order to gain ground on ICE vehicles and meet CO2
emission reduction targets in the coming years. Economic support from the public and private sector is necessary to
achieve the development and inclusion of EVs through research into hybrid storage components and technologies
that can respond to the challenges facing EVs. In the same sense, the public sector should facilitate, at the regulatory
level, investment in technological research, either through direct aid or through tax reductions, with the idea that
private investment should be involved in EV development projects. Adequate regulation can reduce the costs of
storage systems, and therefore of EVs, so that they can be competitive in the market compared to ICE vehicles. At
present, it can be said that FEVs are far from being competitive, they are more expensive, they have less autonomy,
the recharging of accumulators is very slow compared to the refueling of a vehicle with ICE and the network of
EV refueling stations is quite limited compared to the network of fossil fuel refueling stations. These problems are
being solved due to the industry’s large investment in solving them, with countries aiming to have the vast majority
of vehicles on the road being EVs, or at least HEVs, in the coming decades, to reduce GHG emissions from the
transport sector.

869



E.-L. Molina-Ibdfiez, E. Rosales-Asensio, C. Pérez-Molina et al. Energy Reports 7 (2021) 854-873

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could
have appeared to influence the work reported in this paper.

References

[1] United Nations. 2015. Paris agreement. Paris.

[2] Davenport WR. Biography of thomas davenport: the brandon blacksmith, inventor of the electric motor. Vermont historical society;
1929.

[3] Post RC. Physics, patents, and politics: a biography of charles grafton page. Science History Publications; 1976.

[4] Shaukat N, Khan B, Ali SM, Mehmood CA, Khan J, Farid U, et al. A survey on electric vehicle transportation within smart grid
system. Renew Sustain Energy Rev 2018;81:1329-49. http://dx.doi.org/10.1016/j.rser.2017.05.092.

[5] Colmenar-Santos A, Rosales-Asensio E, Borge-Diez D. Technologies and applications for fuel cell, plug-in hybrid, and electric vehicles.
New York: Nova Science Publishers; 2019.

[6] Global EV outlook 2020. 2020, p. 276.

[7] Hajiaghasi S, Salemnia A, Hamzeh M. Hybrid energy storage system for microgrids applications: A review. J Energy Storage
2019;21:543-70. http://dx.doi.org/10.1016/j.est.2018.12.017.

[8] Ruan J, Walker PD, Zhang N, Wu J. An investigation of hybrid energy storage system in multi-speed electric vehicle. Energy
2017;140:291-306. http://dx.doi.org/10.1016/j.energy.2017.08.119.

[9] Itani K, De Bernardinis A, Khatir Z, Jammal A. A comparative analysis of two hybrid energy storage systems used in a two front
wheel driven electric vehicle during extreme start-up and regenerative braking operations. Energy Convers Manag 2017;144:69-87.
http://dx.doi.org/10.1016/j.enconman.2017.04.036.

[10] Yang B, Zhu T, Zhang X, Wang J, Shu H, Li S, et al. Design and implementation of battery/SMES hybrid energy storage systems
used in electric vehicles: A nonlinear robust fractional-order control approach. Energy 2020;191:116510. http://dx.doi.org/10.1016/j.
energy.2019.116510.

[11] Gopal AR, Park WY, Witt M, Phadke A. A hybrid- and battery-electric vehicles offer low-cost climate benefits in China. Transp Res
Part Transp Environ 2018;62:362—71. http://dx.doi.org/10.1016/j.trd.2018.03.014.

[12] Song Z, Li J, Hou J, Hofmann H, Ouyang M, Du J. The battery-supercapacitor hybrid energy storage system in electric vehicle
applications: A case study. Energy 2018;154:433—41. http://dx.doi.org/10.1016/j.energy.2018.04.148.

[13] Xiong R, Duan Y, Cao J, Yu Q. Battery and ultracapacitor in-the-loop approach to validate a real-time power management method
for an all-climate electric vehicle. Appl Energy 2018;217:153-65. http://dx.doi.org/10.1016/j.apenergy.2018.02.128.

[14] Itani K, Bernardinis AD, Khatir Z, Jammal A. A regenerative braking modeling, control, and simulation of a hybrid energy storage
system for an electric vehicle in extreme conditions. IEEE Trans Transp Electrification 2016;2:15.

[15] Muttagi KM, Islam MdR, Sutanto D. Future power distribution grids: Integration of renewable energy, energy storage, electric vehicles,
superconductor, and magnetic bus. IEEE Trans Appl Supercond 2019;29:1-5. http://dx.doi.org/10.1109/TASC.2019.2895528.

[16] Uppada VR, Dondapati RS. Role of nanocryogenic fluids in optimizing the thermohydraulic characteristics of high temperature
superconducting (HTS) cables with entropy generation minimization strategy. Phys C Supercond Appl 2020;571:1353620. http:
//dx.doi.org/10.1016/j.physc.2020.1353620.

[17] Liang L, Wang Y, Yan Z, Deng H, Chen W. Exploration and verification analysis of YBCO thin film in improvement of overcurrent
stability for a battery unit in a SMES-battery HESS. IEEE Trans Appl Supercond 2019;29:1-6. http://dx.doi.org/10.1109/TASC.2019.
2951127.

[18] Yagai T, Mizuno S, Okubo T, Mizuochi S, Kamibayashi M, Jimbo M, et al. Development of design for large scale conductors
and coils using MgB2 for superconducting magnetic energy storage device. Cryogenics 2018;96:75-82. http://dx.doi.org/10.1016/j.
cryogenics.2018.10.006.

[19] Mukherjee P, Rao VV. Rao VV design and development of high temperature superconducting magnetic energy storage for power
applications - a review. Phys C Supercond Appl 2019;563:67-73. http://dx.doi.org/10.1016/j.physc.2019.05.001.

[20] Jin Jian Xun, Chen Xiao Yuan, Wen Liang, Wang Shan Chuan, Xin Ying. Cryogenic power conversion for SMES application in a liquid
hydrogen powered fuel cell electric vehicle. IEEE Trans Appl Supercond 2015;25:1-11. http://dx.doi.org/10.1109/TASC.2014.2357755.

[21] Wang X, Yang J, Chen L, He J. Application of liquid hydrogen with SMES for efficient use of renewable energy in the energy
internet. 2017, p. 21.

[22] Xu Y, Ren L, Zhang Z, Tang Y, Shi J, Xu C, et al. Analysis of the loss and thermal characteristics of a SMES (superconducting
magnetic energy storage) magnet with three practical operating conditions. Energy 2018;143:372—84. http://dx.doi.org/10.1016/j.energy.
2017.10.087.

[23] Latif A, Hussain SMS, Das DC, Ustun TS. State-of-the-art of controllers and soft computing techniques for regulated load
frequency management of single/multi-area traditional and renewable energy based power systems. Appl Energy 2020;266:114858.
http://dx.doi.org/10.1016/j.apenergy.2020.114858.

[24] Khodadoost Arani AA, Gharehpetian GB, Abedi M. Review on energy storage systems control methods in microgrids. Int J Electr
Power Energy Syst 2019;107:745-57. http://dx.doi.org/10.1016/j.ijepes.2018.12.040.

[25] Dao T-M-P, Wang Y, Nguyen N-K. Novel hybrid load-frequency controller applying artificial intelligence techniques integrated with

superconducting magnetic energy storage devices for an interconnected electric power grid. Arab J Sci Eng 2016;12.

870


http://refhub.elsevier.com/S2352-4847(21)00520-5/sb2
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb2
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb2
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb3
http://dx.doi.org/10.1016/j.rser.2017.05.092
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb5
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb5
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb5
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb6
http://dx.doi.org/10.1016/j.est.2018.12.017
http://dx.doi.org/10.1016/j.energy.2017.08.119
http://dx.doi.org/10.1016/j.enconman.2017.04.036
http://dx.doi.org/10.1016/j.energy.2019.116510
http://dx.doi.org/10.1016/j.energy.2019.116510
http://dx.doi.org/10.1016/j.energy.2019.116510
http://dx.doi.org/10.1016/j.trd.2018.03.014
http://dx.doi.org/10.1016/j.energy.2018.04.148
http://dx.doi.org/10.1016/j.apenergy.2018.02.128
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb14
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb14
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb14
http://dx.doi.org/10.1109/TASC.2019.2895528
http://dx.doi.org/10.1016/j.physc.2020.1353620
http://dx.doi.org/10.1016/j.physc.2020.1353620
http://dx.doi.org/10.1016/j.physc.2020.1353620
http://dx.doi.org/10.1109/TASC.2019.2951127
http://dx.doi.org/10.1109/TASC.2019.2951127
http://dx.doi.org/10.1109/TASC.2019.2951127
http://dx.doi.org/10.1016/j.cryogenics.2018.10.006
http://dx.doi.org/10.1016/j.cryogenics.2018.10.006
http://dx.doi.org/10.1016/j.cryogenics.2018.10.006
http://dx.doi.org/10.1016/j.physc.2019.05.001
http://dx.doi.org/10.1109/TASC.2014.2357755
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb21
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb21
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb21
http://dx.doi.org/10.1016/j.energy.2017.10.087
http://dx.doi.org/10.1016/j.energy.2017.10.087
http://dx.doi.org/10.1016/j.energy.2017.10.087
http://dx.doi.org/10.1016/j.apenergy.2020.114858
http://dx.doi.org/10.1016/j.ijepes.2018.12.040
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb25
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb25
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb25

E.-L. Molina-Ibdfiez, E. Rosales-Asensio, C. Pérez-Molina et al. Energy Reports 7 (2021) 854-873

[26]

[27]
[28]
[29]
[30]
[31]
[32]

[33]
[34]

[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]

[43]

[44]
[45]
[46]
[47]
[48]
[49]
[50]

[51]
[52]

[53]
[54]
[55]

[56]
[57]

Kouache I, Sebaa M, Bey M, Allaoui T, Denai M. A new approach to demand response in a microgrid based on coordination
control between smart meter and distributed superconducting magnetic energy storage unit. J Energy Storage 2020;32:101748.
http://dx.doi.org/10.1016/j.est.2020.101748.

Xing YQ, Jin JX, Wang YL, Du BX, Wang SC. An electric vehicle charging system using an SMES implanted smart grid. IEEE
Trans Appl Supercond 2016;26:1-4. http://dx.doi.org/10.1109/TASC.2016.2602245.

Wang K, Wang W, Wang L, Li L. An improved SOC control strategy for electric vehicle hybrid energy storage systems. Energies
2020;13:5297. http://dx.doi.org/10.3390/en13205297.

Bizon N. Hybrid power sources (HPSs) for space applications: Analysis of PEMFC/Battery/SMES HPS under unknown load containing
pulses. Renew Sustain Energy Rev 2019;105:14-37. http://dx.doi.org/10.1016/j.rser.2019.01.044.

Cansiz A, Faydaci C, Qureshi MT, Usta O, McGuiness DT. Qureshi MT usta o mcguiness DT integration of a SMES-battery-based
hybrid energy storage system into microgrids. J Supercond Nov Magn 2018;31:1449-57. http://dx.doi.org/10.1007/s10948-017-4338-4.
Nomura S, Nitta T, Shintomi T. Mobile superconducting magnetic energy storage for on-site estimations of electric power system
stability. IEEE Trans Appl Supercond 2020;30:1-7. http://dx.doi.org/10.1109/TASC.2020.2982877.

Colmenar-Santos A, Rosales-Asensio E, Borge-Diez D. Renewable electric power distribution engineering. New York: Nova Science
Publishers; 2019.

Cansino JM. Two smart energy management models for the spanish electricity system. Util Policy 2018;13.

Salama HS, Vokony I. Comparison of different electric vehicle integration approaches in presence of photovoltaic and superconducting
magnetic energy storage systems. J Clean Prod 2020;260:121099. http://dx.doi.org/10.1016/j.jclepro.2020.121099.

Koohi-Fayegh S, Rosen MA. A review of energy storage types, applications and recent developments. J Energy Storage
2020;27:101047. http://dx.doi.org/10.1016/j.est.2019.101047.

Colmenar-Santos A, Molina-Ib4fiez E-L, Rosales-Asensio E, Lopez-Rey A. Technical approach for the inclusion of superconducting
magnetic energy storage in a smart city. Energy 2018b;158:1080-91. http://dx.doi.org/10.1016/j.energy.2018.06.109.

Theo WL, Lim JS, Wan Alwi SR, Mohammad Rozali NE, Ho WS, Abdul-Manan Z. An MILP model for cost-optimal planning of
an on-grid hybrid power system for an eco-industrial park. Energy 2016;116:1423—41. http://dx.doi.org/10.1016/j.energy.2016.05.043.
Hemmati R, Saboori H. Emergence of hybrid energy storage systems in renewable energy and transport applications — a review.
Renew Sustain Energy Rev 2016;65:11-23. http://dx.doi.org/10.1016/j.rser.2016.06.029.

Gallo AB, Simdes Moreira JR, Costa HKM, Santos MM, Moutinho dos Santos E. Energy storage in the energy transition context:
A technology review. Renew Sustain Energy Rev 2016;65:800-22. http://dx.doi.org/10.1016/j.rser.2016.07.028.

Palizban O, Kauhaniemi K. Energy storage systems in modern grids—Matrix of technologies and applications. J Energy Storage
2016;6:248-59. http://dx.doi.org/10.1016/j.est.2016.02.001.

Aneke M, Wang M. Energy storage technologies and real life applications — a state of the art review. Appl Energy 2016;179:350-77.
http://dx.doi.org/10.1016/j.apenergy.2016.06.097.

Colmenar-Santos A, Linares-Mena A-R, Veldzquez JF, Borge-Diez D. Energy-efficient three-phase bidirectional converter for
grid-connected storage applications. Energy Convers Manag 2016;127:599-611. http://dx.doi.org/10.1016/j.enconman.2016.09.047.
Colmenar-Santos A, Molina-Ibdfiez E-L, Rosales-Asensio E, Blanes-Peiré J-J. Legislative and economic aspects for the inclusion of
energy reserve by a superconducting magnetic energy storage: Application to the case of the spanish electrical system. Renew Sustain
Energy Rev 2018a;82:2455-70.

Hannan MA. Review of energy storage systems for electric vehicle applications_Issues and challenges. Renew Sustain Energy Rev
2017;19.

Akram U, Nadarajah M, Shah R, Milano F. A review on rapid responsive energy storage technologies for frequency regulation in
modern power systems. Renew Sustain Energy Rev 2020;120:109626. http://dx.doi.org/10.1016/j.rser.2019.109626.

Satpathy S, Das S, Bhattacharyya BK. How and where to use super-capacitors effectively, an integration of review of past and new
characterization works on super-capacitors. J Energy Storage 2020;27:101044. http://dx.doi.org/10.1016/j.est.2019.101044.

AL Shagsi AZ, Sopian K, Al-Hinai A. Review of energy storage services, applications, limitations, and benefits. Energy Rep
2020;52352484720312464. http://dx.doi.org/10.1016/j.egyr.2020.07.028.

Dehghani-Sanij AR, Tharumalingam E, Dusseault MB, Fraser R. Study of energy storage systems and environmental challenges of
batteries. Renew Sustain Energy Rev 2019;104:192-208. http://dx.doi.org/10.1016/j.rser.2019.01.023.

Bizon N. Effective mitigation of the load pulses by controlling the battery/SMES hybrid energy storage system. Appl Energy
2018;229:459-73. http://dx.doi.org/10.1016/j.apenergy.2018.08.013.

Kim J, Suharto Y, Daim TU. Evaluation of electrical energy storage (EES) technologies for renewable energy: A case from the US
Pacific northwest. J Energy Storage 2017;11:25-54. http://dx.doi.org/10.1016/j.est.2017.01.003.

Ros Marin JA, Barrera Doblado O. Vehiculos: eléctricos e hibridos. 2017.

Tran D-D. Thorough state-of-the-art analysis of electric and hybrid vehicle powertrains: Topologies and integrated energy management
strategies. Renew Sustain Energy Rev 2020;29.

Hoque MM, Hannan MA, Mohamed A, Ayob A. A battery charge equalization controller in electric vehicle applications: A review.
Renew Sustain Energy Rev 2017;75:1363-85. http://dx.doi.org/10.1016/j.rser.2016.11.126.

Inci M, Biiyiik M, Demir MH, ilbey G. A review and research on fuel cell electric vehicles: Topologies, power electronic converters,
energy management methods, technical challenges, marketing and future aspects. Renew Sustain Energy Rev 2021;137:110648.
http://dx.doi.org/10.1016/j.rser.2020.110648.

Sharma S. Storage technologies for electric vehicles n.d., 22, 0000.

AENOR. UNE 0048: infraestructura para la recarga de vehiculos eléctricos. Sist Prot Linea Gen Aliment (SPL) 2017.

Das HS, Rahman MM, Li S, Tan CW. Electric vehicles standards, charging infrastructure, and impact on grid integration: A
technological review. Renew Sustain Energy Rev 2020;120:109618. http://dx.doi.org/10.1016/j.rser.2019.109618.

871


http://dx.doi.org/10.1016/j.est.2020.101748
http://dx.doi.org/10.1109/TASC.2016.2602245
http://dx.doi.org/10.3390/en13205297
http://dx.doi.org/10.1016/j.rser.2019.01.044
http://dx.doi.org/10.1007/s10948-017-4338-4
http://dx.doi.org/10.1109/TASC.2020.2982877
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb32
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb32
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb32
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb33
http://dx.doi.org/10.1016/j.jclepro.2020.121099
http://dx.doi.org/10.1016/j.est.2019.101047
http://dx.doi.org/10.1016/j.energy.2018.06.109
http://dx.doi.org/10.1016/j.energy.2016.05.043
http://dx.doi.org/10.1016/j.rser.2016.06.029
http://dx.doi.org/10.1016/j.rser.2016.07.028
http://dx.doi.org/10.1016/j.est.2016.02.001
http://dx.doi.org/10.1016/j.apenergy.2016.06.097
http://dx.doi.org/10.1016/j.enconman.2016.09.047
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb43
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb43
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb43
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb43
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb43
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb44
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb44
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb44
http://dx.doi.org/10.1016/j.rser.2019.109626
http://dx.doi.org/10.1016/j.est.2019.101044
http://dx.doi.org/10.1016/j.egyr.2020.07.028
http://dx.doi.org/10.1016/j.rser.2019.01.023
http://dx.doi.org/10.1016/j.apenergy.2018.08.013
http://dx.doi.org/10.1016/j.est.2017.01.003
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb51
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb52
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb52
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb52
http://dx.doi.org/10.1016/j.rser.2016.11.126
http://dx.doi.org/10.1016/j.rser.2020.110648
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb56
http://dx.doi.org/10.1016/j.rser.2019.109618

E.-L. Molina-Ibdfiez, E. Rosales-Asensio, C. Pérez-Molina et al. Energy Reports 7 (2021) 854-873

[58]
[59]
[60]
[61]
[62]

[63]

[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]

[73]
[74]
[75]
[76]
[77]
[78]
[79]

[80]
[81]
[82]
[83]
[84]

[85]
[86]
[87]
[88]
[89]
[90]
[91]

[92]

[93]
[94]
[95]

[96]
[97]

[98]
[99]
[100]

[101]

The International Council on Clean Transportation. China’s new energy vehicle mandate policy. 2018.

MOT. Ministry of transport of the people’s Republic of China. 2021.

MOF. Ministry of finance of the people’s Republic of China. 2021.

MIIT. Ministry of industry and information technology of the people’s Republic of China. 2021.

Tan Z, Tan Q, Wang Y. A critical-analysis on the development of energy storage industry in China. J Energy Storage 2018;18:538—48.
http://dx.doi.org/10.1016/j.est.2018.05.013.

The People’s Government of Hainan Province. Hainan province people’s government notice on the issuance of the development plan
for clean energy vehicles in hainan province. 2019.

Standardization administration of China. 2021, http://www.sac.gov.cn/.

China national standards (GB). 2021, https://www.gbstandards.org/.

AFDC. Alternative fuels data center. 2021.

C2ES. Center for climate and energy solutions. 2021.

International energy agency I United States - policies and legislation. 2021.

ZEV. Zero emission vehicle. 2021.

ANSI. American National standards institute. 2021.

SAE. Society of automotive engineers. 2021.

European Commission. Roadmap to a single european transport area — towards a competitive and resource efficient transport system.
White paper, Brussels; 2011.

STRIA. Strategic transport research and innovation agenda. 2017.

TRIMIS. Transport research and innovation monitoring and information system. 2017.

European Commission. Regulation (EU) 2019/1781. 2019/1781. 2019.

European Parliament. Directive 2009/33/ec. 2009/33/EC. 2009.

European Parliament. Regulation (EU) 2019/631. 2019.

European Parliament. Regulation (EU) 2019/1242. 2019.

Tsakalidis A, Gkoumas K, van Balen M, Marques dos Santos F, Grosso M, Ortega Hortelano A, et al. Research and innovation in
transport electrification in europe: an assessment based on the transport research and innovation monitoring and information system
(TRIMIS). 2020.

European Parliament. Directive 2014/94/EU. 2014.

International Electrotechnical Commission. TC 69. 2021.

Zhou X, Tang Y, Jing S, Zhang C, Gong K, Zhang L, et al. Cost estimation models of MJ class HTS superconducting magnetic
energy storage magnets. IEEE Trans Appl Supercond 2018;28:1-5. http://dx.doi.org/10.1109/TASC.2018.2821363.

Electricity storage and renewables: Costs and markets to 2030, 2030, p. 132.

Soman R, Ravindra H, Huang X, Schoder K, Steurer M, Yuan W, et al. Preliminary investigation on economic aspects of
superconducting magnetic energy storage (SMES) systems and high-temperature superconducting (HTS) transformers. IEEE Trans
Appl Supercond 2018;28:1-5. http://dx.doi.org/10.1109/TASC.2018.2817656.

Byd company Itd. 2021.

Tesla, inc. 2021.

Mercedes-Benz Espaiia SAU. 2021.

Gonsrang S, Kasper R. Optimisation-based power management system for an electric vehicle with a hybrid energy storage system.
Int J Autom Mech Eng 2018;15:5729-47. http://dx.doi.org/10.15282/ijame.15.4.2018.2.0439.

Machlev R, Zargari N, Chowdhury NR, Belikov J, Levron Y. A review of optimal control methods for energy storage systems -
energy trading, energy balancing and electric vehicles. J Energy Storage 2020;32:101787. http://dx.doi.org/10.1016/j.est.2020.101787.
Sun Q, Xing D, Yang Q, Zhang H, Patel J. A new design of fuzzy logic control for SMES and battery hybrid storage system. Energy
Procedia 2017;105:4575-80. http://dx.doi.org/10.1016/j.egypro.2017.03.983.

Li J, Yang Q, Francis Robinson, Liang F, Zhang M, Yuan W. Design and test of a new droop control algorithm for a SMES/battery
hybrid energy storage system. Energy 2017b;118:1110-22. http://dx.doi.org/10.1016/j.energy.2016.10.130.

Li J, Xiong R, Yang Q, Liang F, Zhang M, Yuan W. Design/test of a hybrid energy storage system for primary frequency control
using a dynamic droop method in an isolated microgrid power system. Appl Energy 2017a;201:257—69. http://dx.doi.org/10.1016/j.
apenergy.2016.10.066.

Zheng C, Li W, Liang Q. An energy management strategy of hybrid energy storage systems for electric vehicle applications. IEEE
Trans Sustain Energy 2018;9:9.

Dondapati RS. Superconducting magnetic energy storage (SMES) devices integrated with resistive type superconducting fault current
limiter (SFCL) for fast recovery time. J Energy Storage 2017;9.

Observatory of Transport and Logistics in Spain Ministry of Transport. Mobility and urban agenda, energy consumption in transport
by mode, type of fuel and type of traffic (national and international). 2021.

Ministry for the ecological transition and the demographic challenge. Institute for Energy Diversification and Saving; 2021.
European Commission. Joint research centre institute for energy and transport, acea. A smart grid for the city of rome: a cost benefit
analysis. LU: Publications Office; 2015.

European CO2 trading system. In: SENDECO2. 2021.

REE. Red eléctrica de espaia. 2021.

Stadler M, Momber I, Mégel O, Gémez T, Marnay C, Beer S, et al. The added economic and environmental value of plug-in electric
vehicles connected to commercial building microgrids. USA: Ernest Orlando Lawrence Berkeley National Laboratory; 2010.

Huang W. Questions and Answers Relating to Lithium-Ion Battery Safety Issues. Open Access n.d.:12, 0000.

872


http://refhub.elsevier.com/S2352-4847(21)00520-5/sb58
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb59
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb60
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb61
http://dx.doi.org/10.1016/j.est.2018.05.013
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb63
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb63
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb63
http://www.sac.gov.cn/
https://www.gbstandards.org/
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb66
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb67
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb68
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb69
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb70
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb71
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb72
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb72
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb72
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb73
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb74
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb75
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb76
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb77
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb78
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb79
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb79
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb79
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb79
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb79
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb80
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb81
http://dx.doi.org/10.1109/TASC.2018.2821363
http://dx.doi.org/10.1109/TASC.2018.2817656
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb85
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb86
http://dx.doi.org/10.15282/ijame.15.4.2018.2.0439
http://dx.doi.org/10.1016/j.est.2020.101787
http://dx.doi.org/10.1016/j.egypro.2017.03.983
http://dx.doi.org/10.1016/j.energy.2016.10.130
http://dx.doi.org/10.1016/j.apenergy.2016.10.066
http://dx.doi.org/10.1016/j.apenergy.2016.10.066
http://dx.doi.org/10.1016/j.apenergy.2016.10.066
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb93
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb93
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb93
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb94
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb94
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb94
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb95
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb95
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb95
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb96
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb97
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb97
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb97
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb98
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb99
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb100
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb100
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb100

E.-L. Molina-Ibdfiez, E. Rosales-Asensio, C. Pérez-Molina et al. Energy Reports 7 (2021) 854-873

[102] European Commission. AVAS Pause function prohibition. 2019.

[103] European Council. 1999/519/CE. 1999.

[104] IRENA. Smart charging for electric vehicles. Abu Dhabi: International Renewable Energy Agency; 2019.

[105] Sun B, Dragicevic T, Freijedo FD, Vasquez JC, Guerrero JM. A control algorithm for electric vehicle fast charging stations equipped
with flywheel energy storage systems. IEEE Trans Power Electron 2016;31:6674-85. http://dx.doi.org/10.1109/TPEL.2015.2500962.

Sarker MR, Pandzi¢ H, Sun K, Ortega-Vazquez MA. Optimal operation of aggregated electric vehicle charging stations coupled with
energy storage. IET Gener Transm Distrib 2018;12:1127-36. http://dx.doi.org/10.1049/iet-gtd.2017.0134.

[106]

873


http://refhub.elsevier.com/S2352-4847(21)00520-5/sb102
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb103
http://refhub.elsevier.com/S2352-4847(21)00520-5/sb104
http://dx.doi.org/10.1109/TPEL.2015.2500962
http://dx.doi.org/10.1049/iet-gtd.2017.0134

	Analysis on the electric vehicle with a hybrid storage system and the use of Superconducting magnetic energy storage (SMES)
	Introduction
	Materials and methods
	Hybridization systems
	Parallel hybrid system
	Serial hybrid system

	Regulatory framework
	Chinese legislation
	U.S. Legislation
	European legislation

	Economic analysis

	Results
	Environmental benefits
	Economic benefits

	Discussion
	Advantages of the hybrid system
	Disadvantages of the hybrid system
	Factors to enhance EV

	Conclusions
	Declaration of competing interest
	References


