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Abstract: The superconducting magnet energy storage (SMES) has become an increasingly popular
device with the development of renewable energy sources. The power fluctuations they produce in
energy systems must be compensated with the help of storage devices. A toroidal SMES magnet with
large capacity is a tendency for storage energy because it has great energy density and low stray field.
A key component in the creation of these superconducting magnets is the material from which they
are made. The present work describes a comparative numerical analysis with finite element method,
of energy storage in a toroidal modular superconducting coil using two types of superconducting
material with different properties bismuth strontium calcium copper oxide (BSCCO) and yttrium
barium copper oxide (YBCO). Regarding the design of the modular torus, it was obtained that for a
1.25 times increase of the critical current for the BSCCO superconducting material compared with
YBCO, the dimensions of the BSCCO torus were reduced by 7% considering the same stored energy.
Also, following a numerical parametric analysis, it resulted that, in order to maximize the amount of
energy stored, the thickness of the torus modules must be as small as possible, without exceeding the
critical current. Another numerical analysis showed that the energy stored is maximum when the
major radius of the torus is minimum, i.e., for a torus as compact as possible.

Keywords: HTS-SMES design; toroidal magnet; modularity; finite element method; storage energy

1. Introduction

The increasing use of renewable energy sources during the last two decades has
increased the importance of research and development of energy storage systems. Intermit-
tent sources such as wind and solar do not always generate energy at the same rate as the
energy in cities is consumed. This evolution, from energy systems governed by traditional
fossil fuels to renewable energies systems, introduces load imbalances between supply
and demand [1,2]. A superconducting magnetic energy storage (SMES) system provides a
high amount of stored energy inside its magnetic field and releases the stored energy when
it is required. Such a pure inductive superconducting coil (SC) can be designed for high
power density depending on coil dimensions and inductance based on the prerequisite of
application. A 600 kJ height temperature superconductor (HTS) superconducting magnetic
energy storage system has been developed for power system stabilization and power qual-
ity compensation as a national project in Korea [3]. The magnet was a single solenoid type
and consisted of 22 double-pancake coils. The operating temperature was 20 K, achieved
by a conduction cooling system with two Gifford–McMahon (GM) cryo-coolers. How-
ever, recently, the operating tests have been completed successfully. The development
of a higher energy capacity SMES system was required to meet economic feasibility and
practicality in a power grid. Therefore, the target for the energy capacity was adopted
2.5 MJ [4]. The amount of energy stored in superconducting coils is influenced by two
factors: the geometry of the coil and the nature of the material from which it is made. In
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the papers [5–7], the solenoidal and toroidal geometries for different superconducting coils
are analyzed. After these studies, it was found that considering the toroidal geometry, the
perpendicular magnetic field is much lower than for solenoidal geometry and the values
of the stray field are lower in the case of toroidal geometry. The paper [8] presents an
optimization of the solenoidal geometry to obtain a maximum amount of stored energy.
Regarding the nature of the material from which a superconducting magnet is made, we
distinguish two categories: low temperature superconducting (LTS) materials and high
temperature superconducting (HTS) materials. LTS material operates at low temperatures
(<15 K) and is characterized by a low critical magnetic field. Type II superconductors (HTS
materials) are capable of carrying high currents in a high magnetic field. One of their
inconveniences is making pieces of short lengths, and as far as the cables are concerned, the
challenges are related to maneuverability due to the fact that they are brittle, being ceramic
materials [9,10].

A problem encountered with these materials is their anisotropy. This can be described
as a non-linearity of the respective material, which is influenced by the magnetic field and
the current density flowing through the conductor described by the critical current (Jc) as a
function of magnetic field (B) at different temperatures Jc(B, T). More precisely, the critical
current density of a HTS material is influenced by parallel and perpendicular components
of the magnetic fields, and also by the critical temperature. If one of these parameters
exceeds critical values established by experimental measurements, the superconducting
state disappears. Shi and Liang [11] present a comparative analysis of anisotropy both in its
own field and in perpendicular and parallel magnetic fields. Therefore, in superconducting
wires, the current densities are not uniformly distributed because of the screening currents
that affect them. They present different methods for determining anisotropy. Determining
the J(B) characteristics of superconducting materials is not easy task. In [12] Nugteren
presents an empirical relationship for calculating the critical current.

New superconductive materials have been developed in recent years. In [13] the newly
found two-dimensional monolayer Janus transition metal sulfhydrate material, NbSH, is
described. It presents intrinsic superconducting behavior. The superconducting critical
temperature is about 6.1 K under normal conditions, which is found to be very sensitive
to stress. Subjected to a small compressive strain of 1.08%, the superconducting critical
temperature increases to 9.3 K. In [14] an intensive studied type II cuprate superconducting
is described. It is the high-pressure and high-temperature synthesized CuBa2Ca3Cu4O10+δ
(Cu-1234) that has a relatively high superconducting transition temperature Tc of about 116
K at the ambient pressure, low crystallographic anisotropy and absence of toxic elements.
It has a high value of the critical current density Jc of about 104 A/cm2 at 77 K. The above
features make the Cu-1234 a promising high-temperature superconductor (HTS) from a
practical perspective. In a power grid, many problems occur, such as power outages, high
power losses, voltage sags and low voltage stability, which are caused by the variable nature
of renewable power generation and the large variations in load demand. In order to solve
them, a distribution system has been designed in [15], using both short- and long-term
energy storage systems composed of a super-conducting magnetic energy storage (SMES)
and a pumped-hydro energy storage (PHES). The paper presents a metaheuristic-based
optimization method to find the optimal size of a hybrid solar PV-biogas generator with
SMES–PHES in the distribution system, and also a financial evaluation.

The present work describes a comparative numerical analysis of energy storage using
two types of superconducting material, BSCCO and YBCO, considering a modular toroidal
coil. The design stages of the considered superconducting coil are presented together with
a diagram of the numerical validation algorithm for the magnetic energy storage problem.
Then, a finite element numerical analysis that validates the design data is described together
with a parametric analysis. Finally, certain discussions related to the obtained results are
presented, followed by the conclusions.
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2. Toroidal Superconducting Coil

Designing superconducting coils used in magnetic storage is based on two main elements:

- Coil geometry;
- Stored energy.

The geometry of the coil is shown in Figure 1. The configuration is a 16 modules torus.
As geometric data we have:

R—Major coil radius;
r—Inner radius of a module;
g—Thickness of a module;
h—Height of a module.

Magnetochemistry 2023, 9, 216 3 of 20 
 

 

together with a diagram of the numerical validation algorithm for the magnetic energy 
storage problem. Then, a finite element numerical analysis that validates the design data 
is described together with a parametric analysis. Finally, certain discussions related to the 
obtained results are presented, followed by the conclusions. 

2. Toroidal Superconducting Coil 
Designing superconducting coils used in magnetic storage is based on two main 

elements: 
- Coil geometry; 
- Stored energy. 

The geometry of the coil is shown in Figure 1. The configuration is a 16 modules 
torus. As geometric data we have: 
R—Major coil radius; 
r—Inner radius of a module; 
g—Thickness of a module; 
h—Height of a module. 

The toroidal coil was designed in a modular fashion for manufacturing reasons; a 
torus made of 16 modules was proposed. Figure 1 shows this geometry. A module is 
characterized by the inner radius r, the thickness g and height h. The coil itself is 
characterized by the number of modules and the radius R of an imaginary circle that 
passes through the center of each module. The dimensions for r, R and h were considered 
as initial parameters analyzing the literature in the field of superconducting magnetic 
energy storage systems [16]. 

 
Figure 1. Geometric parameters. 

The stored magnetic energy in a coil (W ), in which an electrical current I flows, is 
half of the integral over the whole space of the B  (Magnetic flux density) by the H 
(magnetic field) product described by Equation (1)). In the absence of magnetic material 
(i.e., with µr ≠ 1) in the considered space, Equation (1) can be simplified as Equation (2). 
The stored energy can also be expressed as a function of the current I and of the inductance 
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The toroidal coil was designed in a modular fashion for manufacturing reasons; a
torus made of 16 modules was proposed. Figure 1 shows this geometry. A module
is characterized by the inner radius r, the thickness g and height h. The coil itself is
characterized by the number of modules and the radius R of an imaginary circle that passes
through the center of each module. The dimensions for r, R and h were considered as initial
parameters analyzing the literature in the field of superconducting magnetic energy storage
systems [16].

The stored magnetic energy in a coil (Wmag), in which an electrical current I flows, is
half of the integral over the whole space of the B (Magnetic flux density) by the H (magnetic
field) product described by Equation (1)). In the absence of magnetic material (i.e., with
µr 6= 1) in the considered space, Equation (1) can be simplified as Equation (2). The
stored energy can also be expressed as a function of the current I and of the inductance L
(Equation (3), if the circuit can be considered as purely inductive, which is a first approxi-
mation the case for a superconducting winding.

Wmag =
1
2

∫
BH dV (1)
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Wmag =
1
2

∫ B2

µ0
dV (2)

Wmag =
1
2

LI2 (3)

An important problem is the minimization of the superconductor length Lc. It can be
expressed using the following parameters: stored magnetic energy Wmag, peak value of
the magnetic flux density Bp, internal radius r, I the operating current and µ0 the relative
magnetic permeability of the vacuum. The following expression was obtained for the
superconductor length Lc [17]:

Lc =

(
4πBp

µ0I

)[
kr2 − r2 +

µ0Wmag(k + 1)

2πB2
p(k− 1)r

]
(4)

This expression is based on a simple mathematical model considering a continuous
toroid. Because analytical expressions for modular SMES are still in development, we used
Equation (4) for a rough validation of the numerical values for the toroid superconductor
lengths obtained from the Comsol simulations. Also, we used it to emphasize the efficiency
of our algorithm, indicated by the decrease in the relative error. In order to minimize Lc
we can take the derivatives with respect to r or k and obtain the values for r or k and Rout,
respectively.

2.1. Modularity of the Toroidal Magnet

When second generation (2G) HTS materials are considered, toroidal geometry is
generally used. Since toroid minimizes the perpendicular component of the magnetic
field on the conductor, a lower material requirement can be expected due to the drastic
dependence of its critical current density (Jc) vs. B performance on the orientation of the
field. BSCCO 2223 HTS has a critical temperature of about 110 K, which is about 20 K
higher than BSCCO 2212. The second-generation (2G) HTS materials were based on thin
films of an yttrium barium copper oxide YBa2Cu3O3, or YBCO-123 [18]. One of the most
important constraint for the SMES design systems is the dimensions of the modular coils so
they could be transported by conventional rail over the highways or integrated with other
technological instruments. These short solenoids, must be assembled into a toroidal ring of
a certain major diameter after they are delivered to the location. The most compact toroid
is the most efficient. Considering the solenoid geometry, the current carrying capacity is
reduced by the transverse field at the coil’s ends. This problem is avoided in a toroid. There
is no edge effect and the B field is only longitudinal in a perfect torus [19–21].

2.2. YBCO vs. BISCCO 2223 Superconductors

To carry out a comparative numerical study on the magnetic energy stored in a
modular torus, we consider two superconducting materials, BSCCO 2223 and YBCO, at
22 K. These two superconductors are the most studied cuprate superconductors.

YBCO was the first superconductor found to have a critical temperature above the
boiling point of nitrogen at 77 K. Many YBCO compounds have the general formula
YBa2Cu3O7−x (also known as Y123). It is a second generation (2G) HTS materials based
on thin films of an yttrium barium copper oxide YBa2Cu3O3. It was discovered in 1987
by Paul Chu at the University of Houston. It shows the highest critical temperature Tc
of 93 K. YBCO is highly studied as it is the cleanest and most ordered crystal and shows
strong electron–electron interaction. At 77 K the 2G wire keeps its critical current density Jc
at much higher magnetic fields than the 1G wire. The high-temperature superconductor
YBCO is a promising candidate for high-field-magnet generation as it has high-critical
temperature and an upper critical field over 100 T. The 2G wire has a significantly different
architecture compared to the 1G wire. Unlike the 1G wire, the 2G wire did not employ
noble metals like silver, which is still the main drawback for achieving a low-cost 1G wire.
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The main benefits of 2G wires are the perspective of two to three times cost reduction due
to the higher critical current (Ic) and a lower manufacturing cost using automation [22]. In
2021, SuperOx, a Russian and Japanese company, developed a new manufacturing process
for making YBCO wire for fusion reactors, drastically improving the production capacity.
They used a plasma-laser deposition process on an electro polished substrate to make
12 mm width tape and then splice it into 3 mm tape [22].

The BSCCO superconductor (Bismuth Strontium Calcium Copper Oxide) is a type of
cuprate superconductor having the generalized chemical formula Bi2Sr2Can−1CunO2n+4+x,
the most studied compound being when n = 2. It was the first high-temperature super-
conductor that did not contain a rare earth element, and it is a type-II superconductor.
BSCCO was a new class of superconductor discovered around 1988 by Hiroshi Maeda
and colleagues at the National Research Institute for Metals in Japan [23]. It has a critical
temperature of 108 K. Typical tapes of 4 mm width and 0.2 mm thickness support a current
of 200 A at 77 K, reaching a critical current density in the Bi-2223 filaments of 5 kA/mm2.
This value increases rapidly as the temperature is lower so that many applications are
implemented at 30–35 K, even the critical temperature Tc is 108 K. For BSSCO, the most
commonly used method is to enclose the ceramic grains in a silver or silver-alloy ma-
trix through a process called “Powder In Tube”. BSCCO powder is placed in silver or
silver-alloy tubes. These tubes are then drawn to obtain small wires, which are stacked
together and laminated to obtain a tape. The tape is then submitted to heat treatment for
the BSCCO to obtain superconducting characteristics. Figure 2a,b show the structure of
a tape for the two superconducting materials. The previously mentioned materials also
present a disadvantage due to the presence of the magnetic anisotropy. More precisely, their
superconducting state is strongly influenced by the direction of the generated magnetic
field. When the field direction is perpendicular to the c-axis, the critical field reaches its
peak value. As the angle between the field direction and the c axis is gradually reduced,
the critical current drops. Figure 3 shows both the axes a, b and c as well as the vector
representation of perpendicular and parallel magnetic field in a module of the modular
torus [24]. Figure 4a,b illustrate the critical currents as functions of magnetic fields at a
temperature of 20 K for previously described superconductors. Table 1 shows the critical
values of the materials used in designing the energy storage coil. In practice, the effect
of anisotropy must be considered when design the SMES coil. The superconducting wire
is rotated at an angle of 360 degrees to create a torus module. Thus, when a current is
passed through it, the direction of the magnetic field created by it changes from being
parallel to the axis of the coil to perpendicular. Thus, the angle between the lines of the
magnetic field and the axis is reduced from 90 degrees to 0 and vice versa. The values of
the magnetic field must thus remain below the critical value, but very close to it for high
efficiency operation [25].

Table 1. Critical values of superconducting materials.

Parameter Superconducting Material

YBCO BSCCO
Critical temperature [K] 20 20
Operating current [A] 420 510

Peak value magnetic field [T] 2 2
Critical tensile strength [MPa] 600 130



Magnetochemistry 2023, 9, 216 6 of 18

Magnetochemistry 2023, 9, 216 6 of 20 
 

 

 
 

(a) (b) 

Figure 2. (a) Superconductor tape YBCO [26] (b) Superconductor tape BSCCO [27]. 

Table 1. Critical values of superconducting materials. 

Parameter Superconducting Material 
 YBCO BSCCO 

Critical temperature [K] 20 20 
Operating current [A] 420 510 

Peak value magnetic field [T] 2 2 
Critical tensile strength [MPa] 600 130 

 
Figure 3. Perpendicular and parallel magnetic field. 

Figure 2. (a) Superconductor tape YBCO [26] (b) Superconductor tape BSCCO [27].

Magnetochemistry 2023, 9, 216 6 of 20 
 

 

 
 

(a) (b) 

Figure 2. (a) Superconductor tape YBCO [26] (b) Superconductor tape BSCCO [27]. 

Table 1. Critical values of superconducting materials. 

Parameter Superconducting Material 
 YBCO BSCCO 

Critical temperature [K] 20 20 
Operating current [A] 420 510 

Peak value magnetic field [T] 2 2 
Critical tensile strength [MPa] 600 130 

 
Figure 3. Perpendicular and parallel magnetic field. Figure 3. Perpendicular and parallel magnetic field.

Magnetochemistry 2023, 9, 216 7 of 20 
 

 

 
(a) 

  
(b) 

Figure 4. (a) Critical current as a function of magnetic field for YBCO at 20 K [28]; (b) Critical current 
as a function of magnetic field for BSCCO at 20 K [29]. 

3. SMES Design 
SMES design is a key component in the case of magnetic energy storage because the 

amount of energy stored is directly influenced by the arrangement of the components that 
make up a modular torus. The distances between the modules, the radii of the modules, 
and their thicknesses can influence the default leakage flux values and the amount of 
stored energy. For this reason, finding an optimal design of superconducting coils is a 
main issue. Thus, in order to achieve the geometry of the toroidal coil, a well-defined 
algorithm must be followed, which must then be tested for validation [30–33]. 

  

Figure 4. Cont.



Magnetochemistry 2023, 9, 216 7 of 18

Magnetochemistry 2023, 9, 216 7 of 20 
 

 

 
(a) 

  
(b) 

Figure 4. (a) Critical current as a function of magnetic field for YBCO at 20 K [28]; (b) Critical current 
as a function of magnetic field for BSCCO at 20 K [29]. 

3. SMES Design 
SMES design is a key component in the case of magnetic energy storage because the 

amount of energy stored is directly influenced by the arrangement of the components that 
make up a modular torus. The distances between the modules, the radii of the modules, 
and their thicknesses can influence the default leakage flux values and the amount of 
stored energy. For this reason, finding an optimal design of superconducting coils is a 
main issue. Thus, in order to achieve the geometry of the toroidal coil, a well-defined 
algorithm must be followed, which must then be tested for validation [30–33]. 

  

Figure 4. (a) Critical current as a function of magnetic field for YBCO at 20 K [28]; (b) Critical current
as a function of magnetic field for BSCCO at 20 K [29].

3. SMES Design

SMES design is a key component in the case of magnetic energy storage because the
amount of energy stored is directly influenced by the arrangement of the components that
make up a modular torus. The distances between the modules, the radii of the modules,
and their thicknesses can influence the default leakage flux values and the amount of stored
energy. For this reason, finding an optimal design of superconducting coils is a main issue.
Thus, in order to achieve the geometry of the toroidal coil, a well-defined algorithm must
be followed, which must then be tested for validation [30–33].

3.1. Algorithm Chart

Figure 5 shows the algorithm for determining the parameters of the modular torus
and a numerical way to verify it. The initialization of the problem consists of choosing
the type of superconducting material used to make the toroidal coil. Using the curves of
critical current (Ic) as a function of magnetic field (B) at different temperatures Ic(B) for
YBCO and BSCCO, the values for the maximum magnetic field and the supply current
are obtained. These values must be chosen below the critical values of the respective
material. In the present case, the maximum value of the 2T magnetic field is imposed for
both materials, and the current values for YBCO is I = 400 A for BSCCO is 500 A. The
next step consists of introducing the initial data into the problem (stored energy, radius of
the modular coil, number of modules and the height of a module). With these data, and
using the relationship for the magnetic energy (the imposed value of the stored magnetic
energy Wmag = 2.5 MJ), the value of the external radius of the toroidal coil module (Rout)
is obtained. This is composed of the inner radius r and the thickness of the module g
(Rout = r + g). Using the previous geometrical and electrical data, a numerical verification
of the stored magnetic energy and of the perpendicular magnetic field is performed. The
numerical verification means a Comsol simulation. If these numerical values, verify the
condition (Wmag ≤ 2.5 MJ and B_⊥ < Bc) then the next step is followed. It consists of a
parametric analysis to choose the best possible performance of the coil. Otherwise, the
external radius r of the coil module is increased. Regarding the parametric analysis, it is
based on two parameters: r and g. Their variation is carried out over a range of 0–40 mm
for g and 0–70 for r. These combinations of the two parameters are chosen so that the
volume of the superconducting material remains constant and the stored magnetic energy
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is calculated for these values. If a lower energy value is obtained than the one imposed, the
algorithm ends. Otherwise, the number of modules is reduced by one unit and the stored
energy is calculated again until a value closed to the required one is reached. In this case,
the algorithm provides the geometric data of the coil with the best efficiency.
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3.2. Numerical Modelling

To implement the previously presented algorithm, a numerical modeling is performed.
Using the graphs from Figure 4a,b we fixed the values for the current and for the magnetic
flux density created by the coil so that the critical value is not exceeded. Table 2 contains
the value for the stored energy Wmag and the geometric parameters of the coil.

Table 2. Toroidal coil parameters [16].

Parameter Value

Stored energy Wmag = 2.5 MJ
Major radius of the torus R = 1000 mm
Module internal radius r = 200 mm

Number of modules Nm = 16
The height of a module h = 96 mm

The next step represents the determination for the volume of the superconducting
material required to obtain the necessary amount of stored energy. With the help of relation
(5), the volume of the superconductor used is calculated.

Wmag =
1
2

B2
med·V (5)

Having known the required volume of the superconductor, the outer radius of the
modules can be calculated, and thus, the geometry of the torus can be completed. The
following values for the outer radius (Rout = r + g) are obtained

YBCO - Rout = 590 mm

BSCCO - Rout = 560 mm

To validate the previously obtained results, a 3D numerical model is created using
the Comsol Multiphysics ver. 5.6 software. Many numerical models for simulating the
electromagnetic behavior of superconductors have been developed, based on different
formulations. We can express the problem directly in terms of the field variables (e.g.,
the magnetic field H and/or the electric field E) or in terms of combination of electric or
magnetic potentials. (A-V, T-A, T-V) [34,35]. The idea behind the T-A approach is to solve
the current vector potential T only in the superconducting domain, while the magnetic
vector potential A is solved for the whole domain. It is efficient for simulating HTS tapes
in electrical machines. An interesting analysis of the strategies of coupling the H and T-A
formulations and the advanced methods are described in [36].

H formulation is related with simulating the time-dependent electromagnetic behavior
of superconducting applications in Comsol Multiphysics. One of the limitations of the
H formulation is its computational speed for problems that contain large numbers of
superconducting tapes (or coil turns), especially in the case of HTS-coated conductors,
described by having a very high aspect ratio, which leads to a high number of degrees of
freedom (DOFs) [37]. For 3D eddy currents computation, other numerical methods are
used, such as the Minimum Electro-Magnetic Entropy Production (MEMEP) method and
the Volume Integral Method [38].

In this paper, we used a magnetic vector potential formulation on the whole domain,
implemented in a dedicated AC/DC module to solve a problem of magneto-statics de-
scribed by on the solution of a Poisson equation (Equation (6)). The analysis is performed
considering the toroidal coil being in a superconducting state:

∇×
(

µ−1
0 ∇×A

)
= J (6)

where J is the current density and A is the magnetic vector potential (Wb/m).



Magnetochemistry 2023, 9, 216 10 of 18

Finally, to obtain a full description of the problem, boundary conditions must be
specified at material interfaces and physical boundaries. In the present case, an infinite
air domain has been considered at which magnetic insulation can be applied (n×A = 0).
Figure 6 shows the magnetic flux density distribution inside the coil (a) with the YBCO
material, (b) with the BSCCO material.
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The maximum magnetic flux density is at the center of the inner part of the magnet,
as expected, and its value is lower than the constraint value, BmaxYBCO = 1.85 T < 2 T
and, BmaxBSCCO = 1.91 T < 2 T, respectively. It can also be observed that in the case of the
BSCCO material, the thickness of the coil module is 30 mm smaller than the YBCO module,
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the amount of stored energy being approximately the same. The reduction of this size is
due to the fact that the BSCCO material can be supplied with a current greater with 100 A
compared to the YBCO material. Figure 7a shows the graph of the magnetic field perpen-
dicular to the toroidal coil (the component that affect significantly the superconducting
state). It can be seen that the maximum value is lower than the imposed magnetic field.
Figure 7b shows the parallel component of the magnetic field. This has much lower values
than the perpendicular component. In Table 3, the length of the conductor is calculated
and it is related with the energy stored according to each material. For YBCO, 16 mod-
ules toroidal coils were obtained at 2.26 Km of the conductor/module, and for BSSCO,
16 modules toroidal coils were obtained at 1.75 Km of the conductor/module. Analyzing
the literature [39,40] we may consider that these lengths are achievable in practice.
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Table 3. Numerical results for energy storage-16 modules.

Coil Material Stored Magnetic
Energy [MJ]

Length of Conductor
[Km] Specific Energy [J/m]

YBCO 2.48 36.19 68.5

BSCCO 2.53 28.14 89.9

3.3. Parametric Analysis

A parametric sweep is a systematic analysis technique that involves varying multiple
input parameters within a defined range and observing the resulting changes in the simula-
tion outcomes. In COMSOL Multiphysics, this process enables users to explore the effects
of parameter variations on the model’s behavior, optimize designs, and understand the
sensitivity of the system. In this case, the parametric analysis is used to obtain the optimal
configuration for the torus module presented at point 3.2.

Thus, a variation of the internal and external radius will be achieved for modules
keeping the superconductor volume constant. A decrease of the thickness of the module
will be achieved by up to 50 mm and also an increase of the inner radius r with up to
70 mm. The values of the stored magnetic energy as function of the inner radius r and of
the thickness g are presented in Figure 8a,b.
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From Figure 8a,b it can be seen that the stored magnetic energy increases when the
internal radius of the module increases and its thickness decreases. In other words, a thin
module stores a larger amount of energy. The maximum energy value is 3.23 MJ for YBCO
and 3.36 MJ for BSCCO. In order to obtain the value of 2.5 MJ proposed initially, the number
of modules should be reduced, maintaining the new values for the internal radius and the
thickness of the module.

4. Results

The simulations were performed considering both YBCO and BSCCO materials being
in a superconducting state at temperatures of 20 K. For the initial parameters of the YBCO
material r = 200 mm g = 390, we obtain a value of the stored magnetic energy of 2.48 MJ.
Following the parametric analysis, in which the superconductor volume is kept constant
for the r = 265.14 mm g = 350 mm configuration, a value of the stored energy of 3.23 MJ is
obtained and, therefore, the stored energy increased with Wmag = 0.75 MJ.
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Considering the superconducting material BSSCO (16 modules) the magnetic stored
energy value was Wmag = 2.53 MJ for the initial configuration with r = 200 mm and g = 360.
For the configuration r = 267.5 mm and g = 320 mm, a value of Wmag = 3.36 MJ is obtained,
higher with 0.83 MJ than the initial one. Table 4 contains the values presented on top.

Table 4. Numerical results.

Materials No.of
Modules Configuration Stored Energy

[MJ]
Conductor

Length [km]

YBCO

16
r = 200/g = 390 2.48 36.19

r= 265.14/g = 350 3.23 36.19

15 r = 265.14/g =350 2.88 33.93

14 r = 265.14/g = 350 2.55 31.67

BSCCO

16
r = 200/g = 360 2.53 28.14

r = 267.5/g = 320 3.36 28.14

15 r = 267.5/g = 320 2.94 26.39

14 r = 267.5/g = 320 2.66 34.64

Following the algorithm from Figure 5 and the parametric analysis, we obtained, for
YBCO torus, an energy of 3.23 MJ, considering a thickness of the modules of 350 mm. In
order to obtain the stored energy at the imposed value, the number of modules is reduced
to 15, keeping the geometric configuration. The new value of the stored energy is 2.88 MJ,
higher than the constraint. For the torus with 14 modules, the magnetic energy value
obtained is 2.55 MJ, very close to the imposed one. Regarding the length of the conductor,
a decrease is observed of 12.48% of the length from the value of 36.19 km to 31.67 km.

In the case of the BSCCO torus, for the initial configuration with the inner radius
200 mm and the outer radius 560 mm, we obtained an energy of 2.53 MJ with 28.14 km of
the conductor. After the parametric analysis, it was found that in order to obtain the same
amount of stored energy, we can use 14 modules with a total length of the conductor of
24.64 km, which means a decrease of 12.43%. Table 5 shows the initial and final dimensions
of the toroidal coil for both materials.

Table 5. Initial and final values.

Material Design r [mm] g [mm] No. of
Modules

Stored
Energy [MJ]

Superconductor
Length [Km]

Analytical Length
Equation (4) [Km]

Relative
Error [%]

YBCO
Initial 200 390 16 2.48 36.19 27.87 29.85

Final 265.14 350 14 2.55 31.67 27.87 13.63

BSCCO
Initial 200 360 16 2.53 28.14 22.92 22.7

Final 267.5 320 14 2.66 24.64 22.92 7.5

The obtained values in the final step indicate an improvement regarding the length
of the superconductor. For YBCO, the final length represents 87.51% from the initial one,
which is a percentage discount of 12.49% and a physical discount of 4.52 Km. For BSCCO,
the final length represents 87.56% from the initial one, which is a percentage discount
of 12.44% and a physical discount of 3.5 Km. So, there is a higher physical discount for
BSCCO that indicates a financial discount, because the cost of the superconductor is a
significant component in the overall financial budget of a SMES. The relative errors were
also calculated for the initial and final design of the toroidal coil. The parametric analysis
led to the significant reduction of them.
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Energy vs. Number of Modules

The amount of energy stored in a modular torus is limited by the number of modules
from which the torus is made. In the present case, for the initial geometric configuration, the
maximum number of modules is 28. Figure 9 shows the influence of the number of modules
on the stored magnetic energy and also the influence on the length of the conductor. It
can be seen that, when the number of modules is doubled, the energy increases almost
3.3 times. Figure 10 shows the specific energy dependence vs. the number of modules.

Magnetochemistry 2023, 9, 216 16 of 20 
 

 

 
Figure 9. Stored energy depending on the number of modules. 

 
Figure 10. Specific energy of modular toroid. 

Another parameter that is involved in the toroid design is the major radius R of the 
torus. In order to study the influence of R on the stored energy, we considered 16 modules 
and performed a parametric analysis with a step of 10 mm, the range of variation being 
from 1000 mm to 800 mm (the smallest possible). The graph from Figure 11 shows this 
variation. A 13% higher value was obtained for the stored energy for the most compact 
torus, which is in good agreement with results from the literature [14]. 

12 14 16 18 20 22 24 26 28

No. of modules

1

2

3

4

5

6

7

8

Sto
red

 en
erg

y [
MJ

]

BSCCO
YBCO

12 14 16 18 20 22 24 26 28

No. of modules

0.05

0.06

0.07

0.08

0.09

0.1

0.11

0.12

0.13

0.14

0.15

Sp
ec

ifi
c 

en
er

gy
 [M

J/
K

m
]

BSCCO
YBCO

Figure 9. Stored energy depending on the number of modules.

Magnetochemistry 2023, 9, 216 16 of 20 
 

 

 
Figure 9. Stored energy depending on the number of modules. 

 
Figure 10. Specific energy of modular toroid. 

Another parameter that is involved in the toroid design is the major radius R of the 
torus. In order to study the influence of R on the stored energy, we considered 16 modules 
and performed a parametric analysis with a step of 10 mm, the range of variation being 
from 1000 mm to 800 mm (the smallest possible). The graph from Figure 11 shows this 
variation. A 13% higher value was obtained for the stored energy for the most compact 
torus, which is in good agreement with results from the literature [14]. 

12 14 16 18 20 22 24 26 28

No. of modules

1

2

3

4

5

6

7

8

Sto
red

 en
erg

y [
MJ

]

BSCCO
YBCO

12 14 16 18 20 22 24 26 28

No. of modules

0.05

0.06

0.07

0.08

0.09

0.1

0.11

0.12

0.13

0.14

0.15

Sp
ec

ifi
c 

en
er

gy
 [M

J/
K

m
]

BSCCO
YBCO

Figure 10. Specific energy of modular toroid.

Another parameter that is involved in the toroid design is the major radius R of the
torus. In order to study the influence of R on the stored energy, we considered 16 modules
and performed a parametric analysis with a step of 10 mm, the range of variation being
from 1000 mm to 800 mm (the smallest possible). The graph from Figure 11 shows this
variation. A 13% higher value was obtained for the stored energy for the most compact
torus, which is in good agreement with results from the literature [14].
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5. Discussions

This work presents a design algorithm and a finite element numerical analysis of
a modular toroidal superconducting magnet considering two types of superconducting
materials, YBCO and BSCCO. We found that, considering the same stored amount of energy
for both materials, because the critical current for BSCCO is with 25% higher compared to
YBCO, the thickness was reduced by 7% for BSCCO, which for the transport of such device
is very important. From the point of view of the geometric data, it was previously found
that a compact torus, that is, with a minimum distance between modules, stores the largest
amount of energy. For the minimum distance between modules of 6 mm, considering a
major radius of 850 mm, a stored energy value of 2.88 MJ is obtained, 16% higher than
for the initial radius of 1000 mm. This is explained by the fact that, the modules being
connected in series, at a minimum distance between the modules the stray field is the
smallest and the magnetic coupling between the modules is stronger. As the number of
modules increases the behavior of the modular toroidal coil approaches the ideal toroidal
coil. But this value of the major radius is influenced by the height of a module. The inner
and outer radius of the torus modules were also discussed.

For this study, a parametric analysis was carried out with two parameters, the internal
radius and the thickness of the torus module. This variation of the thickness g over a range
of 0-40 mm was carried out so that the volume of the superconductor remained constant
for both materials. A maximum value of 3.23 MJ was obtained for the stored energy in the
case of the YBCO material, respectively 3.36 MJ for BSCCO in the torus configuration with
16 modules, values that correspond to the smallest thickness of the module. In order to
store an initially established amount of energy, a torus configuration with 14 modules was
taken into account, which means a decrease in the length of the conductor by 14% in the
case of YBCO and by 16% in the case of BSCCO.

It should be noted that a modular torus with the thinnest modules stores a maximum
energy, but this is limited by the values of the critical magnetic fields for the material from
which it is made. This thinning also leads to an increase in the value of the inner radius of
the module, which leads to a limitation of the number of modules. For the initial geometric
data of the problem, the maximum number of modules is 28 and the corresponding stored
energy is 7.08 MJ. If we use 12 modules, we have 1.43 MJ for the YBCO superconductor. For
the other material, the increase was from 1.55MJ for 12 modules to 7.55 MJ in configuration
with 28 modules. In conclusion, a compromise must be found between the amount of
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energy stored, the geometric dimensions of the torus and, last but not least, the economic
aspects. In a future study, all these aspects will be treated in an optimization analysis of the
modular architecture, combined with a magneto thermal analysis, in order to obtain an
optimal construction approach.

6. Conclusions

In the current work, a magnetic energy storage study was carried out using two
superconducting materials. The study was carried out starting from a modular toroidal
configuration. Its design was carried out with the following electrical, magnetical and
geometrical data: the amount of stored energy, the peak value of magnetic field, the value
of the operating current, the radius of the torus, the inner radius of the module, the height
of the module and the number of modules. With the help of a finite element method
(FEM) analysis, the values of the stored energy were compared with those imposed initially.
Then, a parametric analysis was performed varying the thickness of the modulus and the
inner radius with the constraint of constant volume of used superconducting material. We
found out that when the thickness of the modulus decreases, the stored energy increases
its value. Another parametric analysis focused on the influence of the number of modules
and the influence of the value of the radius of the coil on the amount of stored energy.
As a conclusion, it was reached that, in order to maximize the amount of stored energy,
the radius of the coil should be as small as possible (compact coil). Also, the number of
modules should be the maximum allowed by the considered geometry, and the thickness
of the module should be minimum, but respecting the constraints of the design.

More precisely, a compromise must be found among the amount of energy stored, the
geometric dimensions of the torus and the economic aspects.
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