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A method to quantify technical-economic aspects of
HTS electric power cables

A. Musso, G. Angeli, M. Bocchi, P. L. Ribani and M. Breschi

Abstract— In prevision of an expansion in the installed power and
the progressive increase in electrification toward energy transition,
high-efficiency electric grids are required. In this process, supercon-
ducting power cables could play an important role as they can be
installed either to realize new lines or to replace existing infrastruc-
tures, potentially reducing the costs and the environmental impact
compared to conventional solutions.

The technical-economic convenience of the superconducting choice
depends on the design parameters of the line, such as the voltage and
power levels and the line length. For each condition, the configura-
tion of the cable and its cooling system must be optimized while com-
plying with a number of electrical and geometrical constraints. Iden-
tifying a priori the optimal cable configuration is not trivial, as the
numerous variables involved are mutually dependent. This work
provides a tool to quantify technical-economic aspects of supercon-
ducting cables, allowing the user to freely select the operating con-
ditions for a generic electric line. The tool adopts a genetic algorithm
to solve a constrained minimization problem for a multi-variable
function, returning the cable configuration characterized by the
lowest costs.

For this study, AC concentric cables realized with High Tempera-
ture Superconductors (HTS) are selected, but the approach de-
scribed can easily be adapted to other types of cable. By means of
suitable simplifying hypotheses, the equations used to size the cable
components and their corresponding costs, estimate the thermal in-
puts and describe the cryogen flows are introduced as parametric
equations. Finally, the results of a detailed study on the impact of the
relevant parameters on the cable design and costs is provided.

Index Terms —High Temperature Superconductors, Supercon-
ducting Cables, Concentric Cables, Optimization Methods, Costs.

[. INTRODUCTION

he first detailed studies regarding the use of superconducting

materials for manufacturing power cables, date back to the
second half of the 1960s [1 — 2]. The prototypes were based on
the use of Low Temperature Superconducting materials, cooled
with liquid helium. These devices were highly expensive and re-
quired particularly complex and cumbersome cryogenic systems,
necessary to cope with the losses generated under alternate cur-
rent (AC) conditions. For these reasons, the application of super-
conducting cables to the transport of high power was initially
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limited to direct current (DC) regimes and in controlled environ-
ments, such as laboratories for high energy physics [3]. Then, the
discovery of High Temperature Superconductors (HTS), to be
used at liquid nitrogen temperature, renewed interest in the use
of AC cables, allowing simpler and cheaper cryogenic systems.

Numerous prototypes have been developed since the early
2000s, using HTS cables in different configurations. The first dis-
tinction is between Warm Dielectric (WD) and Cold Dielectric
(CD) cables [4]. In WD cables, the dielectric is located outside
the cryostat, while in CD cables it is contained inside the cryostat,
at the same temperature of the superconductor. Compared to WD
cables, the CD configuration makes it easier to access the cryo-
stat, as it is electrically insulated from the conductive phases.
However, designing a CD cable is a complex task due to the num-
ber of components at cryogenic temperatures (terminations,
joints, electrical insulation, etc.). Most superconducting cable
prototypes proposed in the last years were designed using the CD
configuration [5 — 17], while publications related to WD proto-
types have significantly decreased over time [18 —21].

Furthermore, different CD cable layouts have been proposed in
the literature for AC power lines, mainly belonging to the follow-
ing three categories. In single-core cables, each phase is con-
tained in a different cryostat [22]. In 3-in-1 cables, the three
phases are included within the same cryostat, and their conduc-
tors are helically wound around three distinct axes. In concentric
cables (also known as coaxial cables), the three phases are heli-
cally wound around the same axis, one on top of the other, sepa-
rated by dielectric layers. Fig. 1 shows a sketch of the lateral
view of this cable layout. The main advantage of concentric ca-
bles is that, if the three phases are perfectly balanced (uniform
current distribution between tapes and phases), the magnetic field
outside the phases is canceled out, without the need of a super-
conducting shield [3, 23]. This reduces the amount of supercon-
ductor needed compared to the other CD configurations, thereby
significantly reducing cost and complexity. Moreover, the con-
centric configuration is compact and thus suited to be contained
in the tunnels made for conventional lines, thus facilitating their
retrofitting.

Once the various superconducting cable layouts have been de-
fined, one should ask whether their use in the electric grid can be
competitive compared to conventional cables, when, for exam-
ple, it is necessary to replace an old line or to realize a new one.

Template version 8.0d, 22 August 2017. IEEE will put copyright information in this area
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



Cryostat insulation

Neutral conductor

Electrical insulation

f
LN: supply

¢tan Superconducting phases|

Inner cryostat tube

Fig. 1. Sketch of the lateral view of a concentric HTS cable highlighting some
of the parameters selected as variables of the problem (bold coloured terms).
The figure is not in scale [24].
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Fig. 2. Sketch of the both-sided cooling option with a single intermediate
cooling station. The colored arrows represent the coolant heating up while
flowing through the cable. The bold red terms indicate the heat inputs to the
system and to the cooling stations.

To answer this question, the optimization of the cable design
according to the operating conditions and a proper estimation of
the cost of the whole superconducting system must be performed.
A large industrial production of superconducting cables for the
electric grid does not exist yet; thus, these data are not easily
available in the literature and generally refer to specific case stud-
ies. The purpose of this work is to develop a tool to quantify tech-
nical-economic aspects of superconducting cables, allowing the
user to freely select the operating conditions of interest for a ge-
neric electric line. The methodology presented allows one to de-
termine the cable design for the selected conditions, optimized to
reduce the cost of the entire system while complying with the
physical and geometric constraints imposed by the problem.

To limit the otherwise too broad field of investigation, a specific
superconducting cable configuration is selected for this analysis,
which the authors consider as one of the most promising for fu-
ture developments of this technology. This work focuses on CD
concentric cables wound with coated conductors, cooled using
liquid nitrogen, for the use in AC power lines at medium voltage
levels in the electric grid (from 10 to 30 kV). However, the logi-
cal-mathematical approach proposed can be adapted to other
types of cables.

In Chapter II, the main features of the optimization tool and
the variables chosen for this study are reported. Chapter III re-

ports the method for the calculation of the losses and the heat in-
puts in the system. Chapter IV describes the procedure for the
computation of the thicknesses of the dielectric layers. Chapter V
details the implementation of the physical constraints in the math-
ematical model. In Chapter VI, the cost function implemented in
the algorithm is described. Chapter VII lists the user-defined in-
put parameters adopted, with the corresponding references. Fi-
nally, the results of some relevant parametric analyses are shown
in Chapter VIII, providing an interpretation on the impact of spe-
cific variables on the cable design and costs.

II. DESCRIPTION OF THE TOOL MAIN FEATURES

The algorithm developed allows one to determine the opti-
mized cable design according to the operating parameters se-
lected. Mathematically, a constrained minimization problem for
a multi-variable function (the cost of the cable system) has to
be solved. In this work, the genetic algorithm solver (ga) imple-
mented in the MATLAB software [25] is adopted. The ga
solver is selected as it easily allows one to impose some varia-
bles involved in the optimization to be integers. The solver re-
turns the values of the set of variables corresponding to the low-
est system cost. Since a genetic algorithm is a stochastic
method, it can return slightly different solutions starting from
the same initial conditions. Thus, the tool runs the code 5 times
consecutively (a value set after a convergence analysis), finding
a solution at each iteration; among these solutions, the one that
leads to the lowest value of the cost function is selected. Then,
the tool returns the cable design parameters corresponding to
that solution.

A.Selection of the system variables

In the present study, the number of variables is limited to the
parameters considered as more relevant for the cable design.
This procedure allows one to identify their correlation with the
cable cost while keeping the computational burden of the solver
minimal. The remaining parameters are set or computed from
the main variables; however, the user can modify their value to
carry out specific parametric analyses.

Fig. 1 highlights some of the variables selected for the opti-

mization (see the bold colored terms). Ry is the inner radius of
the cable former, #., the thickness of the annular gap, m, -, the
mass flow rate of the coolant, nl; the number of superconduct-
ing layers of the i phase and a; ; the winding angle of the tapes
of the j" layer of the i phase.
It is worth noting that the radial size of the cable depends on the
parameters Ry, t,,, and nl; only. As described in Chapter IV, the
thickness of each dielectric layer is imposed by the selected
voltage level and by the radius of the underlying conductive
phase. The thicknesses of the other layers (e.g. the former, the
HTS tapes, the neutral conductor, the cryostat walls) are input
parameters and their values can be modified by the user.

The last selected variable corresponds to the number of inter-
mediate cooling stations along the cable (ng:,). They are dis-
tinguished from the termination cooling stations, which are lo-
cated at the line ends. In this study, it is assumed that properly



sized termination stations have to be included in the system, re-
gardless of the cable length Lj,.. In fact, among the different
options of cable cooling configurations [26], the so-called both-
sided cooling option is adopted. As shown in Fig. 2, this design
includes a forward flow of coolant within the central former
(the arrow from left to right), and a return flow through an an-
nular gap between the neutral conductor and the inner cryostat
tube (the arrows from right to left). This configuration does not
require any external coolant return. Therefore, each station has
to manage two coolant flows in opposite directions, and must
be capable to restore their temperature and pressure to the initial
conditions selected by the user. The calculation of the cooling
power required for the termination and intermediate stations is
reported in Chapter III. For sufficiently long lines, the presence
of intermediate cooling stations could be necessary to ensure
the coolant (e.g. liquid nitrogen) to remain in its subcooled lig-
uid conditions along the whole cable length and that no boiling
phenomena occur, that would affect the heat exchange effi-
ciency. However, it may be economically convenient to intro-
duce more cooling stations than the minimum required, so as to
reduce the average temperature of all conductor components,
and improve the transport properties of the coated conductors
by increasing their critical current.

B.Thermal considerations

As shown in Fig. 2, the cable is modular and can be divided

into segments included between two consequent cooling sta-
tions. Moreover, it is assumed that adjacent cooling stations are
all placed at the same distance from each other (dspq: =
Lijine/ (Mgrqr — 1)). This allows one keeping the same cable de-
sign for each cable segment; moreover, all the intermediate
cooling stations can be equally sized. In fact, the intermediate
cooling stations must manage two inlet cryogen counter-flows,
each absorbing a specific amount of heat within a single seg-
ment. These heat inputs correspond to @ for the nitrogen flow-
ing in the former and Q,,,, for the nitrogen flowing in the annular
gap. Q¢ and @y, can differ from each other, but their values are
assumed constant in each cable segment. Thus, assuming
that m; y, is the same in both flows, each intermediate cooling
station must remove an equal amount of heat.
The termination cooling stations have to manage only one
“warm” inlet flow of coolant. As shown in Fig. 2, the termina-
tion cooling station at the left side of the cable manages the heat
coming from the nitrogen in the annular gap, while the one lo-
cated at the right side of the cable manages the heat coming
from the nitrogen flowing in the former. Moreover, they both
have to handle the losses from the current leads (Q,;). Since Qf
and Q,, can be distinct, the two termination cooling stations
can be differently sized. It is worth noting that the directions of
the two cryogen flows chosen in Fig. 2 are arbitrary (under the
constraint to be opposite), and the definition of left and right
ends is for descriptive purposes only.

Then, some assumptions have to be made on the operating
temperature of the coated conductors, since it affects the tapes
critical current (I,.) and thus the amount of superconducting ma-
terial required to guarantee the cable transport properties while
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Fig. 3. Temperature trends in nitrogen flows and HTS tapes in a generic cable
segment. The figure is not in scale.
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Fig. 4. Sketch of a symmetric portion of the cross-section of a centric cable
with two HTS layers in phase 1 and one HTS layer in phases 2 and 3. The
arrows highlight the geometric parameters along the radial direction of the
cable, used in the tool. The figure is not in scale. The symbols are explained
in the following text.

complying with the electrical constraints. The model presented
here neglects the temperature distribution over the supercon-
ducting layers in the same cross-section, thus assuming a single
temperature for all tapes at each longitudinal position. Since the
tapes are included between the two cryogen flows, this temper-
ature is computed as the average of the nitrogen temperatures
in the two flows at the given location. It is assumed that both
cryogen flows exit from a cooling station at the same tempera-
ture T (in subcooled conditions) and they are subjected to given
temperature rises up to the next station.

These temperature rises depend on the heat absorbed by each
flow, Q5 and Qgy, and on the frictional losses in each pipe; their
approximate analytic functions are described in Chapter V.D.
Since these terms can be different, the maximum temperatures
reached by the nitrogen in the former and in the annular gap in
a cable segment, Tmaxf and Trnqy,, TESpectively, can also be
different. Thus, following the scheme shown in Fig.3 and indi-
cating with x the longitudinal coordinate of a cable segment of
length dg;4¢, the temperature of the tapes (Tyrs) varies linearly
between the following values:

Tyurs (x = 0) = Turs, ;. = (Tmaxgn + T0)/2
(1)
Tyrs (x = dgar) = THTSn-gm = (Tmaxf + To)/2



C.Geometrical considerations

Fig. 4 shows a diagram of one half of the cross-section of
the concentric cable; the cable is symmetrical with respect to
the radial direction. The figure presents the different geometric
parameters introduced in the model. The colored areas indicate
the different concentric layers; the red arrows at the bottom in-
dicate the main radial parameters of the model, while the blue
arrows at the top indicate the main thicknesses.

In particular, R; ; is the inner radius of the of the ™ HTS layer
of the i” phase, Rint,,,,and Rexe,
radii of the m" dielectric layer, respectively. R,, is the radius of
the copper neutral conductor and Repy,,, and Repyo, . are the
outer and inner radii of the cryostat, respectively. t; is the for-
mer thickness. t;,,, is the thickness of the levelling layers wound
around the former to protect the innermost superconducting
layer against deformation [26]. tyrs is the thickness of each su-
perconducting tape and t;, is the thickness of the Kapton insu-
lation interposed between the HTS layers of the same phase.
tins,, 1S the thickness of the m™ dielectric layer. t,, is the copper
neutral thickness and t,. is the former thickness of the cable core
fixture interposed between the neutral conductor and the annu-
lar gap, added to give mechanical stabilization during the cable
assembly and operations. Finally, ., is the thickness of the
cryostat walls.

are the inner and outer

[II. DESCRIPTION OF THE LOSS FUNCTION

An appropriate estimation of losses during the cable opera-
tion is required for the correct dimensioning of the refrigeration
system, since it affects the temperature of the cryogenic fluid
(and in cascade, all the parameters of the cable design). Calcu-
lation using finite element models can lead to a great level of
accuracy, but would have a significant impact on the computa-
tional burden of the proposed model. Therefore, the use of fast-
performing analytical formulae, herein described, is preferred.

The losses and the heat inputs produced or entering in a ge-
neric cable segment are absorbed by the nitrogen flowing into
the former and the annular gap. This study assumes that the loss
terms are shared equally between the two flows, with the ex-
ception of the heat entering the cryostat from outside, which is
absorbed by the nitrogen in the annular gap only. Under these
assumptions, the following equation holds:

Qf(Tmaxf'Tmaxan) = (Qac + Qins + Qea)/2 @
Qan(Tmaxf' Tmax,m) = chyo + (QAC + Qins + Qed)/z
where Q4. are the AC losses in the superconducting tapes, Qs
are the losses generated in the electric insulation, Q.4 are the
eddy current losses in the normal conducting materials and
Qcryo is the heat input from the cryostat walls. These terms refer
to the losses in a single cable segment of length dgy-

In (2) the loss dependence of Qf and @y, 0N Tipgy ; and Tray,,

is highlighted. This is due to the term Q 4., as illustrated in the
next chapter.

As far as the losses generated in the current leads at the ter-
minations (Q;) are concerned, they are generally reported as a
function of the amplitude of the design current of the cable
(q41), to be multiplied by the number of current leads required,
based on the cable configuration selected [3]. In the case of a
concentric cable (no superconducting shield), 3 current leads
are needed at each cable ends.

A.AC losses

In the literature, several formulae have been presented for the
calculation of hysteresis losses in the superconducting material
of HTS cables, based on different assumptions. The main ones
are the Norris' formulation [27], the monoblock [28] and du-
oblock [29] models, the formulation proposed by Clem and Ma-
lozemoff[30] and the “gap and polygonal” loss model [31]. The
results obtained using different formulae can differ signifi-
cantly; thus the choice of the model affects the cable design. In
this paper, the Norris’ formulation is adopted and applied to the
geometry of a coaxial cable. This is a precautionary choice,
since generally Norris’ model provides an upper limit to the es-
timate value of losses, compared to other approaches [24, 32,
33]. The authors plan to dedicate future analyses to the choice
of different methodologies for estimating AC losses to imple-
ment in the proposed tool.

In this work, Q4 is the sum of the losses generated in the
single tapes of the cable, approximated as straight independent
conductors. Since Ty varies along the longitudinal coordinate
of'a cable segment x, so does I, and the HTS AC losses. For this
reason, an integral of the losses per unit length is carried out for
each layer, over the total tape length included in a cable segment

(Llayi'j):

3 ny Mav

Qac = Z Z f [M 1.(x) & ,(x)] dx 3

stat

Liay, ; = Tapes;j7———7 lcos(a,)] 4)
ij
&) =(1-F;()n(1-F;x)+
Q)
+(1+ F ;) In(1 + F; (%)) F(x)
In, VZ 1]
— - 6
Fij () = I, (x) Tapes; ; I.(x) ©
Tapes;; = round <2n Ri";/lcos(ai'j )|> (7)
HTS

where f is the operating frequency (50 — 60 Hz), p, is the vac-
uum permeability and F; ; is the ratio between I, and the ampli-
tude of the current flowing in each tape of the j* layer of the i”
phase, I My The current [ My is computed assuming that the
tapes belonging to the same layer are in parallel electrical con-
nection and that the layer current (I; ;) is equally shared between



them. Both I, and F; ; are here expressed as functions of the co-
ordinate x, and are computed from the user-defined I.(Tyrs)
function, depending on the tape selected. Finally, Llayij and

Tapes; j are the total tape length included in a cable segment
and the number of tapes needed to wind the j layer of the i
phase. wyrg is the tape width and R, ; is the inner radius of the
selected layer. In (7), the function round approximates the re-
sult to the nearest integer.

Eq. (5) is written for tapes having a rectangular cross-section,
but the equation referring to conductors with an elliptical cross-
section (described in [27]), is also implemented in the model.
Depending on the kind of tape selected for the study, the proper
equation is adopted.

B.Losses in the dielectric

Compared to the formula used to calculate the losses in the
electrical insulation of single-core cables [34], for each insulat-
ing layer of a coaxial cable, the line voltage (V}.,s) must be
taken into account rather than the phase voltage:

3
Qins = Z(Z T f dgtar tandi,s Capacy, Vr%ns (®)
w
R, ¢
Capacy, = 2 T &5 £ In <m> 9)
intinsm

where tand;,; and &;,,¢ are the loss tangent and the permittivity
of the selected dielectric. Generally, for superconducting ca-
bles, the insulating material selected is laminated polypropyl-
ene paper (PPLP). g is the vacuum permittivity and Capac,, is
the capacitance of the m™ insulating layer of the cable.
Ring;o p@0d Ry, - are the inner and outer radii of the m™ in-
sulating layer. Ry, . is computed knowing the inner radius
and the thickness of the underlying superconducting layer.
Rext; o, depends on the thickness of each insulating layer,
whose calculation is reported in Chapter IV.

C.Heat from the cryostat

In the literature, the calculation of the cryostat thermal load
in HTS cables is performed both using analytical formulae [22,
35] and empirical values per unit of length [26, 34 — 38]. The
choice between flexible and rigid cryostats is relevant. The for-
mer generally involve greater thermal inputs due to the presence
of corrugated stainless-steel tubes, but improve the mechanical
flexibility to the cable. In [34] it is reported that the thermal load
can be 70% greater for flexible cryostats compared to rigid
ones, with the same diameter. In this study, Q¢y, is computed
as follows [35] for a flexible cryostat:

21 2 [T g — (Tmaxg, + To)/2]
ln(Rcryoext/Rcryaim)
where A is the “effective” cryostat thermal conductivity (equiv-

alent to that for MLI) and T, is the average ambient temperature
during the year at the cable installation site. R and

Qcryo = dstat (10)

CryOext

Reryo,,, are the outer and inner radii of the cryostat, respec-
tively. Repyo,,, 18 known from the inner radius of the annular
gap and its thickness tq,, while Ry, depends on Repyo,
and the thickness of the cryostat walls (ty,), imposed by the
user.

Adopting a value of 4 of 0.3 mW/m-K, in accordance with re-
ported ranges [39 — 42], a cryostat thickness of 2 cm and a T,
value of 293 K, the resulting values of Q.,,, once divided by
dgtaz, are within the ranges provided by other publications [26,
34 — 37], generally included in the range from 1 to 2 W/m.

D.Eddy current terms

The eddy current losses (Q.4) that occur in normal conduct-
ing materials are computed from the corresponding value q.q4,
which is expressed per unit length and is a function of the am-
plitude of the design current of the cable [3]. This loss contri-
bution is generally significantly lower than the others.

IV.FUNCTION FOR THE DIELECTRIC THICKNESS

The insulation design method is based on checking that the
three dielectric layers present in a concentric cable can with-
stand two distinct electrical stress conditions: the AC nominal
voltage and the lightning impulse voltage [43 — 46]. For the m™
insulating layer, the following values are computed, and the ma-
jor one is adopted in the cable design:

klAc kZAc k3AC Vac
tinSACm = Rintinsm [exp< R EAC - 1 (11)

ki, ky ki V;
tinsimm = Rinfins.m [exp< Lim "2im "3im Lm) _ 1] (12)

Rintmsm Eim

ntins m

where ky,. and kq,  are the corrective ageing coefficients, to
compensate for the degradation of the dielectric properties un-
der electric stress that may occur during the years of operation.
ks, and k,,  are the corrective temperature coefficients, tak-
ing into account the possible insulation failure due to the heat
aging. However, since the operating temperature in the insulat-
ing layers of a superconducting cable are generally way lower
than those occurring in a conventional cable, the temperature
coefficients are generally close to unit. k3,.and k3, are the
correction safety coefficients, which can be used as design
safety margins [43 — 46]. V;,, is the lightning impulse target
withstand voltage and V. is the AC rated voltage, usually cal-
culated as 2.5 (V2V,,5)/V/3 according to IEC 62067 [46, 47].
E,c and E;,, are the breakdown voltages for both conditions.
These parameters refer to the specific dielectric material se-
lected, and can be found in the literature.

V.DEFINITION OF THE PROBLEM CONSTRAINTS

The proposed model solves a minimization problem by im-
posing multiple electrical and physical constraints to the cable
configuration.



First, the tool computes the current distribution between the in-
dividual phases, layers and tapes. To simplify the discussion,
the HTS tapes belonging to the same layer are assumed to be in
parallel, and the layer current (/; ;) is assumed to be equally

shared between them. It is supposed to insert the cable into a
grid to connect a direct symmetrical three-phase generator sys-
tem to a three-phase wye connected load. The following system
of equations is solved to determine the layer currents I; ;:

v 3 nl; nly
TT;S_ ]lek—l]Il]+ZZL11]
i=1j=1
fork =1,..,n,
3 ni nly
—]§n ZZ]wMZk_”IU—l—ZZLIZI
i=1j=1
fork— 1,..,nl, (13)
3 nl; nlz
Tms ZZ}wMSk—ljll]+ZZL13]
i=1 j=
fork =1,..,nl
3 n
2. 0.h=0
T g
where My _;j, Mpy —;j and Mz _; jare the mutual induct-

ances of the layers belonging to the 1%, 2" and 3™ phases, re-
spectively. Z;, is the impedance of the three-phase load and ; is

the voltage of the common wye node.

The impact of the equivalent longitudinal resistance of the su-
perconducting layers on the current distribution is assumed neg-
ligible, and therefore it does not appear in (13).

The inductances are computed as in [48 — 50]:

vl R, Ry
M i = Liine 40 [2 In (R > + R—tan(a1 k) tan(a”) (14)
Lj

where R, is the radius of the copper neutral conductor, known
once the radius of the underlying insulation layer is determined
through the optimization procedure.

For what concerns the load (included in (13) to impose a certain
operation current of the cable), Z; is calculated as:

2
Vims” cos@

7, =
t 3

5)
where cosg is the load factor and P is the active power used to
size the cable.

Then, the following constraints are applied to currents and
other cable parameters.

A.Constraints on the phase and layers currents

The phase currents resulting from the optimized cable config-
uration have to form a balanced three-phase system. In the tool,
this is verified by imposing that the relative difference of each
phase current with respect to the design value I, (perfectly

balanced current) is lower than a limit value set by the user
(%maxph):
nl;

Irms Irms .
50 (/2 < o123 0

=1

P
s = —=——— (17
e \/§ Vims COSQ

In the same way, each phase current should be equally dis-
tributed among its constituting superconducting layers. That
would avoid having layers working at currents closer to the crit-
ical value (with higher AC losses) and other underloaded layers.
This is accomplished by imposing the following constraints to
the layer currents:

|Il]| | ij+1

e (il ]

where %y, ay is the limit imposed by the user for the relative

fori=1,2,3
/Oma"lay forj=1,.

ol —1 (18)

difference between the module of a given layer current and the
module of the other layer currents of the same phase.

B.Constraint on the maximum currents in the HTS tapes

Generally, any superconducting device should not exceed a
given safety criterion on the maximum operating current flow-
ing in the superconducting material compared to its critical cur-
rent. In the case of a coaxial cable, this represents a constraint

since all its consti-

on the amplitude of the layer current |IL-, il

tuting tapes have the same I.. Also, since the superconductor
temperature varies along the segment included between two ad-
jacent cooling stations, so does the tape critical current. As a
conservative choice, the lowest I, value in a cable segment is
taken as a reference. This value, referred to as Icmin’ corre-
sponds to the lower between those computed at Tyrg,, ft and

THTST‘ight: ICmin = IC (max [THTSleft ) THTSTight]) ThuS, the fol'
lowing constraint is imposed to all layer currents:

en

—_Sl Y {
Tapes, Crmin furs

1,2,3
1, .,nli—l

fOT' i (19)
forj=
where sfyrs is the safety criterion (generally ranging from 0.5
to 0.9) set by the user.

C.Constraint on the line voltage drop

To ensure that the loads connected to the cable can operate at
a voltage level close to their design value, the voltage drop
across the whole cable length has to be lower than a certain
maximum percentage of the design voltage V.., imposed by
the user and generally dependent on grid regulations. Being the
superconducting layers in parallel within the same phase, the



check has to be performed for each of them. Neglecting the
equivalent longitudinal resistance of the superconductor, the
following mathematical constraint can be imposed to all layers:

o1 1

Vrms

fori=1,2,3 (20)
= 7Omaxyarop {forj =1,.,nl;—-1

where Yomaxyaro pis the voltage drop limit selected by the user,

[M] and [IL-, j] are the mutual inductances matrix, defined in

(14), and the layer currents vector, which can be found solving

(13).

D.Constraints on coolant temperature and pressure

The coolant flowing in the pipes between two adjacent cool-
ing stations is subjected to pressure drops and temperature rises
due to both friction and absorbed heat. These variations must
be carefully monitored to ensure that the cryogen maintains its
thermal properties along the whole cable length. In particular,
for liquid nitrogen, it must remain in the subcooled liquid phase
to avoid vapor bubbles formation, which would limit its heat
exchange. Hereafter, liquid nitrogen will be referred to as the
cryogen for this study, but the methodology described is also
valid for other coolants, taking into account their proper fluid-
dynamic constraints. In particular, at the operating temperatures
of'the HTS cable, nitrogen can be considered as an incompress-
ible fluid and its pressure and temperature profiles along the ca-
ble length can be computed via relatively simple analytic for-
mulae, with a reasonable approximation. Moreover, due to the
limited temperature variations to which nitrogen can be sub-
jected in the cable, its density (p,y,), specific heat capacity
(cprn2) and dynamic viscosity (i, ) are approximated as con-
stants, using their average values within the operating tempera-
ture and pressure ranges chosen.

Then, the following constraints are imposed regarding the
pressure drop (AP) and temperature rise (AT) in both the former
and the annular gap. To improve readability, the formulae for a
generic pipe having a hydraulic radius R;, are given. For the
former, this corresponds to Ry, while for the annular gap it cor-
responds to t,,. The subscript / can either indicate the former
or the annular gap.

AP, = (dsmt %) + (gPinabh) < APy, (21)
ATy, = dyrge (v;’:;:zc;i’;" - rrim(ihcpm) <My, (22)
Ving, = ﬁ 23)

finan = {—1.8 In [(7_j”Rh)1'11 " (:—;)]} 4)
Re, = 2Ry Vinzy, PLN2y 25)

Hinz

where Vyz,, finz2, and Rey, are the velocity, the friction factor
and the Reynolds number of the fluid flowing in the pipe h,
respectively, while ¢, is the roughness of the pipe itself.
AP N2 0y @0d ATy, are the maximum pressure drop
and temperature rise imposed by the user, dependent on
temperature (Ty) and pressure (Py) of the nitrogen exiting
from each cooling station. g is the gravity acceleration and Ah
is the height difference between the two ends of a cable segment
(assumed equal for all cable segments) [34].

The expression reported in (24) is computed approximating the
implicit Colebrook-White equation for corrugated cylindrical
tubes [51] and using the Haaland explicit equation [52].
Furthermore, the circular cross-sections of the inner and outer
walls of the annular gap are considered to be concentric in this
study. However, it is possible to include this design option in
the model by entering a correction factor for the cable eccen-
tricity in the friction factor f7y, . , as described in [53].

It is worth noting that applying (22) to the former and the annu-
lar gap results in two implicit equations, given that both the
losses Qf and @, depend on the maximum temperatures of the
nitrogen in the two flows, as described in (2).

E.Other constraints

The model computes the parameter Tapes; ; as described in
(7); then, a check is performed on the resulting gap between
adjacent tapes belonging to the same layer (g; ;). The function
to calculate the gap depends on Tapes; ;, R; j and a; ;, as shown
in [54]. For each superconducting layer, the gap should not ex-
ceed 3% of wyrg so as to minimize the transverse component
of the magnetic field acting on each tape (produced by the tape
itself and by the adjacent ones) and the resulting magnetization
losses [55]. If this condition is not respected, Tapes; ; is in-
creased by one unit and the check is performed again.

Finally, among the parameters selected for the optimization
(listed in Chapter I1.A), nl; and ng,, must correspond to posi-
tive integers, while the other parameters can be rational num-
bers. Inthe MATLAB code, the ga algorithm allows one to eas-
ily select which parameters must respect this constraint.

VI.DESCRIPTION OF THE COST FUNCTION

The proposed tool returns the cable design that minimizes the
costs; thus it is essential to determine a valid objective function
for the superconducting cable system. In the literature, there is
a limited number of examples for estimating these costs [22, 53,
56 —63], each considering specific indexes. The objective func-
tion presented here contains the elements for the cost calcula-
tion depending on the cable design and operating conditions.
The parameters are adapted from those found in other publica-
tions, but the user can modify them to carry out parametric anal-
yses. In the following, when a cost index is expressed with the
uppercase letter (C) it indicates the total cost, while the use of a
lower case letter (c) represents the unitary cost.

The total cost for the cable system (C;,;) is computed as fol-
lows:



Ctat = CHTS + Cins + CLNZ + Ccool + Ccryo + Cvac

(26)
+ Cter + Ccab + Clay + Cman + Cdis

where Cyrs, Cins and Cpy, are the costs for the superconducting
material, for the electrical insulation and for the liquid nitrogen,
respectively. Ceoo1 Coryos Coae, and Ciep are the costs for the
cooling stations (including coolers and circulation pumps), the
cryostat, the vacuum pumps system and the cable terminations,
respectively. Ceqp, Cnans Cais and Cjq,, are the cabling, laying
maintenance and dismantling costs, respectively. These cost in-
dexes are described in detail in the next Sections.

A.Superconducting material cost
Cyrs can be computed as:
3

Lline
Curs = CHTSZ Tapes; j7——F——7
iJ

; |cos (i)

where cyrs is the tape cost per unit of length.

27)

B.Electrical insulating material cost

Cins 1s calculated as follows:

3
Cins = Cins Pins Liine T[Z(Rextinswz - Rintinswz) (28)
w

where c;,,; is the insulation cost per unit of weight, p;,, is the
insulation mass density, and Ry, . is the outer radius of the
m™ insulating layer (computed knowing Rintins, @nd solving

(11)-(12)).

m

C.Cryogenic fluid cost

The following formula is used to compute C, :

Civz = Civz Liine @ [Rextanz — Rinegn” + (R — tf)z] (29)

where ¢y, is the cost of liquid nitrogen per unit of volume and
ty is the former thickness (which includes the former roughness

&f). Rex ,,, and Ry, are the outer and inner radii of the annular
gap. Ry, , is known from the radius (R,,) and the thickness (t,,)
of the underlying copper neutral layer, while R, . depends on
Rint,, and the thickness t,y,.

D.Cooling stations cost

The cost of all the cooling stations is calculated as:

Nstaz+2

Cenot = ). Cop, + Ceap, (30)
k

yr

B Qo (T =T\ . Q| 1
Cov, = Z Gy [(ncry To ) * o ](1 + ¢)2(31)

z

Ccapk = Ccoolﬁxed + [(Ccryocooler Qck )ﬁQ] ﬁr (32)

Qf + Qan if k = intermediate stat.
Q¢ =4 %an T Qu if k = left termination stat. (33)
Qf + Qu if k = right termation stat.
( AP; + APy, _ ,
myy, —— if k = intermediate stat.
| LN2
myy, AP,
Qpy = { N2 A% if k = left termination stat. (34)
PLn2
| mpy APf . . ,
k if k = right termation stat.
PLn2
where Ccqp, and C,,, are the capital and operating costs of the

k™ cooling station.

As for the operating costs, yr are the years of service expected
for the system and ¢, is the actual energy cost for non-house-
hold consumers in the region where the cable is planned to be
located. h,, are the hours of service per year; assuming the cable
to operate continuously, h,, is the number of hours in a year. Qy
is the heat which must be removed from the cryogenic fluid by
each cooling station (sum of the contributions of each inlet flow
to the station, as explained in Chapter III), whose efficiency is
equal to N¢py . Qp, is the hydraulic power delivered by the cir-
culation pumps to the liquid nitrogen flows to restore their pres-
sure after the drops computed with (21) (AP; and AF,,, for the
nitrogen flowing in the former and in the annular gap, respec-
tively). Compared to intermediate stations, the termination sta-
tions must restore the pressure in a single inlet flow. n,, is the
efficiency of the circulation pumps and p;y, is the density of
liquid nitrogen [63]. The temperature ratio in (31) corresponds
to the inverse Carnot efficiency [34]. y is the annual effective
discount rate for the operating costs, which depends on the
country where the cable is expected to be located. It is worth
noting that inflation could also be taken into account when com-
puting the operating costs in (31). To give an indication, in Eu-
rope the mean annual inflation for the cost of electric energy
was equal to 2.3% from 2009 to 2020, with a non-linear trend
[64]. However, its long-term estimate is not trivial and often
depends on unpredictable factors. In this work, the inflation was
excluded from the calculations.

For what concerns the capital costs, the term C¢pypcooter 18 the
cost of the cryocoolers system per unit of power to be extracted
(Qk)- Bg is a mark-up introduced to consider that the cooling
system should handle possible heat peaks and to account for the
practical impossibility to find in the market devices of the exact
size required (in these cases, the superior size is selected). S, is
a mark-up adopted to consider the cost of the cooling station
devices for which no parametric function has been found (cir-
culation pumps, LN tank and accessory components). It is as-
sumed that these costs correspond to a certain percentage of the
cryocooler cost. Cppo; . takes into account the fixed costs re-

quired for each cooling station besides the device cost (installa-
tion, maintenance, disposal, etc.).



It is worth noting that, in this study, the cooling system is not
designed with redundancy. However, an extra mark-up could
be added to (32) to account for this possible design choice.

E.Other cost terms

Finally, the terms Ceryor Coacr Cterr Ceabs  Cmans Cais
and Cjq, in (26) are computed by multiplying the corresponding
values reported in the literature per unit of cable length (indi-
cated as Ccryo)Cpacs Crers Ccab» Cmans Cais and Ciqy, TESpEC-
tively) by Liine.

In particular, C,,4, can be accounted as an operating cost, and
its value must be discounted:

yr
Lline Cman

Cman = Z yr (1 + )

z

(35)

C,4;s must also be discounted, as it refers to the end of the cable
service period. Thus, this cost is multiplied by (1 + )™ .

In this work, the superconducting solution is supposed to re-
place an existing conventional line and the required tunnels can
be retrofitted. Therefore, excavation costs, cable trench and wir-
ing ducts are avoided. However, if the retrofitting is not possi-
ble, and a new line is designed, their approximate values can be
set as reported in the literature (see for example [63]) and added
in (26).

VIL.REFERENCE VALUES FOR THE ANALYSIS

In order to present in Chapter VIII the results of some para-
metric analyses, the investigation limits and the user-defined
(non-optimizable) parameters selected in the study are reported
in this chapter.

A.Upper and lower boundaries for the system variables

Upper and lower limits should be set for each variable of the
problem, and are listed in Chapter II.A. This directs the optimi-
zation process towards a local minimum that falls within the
range of interest. However, a poor selection of the limits can
prevent the algorithm from finding a solution that satisfies the
constraints. With the aim of realizing a parametric analysis over
a wide spectrum of operating conditions, it is useful to keep
these ranges as broad as possible.

In this respect, the boundaries shown in Table I are selected for
this study.

TABLEI
UPPER AND LOWER BOUNDARIES FOR THE SYSTEM VARIABLES
Parameter | Unit Lower boundary Upper boundary

Ry [cm] 1.0 2.5

tan [cm] 1.0 3.0

Tlll' 1 5

a; j [°] —1/6 /6
mino [Kg/s] 0.2 2.0
Nstat 0 round(Lyipe/1€3) — 1

B.Genetic algorithm options selected in MATLAB

MATLAB allows to set specific options for the ga algorithm
which can impact its speed and/or lead to a better solution. Ta-
ble Il reports the values selected for the main algorithm options,
after performing a convergence study to reduce the computation
times. MATLAB default values are used for the remaining pa-
rameters not mentioned in this chapter.

TABLE IT
ALGORITHM OPTIONS SELECTED IN MATLAB
MATLAB ga option Value
PopulationSize 100
FunctionTolerance 1e-9
ConstraintTolerance le-4

More specifically, Table III shows the impact of the parame-
ter PopulationSize (the number of individuals of each popula-
tion) on the computation time. Since the whole genetic algo-
rithm runs multiple times consecutively, Table III displays the
data referring to the less time-consuming iterations whose cor-
responding fitness value is within 0.1 %o from the lowest fitness
value found in all iterations (i.e. the fastest iteration leading to
the best solution).

TABLEIII
IMPACT OF THE POPULATION SIZE ON THE COMPUTATIONAL TIME
PopulationSize |N°generations C:;?g;r;ggzgti[ge Total i?rg:ep 1[.1St]ational
50 277 2.1 578.0
100 194 4.1 801.0
150 157 6.3 993.0
200 147 82 1212.5
250 136 9.9 1344.4
300 123 12.0 1476.4

As expected, as the number of individuals increases, the amount
of generations required to achieve the same best fitness value is
reduced. However, the computation time required to pass from
one generation to the next one increases more rapidly, and as a
result the total computation time for the whole genetic algo-
rithm increases with Populationsize. The size of population
equal to 50 is excluded, as it is considered too small with respect
to the number of variables involved (which can vary from 10 to
22, depending on the value of nl;). A value of Populationsize
equal to 100 is selected as a good compromise between speed
and quality of the algorithm.

Finally, as for the initial population for the genetic algorithm,
the genes of each individual are set equal to the arithmetic mean
between the upper and lower boundaries of the corresponding
variables, reported in Table I.

C.Constraint parameters

Table IV reports the limits for the problem constraints se-
lected in this work. These thresholds depend on operational
choices and physical or regulatory limits to be respected.



TABLE IV
CONSTRAINTS PARAMETERS SELECTED FOR THE ANALYSIS
Parameter Unit Value Reference
%maxp n % 0.8
Yomax, ay % 0.1
Sfurs 0.7
%maderop % 4.0 [65]
APLN? pmax bar 12
ATiN2 gy K 10 [24]
Ty K 68
P0 bar 15

D.Dielectric parameters

PPLP is selected as the dielectric between conductive phases.
Its properties at liquid nitrogen temperature, as well as the pa-
rameters reported in Chapter IV, are presented in Table V.

TABLEV
DIELECTRIC PARAMETERS SELECTED FOR THE ANALYSIS
Parameter Unit Value Reference
tand,s 6e-4 [66]
Eins 221 [67]
Dins ton/m? 0.9 [68]
| 3% 150
Eim MV/m 76
E\c MV/m 52
ki, 1.59 [44]
LS. 1.32
ko, ‘kzimp 1.0
ks, 145
K3 imp 1.0

E.Cost parameters

Table VI presents the cost parameters selected for this study.

TABLE VI
COST PARAMETERS SELECTED FOR THE ANALYSIS
Parameter Unit Value Reference
Cyrs €/m 35.0
Cins Mé€/ton 0.01 [44]
CLN? €/liter 1.0
Ceryo ew 100.0 [69]
Coac €/m 52.0 [70]
Ccab M€/m 3.0 [71]
Cror Mé€/m 0.06
Cman Mé€/m 0.01 (72]
Cdis M€/m 0.02
Clay M€/m 0.02
Ccoolﬁxed M€ 0.2
BQ 1.1
Br 1.1
Y % 0.1
yr 40
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F.Other user-defined parameters selected for the analysis

For the analysis, the geometric, electrical and cost parameters
of the HTS SuNAM SCNO04 tape are considered [73]. For this
tape, wyrs and tyrs are equal to 4.1 mm and 150 pm respec-
tively. The I.(Tyrs) function is taken from [74]. It is worth not-
ing that, in the limited temperature range at which the super-
conductor operates in this study (assuming self-field condi-
tions), the tape I, can be approximated as a linear function of
the temperature.

Finally, the remaining user-defined parameters selected for
the analysis are reported in Table VII.

TABLE VII
OTHER PARAMETERS SELECTED FOR THE ANALYSIS
Parameter Unit Value Reference
Ep mm 1.4
0.7
Ty [34]
Ah m 1.0
ey mm 1.9 [26]
t. mm 0.8
t 3.0
n mm [24]
tcryo cm 2.0
nCTy 01
Pin2 kg/m’ 839.0 [46]
CPLn2 JkgK 2662.0
Hin2 pPa-s 25.08
qq W/KA per current lead 45.0 53]
Ged W/kA'm 0.05
T, K 293.0

VII.RESULTS OF THE PARAMETRIC ANALYSIS

This Chapter presents the results of several explicative para-
metric analyses performed with the proposed tool. Cost trends
and optimized cable configurations are shown, underlining how
different technical-economic aspects are related to each other.

A.Impact of the cable active power

In this study, a 5 km long cable is connected to a load with

cosp = 0.9, at a voltage level equal to 15 kV. The simulations
are performed multiple times varying the active power in the
range from 50 MW to 200 MW, with 25 MW steps, so as to find
the optimized cable configurations.
In the following bar charts, the arrangement of the bars into
each column matches the order in which the terms are presented
in the legend (top to bottom). Furthermore, the numerical refer-
ences of the bars with respect to the legend are highlighted in
the last column of the graphs.

Fig. 5(a) shows the total capital cost of the system per kilo-
meter of cable. As expected, as the required power increases,
the system cost rises. However, this increase is not constant
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with the active power: it is approximately linear for power val-
ues up to 125 MW, then it rises more steeply up to 175 MW.
Finally, the rise in cost between 175 MW and 200 MW is lower
compared to the previous ones. Furthermore, the ratio between
capital and operating costs (over a 40-year period) is not con-
stant increasing P. Operating costs exhibit a stronger depend-
ence on power than capital costs, reaching, and in some cases
exceeding, 50% of the total costs.

Fig. 5(b) shows the different contributions to the capital
costs, for the various cases analysed. In particular, the following
cost indexes are included in the capital costs: HTS tapes,
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Fig. 6. Losses and heat inputs along the whole cable length varying the active
power. The case considered has V,,,s = 15 kV, cosp = 0.9 and L;;n, = 5 km.

cabling and laying, vacuum system and cryostat, terminations
and cooling stations, distinguishing between intermediate and
termination ones. It is worth noting that the dielectric, laying
and termination costs are almost negligible, while the cost to
purchase the HTS tapes, for cabling and for the cooling stations
are predominant. While cabling costs are set constant per unit
of cable length, the costs of the HTS tapes increase between 50
and 75 MW, then remain almost constant up to 175 MW and
finally rapidly grow to 200 MW, reaching 2/3 of the capital
costs of the cable.

Fig. 5(c) presents the different contributions to the operating
costs. In particular, the following items are included in the op-
erating costs: maintenance and dismantling costs of the system,
and operating costs of the intermediate and termination cooling
stations, distinguishing between the termination station located
at the left and right side of the cable. The increase in the oper-
ating costs is approximately quadratic up to 175 MW; then, the
costs slightly drop from 175 MW to 200 MW.

It is worth noting that the impact over the total operating costs
of the intermediate cooling stations increases compared to that
of the termination stations as the active power rises; in fact, the
number of intermediate stations needed increases. The same ap-
plies to operating costs. Furthermore, the costs of the left termi-
nation station are always higher than those of the right one. In
fact, by combining (2) and (33), it results that the termination
station located at the left side of the cable must manage a higher
amount of thermal power than the one on the right side.

To better understand these trends, it is useful to refer to other
quantities.

Fig. 6 shows the sum of losses and the heat inputs along the
whole cable length, for the same cases of Fig.5. Their trend with
increasing the active power closely follows that of the operating
costs shown in Fig. 5(c); indeed, the operating costs are approx-
imately linearly dependent on losses, as shown in (31).

While the dielectric losses are almost constant since the rated
voltage does not vary, the current lead losses and the eddy cur-
rent AC losses are proportional to the operation current, which
increases linearly with the active power.

The heat entering from the cryostat rises linearly with the active
power. In fact, on the one hand, as the losses grow, the average
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temperature of the nitrogen in the annular gap rises, which
causes an increase in the numerator in (10). On the other hand,
while the thickness of the cryostat remains constant, the ratio
between the external and internal radius of the cryostat de-
creases and so does the denominator in (10). It appears evident
that the reduction in total losses and operating costs between
175 MW and 200 MW is due to a reduction in HTS AC losses.

In Fig. 7(a), the parameters Ry and ¢, are displayed. At 50
MW, both the optimized geometrical parameters are equal to
the lower boundary set by the user (1 cm). In this way, the radii
of the superconducting layers are minimized so as the number
of tapes and the consequent capital cost. Furthermore, a low ¢,
value reduces the radial dimensions of the cryostat and conse-
quently the surface which can be irradiated from outside. Then,
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the radius of the former increases with increasing power, until
it reaches the upper boundary set by the user (2.5 cm) for a
power of 125 MW. For larger power, the former radius remains
constant. Conversely, ¢, remains constant up to 125 MW and
then increases up to 175 MW.

Fig. 7(b) shows the //I. ratio at which the HTS tapes belong-
ing to the different conductive layers operate. Fig. 7(c) presents
the number of tapes used to wind each phase of the cable (add-
ing those of their constitutive layers, if multiple).

As the active power increases, both the operating current and
the former radius increase, and so does the number of HTS tapes
per layer among which the current is distributed. However, the
1/I. ratio keeps rising, as the increase in the number of tapes is
not proportional to the increase in current. In fact, once the up-
per limit for the former radius is reached at 125 MW, the num-
ber of tapes for the superconducting layers cannot vary signifi-
cantly. As shown in (7), with R; ; fixed, Tapes; ; depends on
the winding angle, which only allows a variation of around 5
tapes per layer in the interval of a; ; selected by the user (from
0to £+ 7/6). Moreover, even a; ; cannot vary freely, as it affects
the inductances and consequently the current distribution be-
tween the three phases.

If the number of HTS tapes does not vary between 125 MW and
175 MW, their capital cost remains equal, as shown in Fig. 5(b).
Increasing the //I. ratio causes a rapid growth of HTS AC
losses, as shown in Fig. 6. However, this increase is limited by
the safety criterion set by the user. By extending the curves re-
ferring to the first layer of phases 1 and 2 of Fig. 7(b) up to 200
MW, their /I, ratio could exceed the imposed limit value of 0.7.
In order to comply with this constraint, the algorithm increases
the number of superconducting layers for these two phases. As
a result, passing from 175 MW to 200 MW, the number of tapes
used to wind phases 1 and 2 almost doubles, as shown in Fig.
7(c). This explains the rapid increase in the corresponding cap-
ital cost contribution. The algorithm does not increase the num-
ber of layers of phase 3, as it is wound on a greater radius than
that of the underlying phases and can work with a sufficient
number of tapes in a single layer.

Finally, doubling the number of tapes, the //I. ratio for both lay-
ers of phase 1 and 2 drops when the active power is equal to
200 MW. This causes the reduction of the HTS AC losses and
explains the trend shown in Fig. 6. However, if on the one hand
the operating costs per kilometer are reduced by 1.3 M€ from
175 MW to 200 MW, on the other hand the capital costs in-
crease by 3.2 M€ in the same power step, and therefore the total
costs shown in Fig. 5(a) rise.

B.Impact of the HTS AC losses

As shown in Fig. 6, the main contributor to total losses and
heat inputs into the cable is due to the AC losses generated in
the superconductor. HTS AC losses have a significant impact
on the optimized cable configuration, as they affect the operat-
ing and capital costs of the cooling stations, as well as the tem-
perature increase of the coolant (and of the superconductor it-
self) in the cable segments. As described in Chapter III.A, in
this study the AC losses are computed using Norris’ analytic



Vs = 15kV , P=100 MW ,

rms
8 Capital cost

| I I I
0 I I I
1 100

Norris AC losses - Reduction factor

cosp=0.9 , L,,=5km

B Operating cost

(=)}

Total costs [M€/km]
N )

NS}

Fig. 8. Total costs per kilometer of cable varying the reduction factor applied
to the Norris” formula for HTS AC losses. The case considered has V,,,, = 15
kV, P=100 MW, cosp = 0.9 and L, =5 km.

=15kV, cosp =0.9 , L,,,,( 5 km
1 B HTS tapes AC

{ 2 8 Dielectric

nu:

]‘ O Cryogenic envelope

\
\ ? 8 Eddy current AC
2 \\ (58 Current leads |
N

\\ -\ i

’ N -
3
4.:3 45

50 100
Norms AC losses - Reductzon factor

)

Losses [KW]

Fig. 9. Losses and heat inputs along the whole cable length varying the re-
duction factor applied to the Norris’ formula for HTS AC losses. The case
considered has V,,,; =15kV, P=100 MW, cosp = 0.9 and L;;,, =5 km.

formula, considered as a conservative estimate and an upper
limit compared to other formulae. Given the versatility of the
proposed tool, it is interesting to study how the cost of the cable
system varies if the losses generated in the superconductor are
lower than those computed analytically. This allows to quantify
the economic advantages that can be obtained by developing
novel cable configurations or HTS tapes producing lower AC
losses.

Fig. 8 shows the total costs per kilometer of cable obtained
by applying different reduction factors to the Norris’ formula
(i.e. dividing the values found by the reduction factor). The case
study considered is a 5 km long cable carrying 100 MW of ac-
tive power to a load with cosp = 0.9, at a rated voltage equal to
15 kV.

Compared to the reference case (reduction factor equal to 1),
the total costs are lowered by 9.3%, 19.1%, 28.8%, 30.3% and
31.1% when the losses are reduced by a factor of 2, 5, 10, 50
and 100, respectively. These results are significant, as they
prove that, for the reference values presented in Chapter VII,
even a significant change in the HTS AC losses estimate imple-
mented in the model corresponds to a much smaller variation in
the total cost of the system. Indeed, by reducing the losses by
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and L, = 5 km.

100 times compared to Norris’ formula, the resulting total cost
is reduced by only 31.1%. Therefore, even if the present analy-
sis is performed using an analytical method for the computation
of AC losses in the HTS tapes, which might not reach a high
accuracy, the impact on the reliability of the results reported is
limited.

As far as the capital costs are concerned, their reduction is
mainly due to the possibility of using fewer tapes per phase (re-
ducing the former radius), which makes them operate at //1. val-
ues closer to the imposed safety limit. Capital costs are lowered
by 9.0%, 18.1%, 22.6%, 24.1% and 24.2% when the losses are
reduced by a factor of 2, 5, 10, 50 and 100, respectively. Thus,
capital costs get close to their asymptotic value for a reduction
factor included between 10 to 50. Further reducing the AC loses
generates small economic advantages, as the optimized former
radius has already reached its lower limit and thus the minimum
number of tapes per phase is fixed.

As for the operating costs, these are lowered by 9.9%, 20.9%,
29.1%, 41.6% and 43.7% when the losses are reduced by a fac-
tor of 2, 5, 10, 50 and 100, respectively. As shown in Fig. 9,
with reduction factors greater than 50, HTS AC losses become
almost negligible compared to the other loss contributions, and
the cryogenic losses are prevalent.

C.Impact of the fixed costs of each cooling station

The parameter C,,,; fixed is introduced in (32) to account for

the fixed costs required for each cooling station besides the de-
vice cost. The presence of this parameter is important to obtain
a realistic number for ng,. In fact, without the term C,,,, fixed’
the capital costs for each cooling station would only be depend-
ent on the power to be extracted. It follows that, for the same
total heat entering the cable, the optimization algorithm would
impose ng:,; to be equal to the upper boundary limit set by the
user, as a greater number of cooling stations reduces d;,; and
therefore the heat absorbed by the cryogenic fluid in each seg-
ment of the cable. In this way, the temperature rises in the seg-
ments are limited and the temperature and performance of the
superconductor are more stable. By introducing fixed capital



TABLE VIII
OPTIMIZED CABLE CONFIGURATION FOR THE CASE OF CHAPTER VIIL.D
Parameter Unit Value
nly; nly ; nls 1,1,1
Q1150215 A3 ° -0.69 ;041 ;-0.04
Tapes, 1; Tapes,, ; Tapess 39;42 ;46
miyo kg/s 0.39
Nstat 2
dstat km 1.67
tan cm 1.0
Ry cm 2.1
Rl,l 5 R2,1 5 R3'1 cm 245 N 2.68 N 2.90
tinsl ; tinsz 5 tins3 mm 2.5;25;25
R, cm 3.2
Ranim cm 35
Ranext cm 4.5
Rcryoim cm 4.5
Rcryoext cm 6.5
Lms kA 8.55
| 5 [2a| 5 |4 kA 8.53:8.55:8.57
Phase-shift of phase 1,2 ,3 ° -0.4;120.1;119.5
ey 51 ey 1/leq, 0.42;0.39;0.38
Vdropl'1 ; Vd‘ropz'l ; Vdrop3'1 % of Vims 0.8;0.5;0.1
Distance between adjacent tapes | . .
in the same layer % of wyrs 0.8;0.3;0.9
APf bar 0.31
APy pn bar 5.0
ATy K 0.8
ATynn K 2.5
THTSleft ; THTsﬂ-gm K 69.3;68.4
Llay1 1 + Llay2 1 + Llay3 1 km 635.0
Crot M€ 61.0
Ceap for the whole cable system M€ 39.6
Cop for the whole cable system M€ 21.4
Ceool M€ 17.0
Ccryo M€ 1.1
Coac M€ 0.26
Ctrer M€ 0.3
Ceap M€ 12.5
Clay M€ 0.1
Cins k€ 52.0
Cine k€ 20.0
Cnan k€ 49.0
Cais k€ 96.1
Qacror = Qac Liine kW 6.9
Qins ror = Qins” Liine kW 1.0
Qea ror = Qea’ Liine kW L5
chyo TOT = chyo’ Liine kW 7.6
Qg kW 1.6

costs due to the installation of a cooling station, the algorithm
must balance this cost contribution with the reduction in tape
performance (which affects other cost contributions).

14

Fig. 10 shows how the number of intermediate stations varies
by setting different C,,,; fixed values as computation inputs. In

the case study considered (Vyms = 15 kV, P =100 MW, cosp =
0.9 and L;;p,, = 5 km), when CCUOlfixed is lower than 50 k€, the

tool returns a number of stations equal to the upper boundary
imposed in this study (corresponding to the cable length, ex-
pressed in kilometers, minus 1). As their capital cost increases,

the number of stations is reduced. When C,,,; fixed is larger than

700 k€, it is not convenient to use intermediate cooling stations.
The value of C,,,; fived shown in Table VI (200 k€,) is selected

according to this analysis.

D.Impact of the fixed costs of each cooling station

Finally, it is useful to show a complete cable system config-
uration resulting from the optimization process. The case of a 5
km long cable carrying 100 MW of active power to a load with
cosp = 0.9, at a voltage level equal to 15 kV is selected.

Table VIII shows the values of the system variables, the main
resulting geometric and electrical parameters of the cable and
the verification of compliance with the constraints.

IX.CONCLUSIONS

This work proposes a model to determine the optimal config-
uration of an AC power transport cable wound with HTS tapes,
that minimizes the total cost of the system. The tool developed
allows the user to freely select the operating conditions for a
generic electric line, a feature rarely present in the estimates for
the cost and/or cable configuration available in the literature.
The constrained multi-variable optimization adopted is based
on a genetic algorithm implemented in MATLAB.

Some simplifications are adopted to ease the identification
of the parametric equations of the model and to allow a fast res-
olution, thus limiting the number of cases to be analyzed. The
main assumptions used in this work are conveniently reported
here:

» the so-called concentric cable configuration is investigated;

» the so-called both-sided cooling option is considered, hav-
ing two counter-flows of coolant flowing in the former and
in the annular gap;

> the system variables for the genetic algorithm are the radius
of the former, the thickness of the annular gap, the number
of superconducting layers per phase and the corresponding
winding angle, the number of intermediate cooling stations
and the nitrogen mass flow rate. The remaining cable pa-
rameters are derived from the system variables or are user-
defined;

> the system is modular: the configuration of each cable seg-
ment included between adjacent cooling stations is the
same;

> a single temperature is considered for all the HTS tapes at
each longitudinal position along the cable length;

» the temperature increase and the pressure drop of the cool-
ant are assumed linear within each cable segment. Moreo-
ver, the incompressible fluid assumption is adopted;



> the losses are shared equally between the two flows, with
the exception of the heat entering the cryostat, which is ab-
sorbed by the nitrogen in the annular gap only;

> the impact of the equivalent longitudinal resistance of the
superconducting layers on the current distribution is negli-
gible;

Future model developments may allow to remove some of
these simplifications thus extending the field of applicability of
the model.

The model is based on analytic equations for the calculation
of the heat entering the system, for the computation of the die-
lectric thickness and for the cost estimation. In particular, the
cost function to be minimized includes several contributions
rarely reported in full in the literature. Different electrical con-
straints are applied to the algorithm, related to the current dis-
tribution between tapes, layers and phases, as well as thermo-
fluidynamic constraints related to pressure drops and tempera-
ture increases in the coolant. An extensive bibliographic work
is carried out to identify the numerous model parameters and
indexes and report the corresponding references.

The effectiveness and versatility of the developed tool is
proved through explicative parametric analyses. In particular,
the trends of the system costs are shown by varying the active
power of the line (at a fixed voltage level in the medium voltage
range), the length of the line and the power factor of the load
connected to the cable. As the transmitted power increases, the
total cost of the system rises. However, the increases in capital
and operating costs do not vary linearly with power. In fact,
when increasing the power, the former radius reaches its user
defined upper limit, which consequently binds the radial dimen-
sions of the overlying conductive layers and the number of
tapes. By further increasing the power, the //I. ratio grows (in-
creasing the HTS AC losses and the operating costs) and ap-
proaches the safety limit imposed as a constraint. To comply
with this constraint, the algorithm adds one or more conductive
layers per phase, increasing the capital costs related to the HTS
tape but reducing the HTS AC losses.

A specific analysis is carried out to investigate the impact of a
possible reduction of HTS AC losses (the main loss contribu-
tion together with the heat inputs from the cryostat) with respect
to those computed with the Norris' analytic formula. In particu-
lar, it is shown that with a loss reduction up to 50 times with
respect to Norris’ formula results, the economic advantage is
maximized; further reductions do not significantly affect the
system costs.

Moreover, the computations allow a better understanding of the

role of the parameter C,,; Fixed® introduced in the model to ac-

count for the fixed costs related to the cooling stations. If this
term is set to be low, the optimized number of intermediate
cooling stations tends to correspond to the maximum value set
by the user. As this cost increases, the economic convenience
of introducing many intermediate stations is reduced and their
number is limited.

The approach and methodology described in this work can
conveniently be adapted to several other HTS cable configura-
tions. The design tool developed is flexible enough to be ap-
plied to parametric analyses over a wide range of user defined
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parameters. It can either be adopted to study the retrofitting of
existing conventional transmission lines or, with slight modifi-
cations, to the sizing of new superconducting lines.
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