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TEA on HTS cables = Line main features (case study)

Proposal: connect Al Dhafra photovoltaic plant with Abu Dhabi (e.g. its international airport).

Completed in 2023, Al Dhafra is the
largest single-site solar PV power plant in
the world (and the 3° in the world overall).
More than 4 million PV modules involved

Dhafrah

Energy hitps://www.adpv2.ae/
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TEA on HTS cables = Line main features (case study)

Proposal: connect Al Dhafra photovoltaic plant with Abu Dhabi (e.g. its international airport).

Al Dhafra Solar Project:

* 2 GW produced.

* The plant is located about 30 km south of Abu
Dhabi.

* The project includes 33/400 kV substations to
connect the plant with 400 kV "conventional”
overhead cables.

e Could part of these conventional connections
be replaced with a 33 kV HTS underground
cable not requiring transformers and
overhead cables into the highly urbanized
area of Abu Dhabi?

Dhafrah

Energy hitps://www.adpv2.ae/
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TEA on HTS cables = Line main features (case study)

Proposal: connect Al Dhafra photovoltaic plant with Abu Dhabi (e.g. its international airport).

Al Dhafra Solar Project:

* 2 GW produced.

* The plant is located about 30 km south of Abu
Dhabi.

* The project includes 33/400 kV substations to
connect the plant with 400 kV "conventional”
overhead cables.

e Could part of these conventional connections
be replaced with a 33 kV HTS underground
cable not requiring transformers and
overhead cables into the highly urbanized
area of Abu Dhabi?

<

Let’s suppose we are going to substitute
conventional cables for 1.5 GW, using HTS
cables (2 HTS cables of 750 MW each).

Dhafrah

Energy hitps://www.adpv2.ae/
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TEA on HTS cables = Line main features (case study)

Technical model — Main features

Property Symbol Value
Total power Piot 1.5 GW
Voltage rms Vims 33 kv
Load factor cos@ 0.95
Line length Liine 32 km
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lll. TEA of HTS cable system
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Overview of HTS cable architectures
Warm Dielectric (WD) vs Cold Dielectric (CD)

PE sheath + armour Thermal insulation (vacuum + MLI)

Shield High temperature coolant (LN, , ...)

Electrical insulation + Semicons Thermal insulation (vacuum + MLI)

Corrugated steel pipes Low temperature coolant (LH, or GHe )

Thermal insulation (vacuum + MLI SC shield + Copper stabilizer

Coolant (LN,, LH,, GHe) Electrical insulation + Semicons

Superconductor Superconductor

Copper former ~— Copper former

— Mudar Cahla Shasth R — Outer protective covering

i (] The CD configuration makes it easier to access the cryostat, as it is
electrically insulated from the conductive phases. o
e, | (] Designing a CD cable is a complex task due to the number of FESE#

components at cryogenic temperatures (terminations, joints, electrical o
. . oltage Dielectric
insulation, etc.). HTS Tape
Y U] Most superconducting cable prototypes proposed in the last years SEHEs

were designed using the CD configuration.

[12] Source: Nexans

andrea.musso@rse-web.it Hi-SCALE 3rd Training School 2024-04-10 12
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Overview of HTS cable architectures
Single core vs 3-in-1 cores vs Concentric

Three-Phase

Single Core Cable Three Core Cable Concentric
Cable
ke R

. . 5
Nitrogen Inlet ———— Nitrogen Inlet

Former
HTS Tapes

Former

HTS Tapes
Electrical Insulation /gl

Neutral Conductor

Electrical Insulation —»
HTS Screen

Neutral Conductor

Nitrogen Outlet Nitrogen Outlet

Inner Cryostat Tube

Vaccum Super
Isolation

Quter Cryostat Tube -»

Inner Cryostat Tube
Vaccum Super Isolation
Outer Cryostat Tube

- o

Q If the 3 phases of the concentric configuratin are alance, the magnetic field
outside the phases can be greatly reduced without the need of a superconducting
shield [3, 23]. The amount of superconductor needed is thus reduced.

L The concentric configuration is more compact and thus suited to be contained in
the tunnels made for conventional lines, thus facilitating their retrofitting.

pnases EyugenGenyeiope Source: Nexans

Hi-SCALE 3rd Training School 2024-04-10 13
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L 4

complexity in cable manufacturing/design.
L Considering 2 flows improves the capability of
“ uniformly cooling the superconductor.

/
Ldble cryostat former
single-sided cooling with external coolant return
Cooling option 2 flow with annular gap cooling

O A forward and a return flows of coolant (Both- » o\ i — R\

w4  sided cooling option) do not require any cooling (> \V/ .V |
external return = more compact system, but e TG Ay

each cooling/pumping station has to manage e

single-sided cooling with external coolant return
Cooling option 3 fio without annular gap cooling

00— 0

without annular gap cooling

2 coolant flows in opposite directions.
Potentially, the 2 different coolants could be
involved (e.g. GHe in the inner channel and
LN2 in the outer channel).

cooling
system

T
Outer protective covering

Quter cryostat wall
I‘EOJ(, %935 -4
Ci2000) o
Liguig n . . . .
oK = 2t e \W Cooling option 4 both-sided cooling
Coo]ing n ......... r .... \ Bt} ing
system \ \ } system
A u.._ U
10 KA MgB, Inner High-voltage Outer p=4
conductor [ enic lapped insulation fogenic
in helium gas cr.:r'.?gopo =r‘.D1?quid nitrogen ?vcglope dnnu]ar gEI]J LOOlmg
andrea.musso@rse-web.it Hi-SCALE 3rd Training School 2024-04-10 14
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Overview of HTS cable architectures
HTS (AC) vs MgB, (DC)

Neutral conductor \Cryostat insulation |

N\ 1 | Electrical insulation

nl i Former

il . E
) myy,
f
MgB- wires|
LN supply A Tmc} [ gb2> wires
L.- Cryogen fluid
|f,N_~ runu‘n| H | vogen f ‘

| | Inner cryestat tube |
z Inner eryosiat tube

Qt Qo Oese  Mounr Qe Qorva %
O MgB, manufacturing costs are relatively low compared to HTS tapes (10 — 15
l times cheaper).
O MgB, wires are notoriously more subject to high AC losses, and thus their use is
almost always limited to DC applications (DC cables).

TTine

Cryvastat insulation

: Copper shield ]

Vol

|Electrical insulation

N w Former I
¥

¢ Lan Superconducting phases

Lline

Source: Metox Source: Kiswire-KAT

andrea.musso@rse-web.it Hi-SCALE 3rd Training School 2024-04-10 15



riGeePs

RSE|.. ...

Group of electrical engineering - Paris

/z2rsearch

Overview of HTS cable architectures

In the last 20 years, over 20 prototypes have been developed and installed around the world, with:

O 30 m<lengths < 1.5 km

0 10 MW < powers < 1 GW

O 10 kV < voltages < 275 kV

1000

100

Cable system Length [m]

10

HTS cable energized in the world

2018 - Yongin |

2014 - Essen (DE) - 10
kVAc\’_/ (KR) - 23 kVAC 2016 - Jeju (KR) - 154 kVAC
o |

2011 - Icheon (KR) - 22,9

2012 - Long Island (US) -

138 kVAC
kVAC
~— 2008 - Long Island (US) -
2006 - Albany (US) - 34,5 138 KVAC
2021 - Chicago (US) - 12 kVAC
kVAC \ @ 2012 - Yokohama (JP) - 66
kVAC
I o\\
2009 - Moscow (RU) - 20 kVAC 2006 - Columbus, Ohio (US) - 13,2 kVAC ./r 2012 - Goc&‘;\:ﬁ (KR) - 154
— f
2006 - Gochang (KR) - 22,9 kVAC
2001 - Georgia (US) - 12,4 2006 - Yokohama (JP) - 66 2015 'JeJ“k's'a”d (KR) - 80
kVAC kVAC vbe
0/ | .\\O "
2004 - Shenzhen, Puji (CN) - 35 kVAC
2016 - Saint Petersburg 2013 - Shenyand (CN) -

(RU) - 20 kVDC

10

N
2002 - Copenhagen (DK) - 30 kVAC

275 kVAC

100 1000

Transmitted Power [MVA]

Courtesy|of N. Magnusson (SINTEF)

andrea.musso@rse-web.it
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CD configuration
Coaxial configuration

HTS AC cable

Double-sided cooling option

RSE e move
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Assumption = the cable is modular

adjacent cooling stations is the same.

are the same (note that there are 2 counter-flows)

O The configuration/geometry of each‘conductor segment included between

O Even the thermodynamic properties of the coolants at the ends of each segment

Termi
Conductor segment 1 Conductor segment i Conductor segment N

Left-side cooling station Intermediate cooling station

Right-side cooling station

andrea.m

usso@rse-web.it Hi-SCALE 3rd Training School

2024-04-10
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Architecture selected

AT A

Karlsruher Institut fur Technologie

Superconducting Cables

Prof. Dr.-Ing. Mathias Noe, Karlsruhe Institute of Technology
Institute for Technical Physics
EUCAS Short Course Power Applications, September 17th 2017, Geneva

KIT-ZENTRUM ENERGIE

4]

KIT — Die Forschungsuniversitat in der Helmholtz Gemeinschaft

andrea.musso@rse-web.it Hi-SCALE 3rd Training School 2024-04-10 18
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Architecture selected

General Setup - Former ﬂ(IT
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Architecture selected

General Setup — HTS Conductor

N\ 2 =sach

Karlsruher Institut fir Technologie
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Architecture selected

General Setup — Dielectric Insulation ‘\ﬂ(IT
Polypropylene Laminated Paper (PPLP)

andrea.musso@rse-web.it Hi-SCALE 3rd Training School 2024-04-10 21
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Architecture selected

General Setup — Three coaxial phases
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Karlsruher Institut for Technologie
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Architecture selected

General Setup — Copper Neutral Conductor

N\ 2 =sach

Karlsruher Institut fir Technologie
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Architecture selected

General Setup — Cryostat

inner cryostat wall

Former

SE we move

/z2rsearch

Karlsruher Institut fir Technologie
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Architecture selected

General Setup — Outer Protection, extruded PE
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Karlsruher Institut fir Technologle

andrea.musso@rse-web.it Hi-SCALE 3rd Training School

2024-04-10

25



Group of electrical engineerin

93 Geeprs N FEsarch

HTS system components - conductor

| Cryostat insulation ‘

| Neutral conductor |

Electrical insulation

L __)

N My,
f

LN> supply

¢tan |Superconducting phases‘

5) L
zZ Inner cryostat tube |

andrea.musso@rse-web.it Hi-SCALE 3rd Training School 2024-04-10 26
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HTS system components - conductor

REBCO
Silver 1.5 um
Buffer layers Hastelloy
200nm 104 pum

Silver
1.5 pm

/

15 pm
Copper

(thickness)

10 pm
Copper
{(width sidc)

Tape selected for this study: SUNAM SCNO04150 tape

HTS tapes
O Very high current carrying capacity with minimal
losses.
O Very high cost compared to traditional conductors.
O Electrical properties strongly dependent
temperature/magnetic field.
O Mechanical properties makes their handling

[15]

a0aee0000000aana

complex (not considered in today's study).

aaoo0eeee

/z2rsearch
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HTS system components - conductor
Cryogenic insulation (CD)

] DC cables
= Kraft paper = Dielectric strength = 25 ~ 50 kV/mm Ne Xxans
and =25
systems
1 AC cables CE BRUZEK
. . . Nexans France
= PolyPropylene Laminated Paper -2 Dielectric ESAS Summer choo] —8-14 Jume 2016

strength = 40 ~ 50 kV/mm and ¢,= 2.2
d LN2 under 5 ~ 10 bar > Dielectric strength 40 ~ 80 kV/mm (pressure dependant) and g,
=1.4. Avoid bubbles: in GN2 the dielectric strength is only 2 ~ 3 kV/mm.

O Other dielectric materials have been considered in different publications: Kapton, XLPE,
Cryoflex (by ULTERA), Tyvek/PE, Teflon.

Epor

Condition: LN,(T=77K) | PPLP | Tyvek/PE
€, 1.90 1.73

(3] tand 0.00058 | 0.00013 (] -

Kapton PPLP

andrea.musso@rse-web.it Hi-SCALE 3rd Training School 2024-04-10 28
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HTS system components - conductor
Cryogenic insulation (CD)

O PolyPropylene Laminated Paper (PPLP) has been widely used for HV power cables
due to its excellent electrical and mechanical performances.

O Its use for power cable insulation can be traced back to 1970’s, initially for HVAC
cables but extended to HVDC cables and superconducting.

~\

F YT VI, Insulatlon
Conductor - - (PPLP™ + High-v insulating oil)

PPLP®: l-’c:!ypro"y!er\e aminated Paper

Lead sheath g,

[1] Steel wire R Z- PP film
armoring : i

Kraft paper

O Reliable hybrid insulation systems based on pressurized liquid nitrogen and
polypropylene laminate paper (PPLP).

andrea.musso@rse-web.it Hi-SCALE 3rd Training School 2024-04-10 29
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HTS system components - conductor
Cryostat

The cryostats contains the cable and (above all) the coolant, reducing the heat exchange with the outside.

It includes (inner to outer): Inner cryogenic tube = Vacuum space = MLI = Outer cryostat - Jacket

Single envelope vs double envelope (2 different fluids/temperatures) cryostat

1. Corrugated inner tube

2. Low-loss spacer

3.Vacuum space

4. Multilayer
superinsulation

5. Corrugated outer tube

6. PE jacket (optional)

Simple envelope Double envelope with
thermal shield for MgB,

Flexible (easier to transport/laying) vs rigid (lower thermal losses) cryostat

_ inner cryostat .  §
super insulation o ] ] ] ) ] ]
4_______ Laying of the AC HTS cable into its flexible cryostat for the Ampacity project.
evacuated space AANAA
outer crvostat
Jacket ANANAN

flexible line cryostat rigid line cryostat Pressure drop Ap [7]
Temperature increase AT

Outer tube shap/ngzO2 4d0 1I%I/ng

andrea.musso@rse-web.it Hi-SCALE 3rd Training School 30
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HTS system components - conductor
Cryostat

The cryostats contains the cable and (above all) the coolant, reducing the heat exchange with the outside.

It includes (inner to outer): Inner cryogenic tube = Vacuum space = MLI = Outer cryostat - Jacket

Single envelope vs double envelope (2 different fluids/temperatures) cryostg

1. Corrugated inner tube

2. Low-loss spacer

3.Vacuum space

4. Multilayer
superinsulation

5. Corrugated outer tube

6. PE jacket (optional)

Simple envelope Double envelope with
thermal shield for MgB,

Flexible (easier to transport/laying) vs rigid (lower thermal losses) cryostat

inner cryostat R
a super insulation !
evacuated space /'

outer cryostat

'\/

jacket
flexible line cryostat [8] rigid line cryostat [7]

HTS coaxial cable installation for the AEP Bixby project. The white cable on
the drum is the superconductor and dielectric portion being fed into the black
cryostat and outer jacket.

andrea.musso@rse-web.it Hi-SCALE 3rd Training School 2024-04-10 31
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HTS system components - conductor -
Corrugation of tubes (Flexibility) C ryo Stat

CE BRUZEK

Nexans France

ESAS Summer school -8-14 June 2016

Thermal insulation process

Ultra-sonic
cleaning

e

E

f

Spacer

4

Super insolation laying

andrea.musso@rse-web.it Hi-SCALE 3rd Training School 2024-04-10 32
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HTS system components — cooling system

Purpose of the cooling system:

O Ensure that the temperature of the HTS tapes is kept
within the design limits by fluid cooling;

 Restore the temperature and pressure conditions of the
coolants to their initial levels after their rise/drop
occurring in each cable section (avoid phase transition!);

L Handle the coolants circulation at a given mass flow rate.

Qt:l

Term.
cooling
station

left

Qan

Interm.
cooling
station

Lu‘r:e

ch
I

Term.
cooling
station

right

T, H L L £ £, LITC Ll +

Refriger
~a Cooling machines and pumps have their own efficiency.
O The ideal efficiency of cooling machines (Carnot)

| depends on the operating temperature. To extract the

same amount of power but at lower temperatures,
more electrical power is required.

Pressure [bar]

" O The real efficiency of cooling machines is significantly
lower than the ideal one (7 ~ 10 times lower).

@ Tout, P out

Pump

18

15

12

15 bar

68 K

operating |

range

3 bar

70

Temperature [K]
For LN2, the transition to gas phase would greatly
affect its heat exchange efficiency and its dielectric
properties. The ensure that no boiling phenomena
occur in the whole cable length, the LN2 usually enters

100 110

the cable in subcooled conditions (T & P).

andrea.musso@rse-web.it Hi-SCALE 3rd Training School
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HTS system components — cooling system

An HTS cable cooling system is a combination of two separate loops:

'EI One closed-loop consisting of LN2 circulated inside the'
I cable cryostat and terminations to cool the cable system. _E -

~ N S N NN g ¥ X R L o R R NN F

[7 - 21] Vacuum-subcooler

1

1

1

1

1

1

1

1

:

MESER@ Expansion |
Gases for Life valve :
e —— — ——— -l

Tigmda ﬁ?—
nitrogen -
-196 °C

Compensation line <>

Liquid
nitrogen
pumps

r«*

Turbo-Brayton machines: from 5kW to
30 kW at 70K and up to 5 kW at 20K

RSE|.. ..

Ricerca
Sisterna ,'
Energetico |

'rsearch

anns

Gifford Mc-Mahon machines: up
to 500W at 70K and 60W at 20K

Comparison among different cryogenic refrigeration technologies

Reverse-Brayton

Turbo-Brayton

Stirling cryogenerator

Technology

Power
consumption
per cold watts

i i —— |

Cooling unit for the AmpaCity project

1

1

1

|

1

1

: Carnot

Super- | efficiency
conductor | )

1 | Capital cost

1

: Availability

| [Chilled water

: Redundancy
s Mess T |

1

Maintenance

Footprint

Existing and proven
technology

1 Weaaf23.2 W,

~ 15%

High
High

Not required
Component level
Medium (annual)

Medium

eleciric

To be developed

| W, ;.|d” ] 6 W, electric

>30%

High
Very high
Required

System level

Low (several years)

Small

Proven but old
technology

1 Wg:.]d“ 8.3 w’cluclric

~ 19%

Medium

High

Required
Component level

High (6000 h)

Large

andrea.musso@rse-web.it
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HTS system components — terminations

HTS cable terminations are the links between the conventional power grid at 7.,
and a superconducting cable at cryogenic temperature.

WARM SIDE

)
 transmission to the

between ground

& voltage

Nexans

COOL SIDE

management

Complete or partial
management of the
shrinkage of the
cable

Inject the LN2
flow

Cold electrical
insulation
between ground
& voltage
(Cable)

Thermal
insulation
(Cable)

Current and
voltage

Introduction to superconducting power cable
systems

ESAS Summer school =8-14 June 2016

CE BRUZEK Once cooled, the core of a 1 km HTS cable contract by about
Nexans France 3 m compared to its outer room-temperature jacket >
movable termination are adopted to handle such contraction.

Rollers
along the
termination
for Albany
project

andrea.musso@rse-web.it
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HTS system components — terminations

1-stage terminations:

connection M room temperatur (300K))
current lead
[O]1

The termination cryostat is very similar to a conventional horizontal cryogen storage tank (vacuum + MLI).

O For a single-core AC HTS cable configuration, each termination has its own cryostat (as the 3 phases).

connect

cooling l )

2 = 2 \\.__xh !I

-sta b -=£ s B\ _ N ﬂ% [12]

Q1 - DI S = S
ml 22 N S| . ‘ Copper lead

O 2 b i 77 | - o
L [y b T HTS + LN,

@3 Southwire’

Three 'AC Single-core terminations.

[7]

Three-phase termination for AC coaxial cables.
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lll. TEA of HTS cable system
Phase 1 — Goal and scope definition
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lll. TEA of HTS cable system
Phase 2 — Inventory analysis

SE|.
\14 eeeee Irsearch
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TEA on HTS cables = The approach

The cable system is addressed as an economic model and a technical model.

riGeePs N\ S zaren

Different levels of detail can be applied.
VERY broad '
Economic model '

LCC (€ or €/km)
v

Little (optional) extra step:
total CAPEX and OPEX (or OPEX,,,)

Technical model

Basic data for the cable representation
in an equivalent circuit of the grid (e.g.
voltage level and power selected, AC
or DC?, equivalent resistance...)

CAPEX (€)) OPE (€)b

> o——— —— o
From manufacturer or literature, once the characteristics !
of the line are set (e.g. length, size, cable type).
years OPEX car
LCC = CAPEX + Z =
(1+4+7)
2024-04-10 39
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Group of electrical engine

TEA on HTS cables = The approach

The cable system is addressed as an economic model and a technical model.

Different levels of detail can be applied.

A little more specific ‘
Economic model '

Distinguish different CAPEX and OPEX terms

Technical model

* Evaluate substituting one components with
another (e.g. conductor, cooling station...)
based on their technical properties and costs.

*Some terms may be available from the
literature as  parameterized functions
depending on the line’s features (e.g., cooling
costs based on cable power, land costs
contingent upon the installation site...).

m Cable materials

= Cooling units
Infrastructure
Land

= Installation
= Dismantling
m Accessory

= Cooling operations

1
1
1
]
1
1
1
1
1
1
I
1
1
1
1
1
1
1
1
1
I
}
1
1
1
1
1
. 1
= Maintenance
1
1

The terms are in € or €/km, from manufacturer or literature. i

Hi-SCALE 3rd Training School 2024-04-10
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Group of el

TEA on HTS cables = The approach

The cable system is addressed as an economic model and a technical model.

Different levels of detail can be applied.

Thoroughly detailed ‘ ;

Economic model
The single CAPEX and OPEX terms are expanded
(not necessarily all of them)

Technical model
For each term to expand, it is required to know:

* Properties of the materials/components involved;

q * Relationships between the properties and the line
‘)Dlsmant pg .
features to compute the necessary quantities

\‘\Wlstaﬂon (simplifying assumptions are generally applied);

: Eryaeth '
HTS @ - Cooling :
" : e.g. HTS tapes)

e Eventual operating constraints establishing the
limits for each material/component quantity.

chi ers *P;m ) * HTS tape properties = I (7, |B|,9), geometry...

e Quantity = cable length, cable current...
Some cost terms are "simply" parameterized to the main :
cable features, others are based on the cable design (in i

combination with the technical model). :

[Itape/ C]Z?:

* Constraints =2 Geometrical (cable layers dimensions, twist angle...)
Economic (reduce AC losses to reduce OPEX ...)

Hi-SCALE 3rd Training School 2024-04-10 41
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TEA on HTS cables = The approach

The cable system is addressed as an economic model and a technical model.

Different levels of detail can be applied.

v

When should we stop going further in detailing (term by term)?

e When specific data, such as costs and properties of sub-components,
are no longer accessible.

e When we recognize that a greater detail would not produce a significant
change in the results.

e When we assess that the effort or calculation time are no longer
comparable with our aims. For instance: are we grid managers seeking
to evaluate multiple cable technologies for broad applications? Or are
we manufacturers aiming to optimize costs for a particular case study
involving a specific cable architecture?

andrea.musso@rse-web.it Hi-SCALE 3rd Training School 2024-04-10
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riGeePs

TEA on HTS cables =2 The workflow

1) Collect INPUT Data:
Select the case study

Have the equations for economic and technical models available

Select the constraints

¥

2) Set some (or all) parameters of the cable design

(e-9. Rrormers Nstat) MLN2s Lannuius, ny, ;)

Cable design
phase

b

v

3) Compute the cable design in cascade

¥

4) Compute the cable system losses

v

3-bis) Alternatively, the full design

5) Verify if the cable design

complies with the constraints

no

RSE | ..o

/z2rsearch

Change the

iy parameters originally

e complying with the constraints, as selected
well as the losses, are provided to A
you without calculations.
yes
3 v
Calculation of indicators 6) Compute CAPEX, OPEX and LCC
phase ‘l‘
. . h | Interested to
Interpretation phase Ll e el parametric analyzes? [ 2_Yes
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Group of electrical engineering - Paris

TEA on HTS cables =2 The workflow in our Excel file

Look at the Excel sheet called:
1-Goal and scipe definition
Use the Excel sheet called:
2-Inventory analysis-HTS

Cable design
phase
A 4
Calculate cable design, losses and constraints using the Excel sheet called:
3.0-HTS Cable design e ie
S parameters originally
e selected
A

3

. o .o v

Calculation of indicators Use the Excel sheet called:
phase 3-Calculation if indicators-HTS
: Use the Excel sheet called: Interested to es
Interpretation phase FE I ——— parametric analyzes? 2L
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TEA on HTS cables = Input data

What we need to know to start the study:

» Line main features
e \oltage level and power to be transferred
* Linelength
e (Cable architecture (DC or AC? Coaxial? Cold dielectric?)
» A clear idea of the terms composing CAPEX and OPEX
e Materials/sub-components properties (technical and economic)

» What are the constraints

andrea.musso@rse-web.it Hi-SCALE 3rd Training School 2024-04-10
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TEA on HTS cables =2 Where to find information

Industrial Consultant

Literature Specialists
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TEA on HTS cables = Line main features (case study)

Cryostat insulation

RSE

Neutral conductor

Electrical insulation

ot l

—)
mpy,

T-.. f
LN, supply

Pton

Superconducting phases|

|
Inner cryostat tube

Technical model — Main features

we move

/z2rsearch

Property Symbol Value
Total power Piot 1.5 GW
Cable power P 750 MW
N° of HTS cables running in parallel Ncables 2
Voltage rms Vims 33 kv
Load factor cos@ 0.95
rms value of the total AC current in each phase [ — Irms = = 13.81kA
V3 Vs cOSQ
Line length e 32 km
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Group of electrical engineering - Paris Energetico 1

TEA on HTS cables = Line main features (case study)

The case study is set in the Inventory analysis — HTS sheet of our Excel file.

Transmission link between solar plant and substation
Phase 2: Inventory analysis

HTS system MAIN FEATURES
Technical parameter ____Symbol __[HTSsystem| Unmits | Commemt |

HTS tapes

Technical parameter Symbol HTS system Units Comment
Tape width w_HTS 4.00E-03 m

Mean HTS temperature in the cable, for all phases (tentative) T_HTS 70.1 K

Critical current of the tape at 77 K and s.f. le_HTS_77K 203.7 A

Safety value of I_tape/lc_HTS not to be passed safety_HTS 0.8 80%

Inner radius of HTS layer 1 - phase 1 RHTS_1_1 3.39E-02 m
Inner radius of HTS layer 2 - phase 1 RHTS_2 1 3.41E-02 m
Inner radius of HTS layer 1 - phase 2 RHTS_1_2 4.86E-02 m
Inner radius of HTS layer 1 - phase 3 5 1 6.24E-02 m

- D —_ |
1-Goal and scope definition 2-Inventory analysis-Benchmark [RESREVERGIUELEIEES IR 3.0-HTS Cable design 3-Calculation of indicators-HTS 4-Int ..
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lll. TEA of HTS cable system
Phase 3 — Calculation of indicators
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Set some cable design
parameters




riGeePs

Group of electrical engineering - Paris

RSE|.. ...
/z2rsearch

TEA on HTS cables > Set some cable design parameters

(Cryostat insulation|

| Neutral conductor |

| Electrical insulation |

ch

Term.
cooling
station

| Inner cryostat tube |

Interm.
cooling
station

Lline

Technical model

Property

Qc!
$

Term.
cooling
station

right

Symbol Value
Former radius (inner) Riormer 30 mm
LN2 mass flow rate my o 2.15 kg/s
Twist angle for each layer of phase 1 ayq1,021 11°, 15°
Twist angle for each layer of phase 2 Qs -13°
Twist angle for each layer of phase 3 a3 -14°
N° of HTS layers for phase 1 ng, 2
N° of HTS layers for phase 2 ng, 1
N° of HTS layers for phase 3 n, 1
Thickness of the annular gap tannulus 27.8 mm
N° of intermediate cooling stations Ngiat 5
andrea.musso@rse-web.it Hi-SCALE 3rd Training School
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RSE /...
V-I GEEPS z/rsearch
TEA on HTS cables > Set some cable design parameters

The parameters set are colored in red in the Inventory analysis - HTS sheet of our Excel file.

Transmission link between solar plant and substation
Phase 2: Inventory analysis

HTS system MAIN FEATURES
Technical parameter | Symbol _[HTSsystem| Unmits | Commemt ___________|

HTS tapes

Technical parameter Symbol HTS system Units Comment
Tape width w_HTS 4.00E-03 m

Mean HTS temperature in the cable, for all phases (tentative) T_HTS 70.1 K

Critical current of the tape at 77 K and s.f. le_HTS_77K 203.7 A

Safety value of I_tape/lc_HTS not to be passed safety_HTS 0.8 80%

Inner radius of HTS layer 1 - phase 1 RHTS_1_1 3.39E-02 m
Inner radius of HTS layer 2 - phase 1 RHTS_2 1 3.41E-02 m
Inner radius of HTS layer 1 - phase 2 RHTS_1_2 4.86E-02 m
Inner radius of HTS layer 1 - phase 3 5 2AE-02 m

& B N 5 N _§ _§ _§ _§F _§F B B &
1-Goal and scope definition 2-Inventory analysis-Benchmark [RESEVENGIUELELEES IR 3.0-HTS Cable design 3-Calculation of indicators-HTS 4-Int .. @)
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The full cable design is
provided




RSE /... ...
EE GeePs /=/fSéarch
TEA on HTS cables = Cable design for the case study

If you are lucky enough, you can find the whole design of
your device at the operating conditions you selected
from manufacturer’ or literature’ data.
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Group of electrical engineering - Paris

TEA on

Technical model — Main Features

1
: 'tf 'tted th'TSI tk' tHTSI tmsl'tHTs'fms%'tHTs'tmsg'fn ' te ' tan |t| CTJ'JI

RSE|.. ..

Energetica

Ricerca
Sisterna |

rsearch

HTS cables = Cable design for the case study

Property Symbol Value
Cable power P 1GW i Reormer | T R [ )R [
|—;R I I I I I ] I I | |
Voltage rms Vims 25 kv i Rers;; 1 1 1 : 1 : : 1 ] o [ l
[
Load factor cos® 0.95 ' Rintiemt 1 a1 T - o - P
i . [ [ I i 1 1 | I I |
ElliE Iength lee 32 km L €Xtinsm | | | | : 1 ; : | | | I | |
Technical model — Set design parameters Rintoseres | B | s B ' .
Property Symbol Value i ] T i I ] T I B I
- | fextpetrudt | I 1 | I 1 I 1 [ 1 I |
Former radius R rmen 30 mm = 1T T T 3 1 1 i T ™ L
. “Alannuits | ! I I 1 I I I | |
LN2 mass flow rate miys 2.15 kg/s —eths | ) 2 - L,
Ip. | 1 1 | I 1 I 1 | I 1 | |
A a a 110, :|.5° R‘ntcr' ) |
Twist angle for each o o IR —
layer of each phase %12 ) I_€Xteryo y 111 ! L1 | 1 i
(Xl 3 _14° - 2 - . ' ' ' - O . T T T T >,
n, > Technical model — Remaining design parameters
N° of HTS layers for n,l 1 Property Symbol Value
each phase nlz 1 Radius of the HTS layers of phase 1 (inner) Ryrs, ,» Rurs, 33.9 mm, 34.1 mm
Thickness of the . Radius of the HTS layers of phase 1 (inner) RHTS1,z 48.6 mm
annular gap Lannutus 27.8 mm Radius of the HTS layers of phase 1 (inner) Ryrs, , 62.4 mm
N° of intermediate n 5 N° of HTS tapes in the layers of phase 1 Tapes, ,, Tapes, 4 52,52
cooling stations stat N° of HTS tapes in the layers of phase 2 Tapes; , 74
Cryostat insulation N° of HTS tapes in the layers of phase 3 Tapes, 3 95
h | ; Inner radius of the 3 insulating layers Rintyne 1+ Rintine o0 Rint e 5 34.3 mm, 48.8 mm, 62.5 mm
nl Outer radius of the 3 insulating layers Rextins 10 Rextins o Rextins 5 48.6 mm, 62.4 mm, 75.8 mm
= . Inner radius of the copper neutral layer Rintonirar 75.8 mm
= e - Outer radius of the copper neutral layer Rext,oniral 77.8 mm
E = | ol [ fm“"z Inner radius of the annular gap for LN2 L 78.6 mm
¢ E T T % Outer radius of the annular gap for LN2 i 106.0 mm
tan i e
; Superconducting phases Inner radius of the cryostat Rintcryo 106.0 mm
j _Nz return
Outer radius of the cryostat Rextcryo 137.8 mm
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Group of electrical engineering - Paris

TEA on

Ricerca
Sisterna |
Energetica

rsearch

HTS cables = Losses and cooling stations for the case study

Technical model — Main Features Qa Q.
Property Symbol Value V4 3
Term. W
Cable power P 1GW e Interm. 1 er::n.
Voltage rms Vims 25 kV cooling cooling cooling
Load factor cos® 0.95 station station station
Line length Liine 32 km lefi right
Technical model — Set design parameters
Property Symbol Value
Former radius Rfm.'mer 30 mm Lyine
LN2 mass flow rate m o 2.15 kg/s
st of ) Q11,024 11°, 15° Technical model — Losses and fluid dynamics parameters
wist angle for eac Xy 13° Property Symbol Value
layer of each phase ' o -
13 -14 Total AC losses by HTS tapes in the cable LosSyc yrs | 423.2 kW
N° of HTS layers for ™y i Total losses by the insulating layers in the cable LosSing 98.0 kW
n
each phase nlz 1 Total heat inputs from the cryostat in the cable L0SScrye 71.6 kW
L
Thickness of the . Total eddy currents losses in the cable L0SSeqay 31.2 kW
t 27.8 mm
annular gap annulus Total losses by cable terminations LoSSterm 5.3 kW
N° of intermediate ; - - - :
e~ Ngiar 5 Thermal inputs into the LN2 in the former in a single cable segment Qf 38.7
Cryostat insulation Thermal inputs into the LN2 in the annular gap in a single cable segment Qun 50.6
Losses by terminations in a single side of the cable Qu 2.6
nl; Temperature rise in the LN2 in the former in a single cable segment AT ormer 35K
' [ Temperature rise in the LN2 in the annular gap in a single cable segment | AT nnuius 4.6 K
= o memi;z Pressure drop in the LN2 in the former in a single cable segment APrormer 3.1 bar
¢th" "Tsup;mndulmg phasj LN; supply Pressure drop in the LN2 in the annular gap in a single cable segment INE, i 4.6 bar
T _ Mean HTS temperature in a single cable segment Tyrs 70 K
2024-04-10 56
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Compute the cable
design in cascade




I R SE we move
Ricerca 7}9 o
I Sistema | "“K}@Qr‘
Group of electrical engineering - Paris Energetico | _ P

TEA on HTS cables = Compute the cable design in cascade

If you want to calculate the cable design yourself (because the data are not available under the
conditions you have chosen) you can look at the HTS Cable design sheet of our Excel file.

This sheet is for consultation only, do not to modify the equations in the cells, for the moment.

Descriptions of all the equations inserted are provided in the next slides.

i cmartrainte

HTS system MAIN FEATURES
| Szabal )15 goted Unie: |

Lable design in cascade

mitr | Cammant

3 im]

i

axal
w_ac | &7deend
EAc] oo

1-Goal and scope definition 2-Inventory analysis-Benchmark

2-Inventory analysis-HTS [EERIEEREReELIEEEUL M 3-Calculation of indicators-HTS 4-Int

L () F 4
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TEA on HTS cables = Compute the cable de5|gn in cascade

Technical model

L

O—0

: R! ormer I

i Rurs;;

I
R; :
| intins m 1

1 Rextins m |
| I

1 1
I Rg"tnetrud!

R

h 4

|
R
I

exXtonnutis
1

I
1 Rl n tc,-yo

I

I

I

1

I

I

1

R. [
1tintperryar |
]

I

]

I

L

I

I

]

I

L}

A= e e e

-———————————-—‘L————ﬂ

= e e L N e
I_ Q

O
I
|
|
|
|
I
|
I
|
I
|
I
I
I
I
|
I
1

1
1
1 1
I R exteryo |
1

A== == A s - — - — — = — =

i g . M ——

I Itf It“-"’: rHTS: tk' tHT.S‘I Lins, ! tHTS' tms; ItHTSI tmsg 'tn I tc tan h C?'J’al
O—0b

RSE|.. ..

/z2rsearch

Property Symbol Value

Former thickness Rformer 30 mm

Thickness of the former tr 2 mm

Thickness of the levelling layer between former and innermost HTS layer Gl 1.9 mm
Thickness of HTS tapes turs 0.15 mm
Thickness of layer between HTS layers of the same phase tr 0.05 mm

Thickness of insulating layers

tinsy » tinsy » tinsg | See next slides

[8]
[6]

Thickness of copper neutral layer tn 3 mm [5]
Thickness of core fixture layer between netrual and annular gap t. 0.8 mm [6]
Thickness of the annular gap tannulus 27.8 mm
Cryostat wall thickness e 31.8 mm [5]
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TEA on HTS cables = Compute the cable design in cascade

! Rformer |

I RHTSE_;. |

] I
I Rintins m |

]

|

]

I

1

|

|

|
intnetrual |
| | ]
|

I

|

|

|

)

|

| textnetrudl
I

1 Rex Lannulls
I —

Ip I
lRmtcryo |

'R

[
I_&Xteryo |
L] ]

B o o ol S e e A R ¢
P S S T T I Y -

“+-F-4----F--------¢

RHT51_1 =R formert tr + Lieyp

Rurs, , = [turs(n,~1)}]tx(ni,~1)]
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Group of electrical engineering - Paris Energetice |

TEA on HTS cables = Compute the cable design in cascade

1 1 I
I Ity 1tied tyrs! tl Lurs tins, ' tyrs! tins, 'thrs ' tins

! Rformer |

I RHTSE_;. |

] I
I Rintins m |

intnetrual
| |
| textnetrudl
I

I
1 Rex Lannulls
I T

Ip I
lRmtcryo |

'R

[
I_&Xteryo |
L] ]

] L | e | e | e A

2

P S S T T I Y -
el el e e e e e e @
T P B I Py . %
=== A== ========¢

Rintins_1 = RHTS1_1+ (tHTS nl1)+[tk( nl1_1)]
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TEA on HTS cables =2

GeePS

' Ity tied turs! te) EaTs) Lins, | typs) tmss'1"'1L:':f":,"te'1r:s3 Ity 'te ! tan Ceryd

RSE|.. ...
=/rsearch

Sisterna
Energetico

Compute the cable design in cascade

OO OO o———O—PC
R [ ] I 1 o [ |
:—RMHI' o I : : : : I 1 Lo . R I
N e T T T A T T
1
I Rintins m [ ] : ",' : : I 1 (I T : I
:Rextinsm 1 : : : : ! ul : : : : : : | :
L ] i I | T | I
:Rmtnetruall | | | : : : : I 1 }]I I I : :
I [ [ 1 1 I [ I ] 1 I
tnetru I 1 1 [ 1 U | | _
T 1 [9-13]
Nextgnnuits ! L 1 I I I I U A
I !| 1 1 T T 1 T I I 4 0 - | I Technical mOdE|
IR, [ | 1 1 1 I I 1 (I | | |
_Tepe L L 41 | B— — L - Symbol Value
[ 1 1 [ ] T 1 T > | |
:Rextcryo : [ | : : : : [ 1 o1 P k L3
' ' i [ 1 1 ' 1 " T T T L Call 1lm .
— k. 1
: r Rextins_l - Rintins_l + maX(tinsimlr tinsAcl) p -
withstand voltage 3tm 1
under lighting impulse Vim 150 kV
klim kzim k3im Vim Eim 76 MV/m
t; = R; exp —1
— lnsim 1 lntins 1 . E. klAC 1.59
| lntins_l m | k
24c 1
withstand voltage ﬂ - k k k v - ks ,. 1.45
i 1 2 3 AC
under the operating £, — R, ex AC "“2AC “OSAC -1 Vi 25 V2V ) /Y3
ins int; p ms
frequency ACq ins1 R; E
i intins1 ~AC 1 Eac 52 MV/m
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TEA on HTS cables = Compute the cable design in cascade

I Ity 1tied tyrs! tl Lurs tins, ' tyrs! tins, 'thrs ' tins

I RHTSE_;. |

] I
I Rintins m |

intnetrual
| |
| textnetrudl

1 Rex Lannulls
I T

— = = A

Ip I
lRmtcryo |

'R

[
I_€Xteryo |
]

A 4

-————————Jr—_—_—————l
B P P (U A |
i R B R |

S | Oy
iy T g ) e S e

Rintins_z = RHT52+(tHT5 nlz)+[tk( ng, _1)]
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TEA on HTS cables =2 C

' Ity tied turs! te) EaTs) tins, | typs) tmss'1"'1L:':f":,"te'1r:s3 Ity 'te ! tan Ceryd

RSE|.. ...

/z2rsearch

ompute the cable design in cascade

OO OO o———O—PC
IR T ] I 1 o | |
I_M!’ [ | : : : : [ 1 I | I R |
[ RHTSE_,- LN 1 I I | I 1 I [ |
L | I | I [ |
| Rintinsm | 1 I 1 : dl : : I 1 1 | I [ |
[ [ [ I | [ 1 [ I | |
|R9xtmsm P 1 ] : ' ul : 1 1 [ | | |
I o0 ] i I | T 1 |
I Rintnetrua! | | | : : : : I 1 J o I | |
1 ] ] I ] | 1 | 1 I 1 “A | I : |
| Mextnetrudl | 1 | I 1 1 | | _
e B R B s = A [9-13]
I Nextonnuths ! ! I 1 1 ] I 1 (| J | |
| Tt T ] — 1 T . Technical model
IR, [ | 1 1 1 I I 1 (I | | |
(interyo 1 1 I 1 | 1 1 I O |
'R L T | 0 0 1 I T T > | Symbol Value
1 eXxterye 1 1 1 1 | I 1 11 I | |
- [ [ ' ’ J ' 1 ' ' 0 0 g T T T Cal} klim 132
R = R; + max(t; t; ) Coom -
extins 2 INtins 2 INSim o’ "INSAC> - 1
im
_ Vim 150 kV
_ klim k2im k3im Vim Eim 76 MV/m
Lins; — Dint; exp -1
— im? ins2 R: . k 1.59
| lntins_z m lac *
szC 1
¢ _ klAc kZAc k3AC Vac 1 *34c i
INSgcy — Ntips2 exp . E Vac 2.5 (V2Vms) /V3
E4c 52 MV/m
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TEA on HTS cables = Compute the cable design in cascade

I Ity 1tied tyrs! tl Lurs tins, ' tyrs! tins, 'thrs ' tins

I RHTSE_;. |

] I
I Rintins m |

intnetrual
| |
| textnetrudl

1 Rex Lannulls
I T

— = = A

Ip I
lRmtcryo |

'R

[
I_€Xteryo |
]

A 4

S | Oy
iy T g ) e S e

RHTS3 = Rext;
ins_2

Rintyns s = Rursy+(turs mug ) +[te (ny,—1)]
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TEA on HTS cables 2 Co

| [ | I I 1 1 1 I 1 I (| I

' Ity tied turs! te) EaTs) tins, | typs) tmss'1"'1L:':f":,"te'1r:s3 Ity 'te ! tan Ceryd

RSE|.. ...

/z2rsearch

mpute the cable design in cascade

OO OO o———O—PC
IR P ] I 1 o [ |
I_M!’ [ | : : : : [ 1 I | I R |
[ RHTS}_,- LN 1 I I | I 1 I [ |
L | I | I [ |
| Rintinsm | 1 I 1 : dl : : I 1 1 | I [ |
[ [ [ I | [ 1 [ I | |
|R9xtmsm I 1 : ' ul : 1 1 I ! |
I o0 ] i I | T 1 |
I Rintnetrua! | | | : : : : I 1 J o I | |
] ] ] I ] | 1 | 1 I 1 “A | I : |
| Mextnetrudl | 1 | I 1 1 | | _
e B R B s = A [9-13]
I Nextonnuths ! ! I 1 1 ] I 1 (| J | |
| Tt T ] — 1 T . Technical model
IR, [ | 1 1 1 I I 1 (I | | |
(interyo 1 1 I 1 | 1 1 I O |
'R L T | 0 0 1 I T T > | Symbol Value
1 eXxterye 1 1 1 1 | I 1 11 I | |
- [ [ ' ’ J ' 1 ' ' 0 0 g T T T Cal} klim 132
R = R; + max(t; t; ) Coom -
extins 3 INtins 3 INSim 3’ "INSAC3 - 1
im
_ _ Vim 150 kV
_ klim kzim k3im Vim Eim 76 MV/m
Lins; — int; exp —1
— im3 ins 3 : : k 1.59
| lntins_3 m | lac :
szC 1
. _ Kipc K2ac Kaac Vac) Ksac -
insacy — Nintypss [€XP , E Vac | 25 (V2Vms)/V3
E4c 52 MV/m
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Group of electrical engineering - Paris Energetico

TEA on HTS cables = Compute the cable design in cascade

1
! [tf tie turs! til LaTs) tinsl ItyTs! tins, thrs'tins, 'ty 't ! tan Feryd

r

o 1 I | o

1 Rurs;; 1 1 0 1 : : : : I | T

i T 1 I | T

|anfinsm P 1 : u' : : I 1 T

(L 1 i I 1 R |

lRexfinsm I | ] : ! .’;I : 1 1 (I

lR' I I I | 1 1 | 1 1 I I I I

1Vintpetrual | | 1 1 I ] I 1 J o1

I [ [ [ 1 1 1 1 ] “ 1 |

1 Rextnetmdl 11 L 1 1 1 I I U

| I I I 1 | | | I LI I

IRextannm{w I I 1 1 I 1 1 1 (| ‘_I

| R
Rintoryo 1+ 1 11 : L L L N
I 1 1 T I . B

:Rextcwo : L 1 : : : : I 1 Lo

Mtneutral = " €Xlins 3
= R; +
eXlneutral INtneutral tn
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Group of electrical engineering - Paris Energetico

TEA on HTS cables = Compute the cable design in cascade

1
! [tf tie turs! til LaTs) tinsl ItyTs! tins, thrs'tins, 'ty 't ! tan Feryd

I RHTSE_;. 1

I ]

[y

intnetrual
| |
| textnetrudl

|
| Rf-'x Lannulls
I T

Ip |
IRmtcryo 1

'R

A 4

| S L W | SN
Lt e L L
[ [ e e e, ———
dedleadlcdiccc o= ==
N~ —

1
exteryo |

=R +t,

INtagnnulus extneutral

. -_ . +
INtagnnulus Rlntannulus tannulus
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Group of electrical engineering - Paris Energetico

TEA on HTS cables = Compute the cable design in cascade

It 1tied tyrs! e Lursi Lins, | tyrs! Lins

ItHTS"tinS 'ty 't ’ tan

I RHTSE_; 1

I ]

[y

intnetrual
| |
| textnetrudl

|
| Rf-'x Lannulls
I T

Ip |
IRmtcryo 1

'R

A 4

| S L L | SN

iy T g ) e S e

P e
dedleadlcdiccc o= ==
- —

I
extmg I
1

R =R

Nteryo — textannulus

Rextcryo — Rintcryo T teryo
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Group of electrical engine Eg[nm-

TEA on HTS cables = Compute the cable system losses

Brief disclaimer:

Cable losses

Affect HTS AC losses and
heat inputs from cryostat

Affect LN2 temperatures in the
former and in the annular gap

Affects HTS critical
current

Affect HTS
temperature

This loop can be solved numerically via a constrained minimization operation (losses, cable cost).
In this analysis, we set a tentative value of the mean temperature of HTS (Ty7s) and
the mean temperature of the LN2 in the annular gap (T nnuius)-
Then, we could adjust them once we get the results.

Technical model — Tentative temperatures

Wi 70.1K
Tannulus 70.4 K
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Group of electrical engineering - Paris Energetico |

TEA on HTS cables = Losses
Q*f-‘l Qan Qan % :
cii;ﬁé Interm. T e:;n.
station cool'ing i?;;:f
left _ station s

ch

Losses =

¥

ine main Hne main Line main features Line main
cable design features (cable features (cable
(HTS length, length, voltage) +| |current) + normal (ca;JIe.Iength) + cable| | features (cable
liape/1c) + tape cable design conductors di €sign (cry?rstat+ current') +
properties (1(T)) (insulation properties model imensions, L,.ﬂ) terml'natlons
dimensions) (W/KA) cryostat properties (A)| |oroperties (W/kA)

Each term will be detailed in the next slides...
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TEA on HTS cables = Losses = LoSSc yrs

Losses =,LosSc yrs + LOSSins + L0SSeqqy + LOSScryo + LOSSterm

— 3 | nl; f 1000
Ll' U 900
_ ine 0 2
Lossyc prs = § E Tapes; I¢ (Turs) $ij [14] b
~ 5 |cos(ai)| ™
i j ¢ o 600
o S0
) T e I, x=2937 4
$ij=Q-F;)In(1-F;)+(1+F;)In(1+F;)-F 200
100
— 0
IM ) ‘\’2 Irms . 40 50 60 70 80 20 100
F;: = b = LJ Temperature [K)]
L]
1.(T) Tapes; ; I; (Tyrs)
( ) Linear dependance:
21 Ryrs, ; [cos(ai )| I(Tyrs) = 1 0.0654 Tyyrs + 6.0503
i,j L ¢(Turs) = I¢,,, (0. urs 1 6. )
Tapes; j = round 77K
WHTS
Technical model
Property Symbol Value
AC current frequency f 50 Hz
N° of intermediate cooling stations Ngiar 5
N° of HTS layers for each layer nl; 2,1,1
Twist angle for each HTS layer/phase a;; 11°, 15°,-13°,-14° Reference material :
rms value of the AC current in each layer of phase 1 Lrmsy 1+ Irms g 4 6.9kA ,6.9 kA SUNAM SCN0O4 4mm tape
rms value of the AC current in each layer of phase 2 Limsy 5 13.81 kA [ 15]
rms value of the AC current in each layer of phase 3 I‘rmsl‘g 13.81 kA
HTS tape critical depending on its mean temperature I.(Tyrs)
Line length Liine 32 km
Tape width WHTS 4 mm
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TEA on HTS cables = Losses = Lo0ss;,,

Losses = Lossc yrs +L0SSins + L0SSeqqy + LOSScryo + LOSSterm

3
— 2
LOSSins - § [2 r leine tan(sins Capacw Vrms]
w
—
apac,, = B [16, 17, 18]
In extins w :
. Reference material : PPLP
Technical model
Property Symbol Value
AC current frequency f 50 Hz
N° of intermediate cooling stations Ngtar 5
Loss tangent of insulation tandps 6e-4
Permettivity of insulation Eins 2.21
Voltage level of the cable Vims 33 kV
Inner radius for each insulating layer Rintins 1+ Rinting 5 Rinting 34.3 mm, 48.8 mm, 62.5 mm
Outer radius for each insulating layer Rexting 17 Rexting 27 Rexting 5 48.6 mm, 62.4 mm, 75.8 mm
Line length o 32 km
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TEA on HTS cables 2 Losses 2 L0SSqy,

Losses = Lossc yrs + L0SSins + L0SSeqqy +L0SScryo + LOSSterm

RSE e move
v_. GeePbs /z=/fséarch

21 A [Ta - Tannulus]

Ly;
"¢ In (R exteryo / R intcryo)

Technical model

Loss¢ryo =

Property Symbol Value
N° of intermediate cooling stations Ngtat 5
Effective thermal conductivity of the cryostat A 0.4 mW/(m K) [19]
Ambient temperature (outside the cable) T, 300 K
T.n, in the annulus (mean - tentative) T onnuius 70.4 K
Inner radius of the cryostat intcryo 106.0 mm
Outer radius of the cryostat exteryo 137.8 mm
Cryostat wall thickness teryo 3.18 cm
Line length Liine 32 km
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Group of electrical engine Eg[-m-

TEA on HTS cables 2 Losses 2 L0SS,q4y, LOSSterm

Losses = Lossc yrs + L0SSins + L0SSeqqy + LOSScryo +:L0SSterm

LoSSeaay = LiineQeddy Imax

LoSSterm = Nterm Qterm Imax

—

Technical model

Property Symbol Value
Eddy current loss per unit of length and unit of current Qeddy 50 mW/(kA*m)
Amplitude of the AC current in each phase Lnax 19.53 kA
N° of terminations (both ends) Neerm 6
Loss for each termination per unit of current Qterm 45 W/KA [7]
Line length Liine 32 km
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RSE|.. ...
v.l QQQPS \l/"“ rsearch
TEA on HTS cables 2 Losses

Qd Qc! r I
e —— | Note: the losses are conveniently :
. Int : . . . . .
cooling c’;;j:g cooling : divided based on which fluid will be :
station i
station station | affected into a cable segment (LN2 in |
left right

lthe former or LN2 in the annular gap). |

Ltine

B Lossycurs + L0SSins +  LOSSeqay 1
s 2 Ngrae + 1

LosSycurs + LOSSips + LOSSeqay 1
— Qan=< > + L0SScry0 1

cl 2

intermediate station — Qf + Qgp

I
I
left termination station — Q4, + Q. :
right termation station - Qs + Q¢ |

I
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TEA on HTS cables = Constraints = AT, and APy,

T T T T H T ; -
[ 15 bar
15 ATformer = ATLszax
12 |- -
§ 9 ~ operating
= :
g © range AT annuius < ATLNZmax
S 6 -
o -
N BEE AP < AP
ar
ormer = LN?2
) B | | | | f max
70 80 90 100 110 4
Temperature [K]
APamnulus = APLNZmax

Technical model

Property Symbol Value
Inlet temperature To,n, 68 K
Maximum temperature rise ATy N2 0 10 K [5]
Inlet pressure Po,n, 3 bar
Maximum pressure drop APLszax 12 bar
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Group of el

TEA on HTS cables = Constraints = AT, and AP,

Y, 1
i VLN2 fLn2 I Q
i 4R formerCPLN? | 2myy; Cpin2
= I
AT < AT :vLNzannulus2 fLNZ annulus i Qan
annulus = BLLN2 0, AT, tus = Asear 1 i -
= s stat\i 4 Lannulus CPLN2 : 2 mypy2 CPiN2

2
LN2 VLN2 fLN2
Apfo'rme'r S APLNZmax I:}Apformer — (dstatr fOT'meT' fOT'meT'

) + (gpLn24Ah)

i

S;) + (gpLn24h)
I
|

4R former

< _ .‘OLN 2 VLN 2annulus f LN2 gnnuiu
APgnnutus = APLN2 Empannulus = <dstat|

I 4 tannulus

Eformer Lt 6.9 P2 C ( [/ y111 -, -2
(74R ‘) + <R > Friction with the ducts walls causes both: —)“
) former €former | s
O heating of the fluid ®

fLszOTmeT = {—18 In

2 RformerVin2 former PLN2

1 Re =
former N2 Q pressure drop ®
. m
m LN2
VLN2 = Sk 2 \-VLN 2gnnulus = Tt 2
] former PN TC R former PLN2 annulus
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Group of electrical engineerin

TEA on HTS cables —> Constraints = AT, and AP,

ATformer = ATIN2 pgw = ATrmrinn =

myn2 CPLN2

Property Symbol Value Q
AT </ S an

annulus = LN2 dynamic viscosity ULN2 25.08 pPa-s .

- , My N2 CPLN2

) LN2 density PLN?2 839 kg/m3
—AP = LN2 heat capacity CPLN? 2662 J/kg*K

SO — roughness of the pipe € 1.4 mm (gpLNZAh)

: Height difference between the two cable ends Ah 1m

Z
PLN2 VLN2 annulus f LN2 gnnulus

APannuius < APy 2max EPAP annulus = <dstat ) + (gprn2Ah)

4 tannulus

O The number of cooling stations must prevent AT,,, and AP,,, from exceeding the
maximum limits set.

O This does not mean that it is always economically convenient to use the minimum number
of stations (spacing them as much as possible).

O Designing the cable system to have more cooling stations than the minimum can allow
working with higher pressure and temperature margins = it could be more cost-effective!
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TEA on HTS cables = Constraints = AT, and APy,

We can verify whether the hypotheses on Tyrs and T nuius Were acceptable.
A A

T[K]

Mmaxagnnulus

T

maxgormer

HTS tapes " AT onnutus

ATf ormer A

<
Cooling stat. left Position [m] Cooling stat. right

Relevant simplifying assumption:
the temperature of all HTS layers/phases is constant for each cable cross-section.

Otherwise, we should use 3D models to estimate the real distribution.
I_‘ annulus 2 THTSright
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Group of electrical engin

TEA on HTS cables = Constraints =2 I/l

The maximum current flowing in each tape have to stay below a safety margin of the I..
This has to be valid for all layers in all phases.

V2 Irns
T -
et < safetyyrs
I (max [THTSZeft’ THTSright])

21 RHTSi’j |COS(airj) |

Whrs

Tapes; j = round

Technical model

Property Symbol Value
Twist angle for each layer/phase Q;; 11°, 15°,-13°, -14°
rms value of the total AC current in each phase Lms 13.81 kA
HTS tape critical E:ggz:aciirr):ndmg on its max I, (max [THTsleft’ THTSright]) 424 A
Safety marging for the I/l ratio safetyyrs 80%
Tape width WyTS 4 mm
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TEA on HTS cables = Constraints

In this section of the sheet Calculation of indicators — HTS you can verify if the computed
values comply with the constraints that you have selected.

VERIFY CONSTRAINTS AND CHECK QUALITY OF TENTATIVE TEMP.S
Temperature rise in the LN2 flowing in the former AT_LN2_ former 3.5 K
Temperature rise in the LN2 flowing in the annular gap AT _LN2 _annulus 4.6 K
Maximum temperature rise allowed for the LN2 in both ducts AT _IN2_max 10.0 K
Pressure drop in the LN2 flowing in the annular gap [bar] AP_LN2 annulus 3.1 bar
Pressure drop in the LN2 flowing in the annular gap [bar] AP_LN2_annulus 4.6 bar
Maximum pressure drop allowed for the LN2 in both ducts AP _ILN2_max 12.0 bar
Mean LN2 temperature in the annular gap (TENTATIVE) T_annulus 70.4 K
Mean LN2 temperature in the annular gap (COMPUTED) T _annulus 70.3 K
Mean HTS temperature in the cable (TENTATIVE) T_HTS 70.1 K
Mean HTS temperature in the cable (COMPUTED) T_HTS 70.0 K
Critical current of HTS tapes at maximum temperature Ic_HTS_T_HTS_max 426.5 A
Ratio between Imax in HTS tapes and their Icin layer 1 - phase 1 Imax_1_1/Ic HTS_T_HTS _max| 0.440 Imax_
Ratio between Imax in HTS tapes and their Ic in layer 2 - phase 1 Imax_2_1/Ic_HTS_T_HTS _max| 0.440 Imax_
Ratio between Imax in HTS tapes and their Ic in layer 1 - phase 2 Imax_1_2/Ic_HTS_T_HTS _max| 0.619 Imax_
Ratio between Imax in HTS tapes and their Icin layer 1 - phase 3 Imax_1_3/Ic_ HTS_T_HTS _max| 0.482 Imax_
Safety value of |_tape/lc_HTS not to be passed safety HTS

-Goal and scope definition 2-Inventory analysis-Benchmark 2-Inventory analysis-HTS EXRp IR LIRSl 3-Calculation of indicators-HTS RS (R EN I
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S

TEA on HTS cables = CAPEX and OPEX for conventional power cables

RSE| .o

GeePsS

Group of electrical engin

/z2rsearch

CAPEX

Conductor
Terminations and joints
Installation and civil
Land

Dismantling
Management, regulation,

commissioning, studies, consents...

OPEX

e Conductor resistive losses

U

energy loss along the line

e Maintenance
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TEA on HTS cables = CAPEX and OPEX for HTS system costs

RSE we move
Ricerca F N
Sisterna B ey, o g )| r

CAPEX

e Conductor components
(HTS, insulation, Cu...)

e Cabling

* Vacuum system

e Cooling stations

e Cryogenic fluid

e Land

 Dismantling

 Terminations

* Cryostat

e Civil eng., Management,

Commissioning, Studies...

OPEX
e Heat inputs along the line

U

energy to operate the
cooling stations

e Maintenance

h
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L
LCC = Z
t=1

CAPEX, + OPEX,

(1+r)t

RSE e move

/z2rsearch
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TEA on HTS cables = Costs for the case study

Again, by searching appropriate databases (... and being
lucky), the economic data you need may already be
available, without doing any calculations.
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TEA on HTS cables = Costs for the case study

Property Symbol | Value C A P E X ( M €)

Cable power P 1GW 0.1 1] C_HTS_O
Voltage rms s 25 kV 2.4 1.7
Load factor cosQ 0.95 O C_ CU_O
Line length Liine 32 km 3.5
Technical model — Set design parameters O C_H‘]S_O
Property Symbol Value 7.0 0.4
Former radius R armier: 30 mm O C_ LNZ_O
Namesfow | miyv, | 215k | 0.00012
. OC_cryo_0
Twist angle for a;1,021 11°, 15° 4 1 - -
each layer of a; -13°
each phase aq3 -14° 1.9 [ C— term—o
N° of HTS | " 2 .
of HTS layers n, 1 OC_cool 0
for each phase
nh 1
Thickness of the BC land O
annular gap Lannutus 27.8 mm - -
N° of
intermediate Ngtar 5 H C_Cab_o
cooling stations mC 0
vac
Cryostat insulation @I | .
E::ncal insulation I:I C_ d‘ Sm_o
_________________ B C_other_0

[LN; supply ]
tan Supercunducllngphases

LN return

Inner cryostat tube
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TEA on HTS cables = Costs for the case study
OPEX (ME€)

Property Symbol Value
Cable power P 1GW
Voltage rms s 25 kV
Load factor cos@ 0.95
Line length Liine 32 km
Technical model — Set design parameters
Property Symbol Value
Former radius I o 30 mm
LN2 mass flow .
e myn2 2.15 kg/S
Twist angle for ai1,021 11°, 15° D O COO’ t
each layer of a; -13° - -
each phase aq3 -14°
n -
N° of HTS layers nll i | 0_mafn t_t
for each phase L2
nh 1
Thickness of the
annular gap Lannutus 27.8 mm
N° of
intermediate Ngiar 5
cooling stations
Cryostat insulation @I |
al, Qu Qqn Qan Qa
. ] B Tnterm, = o Ferm.
§=| g [N ] e LOSY 2T\ cooting
[l [muvl : . Stallon u_ Q.f-' A J:C::;H’
un s dstaz .

LN [LN return| L. i
ne

nner cryostat tube
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Group of electrical engineering - Paris Energetico |

TEA on HTS cables = Costs for the case study

..however, in this lecture we will provide the equations to calculate the costs ourselves, so
you can have more control on the outputs at different conditions and a better understanding.

We will do this in the sheet Calculation of indicators — HTS of our Excel file.

HTS taps CAPET & NTS_& 2id.d T - WIS RTE e BT 2 BT
Cappar CAFET & Cm # 18 "o
ima CAPET & dar_ & a1
LNZ CAPET & INE ® 0.00012
c rzartat CAPEE & crym & 7.0
CAPEX & tarm & 0.4
COOLING
Cumling srtatinar CAPET & camd & 25 M| & cont it-nrtor Yo cond fiveds. o vwar . ntorm *2q"Er)]* [= conl fixed * [z crra_sar "G loft"q"Er)] +[= ool fixed + o crya_var "G right"Eq"Erl]
Tearly cmali imar OPEX & cwmd coeright | Miyear |G cond t— o on "adps 'dinrtot Sk dnborm io Pl et S Fnd ikt IA P
Tmtal T tatimar OPEX i dat e 8 & comd & 141 L] FEY cond - (LA cond ¢
LAND
Land CAPED & emd & 2. M| G dowd - o Jowd "4 fime "2 A Aedely
CABLING
Cabling CAPEX ool ® 320 Ml | & cad - col "L
TACUUN STSTEN
¥ tam CAPET & rec & AT ML T vog g voc *L e
e
[ ling CAPET & dirm_ & 01 M| & dirm - o olivm L e P 03T
OTHER COSTS
Othar cartr CAPEX & wther & 256 ML | & othor #- o othor "L dine
oPEX B aint e seovight | Mityoar [GROE moint ¢ o o maint S fina e bini
M| GFER maint (7= GFEL maint_t
Ml |CAPER 0-C_HTS 0+ _Cu 040 ine 0+C_LNZ_0+C_cryn 080 term 0+C_conl 0+ land 0+C_cab_0+C_use 0+ C_dirm, 0+ C_nther 0
Mitear [OPEX_k-0_zonl t+0_maint ¢
M |ioFEs ¢
M |GAPER 0s DFERT

Vour & cewd ¢|& meint o] GFEE ¢ | Unine
1 . ] 0475
BC_HTS O OPEX (M€) : ; [T 0521
24 — - E] . [TH) 0742
oc_cu 0 X 079 0.754
3.5 —1 — . 075 0712
: i X o7 [XET]
70 0.4 k= il . oet 651
X 1eE D620
0.00012 ocinzo . ez w591
. c o . 158 0563
a s 00 cont ¢ T
O term 0 _ . 051 D.d%e
19 o W O_maint_t : i
BC lond 0
mC cab 0
BC_voc 0
OcC _dism @
B C_other 0

2-Inventory analysis-HTS ERIR L IRN e CNG oMl 3-Calculation of indicators-HTS [EESGIGETEE (ol
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Group of electrical engineering - Paris

TEA on HTS cables = CAPEX

CAPEX = CAPEXyqe + CAPEX o1 + CAPEX 400 + CAPEX qp + CAPEXyqc + CAPEX gism + CAPEX e

L 4

RSE | .....c..
/z2rsearch

Economic model
(€/stat) + cable
design (n° cooling
stats, losses/stat)

Economic
model (€/km?2)
+ constraints &

cable design

Economic model
(€/km) + line
main features
(cable length)

Economic model
(€/km) + line
main features
(cable length)

Economic model
(€/km) + line
main features
(cable length)

Economic model
(€/km) + line
main features
(cable length)

L 4

CAPEX,, ., = CAPEXyrs +

+ CAPEX s + CAPEX 5 + CAPEX 1y, + CAPEX o1

Economic model
(€/km) + cable
design (HTS
length)

Economic model
(€/kg) + cable
design (kg Cu)

Economic model
(€/m3) + cable
design (m?3
insulation)

Economic model
(€/liter) + cable
design (liter LN2)

Economic model
(€/km) + line
main features
(cable length)

Economic model

(€)

Each term will be detailed in the next slides...
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Group of electrical engin

TEA on HTS cables = CAPEX QCAPEXmatQCAPEXHTS

CAPEX 5 = CAPEXyrs—+ + CAPEXns + CAPEX,y; + CAPEX 1o + CAPEX jorm

3 nl;

—

Lline
CAPEXyrs = Negples CHTSZ z Tapes; L |COS(a )l
L]

[

2T RHTSi,j |COS(ai:j) |

Tapes; j = round

Whrs

—

Technical model

Economic model Property Symbol Value
Tape width WyTS 4 mm
Rurs, 4 33.9mm

HTS layers radius in phase 1

HTS tape cost
er uni'i)len th CHTS SV Rirsss 4.
P g HTS layer radius in phase 2 RHTSLZ 48.6 mm
HTS layer radius in phase 3 RHTSL3 62.4 mm
Reference material : SUNAM SCNO4 4mm tape Twist angle for each o 11° 15°, -13°, -14°

layer/phase b P ’

Line length Liine 32 km
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Group of electrical engineering - Paris Energetice |

TEA on HTS cables > CAPEX 2 CAPEX,, ;2

CAPEX 5 = CAPEXyrs + + CAPEX s + CAPEX,yy + CAPEX 1y + CAPEX jormm

Ug GeEPS e resarch

—

= Ncables Ccu Pcu VOlumeCu

2

. 2
Volumecy= Lijpe @ (Rextneutml — Rintneutral )

Technical model

Economic model

Property Symbol Value
Copper COSF per unit Cow 7 €/ke Copper density Pcu 8850 kg/m3
of weight _
Inner radius of Cu neutral |Rint.,..1ra 75.8 mm
Outer radius of Cu neutral |Rext, .01 77.8 mm
Line length Liine 32 km
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Group of electrical engineering - Paris Energetice |

TEA on HTS cables > CAPEX 2 CAPEX,,,,—2 CAPEX;,,

CAPEX 5 = CAPEXyrs + + CAPEX s+ CAPEX,yy + CAPEX 110 + CAPEX sy

—

(JAPEX ins — Ncables Cins Pins VOlumeins

3
VOlumemg— Lline T[Z(Rextinsw _ Rintinsw )
w

Technical model

- P rt Symbol Val
Economic model elEy ymbo alue
Insulation density Pins 0.9 ton/m?3
Rint.
Insulation cost per c 10 €/kg Inner radius for each Rl.ntlnsl ig.z ::
unit of weight S insulating layer Mtins 2 :
8 Rint,. 4 62.5 mm
[20]
Reoxt,
Outer radius for each Rext‘”s 1 222 22
ial : i i extins 2 :
Reference material : PPLP insulating layer Ro 5.8 mm
Line length Liine 32 km
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Group of electrical engineering - Paris Energetice |

TEA on HTS cables > CAPEX =2 CAPEX,,,,—2 CAPEX; n-

CAPEX 5 = CAPEXyrs + + CAPEX s + CAPEX,yy + CAPEX 1o + CAPEX jorm

—

k
CAPEX N2 = Ncables CLN2 ( 9/ l) LN2 Volumeyy,

— 2 2 2

Technical model

Economic model Property Symbol Value

Kg on liter ratio for LN2 (kg/l) 1.235 kg/liter
LN2

LN2 cost per liter | cyn2 0.16 €/liter

Inner radius of the annular gap It grmulus 78.6 mm
Outer radius of the annular gap ext annulus 106.0 mm
Former radius (inner) Rformer 30 mm
Line length Liine 32 km
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TEA on HTS cables = CAPEX =2 c4pEx, ... ™ CAPEX,.0, CAPEX orm

CAPEX 5 = CAPEXyrs + + CAPEXns + CAPEX,yy + CAPEX o + CAPEX jorm

riGeePs b rSarch

—

CAPEXcryo = Ncaples CcryoLline

Ncables CAP EXterm

—

Economic model Technical model

Property Symbol Value

Cryostat cost
per unit length

Line length Liine 32 km

Ceryo 220 k€/km

Terminations cost

for a single cable CAPEXterm 400 k€
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TEA on HTS cables = CAPEX =2 CAPEX,,,;

CAPEX = CAPEX,,4 + CAPEX oo+ CAPEX 4 + CAPEX .qp + CAPEX,u. + CAPEX gism + CAPEX yihor

—

Nstat+2
CAPEXCOOZ — Ncables z {Ccoolﬁxed + [(Ccryocooler Qck ):BQ] :81'}
k

Qf + Qan if k = intermediate stat.

Qc, =4 Qan + Qo if k = left termination stat.
Qr + Qg if k = right termation stat.

Economic model Technical model

Property Symbol Value
Fixed costs for each cooling station besides the N° of intermediate cooling stations Ngrar 5
device cost (installation, maintenance, Ceoolfixea 500 k€/km
disposal...) Heat to be extracted from LN2 by kth 0 Cable
cryocoolers Ck design
Cryocoolers cost per unit of power Ceryocooler 25 €/W
. . "
Mark-up to consider possible heat peaks Bo 1.1 Hydraulic power delivered by the k' Q Cal:.>le
pumps to LN2 Pk design
Mark-up for the devices where no parametric
cost function has been found (circulation pumps, Br 1.1
LN, tank...)
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QJGeePS

Qu Qan
£

Term.
cooling
station

left

Interm.
cooﬁng

station

Ltine

Q‘m Qa
g

Term.
cooling
station

right

LosSacgrs + LOSSj,
Qf — 2

+ Losseddy> ( 1 >
Ngpqr + 1

cl 2

2

Lossacyrs + LOSSins +  LOSSeqay
—~ Qun =< + L0SScry0

RSE e move

=/rsearch
TEA on HTS cables = CAPEX - CAPEX_,,,; =2 Losses

Note: the losses are conveniently
divided based on which fluid will be

intermediate station — Qf + Qgp

left termination station — Qg + Qg
right termation station - Q7 + Qg
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Group of electrical engineering - Paris Energetico |

TEA on HTS cables = CAPEX 2 CAPEX; 1,4

CAPEX = CAPEX,,4 + CAPEX o5 + CAPE X, nai+ CAPEX qp + CAPEX ,u. + CAPEX gism + CAPEX yihor

CAPEXland = Ncables Cland Liine (2 RBlimit)

Economic model Technical model

Property Symbol Value

L : L
and cost per unit . 20 €/km? Radial distance from the cable

of surface where the magnetic field is still Blimit 0.3m
greater than the limit (6 uT)
Line length Liine 32 km
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TEA on HTS cables 9 CAPEX 9 CAPEX,yp , CAPEX yue, CAPEX gism, CAPEX oinor

CAPEX = CAPEX,,4 + CAPEX o0 + CAPEX,4ny +CAPEX qp + CAPEX,uo + CAPEX gism + CAPEX yihor

RSE| ... ..
vg GeePS =rsearch

CAPEXcab = Ncables Ccab Liine

CAPEXvaC — Ncables Cvac Lline

L 1
line (1+,r)years

CAPEX gism = Ncavles Caism

- CAPEXOHleT — Ncables Cother Lline

Technical model

Economic model

Property Symbol Value
Cabling cost per unit of length Ccab 1 M€/km
Annual 59
Vacuum system cost per unit of length Cyac |21 52 k€/km || interest ratio r 0
Dismantling cost per unit of length Caism 24| 20 k€/km Total n° of
o , o years of years 40
Other costs (commissioning, installation, civil 800 k€/km oberations
eng., regulation, accessories) per unit of length Cother P
Line length Liine 32 km
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TEA on HTS cables = OPEX (total)

OPEX = OPEX, ., +

RSE oo
IJ.I GeePS eeeeeee =/rsearch

P

Economic model
(€/km) + line
main features
(cable length)
hvd
Economic model (energy cost)

+
Technical model:

* loss calculation
e estimate of AT, ,,, AP\, in each cable segment

Each term will be detailed in the next slides...
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Group of electrical engineering - Paris

TEA on HTS cables = OPEX—> OPEX_,,;

OPEX = OPEX,pp, +

Ngtat+2 years

Qck (Ta - TO)

L o

RSE|.. ...
z/reearch

Energetico

](1+r)

OPEXcool = Ncables CkWhhy n T
cr 0
K t=1 Y
Technical model
Property Symbol Value
N° of intermediate cooling stations Ngiar 5
Hours of operation in a year hy 8760
Total n° of years of operations years 40
A Annual interest ratio T 5%
Economic model
Ambient temperature (outside the cable) T, 300K
T, at the beginning of each cable section (both in the former and in the annulus) To 68 K
Heat to be extracted from LN2 by the cryocoolers of intermediate cooling stations Qr + Qan 89.3 kW
A0 C 0.015 b d f 2 by th I f left sid I Q Q 3.3k
Heat to be extracted from LN2 by the cryocoolers of left side cooling station + Qq 53.3 kW
energy cost kWh €/kWh o
Heat to be extracted from LN2 by the cryocoolers of right side cooling station Q5 +Qu 41.3 kW
. . . . . . APf + APan
Hydraulic power delivered by the pumps of intermediate cooling stations to LN2 | m;y» p— 2 kW
LN2
. . . . . My APgp
Hydraulic power delivered by the pumps of left side cooling stations to LN2 p— 1.2 kW
LN2
. . . . . . MmNz APf
Hydraulic power delivered by the pumps of right side cooling stations to LN2 p— 0.8
LN2
Crycoolers efficiency Nery 10%
Pumps efficiency Np 70%
2024-04-10 104
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TEA on HTS cables = OPEX—> OPEXcool —> Losses & AP

GeePsS

Group of electrical engin

Ngtat+2 (years 0 ) 0 1 Qu Qan Qu
cp\la ™ ann [Pk Term. erm.
OPEXcool - { z CkWhhy l(ncry Tann ) + Mp ] (1 + r)t} cooling Imir.m' ﬁ_ ______ ciah‘ng
k t=1 station €00 .mg station
lefi station \1._._ ' right
Lh’ne
( ) . )
Qf + Qan _‘f ke = mtermed.late _Stat' Losses to be managed by each
Qc, =4 Qan + Qo if k = left termination stat. [’ cooling /pumping station.
\ Qr + Qu if k =right termation stat.
( . APr + AP, _ _
m o if k = intermediate stat.
PLN2 .
Mmoo AP Hydraulic power to be managed by
_ LN2 an . _ . . . . .
Qp, = p if k = left termination stat. II* each cooling/pumping station to
LN2
M2 AP restore LN2 pressure.
—_— if k = right termation stat.
\ PLN2 Technical model
: Note: these losses and these AP are computed in single : LN2 mass flow rate | my; 2.15 kg/s
: cable segments between 2 adjacent cooling stations. : LN2 density e 839 kg/m3
andrea.musso@rse-web.it Hi-SCALE 3rd Training School 2024-04-10 105



Group of electrical engineering - Paris Energetico |

TEA on HTS cables 2 OPEX—~>

OPEX = OPEX,,,, +

RSE| .. o..
[}g GeePS =rsearch

years
_ Liine Cmaint
= Ncables (1 + T‘)t
t=1

Economic model Technical model

Property Symbol Value
Maintenance cost per oo SNy — Total n°® of years of operations | years 40
unit of length per year | ™aint Y , _
Annual interest ratio T 5%
[8]
Line length Liine 32 km
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lIl. TEA of HTS cable system
Phase 4 — Interpretation
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Group of electrical engineering - Paris Energetico 1

TEA on HTS cables = Interpretation

Lastly, we can use our TEA model to interpret the results obtained and understand whether
certain decisions/changes to our project could make it more or less convenient.

To do this, we will modify some input data of our Inventory Analysis sheet and compare the
results of proposed parametric studies in the Interpretation sheet of our Excel file.

Transmission link between solar plant and substation
Phase 4: Interpretation

Sensitivity analysis

LcC CAPEX_0 OPEX_0 LCC CAPEX_0 OPEX_0

T=40y;r=0.05;c_en =0.015 €/kWh ; nhpy = 8h/day ; c_HTS =30 €/m ; c_land = 20 €/m2 ; Ic_HTS_77K = 293.7 A (REFERENCE)
T=40y;r=0.0

T=25y;r=0.05

c_en = 0.05 €/kWh

nhpy = 24h/day

c_HTS=10€/m

¢_land = 120 €/m2 (and maybe also Bfield < 0.5 uT, so you have to increase R_field?)

Ic_HTS_77K = 250 A

w_HTS = 12 mm (and then multiply by 3 also the critical current and the cost, accordingly)

| e | ch | ot [ et | b | b | cih | ch

2-Inventory analysis-HTS | 3.0-HTS Cable design | 3-Calculation of indicators-HTS iG]
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Group of electrical engine Eg[-m-

IV. To go further...
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Cable optimization modelling

Sisterna
Energetico

Ricerca

R s E we move
rsearch

You will have noticed that by modifying the input design parameters of our Excel file,
the constraints imposed may no longer be respected. Furthermore, even if we could
change those values freely, it is not immediately clear how these affect costs.

Cryostat insulation

Neutral conductor

Electrical insulation Qc[
&
Term.
cooling coof.mg
station glaucy
right
< Lline
T
L Technical model
Property Symbol Value
. . Former radius (inner) Reormer 30mm '
Technical model — Main features N2 mass flow rate Mg 315 ke/s s
a11,
Property Symbol Value Twist angle for each layer of phase 1 al‘l 11°,15°
21
Cable power P 750 MW Twist angle for each layer of phase 2 o -13° 1
Voltage rms Vims 33 kV L-L RMS Twist angle for each layer of phase 3 ;s -14°
Load factor cos@ 0.95 N° of HTS layers for phase 1 n, 2 ’
° I
rms value of the total AC ; . _ P 1381 kA Noof HTS layers for phase 2 n, 1
current in each phase rms rms —\/§ Vo cosp : N° of HTS layers for phase 3 n., 1 .
- Thickness of the annular gap Lannulus 27.8 mm
Line length Lyine 32 km N° of intermediate cooling stations Nergr 5 -
B i i e e e e i B 710~
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Cable optimization modelling

Indeed, we cannot perform a fine optimization of the cable design with our Excel.

The “suggested” input parameters that we have used are the outputs coming from
another optimization tool, computed for a specific combination of operating parameters.

Cryostat insulation

Neutral conductor

Electrical insulation Qc[
&

Term.
cooling coof.mg
station glaucy

right

< Lline N
T
L Technical model
Property Symbol Value
. . Former radius (inner) Reormer 30 mm
Technical model — Main features N2 mass flow rate Mg 715 kg/s
a11,
Property Symbol Value Twist angle for each layer of phase 1 al‘l 11°,15°
21
Cable power P 750 MW Twist angle for each layer of phase 2 o -13°
Voltage rms Vims 33 kV L-L RMS Twist angle for each layer of phase 3 ;s -14°
Load factor cos@ 0.95 N° of HTS layers for phase 1 n, 2
rms value of the total AC ; . _ P 1381 kA Noof HTS layers for phase 2 n, 1
current in each phase rms rms —\/§ Vo cosp : N° of HTS layers for phase 3 n., 1
- Thickness of the annular gap Lannulus 27.8 mm
| ing length L, 32 bm N° of intermediate cooling stations Ngrat 5
TIT
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Cable optimization modelling

We would like to have a tool that automatically computes the combination of design
parameters optimized for a given criteria (e.g., minimum cost while complying with
constraints).

The one developed by RSE is presented here, but there are numerous options
available, and everyone can create their own

\ 4

What matters most is to grasp the approach!

Technical model

Property Symbol Value
. : Former radius (inner) Reormer 30 mm
Technical model — Main features N2 mass flow rate Mg 715 kg/s
a11,
Property Symbol Value Twist angle for each layer of phase 1 al‘l 11°,15°
21
Cable power P 750 MW Twist angle for each layer of phase 2 o -13°
Voltage rms Vims 33 kV L-LRMS Twist angle for each layer of phase 3 a3 -14°
Load factor cos@ 0.95 N° of HTS layers for phase 1 n, 2
rms value of the total AC ) ] _ )2 138114 Noof HTS layers for phase 2 n, 1
current in each phase rms rms —\/§ Vo cosp : N° of HTS layers for phase 3 n., 1
- Thickness of the annular gap Lannulus 27.8 mm
Line length Lyine 32 km N° of intermediate cooling stations Ngrar 5
12
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Cable optimization modelling

OSCaR: a tool for techno-economic assessment of superconducting power cables 1,2
Optimization tool for Superconducting Cable Research

0 Scope of the tool: determine the optimized cable [AC_“V‘W carried out in Co”abora“"”]
design according to the operating parameters with the University of Bologna
selected by the user (e.g. active power, voltage level,
line length).

0 A constrained minimization problem for a multi-
variable function (the cable system cost) is solved
using a genetic algorithm in MATLAB.

HTS coaxial AC cable 3

O The first version of the code refers to the so-called
coaxial configuration of AC HTS cables. The cooling
configuration adopted is the so-called both-sided
cooling option, with 2 counter-flows of liquid nitrogen.

O Multiple constraints are imposed (e.g. currents
balancing between phases and layers, maximum
current in the tapes, coolant temperature and

pressure).
[1] A. Musso et al., IEEE Trans. On Appl. Supercond., vol. 32, no. 9, p. 4803516, 2022.
[2] A. Musso et al., IEEE Trans. On Appl. Supercond., vol. 33, no. 5, p. 5401105, 2023.
[3] M. Noe, EUCAS Short Course, 2017.

T13
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Cable optimization modelling

OSCaR: a tool for techno-economic assessment of superconducting power cables

\Cryostat insulation|

| Neutral conductor |

O The capital and operating cost indexes and - Cable layout 4

the heat Inputs calculations are

parameterized to the cable design features. The same technical and e(:ronOmiC
O The optimized cable parameters considered moc!els that we S_et in our Excel file
are: are implemented in the code.
What changes is the numerical
approach to the problem, making
the PC do numerous iterations to

I Electrical insulation

 the n® of layers per phase (n,);

the winding angle in each layer (q;);

« the former radius (Ry);

reach a certain goal.
g [12C

« the annular gap thickness (tg,); = i
. Interm. '

coolin T
« the LN, mass flow rate (m;y2); i - cooling “:”jf"g
left station S ‘,’ ton

right

* the n° of cooling stations (ng,).

Cooling system layout

Liine

| [4] W. T. B. de Sousa et al., Supercond. Sci. Technol, vol. 34, 2021. |

114
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Cable optimization modelling

OSCaR: a tool for techno-economic assessment of superconducting power cables

RSE | ..o

/z2rsearch

The cable system cost is the function to be minimized (we want to most economically convenient cable). The “genes”/’design

parameters” have been parametrized to this cost, in the same way we have done in our Excel file.

wialization

{

_',ai,, o 2N

on
mpy,

' f
T LN, supply

\ I\,: Inner cryostat tube

The “genes” of each individual

are the variables of our fitting

function (the cable system cost).

Crossover I—'Evaluation A1 |0|0\0|0\0|0\"Gene A1 ‘0|0‘0 0‘0‘0‘
Next Generation
Motation ! A2|[111[1[1][1[1]] [individual AZ [1]T]1[1]1]1
Selection
A3 [1]o][1]o]1]1]
A5 [1]1]1]0]|0]0]
A4 (111/0/1]1]0 Populati
1T Iol1IHIe) || Fepiation A6 [0]oo]1][1]1]
S
_ Generations flow d
[Stop : best solutlonJ
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Cable optimization modelling

OSCaR: a tool for techno-economic assessment of superconducting power cables

O The capital and operating cost indexes and
the heat Inputs calculations are
parameterized to the cable design features.

Q The optimized cable parameters considered
are:

 the n® of layers per phase (n,);

the winding angle in each layer (q;);

|

\Cryostat insulation|

/= rsearch

Neutral conductor |

J' j' Ei’ec.’ric‘a[n.s‘nk!.'fon

nl i | Former

- Cable layout

T T \LN: supply |
T‘¢tm‘.‘, Superconducting phases

[LN: return

| Inner crvostat tube l

« the former radius (Ry);

« the LN, mass flow rate (mjy»);

_ The algorithm selects only the individuals who
* the annular gap thickness (t4); comply with the imposed constraints.

Furthermore, we can “facilitate” its task by
suggesting upper and lower boundaries for each
* the n° of cooling stations (ng,). variable (e.g. include the radius of the former
between a certain minimum and maximum values)
and/or a sensible initial solution.
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Cable optimization modelling

RSE|.. ..

Ricerca
Sisterna

rsearch

OSCaR: a tool for techno-economic assessment of superconducting power cables

L1

The main constraints applied regards:

O the currents balancing between phases and layers;

Zcarico

You can tune the radius of each layer (if allowed) and the winding angle to
obtain a balance of their inductances (inductances play a fundamental
role in the current distribution in superconducting windings).

3 n°layers p

Zcarico

[/;ms A A —
E = =
=273 z HTS Zeie
e 2 conductors o
Ez _ Jrms e I3 |
S .
_— (rp)ew
E3 = 7 e’3
r.
3 n°layers pha than a; tan(«a;
Z Z V]'"h ( l,k) (],h)
i h
o e | e system - a
' ‘ Maximuri lerarnce 1s I1nposeu 1odules and on
05 - .
their phase shift.
0 ap 1607
05 O if some phases are composed of more than 1 layer, "it makes sense" that the
N N current is distributed uniformly between them - a maximum tolerance is imposed
v e on the difference between the modules of the layers currents.
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Cable optimization modelling

OSCaR: a tool for techno-economic assessment of superconducting power cables

The main constraints applied regards:
O the currents balancing between phases and layers;

O the maximum current in the HTS tapes;

V2 Irns

Tapes; }/
I, (max [THTSleft' THTSTight

D < safetyyrs

The same we applied in our Excel file. | -

27 Ryrs, ; |cos(ai;) |)

Tapes; j = round ( "
- HTS

TI8
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Cable optimization modelling

OSCaR: a tool for techno-economic assessment of superconducting power cables

The main constraints applied regards:
O the currents balancing between phases and layers;

O the maximum current in the HTS tapes;

D the coolant tem perature and pressure; We may apply the same equations as in our Excel file.
AT < AT vLszormerz fLszormer Qf
former = S/LN2max ) ATformer = dgtat AR + > .
formerCPLN2 Mmpn2 CPLN2

2
VLN2 JLN2 Q
AT < AT T — annulus annulus an
annutus = BILN20x B ATgnnuius = dstat( Aty I CDLNG ) + P

2
AP 2 PLN2 VLN?2 fLN2
former <A LN2max E}Apfor = [T former

+ (gpLn2Ah)

stat

4R former

2
PLN2 VLN2 gnuius f) LN2 gnnulus
APannulus < APLNZmax I:>Apannulus — (dstat l l ) + (gpLNZAh)

4 tannulus
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Cable optimization modelling

OSCaR: a tool for techno-economic assessment of superconducting power cables

The main constraints applied regards:

O the currents balancing between phases and layers;

O the maximum current in the HTS tapes; _ . :
Or we may consider more complex fluid-dynamics models.

O the coolant temperature and pressure; ‘
d
oT m. 7. P, . . . . .
x . ‘I [Qf/an(T)]acdx—W System of non-linear differential equations obtained
— 0 C
op =[ Qs (o) o m 7. p from the equations of energy and momentum
- m. g sin g+—~—=% . .. . . .
X -gsing a’p conservation and the continuity equation, considering
- stationary conditions, and applying a 1-dimensional (the
[Quy (P =t {G‘*(p'n _H””(p'T)} ble | yth imati - (
s1ep (P AQurs (7 T) | =G (2.T)  Hy(p.T) cable length x) approximation.
AQa'rap(paT) = Hﬂ(p’T)GJp(p’T)_G(ﬂ' (p’T)H(sp(p’T) ‘
. (ap ahJ oo, (ap ahj The system needs to be solved numerically.
" oaploT Tt Y aplop T op It is more accurate as it mathematically models all the
_m, P _m, (m? P thermodynamic and thermo-physic properties of the
T oapdl | aplp op cryogenic fluid considered.
Double these equations for the LN2 in the former and in the annular gap | | [6] G. Angeli et al., IEEE Trans. Appl. Supercond., vol. 27, no. 4, 2017, p. 5600406. |
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Cable optimization modelling

OSCaR: a tool for techno-economic assessment of superconducting power cables

The main constraints applied regards:
O the currents balancing between phases and layers;

O the maximum current in the HTS tapes;

If the tapes are too far apart (gap > 3
Wyrs), their applied transverse magnetic

O the distance between adjacent tapes in each layer; | fiélds do not cancel out and this impacts
both their critical current and AC losses.

O the coolant temperature and pressure;

O 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 /’( \\,/’gap
s \\ - \
\

voltage drop across L, has to be lower than a certain S e
maximum percentage of the design voltage V..., imposed ' 2

by the user and generally dependent on grid regulations. 1 ,// ;

\ P /
\ ’ /
w|[M][IL_’]]| 0 fOT'i=1,2,3 .\ o /4
< 4% =1 l 1
Vs forj=1,..,nl — " )
"‘n-_‘_‘_ ___f
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andrea.musso@rse-web.it Hi-SCALE 3rd Training School 2024-04-10 121



RSE | ..o

Cable optimization modelling
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OSCaR: a tool for techno-economic assessment of superconducting power cables

The main constraints applied regards: Coostar msuation o
- eutra CO}TI I-‘C‘.“tl‘)J . Cab|e |ayout
O the currents balancing between phases l Electrical insulation
and |ayerS, Former
O the maximum current in the HTS tapes; =
_________ __......)
O the coolant temperature and pressure; — meNz
U the distance between adjacent tapes in T LN supply]
each I ayer ¢tan S.=fpercondncrmgphases|
’ L LN return
D the ||ne VOltage drop. Z Inner crvostat .'ube|

The user can select the operating conditions:

Technical model — Main features

O the active power to be transferred through the line (P); R symbol Volue
Q the voltage level, in the medium voltage range (V-,,5) ; Cable power P ?
: Voltage rms Vims ?
Q the line length (Ljjne); - Loadgfactor - 5
Q the load factor (cose); Line length Liine 2
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Cable optimization modelling

OSCaR: a tool for techno-economic assessment of superconducting power cables

The ma
Q

maximum power it can reach.
the

We size the cable design for the

J

and layers;

the maximum current in the HT¢

(]

the coolant temperature and pr

the distance between adjacen
each layer;

O the line voltage drop.

The user can select the operating conditions:
O the active power to be transferred through the line (P);

O the voltage level, in the medium voltage range (V,5)\

Q the line length (Ljne);
O the load factor (cose);

Power [MW]

1600

1400

1200

1000

800

600

RSE|.. ...
rsearch

\_\\

If we do not consider the real power curve,
we overestimate the operating costs.

|

1 1 1 1 1 1

1

~—_

.-

1000 2000 3000 4000 5000 6000

Hours during a single year [h]

7000

8000 9000

carry the

A cable might not always
maximum
current/power all year round.

J
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Cable optimization modelling
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OSCaR: a tool for techno-economic assessment of superconducting power cables

In the end, for each combination of operating

parameters selected by the user, the tool returns:

O The cost of the cable system (which has to be
minimized), with details of the single cost

indexes.

O The optimized design parameters
corresponding to that cable cost.

O All the other cable design parameters

calculated in cascade from the optimized
parameters.

L

Qc!

Q0 A quantification of compliance o
with the various constraints cooling
station

|

This "automated" approach is well suited
to perform various parametric analyses.

\Cryostat insulation|

| Neutral conductor |

~ Cable layout
N J' j' Electrical insulation y
| Former
R . B - -—-—-).
mpy,
|LN: supply
¢tan Superconducting phases
T _
[LN: return |
z Inner crvostat tube l
n Qan Q cl
stat T
Interm. Ter!.n
. cooling
cooling i
station src'mon
right

Cooling system layout
Liine

>
>
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OSCaR: examples of parametric analyses
[ CASE STUDY e ength =5k Vo =15 o905

Active power

B Operating cost
— 25
_E B Capital cost
D 20
=
o
1<l
11
1 g I 10
1=l
LN J 5
0
100 125 150
Active Power [MW]
14 g Term. Cool. stat(1)_
O Interm. Cool. stat(2)
— 12 | @ Vacuum3)
= B Cryostat(4) N
< 10 O Electrical insulation'3)
E B Terminations 6)
L] Cab.‘mg 7) — ]
- 8 | OLayving(s) EXSY N
121 B HTS tapes y)
131,
N
151,
I %l
|
o2
0

50 75 100 125 150
Active Power [MW]

L

Mé/km]

=]

costs

[=23

Ll

1Qperating

=

175 200

70

60

50
40

30

Losses (kW] |

20
10

=/rsearch
Sisterna
Energetico |
O Right term. Cool .ﬁat.':_i]:
0 Lefi term. Cool. stat.(2)
& Interm. Cool. stat.(3)
B Dismantiling 4
@ Maintenance s) i
100 125 150 200

Active Power [MW]

B HTS tapes AC(L)

B Dielectric(2)

O Cryogenic envelope(3) 0

Eddy current ACi4)

O Current leads(s) (3
= (5)

50 75 100 125 150 175 200
Active Power [MW]
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OSCaR: examples of parametric analyses

Voltage . oo MW, L, ~5km ] _AC |OSSSS [V, = 15kV, P=100 MW , cosp=0.9 , L,,, =5 km
B Operating cost ! B Operating cost
—_ B Capital cost 12
E 16 'E' B Capital cost
% t‘-.< % ]O
Qo e Q@
=2 Z g
=3 &
3 3
54 & !
2
0 0
. bo_ 100
_______________________________ The methodologlcal approach can conveniently be [;a
Tape cost , - ladapted to other superconducting cable conflguratlons =09 |
B Operating cost | B Operating cost B Capital cost
12 i — 12
- B Capital cost E
_E 10 =~ 10
é Cll)
= 8 = 8
. ]
3 4 3
g - <,
0 0
1 ——2-————-1 —————— 10 |-——-20
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OSCaR: application to MgB, DC cables

Ricerca |
=/rSearc
Energetica

New cable architecture - adequate update of the cost indexes, constraints and losses terms.

The methodology remains the same.

Cryvostat insulation
. MuB, coakal wable cable
Neutral conductor | ay@ut
Electrical insulation QC!
‘nli | Former | Term.
7 . cooling
= station
3 & | - WY A __ﬁ k’ﬂ
kB R “t’.}‘.[. - myy, :
| = == f
T T LN supply
¢ta‘n |5upercom."nc'fmg phases .

LN return

v

Cooling system layout with forwzod lamgsgttemdaiptes

ch

£
Interm. Te;r.r:.
cooling cooting
station S@wn

right

= Cugs, = cost for the total length of MgB, wires;

= (s =costforthe insulator;

" C.o01 = costforthe cryogenic fluid (closed cycle);

= (., = cost for copper (neglecting other materials);
= capital cost for all the cooling stations;

= cost for the vacuum system;

-
Il

= (i = cost for terminations at the cable I|

ends;

Ccqp = cost for cabling;
* (iqy = costfor cable laying into the tunnel;
*  Ceryo= cost for the cryostat.

to operate all
stations;

Qperating costs

the

Cstqr = cost for the electricity needed

cooling

= cost for cable maintenance
over its life-time (40 years);
= (g4 = cost for cable dismantiling.

[5] A. Musso et al., IEEE Trans. On Appl. Supercond., vol. 34, no. 3, p. 6200607, 2024.
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Pressure drop [bar]
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B Pressure drop

B Temperature rise

ol = o0 o =+ ol =

[3] a5t aunppaodwiag

to MgB, DC cables

ion

t

@ B Annulus inner radius

B Annulus outer radius @I:I Crvostat Outer radius
O Insulation thickness @ Annulus thickness

ICa

B Former radius

:

o o o o o o <o o o
o ~ & v ool o

[wiwa] worsuawuip jpipvy

OSCaR
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Thank you for the attention!

Further questions:
andrea.musso@rse-web.it
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