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Résumé étendu

RESUME ETENDU EN FRANCAIS

Contexte et objectifs (chapitre 1)

Dans un contexte macro énergétique mondial, ou la baisse des émissions de CO: s’avére indispensable,
I'énergie éolienne en mer constitue une source d’électricité renouvelable prometteuse. Cette derniere
connait une forte croissance, et a atteint une puissance installée de 12 GW en Europe. Néanmoins, sa
compétitivité technico-économique (mesurable grace au critere de coit de I’énergie, le LCOE, « Levelized
Cost Of Energy ») dépend fortement de 'architecture considérée pour le raccordement électrique jusqu’au

réseau terrestre.

L’infrastructure de raccordement électrique affecte en effet le rendement économique d’un projet de ferme

éolienne en mer, d’autant plus que la distance du raccordement électrique est importante.

Un nombre important de principes d’architectures peut étre considéré pour le raccordement électrique.
Ainsi, au chapitre 1, une étude bibliographique en profondeur de telles architectures est effectuée. Cela avec
un accent particulier mis sur les solutions technologiques utilisées pour remplir les différentes fonctions du
raccordement (transformation de tension, redressement du courant ou onduleur de tension etc.). Une pré-
sélection d’architectures candidates est ainsi établie. Elle correspond aux principes regroupés sous formes

des schémas simplifiés de la Figure 1.
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Figure 1: Principes d’architecture de raccordement sélectionnés dans la thése

NB: MVAC correspond a « moyenne tension courant alternatif», MVDC a « moyenne tension courant

continu », HVAC a « haute tension alternatif » et HVDC & « haute tension a courant continu ».
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La problématique scientifique des présents travaux de recherche émerge alors : « quelle est la meilleure
architecture » d’'un point de vue technico-économique, pour une ferme éolienne donnée (caractérisé vis-a-
vis du raccordement électrique par la distance de raccordement, la puissance installée, le nombre et la
densité spatiale des éoliennes). Répondre a cette question requiert la mise en place de divers modéles et
méthodes. Afin d’y parvenir, une étude bibliographique des contributions scientifiques visant a évaluer et
comparer des principes est effectuée. Cet état de I'art met notamment en évidence la nécessité de définir
une conception presque optimale de chaque principe d’architecture considéré afin de pouvoir I'évaluer,

voire de le comparer a d’autres. La conception d'une architecture est désignée par la variable vecteur X.

La conception d'une architecturer s’integre alors dans un environnement qui reste a définir afin de
permettre 1'évaluation technico-économique des architectures. Un tel environnement doit pouvoir

permettre de calculer les critéres suivants (voir Figure 2) :
e Lespertes d’énergies dissipées ;
e Les colts d’investissement (CAPEX) ;

e Les pertes énergétiques liées a I'effacement de production, en lien avec la fiabilité du réseau ;

e Les colits de maintenance (OPEX).

X: Variable de dimensionnement du systeme de raccordement

Energie annuelle distribuée
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. Systéme électrique de -
Eol 4
OUEANES raccordement S K Réseau
? terrestre

Energie annuelle produite
AEP,

CAPEX C¢ CAPEX Cs(X) Ls(X) Pertes L¥s(X)  dissipée

énergétiques | jcur(x .
OPEX OCt OPEX OSt(X) S () effacée

Figure 2: définition de critéres de décision élémentaire en lien avec le systéme étudié

Dans le présent contexte d’aide a la décision, la question du choix entre une approche multi-objectif ou
mono-objectif se pose. Dans la mesure ot un critere largement utilisé dans la filiere de I'éolien en mer existe,
le LCOE, ce dernier est retenu. Le critére LCOE permet d’agréger les criteres de décision élémentaires listés

ci-dessus tout en respectant la préférence des acteurs de I'industrie concernée. Il est calculé ainsi :

CoC0) + C, + 3N, 96+ 05:(X)

_ a1+
LCOEy,(X) = - AED(X) D
=114+t
ou:
r est le taux d’intérét ;
N est le nombre d’années d’exploitation ;

Cs(X) estle CAPEX du réseau électrique S;
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Cc estle CAPEX des éoliennes ;

Os:(X) est]’ OPEX du réseau électrique S,

Oc; est ]’ OPEX des éoliennes ;

AEP, est’énergie annuellement produite par les éoliennes ;
Le(X) désigne I'énergie dissipée annuellement par S;

AED(X) désigne I'énergie annuellement distribuée au réseau terrestre.

En complément du LCOE, un critéere complémentaire, le NLCC, centré sur le colit du réseau de raccordement,
est proposé au chapitre 1. Il est démontré que ce critére de décision est équivalent au LCOE du point de vue
de l'optimalité. Il permet également de visualiser les colits d'une maniere plus adaptée au réseau électrique.
Cela permet ainsi de faciliter la prise de décision concernant le choix de I'architecture de raccordement. Ce

point est analysé en détails aux chapitres 5 et 6.

L’environnement d’aide a la décision proposé dans ces travaux de recherche est synthétisé dans la Figure

3.
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Figure 3: Synthése de I'environnement d'aide a la décision pour le raccordement électrique d’une ferme éolienne en mer
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Outre les entrées du probleme que sont le principe d’architecture et un site éolien, la Figure 3 montre les
modules nécessaires pour calculer les quantités nécessaires a la prise de décision. Ils sont a mettre en

relation avec les objectifs scientifiques suivant :

e Le développement de modeles et méthodes permettant le calcul des grandeurs énergétiques sont
présentés dans le chapitre 2. Ils correspondent aux « simulateur éolien » et « simulateur load
flow ».

e Lamise en ceuvre d'une méthode de modélisation des colits de composants du systeme étudié est
proposée au chapitre 3. Les modeles économiques obtenus sont utilisés au sein du module
« calculateur de CAPEX ».

e L’évaluation de la fiabilité du réseau de raccordement est un sujet a part entiere, traité au chapitre
4 ou plusieurs méthodes scientifiques sont établies. Elles permettent le calcul de I'énergie effacée
au travers du « simulateur de fiabilité ».

e La proposition d’'une formulation du probleme de conception d’architectures pour les différents
principes considérés dans la thése est proposée dans le chapitre 5. La formulation et la méthode de
résolution heuristique et permet d’obtenir des solutions quasi-optimales, de maniére rapide.

e La proposition de méthodes de prise en compte des incertitudes qui affectent la prise de décision
est faite au chapitre 6. Elle est basée sur des résultats probabilistes et permet de prendre en compte
les incertitudes liées a I'indisponibilité du réseau de raccordement ainsi que les incertitudes sur les

parametres de modeles de cofits et de fiabilité (proposés aux chapitres 3 et 4).

Méthodes de calcul des grandeurs énergétiques (chapitre 2)

Au chapitre 2, des modeles et méthodes sont proposées pour le calcul des grandeurs de décision
énergétiques. Pour ce faire, les ressources éoliennes sont modélisées par l'usage d'une distribution de
Weibull modélisant la vitesse du vent. Les turbines éoliennes sont modélisées par leurs caractéristiques de
puissance (puissance électrique produite en fonction de la vitesse du vent). Les effets de sillage, qui
impliquent des pertes énergétiques d’origine aérodynamiques sont pris en compte par un facteur
macroscopique dont la valeur (de 'ordre de 10% de pertes en énergie annuelle) provient de retours

d’expériences industrielles.

Ensuite, une modélisation électrique avancée des composants de puissance du réseau électrique est
proposée, en régime permanant, en vue de les intégrer dans des calculs d’écoulement de puissance. Les
calculs d’écoulement de puissances s’appuient sur une méthode dite séquentielle qui permet la prise en
compte de nombreux principes d’architectures, avec des portions en courant continu ou en alternatif. Le
calcul des grandeurs énergétiques requises repose alors sur un couplage des modeéles éoliens et des calculs
d’écoulement de puissance. Ce couplage vise a calculer les énergies par 'usage du théoreme probabiliste dit

du transfert.

Au sein du chapitre 2, des hypotheses de gestion des flux énergétique dans le réseau de raccordement sont

également posées et justifiées. L’analyse des flux énergétiques, résultats de ces hypotheéses, justifie alors des
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regles de dimensionnement des cdbles des réseaux collecteurs pour lequel la puissance réactive et les
chutes de tension peuvent étre négligées. Cette simplification est utilisée au chapitre 5 dans lequel la
méthode de conception de I'architecture est proposée. Les cables alternatifs de haute tension (d’export)
impliquent d’'importante puissances réactives qui elles, ne peuvent étre négligées. Ces effets sont donc pris

en compte lors du dimensionnement de ces cables.

Modélisation économique des composants du systeme (chapitre 3)

Au chapitre 3, une méthode de modélisation des colits d’investissement est proposée. Elle consiste
principalement en 'identification des parameétres de formules analytiques expertes a partir de données de
colits. La méthode d’identification permet 'obtention de plusieurs jeux de parameétres par modéle de
composant. Chacun des jeux de parameétres correspond a un scénario (parmi « optimiste », « pessimiste »
et « moyen »). Ces jeux de parameétres capturent l'incertitude sur les données de cofits qui pourront étre
ainsi prise en compte au chapitre 6. Ces incertitudes sur les cofits sont liées aux conditions de marché ou

encore aux cours des matiéres premiére (comme le cuivre dans le cas des cable de puissance).

M¢éthodes d’évaluation de la fiabilité du réseau (chapitre 4)

Le chapitre 4 porte sur I’évaluation de la fiabilité du réseau de raccordement. Un état de I'art des critéres de
fiabilité et des méthodes d’estimation de ces critéres y est exposé. Le choix de I'énergie annuelle effacée,
pour cause d'indisponibilité du réseau, est confirmé. Ensuite, une premiere méthode de calcul de
I'espérance de la puissance effacée pour un état donné du réseau, basée sur le calcul de flot maximum
contraint, est proposée. Cette méthode est la pierre angulaire de deux méthodes complémentaires pour le
calcul de I'énergie effacée annuellement. La premiere méthode s’appuie sur un simple calcul algébrique et
permet d’estimer rapidement I'espérance mathématique de I'énergie effacée. La seconde est basée sur des
simulations de Monte Carlo, ou les états de disponibilité des composants du réseau constituent les variables
échantillonnées. Cette seconde méthode permet la détermination d’'une distribution de probabilité

empirique de I'énergie effacée.

Les deux méthodes d’estimation de I'énergie effacée requierent la connaissance de données de fiabilités des
composants (les taux de défaillance et temps de réparation moyens), qui sont sujets a des incertitudes ; en
particulier le taux de défaillance pour des composant technologiques nouveaux ou méme prospectifs. Il est
proposé de considérer trois jeux de données de fiabilité par type de composant, chacun correspondant a un

des scenarios « optimiste », « pessimiste » et « moyen ».

Une validation croisée des méthodes proposées est effectuée sur un réseau d’étude comportant un petit

nombre de nceuds.
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Formulation et méthode de résolution du probléme de conception de
I’architecture du réseau (chapitre 5)

Au chapitre 5, un état de I'art des approches d’optimisation de la conception du réseau électrique pour les
fermes éoliennes est tout d’abord effectué. Cette étude bibliographique montre que le systéme de
raccordement complet, comme celui étudié dans la présente these, est rarement optimisé en une fois. Le
réseau de transport et les réseaux collecteurs sont généralement étudiés indépendamment. Le probléme de
dimensionnement étudié est ainsi complexe et de grande taille, notamment pour un nombre important

d’éolienne (par exemple, 200).

Il est notable que la formulation et la méthode de résolution proposée est compatible avec I'ensemble des
principes d’architecture considérés (voir Figure 1). La méthode de résolution du probléeme de conception
du réseau, qui est proposée, consiste en la séparation du probléme complet en sous problémes, résolus les

uns apres les autres, séquentiellement :

e (P1)Répartition des éoliennes par groupes spatiaux, positionnement des sous stations de groupes ;

e (P2) Conception du réseau collecteur de chacun des groupes d’éoliennes ;

e (P3) Dans le cas du principe d’architecture (a) de la Figure 1, positionnement des sous stations
HVDC et associations aux sous stations AC ;

e (P4) Dimensionnement des composants de puissance, excluant les cables collecteur (traités au
(P2) et de transport (traités au (P5));

e (P5) Quand le principe d’architecture en comporte un, conception du réseau de transport HVDC

(topologie et choix des sections des cables HVDC).

La méthode de résolution heuristique permet de trouver des solutions presque optimales du probléme de
dimensionnement. Une mise en ceuvre sur plusieurs principes est proposées, avec réseau collecteur en
courant alternatif ou en continu, avec ou sans réseau d’export HVAC, transport HVDC ou non (principes (a),
(b), (d) de la Figure 1). Les cas d’études considérés comprennent un grand nombre d’éoliennes, entre 100

et 200, afin de démontrer la performance de la méthode (notamment en termes de temps de calculs).

Pour ces différents principes, une analyse des criteres de décision (LCOE et NLCC) est proposée et montre
que I'environnement d’aide a la décision développé permet en effet de réaliser des dimensionnement quasi-
optimaux, de maniere a permettre une évaluation technico économique non biaisées des principes
d’architecture. Le temps de résolution du probléme de dimensionnement est trés réduit, malgré la prise en
compte de contraintes géographiques correspondant a des obstacles que les cdbles ne peuvent pas
traverser. Il est notable que les sources d’incertitudes sur les modeéles sont tels (notamment ceux liés aux

cofits d'investissement) qu'’il est acceptable d’obtenir des dimensionnements légérement sous-optimaux.

Prise en compte des incertitudes pouvant affecter la prise de décision
(chapitre 6)
Au chapitre 6, il s’agit de prendre en compte certaines des incertitudes pouvant affecter 1'évaluation

technico-économique des architectures. En effet :

Vi
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e d’une part les modeéles de coiits et les données de fiabilités sont sujets a des incertitudes qui
peuvent impacter le calcul des criteres de décision.

e D’autre part, méme en faisant 'hypothése d’une connaissance parfaite des données de fiabilité,
I'énergie effacée annuellement est une variable stochastique, qui dépend du processus de

défaillances potentielles et de réparations des composants du réseau.

La source d’incertitude qui est propre au caractere stochastique de de fiabilité peut étre analysée a l'aide de
résultats de simulations de Monte Carlo avec la méthode proposée au chapitre 4. Dans le chapitre 6, de telles
simulations de Monte Carlo sont mises en ceuvres sur un réseau de grande taille (dimensionné au chapitre
5) et permettent I'obtention d’une distribution empirique de 'énergie effacée. A partir de cette derniere, la
distribution empirique du LCOE correspondante est calculée. Ainsi, 'environnement proposé peut
permettre a un investisseur d’évaluer le risque financier associé a I'indisponibilité du réseau électrique

pouvant intervenir.

Dans la littérature, les incertitudes sur les modéles et leurs conséquences numériques sur un critére de
décision sont parfois prises en compte par le biais de pseudo simulations de Monte Carlo consistant a établir
un échantillonnage des parametres des modeles afin de calculer les valeurs du critere de décision
correspondant aux échantillons. Ce type d’étude permet d’obtenir plus d’'informations qu’'une simple
analyse de sensibilité ; cette derniere ne permettant pas de déterminer la vraisemblance de telle ou telle

valeur de parametres de sortie.

Dans cette thése, une méthode probabiliste analytique, concurrente des méthodes basée sur des simulations
dites de « pseudo Monte carlo », est proposée. La méthode analytique proposée permet la prise en compte
des incertitudes sur les parametres de modeles et d’analyser leur propagation au critere de décision (LCOE
ou NLCC). Cette méthode permet I'obtention de la fonction de distribution de probabilité analytique du
critére de décision vu comme une variable aléatoire, conséquente de I'incertitude sur les parameétres (eux
méme modélisés comme des variables aléatoires, généralement gaussiennes). La méthode est mise en
ceuvre sur plusieurs architectures et met en évidence le fait que, pour les cas d’étude considérés, au regard
du critere de décision (LCOE ou NLCC), les incertitudes sur les modeles de colts est plus fort que les

incertitudes sur les données de fiabilité.

Conclusion

En conclusion, 'environnement d’aide a la décision proposé dans la these permet :

e Le dimensionnement quasi-optimal d’architecture du réseau de raccordement d’un parc éolien en
mer, pour un grand nombre de principes d’architectures.

e L’évaluation technico-économique détaillée des architectures obtenues, prenant en compte les
colits d'investissement, de maintenances, les pertes électriques dissipées et celles effacées, pour

cause d’indisponibilité du réseau de raccordement électrique.

L’obtention de cet environnement d’aide a la décision repose sur des contributions scientifiques. Les

contributions scientifiques majeures de ces travaux de recherche sont:

vii
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e Lamodélisation technique et économique avancée du systéme électrique de raccordement.

e La proposition d’'une approche mono-objectif pour la prise de décision dans le contexte de
raccordement de parcs éoliens en mer. Cela inclut la proposition d'un nouveau critére technico-
économique (NLCC) qui facilite la prise de décision par rapport au critere industriel (LCOE), tout
en lui restant fidéle du point de vue de I'optimalité.

e Laproposition de quelques méthodes d’évaluation de la fiabilité du réseau de raccordement. Grace
al'utilisation de résultats de la théorie des probabilités, ces méthodes sont peu coliteuses en temps
de calcul pour l'estimation de I’énergie annuelle effacée. Elles permettent autant le calcul de
I'espérance mathématique de cette grandeur que l'obtention de distributions empiriques
associées.

e Laproposition d'une formulation compleéte portant sur le probleme de conception de I'architecture
de raccordement. A cet égard, une particularité ce ces travaux est la généricité de la formulation et

de la méthode de résolution vis-a-vis des principes d’architectures qui peuvent étre considérés.

Un point particulier montrant les capacités de 'environnement proposé pour faciliter la décision est I'usage
du critere NLCC. Les cas d’études proposés aux chapitre 5 et 6 montrent notamment comment le critére

NLCC permet une analyse fine des résultats technico-économiques grace a ses avantages :

e Possibilité d’analyser la responsabilité des sous-systémes du réseau de raccordement sur le NLCC,
c’est-a-dire sur les cofits totaux (comprenant CAPEX, OPEX, pertes électriques). Ce point s’avere
notablement utile dans un contexte R&D ou l'environnement proposé peut étre utilisé pour
orienter des innovations technologiques.

e Mitigation de I'impact des paramétres financiers lors de la comparaison des architectures. La
connaissance précise des conditions financiéres retenue par un investisseur final n’est plus

indispensable. Cela constitue également un avantage dans un contexte R&D.

Les perspectives de ces travaux de recherche sont les suivantes :

e Miseen ceuvre de I'environnement d’aide a la décision proposé sur un grand nombre de cas d’étude
et principes d’architectures, en vue d’orienter I'innovation technologique vers des architectures
technico économiquement compétitives.

e Extension aux réseaux HVDC maillés, qui constituent le sujet de recherche majeur de SuperGrid
Institute, entreprise au sein de laquelle, en plus de ’Ecole Centrale Lille et du L2EP, et du G2Elab,
ces travaux de these ont été menés.

Modification de la formulation et de la résolution du probléme de dimensionnement des réseaux en vue
d’obtenir des optimums globaux. Cela pourrait d’avérer utile dans un contexte ou I’environnement proposé
est utilisé pour la conception du réseau électrique de projets éoliens en mer réels; auquel cas les
incertitudes sur les cofits d’investissement sont normalement moindre par rapporta un contexte R&D. Pour
atteindre cet objectif, une piste est donnée dans la thése. Elle implique la modification mineure de certains

des sous problemes de dimensionnement et requiére peu d’effort. Une autre piste consiste en l'usage d’'une

viii
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méthode d’optimisation dite de « target cascading », utilisé pour 'optimisation de systéme hiérarchisés

complexes (« systemes de systéme »), y compris, avec succes, dans le domaine du génie électrique.
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Abstract— Accurate cable modeling is a recurrent issue for
electric architecture evaluation and design, especially in
specific contexts, like offshore wind farms.

This paper proposes optimal analytical cable models for
the technical and economic assessment of offshore wind
generation systems.

Proposed models evaluate the electrical and thermal
behaviors of cables, as components of the complete
offshore wind generation transmission system. The cost
effectiveness of the latter is assessed by considering both
CAPEX and OPEX contributions.

A comparison with published models is also presented, and
illustrated on various cable designs. Among others, we can
see that the greater the section, the more interesting the
simplification model is. Also, we checked that the model
proposed by Brakelmann is correct in DC. For all other
cases, the model, based on standards, is preferred.

The proposed paper goes beyond cables modeling by
describing an assessment method based on specific cables
modeling, allowing the choice of cables within a holistic
assessment tool bringing decision support regarding
optimal design of offshore wind farm grid connection.

A system assessment based on the proposed model is
presented, for a typical HVAC architecture.

Index Terms— Cables, CAPEX, electrical behavior,
HVAC, HVDC, IEC 60287, modeling, offshore wind
farms, OPEX, thermal behavior.

1. ACRONYMS

PARAMETERS FOR GEOMETRICAL PROPERTIES

Symbol Quantity Unit
D, External diameter of the armor m
D, External diameter of one cable m
D; External diameter of insulation m
N, Number of steel wires of the armor
dy Internal diameter of the armor m
d, Diameter of one core m
S1 Distance between cables axes m
¢ Thickness of the insulation including semi-conductive m

1 layers

t3 Thickness of the outer covering m
tig Thickness of the « inner plastic sheath » m
t Thickness of the bedding itself m
tg Thickness of the metallic sheath m
I Diameter of one steel wire of the amour m
L Burying depth of cables m
c Distance between the axis of a conductor and the m

cable center (only for three-core cables)
s Axial distance between core conductors m

PARAMETERS FOR ELECTRIC PROPERTIES

Symbol Quantity Unit?

Ry DC resistance of the conductor at 20°C Q/m

Rg A Per unit length resistance 9()f the armor at temperature Q/m

A

Rc AC resistance for a given conductor temperature 6 Q/m
0 DC resistance of the conductor at maximum operating

Rpc Q/m

temperature

RO Per unit length resistance of the metallic sheath at /m
S temperature 6g

Wy Dielectric losses in the insulation W/m

ah Armor temperature coefficient of electrical resistivity K
20

at 20 °C
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Conductor temperature rise coefficient of electrical

c -1
%20 resistivity at 20 °C K
o Metallic sheath temperature coefficient of electrical K

20 resistivity at 20 °C
ar Factor for conductor resistivity rise

& Relative permittivity of insulation
X Factor taking into account the screening effect of the
1 sheath
Asheatn Sheath losses factor
Pa Resistivity of the armor at 20°C Q.m
Ds Resistivity of the metallic sheath at 20°C Q.m
U Phase to ground (core to metallic sheath) RMS v

0 voltage

C Core to ground equivalent capacitance F/m

1 RMS current in one core conductor A

X Per metallic sheath equivalent reactance Q/m

l Inductance per core conductor H/m

tané Loss angle of the insulating material
PARAMETERS FOR THERMAL PROPERTIES

Symbol Quantity Unit *
0 Operating temperature of the conductor °C
04 Temperature of the armor °C
O Temperature of the metallic sheath °C
0y External temperature °C

T Per unit length thermal resistance of the layer(s) K.m/W

1 between the core conductor and the metallic sheath ’

T Per unit length thermal resistance of the layer(s) Km/W

2 between the metallic sheath and the armor ’

T, Per unit length thermal resistance of the outer layer Km/W
of the cable
Per unit length thermal resistance of the sea bed at
T the proximity of the cable Km/W
o7 Soil thermal resistivity Km/W
pb Thermal resistivity of the cable bedding Km/W
pl Thermal resistivity of the insulation Km/W
pec Thermal resistivity of the outer covering Km/W

II. INTRODUCTION

Offshore wind applications offer a lot of scientific
challenges. One of them consists of being able to design,
optimize or just assess the economic viability of
possible infrastructures used to connect offshore wind
farms to shore. Depending on the considered system,
HVAC but also HVDC cables need to be modeled
(cabling system is the main driver in favor of DC). The
savings in losses and CAPEX obtained in regard to
cables can overcome the additional costs associated to
additional systems required for the DC technology to
operate (converter station and associated platform if
located offshore).

Cables represent then a key component in the
assessment of the complete system connecting offshore
wind farms to shore and most of the studies are based
on a very limited number of analytical models for losses
evaluation.

Lazaridis, Ackermann and al. [1] (2005) and
Lundberg [2] (2009) are pioneers in the assessment and
comparison of network architectures connecting
offshore wind farms to shore. More recently, some
studies were focused on the assessment [3-5] or
optimization [6—8] of industrially deployed collection

and transmission technologies. Others assess innovative
proposals [9-11]. Finally, some of the assessment
studies are done with an emphasis on the HVAC cabling
system [12—15].

We can cite three main sources for cable modeling,
which are IEC 60287 standards [16], [17], a model
proposed by H. Brakelmann [18] and a simplification,
considering a constant maximal temperature in the
cable.

In this paper, we discuss the validity of those models,
propose the complete explicit analytic model from IEC
60287 standards, and illustrate and compare those
models on typical cables for various sections and
voltages. Finally, we illustrate the usage of such models
in a system level perspective, by evaluating the
capitalized cost due to losses for a given architecture
based on cables modeling.

III. CABLES MODELS BASED ON STANDARD IEC
60287

The objective of the IEC 60287 standard is to
compute the ampacity of a cable. The ampacity is the
current which does not induce a temperature in the
conductor higher than the maximal acceptable value for
the insulation capability (for example 90°C for XLPE
AC cables and 70°C for XLPE DC cables) [19]. For that
purpose, models are proposed in that standard to
compute losses of an extensive set of cables and laying
conditions. The models presented in this paper are
extracted from this standard. Our objective is to propose
a comprehensive set of models with all needed
information for fast and accurate modeling of HVAC
and HVDC connections for infrastructures assessment.

For that purpose, section A presents losses
computation, section B is dedicated thermal resistances
computation and in section C these models are coupled
by using a power flow based on IEC 60287-2. Finally,
section D illustrates the pertinence of those models on
representative study cases.

A. Electric models for losses computation

The equations of this section are based on the standard
IEC 60287-1 [16]. For AC cables, they have been
previously proposed in [20] and [21]. The assumption
of any drying-out of the soil has been made for the
whole study, which is typically relevant for offshore
applications

1) DC cables

An electric DC cable as presented in Fig. 1 presents
no skin and proximity effects.

The model only consists in calculating the DC
resistance RS, corresponding to the core conductor
temperature 6 expressed in (1).

RBc = Ro. (1 + afy(6 — 20)) 1
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In this equation, the DC resistance of the conductor at
20°C is standardized and depends on the cross section
(see Table 2 of [22]).

Conductor

Conductor screen

Insulation

Insulation screen

Metallic sheath

Inner sheath

armour

—== — \
04 ——— I
— i \ Outer PE sheath

2 A

>

Figure. 1. Geometric parameters of DC cables.

2) AC cables

Unlike for DC cables, dielectric and induction losses
must be considered for AC cables. Fig. 2 shows the
required parameters of the model.

t
- N da

Metal sheath F + Conductor

" | |- Conductor s
Inner plastic sheath —

Insulation
Profiles

Bedding —
Insulation shi

Armour

64
Outer sheath (Polypropylene yarn) Optical fiber

Figure. 2. Geometric parameters of AC cables.

For that purpose, per unit length inductances and
capacitances are needed. They are usually extracted
from datasheets [23], [19] or calculated directly by
using (2) and (3).

C = _ & 1079

B Dy’ (2

18.In |

n (dc)

2s
[=210"". (ln (—) + 0.25) 3)

dc

a) AC conductor resistance

The model of the AC cable is based on the model of
the DC cable. The first step is to compute the AC
resistance which takes into account proximity and skin
effects, expressed in (4), (5) and (6).

Ric = Rpe- (1 + s + ) )
S5 5)
Ys =192 + 0.8x%

B X d.\* de\?

Y =192+ 0.8x; (?) \0'312 (?)
(6)

1,18 \
+

%1027
192+ 082 T O

With x¢ and x,, being arguments of a Bessel function

used to calculate skin effect; it can be obtained with (7)
and (8).

xf =—5 10_7-ks @)
8rif
s
xzf = RT 10_7.kp (8)
DC

Where k; and k,, depend on the geometry of the
conductor and are given in Table 2 of the standard IEC
60287-1. For example, for non-impregnated copper
round stranded conductor, kg = 1 and kp =1.

b) Losses in metallic sheath

The IEC 60287 standard specifies how to calculate
the losses in the metallic sheath by using the “sheath
losses factor” Agpeq¢:n Which is the ratio between the
losses in one metallic sheath and the losses in the
associated core conductor.

/‘lsheath = Aglreath + Ai:ggth (9)

Where:

Heatnis the part of Agpeqen caused by circulating

current in the sheath, expressed in (10).

eddy . . .
Ashec):thls the part of Agpeqen caused by circulating

eddy currents in the sheath. For a three core
cable such as the one considered here, with a
metallic sheath per core conductor, there are no
losses relative to eddy current, thus

eddy __
Asheath =0
0
ar _(Rs®) 15
sheath Rgc Res 2 (10)

()

Where X is given in (11) and R_?S is calculated in
(12).

X =4nf.107".1n (D. — ) an
95 _ pS L °
R = m((D; + t5)* = D7)’ ( (12)

+ a3,(8s — 20))
Where:
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(Dl- + ts) corresponds to the “mean diameter of the
screen”’, as defined in the standard 60287-1,
expressed in meters.

m((D; + tg)? — Dlz) corresponds to the cross
section of the metallic sheath, expressed in
square meters.

c) Losses in the armor

The IEC 60287 standard specifies how to calculate
the losses in the armor sheath by using the “armor losses
factor” Agpmor- It is the ratio between the third of the
losses in the armor and the losses in one core conductor.

Aa‘rmor R
1— =/
Gl 2 0g 1
= 123%(&) Ry (13)
’ 0 . 2
Re®\a/ (2. 77R%A106 .
2nf +

Where RSA is given in (14) and A} in (15).
4.p
) A
R, = N6l (1 + afy(6, — 20)) (14)

X

Cable manufacturers introduce an empirical formula
to take into account skin effects in armors to calculate
their losses per unit of length resistance. It is commonly
acknowledged by the cable community that losses in
three-core armored cables are overestimated when they
are calculated according to IEC-60287 [24], [25].

RS 1
M=z ) 0y 2 15
AC R (15)
1+ (L>

d) Dielectric losses in the insulation

The dielectric losses in the insulation w; depends on
the voltage. The dielectric loss per unit length in each
phase is given in (16), where C is calculated by using
(2).

wy = 2nf.C.U¢. tand (16)

For load flows computations, the resistance will be
considered as an equivalent AC resistance which takes
into account the losses in the metallic sheaths and in the
armor.

RAC,eq = Rgc(l + Asheath + Aa‘rmour) a7

B. Thermal model

The thermal model proposed in the IEC standard
60287-2 is based on the calculation of thermal
resistances [17]. It is therefore assumed that the thermal
steady state is reached, which can be a restrictive
hypothesis. No thermal dynamics are modeled, thus, the
resulting quantifications of losses and ampacity are
conservative.

In the standard, four different resistances are
calculated, between the core conductor, the metallic
sheath, the armor, the outer layer of the cable and the

sea bed at the vicinity of the cable, noted T; to Tj,.

T, and T; formally do not depend on whether the
cable is for AC or DC currents. T; is proposed in (18)
and T3 in (19).

pi ( 2t1)
_ P h 18
T, o In(1+ i (18)
pee ( 2t3)
_Pe 19
T, . In(1+ D (19)

1) Specific thermal resistances for DC cables

For a DC cable, two specific thermal resistances are

considered. The first one, T,, is expressed by (20).
b

LA (L) (20)
21 D,: + Zts

The second one, the thermal resistivity of
surrounding soil, T, depends on the laying conditions.
For existing DC power cables, there are normally two
cables, with opposite polarities and with currents in
opposite directions. They are buried in trenches, either
in a common trench, or in two different ones. Another
well spread technology is bundled cables. Depending on
that, mutual heating will significantly influence
ampacity and losses. For a DC cable, T, is then defined
by considering a mutual heating. In (21) the expression
of T, is given for “two cables having equal losses, laid
in a horizontal plane, spaced apart”.

1

T,

— S 2 _
T, = zin. In (u +u 1)
(21)
1 2L\?
+=-In{1+ (—)
2 S1
Where u is given in (22).
2L 27
u= D, (22)

In practice, L and s; (parameters defining laying
conditions) have a significant impact on T. L is usually
standard (typically in the range of 1-2m to obtain a
protection from all external damages such as anchors)
but s; depends on installation choices. For example, if
one trench is considered (because less costly), the worst
case should be considered, where s; = D,.

2) Specific thermal resistances for AC cables
For AC cables, T, is expressed in (23).
T, = 2 pl.G (23)
Where: G is a factor obtained by using an empirical
curve provided in the IEC 60297-2 standard. The value
is obtained calculating the rate r; proposed in (24) and
by using the bottom curve of [17] to get the
corresponding factor. The curve can be implemented in
the model of the cable as a look up table.
ty + tig
6 =D T 2,
For an AC cable, T, is given in (25), with u given in

(24)
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22).
1
_ s 2 _
Ty = 5_pi- In (u +u 1) (25)

C. Thermo-electric models coupling for more
accurate losses and ampacity evaluation

For a DC cable, the power balance between a
conductor and its environment gives (26), where A8 is
the difference between the temperature of the core
conductor and the undisturbed temperature of the sea
bed.

AO = RS .I?[Ty + T, + T3 + T,] (26)
Where [ is the rms current in one core conductor.
The phenomenon is more complex for AC than for DC
cables.

For an AC cable, the power balance in steady state
between the core conductor and the metallic sheath
gives (27).

0s =0 — (R3c.I1* + 0.5.w;). T, 27

The power balance in steady state between the core
conductor and the armor gives (28). Where n=3 for
three core AC cables.

— 0 j2
6, =0 — ((RYI* +0.5.w,).T, %)
+ (REcI*(1 + Ashearn) + Wq)-n. Ty

For an AC cable, the power balance between the
conductor and the sea bed gives the difference between
the temperature of the core conductor and the external
temperature of the sea bed in (29).

AB = 12. (RZCTl + TlRZC(]. + Asheath)TZ
+ n. ch(l + Asheath
+ Aarmour) * (T3 + T4))
+ Wy

(1 ) 29)
* E 1

The link between thermal and electrical models is
done in the same way for DC and AC cables (even if it
is slightly more complex for AC cables, which is the
reason why only the AC case is proposed here). The
ampacity of an AC cable can be calculated by using the
algorithm whose synoptic is depicted on Fig. 5. The core
conductor temperature of an AC cable 8 corresponding
to a current / and a resistance R, can be calculated by
using algorithms described in a very similar synoptic as
the one proposed in Fig. 3.

The losses factors for the metallic sheath and the
armor corresponding to this current I are also obtained
in the process. The equivalent resistance that takes into
account all currents-dependent losses in the cable Ry¢ ¢4
can be calculated by using (17).

- Set conductor temperature to its max value
0 = Omax

- Init conductor current I to arbitrary value (e.g
corresponding to 1A/mm?)
- Init stop criterion

e=10"*

r=1

¥
calculate thermal resistance Ty, T,, T3
and T4 with thermal model

v
_’t Whiler >¢
v

| Iprevinus iter =1 |

cable geometrical param
le—— cable materials thermal |

| «—— Laying conditions
(burying depth,
] soil thermal resistivity)

. cable materials thermal re:
Calculate core conductor R resistance

with electrical model «

Calculate sheath temperature 8¢ with
(27)
v

Calculate Agpeacn
v

Calculate armour temperature 84 with |

(28)
v

cable geometrical pa
’1— soil temperature

v

Calculate ampacity / with (29)
v

| Calculate Agmor

r= |1 - Ipreuiaus i!erl/lnorm

P
| Iz =1 |
v
Figure.3. Algorithm flow chart for calculating the
ampacity of an AC cable.

IV. VALIDATION OF THE MODELS

A. DC cable model

Implemented models are validated on the basis of
ampacity results because models are based on losses
models and because the ampacity is the major parameter
on which is based the variable model parameter (core
resistance) of cables.

Results of calculated cable ampacity are given in
TABLE 1, that can be compared with ABB cables
ampacities (with

8, =15°C, p7 = 1IK.W/m, L =1m)

TABLEI

VALIDATION OF DC MODEL ON THE BASIS OF AMPACITY

Ampacity Ampacity from Error

Section(mm?) from ABB (A) model at 320 kV (%)
[19] [62Y)

1200 1458 1415 2.9 %
1500 1644 1595 3.0 %
1800 1830 1770 33 %
2000 1953 1889 33 %

Errors can be explained by approximate values used
for the thickness of different layers and by interpretation
of what corresponds to “close laying”. Besides, the same
ampacity is given by ABB for all voltages, which, of
course, is an approximation. In any case, obtained
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results are close to data provided by manufacturers.
Corresponding losses can be found very close to actual
losses.

B. AC cable model

As public field measurements are very difficult to get,
IEC 60287 standards is considered to be the reference.
Ampacities and losses calculated according to standards
are provided in Nexans public catalogue for 33kV
submarine cables [21] (used for 630 mm?) and in non-
public sheets from Nexans (used for 185 mm? and 300
mm?). These data serve as validation references for
implemented models. Results are presented in TABLE
I

TABLE II
VALIDATION OF AC MODEL ON THE BASIS OF AMPACITY

Soil Water Ampacit  Ampacit  Erro

. thermal . temperatur Y, y, model r
Sectio resistivit Buryin e (°C) Nexans (A) (%)

n g depth
(mm?) y (m) data (A)
(W.K/m
)

185 1.0 1.0 32 390 394 1.0

%

300 0.7 0.3 25 670 674 0.6

%

630 1.0 1.0 20 721 715 0.8

%

Once again, obtained results are very close to
manufacturers data, with errors being below 1%.
Corresponding losses can be found very close to actual
losses as well.

V. APPLICATIONS OF THE MODELS

A. Comparison with state of art scientific literature

1) Model proposed by H. Brakelmann

A mathematical development allowing not to use the
iterative algorithm proposed in Section II was proposed
by H. Brakelmann to calculate losses [18]. The main
assumptions are similar to the standard, in particular, a
thermal steady state is considered to be always reached,
making possible the use of thermal resistances only.
Thus, the conductor’s resistances will depend on their
operating temperature.

The calculation of the conductor’s temperatures each
time for all currents would make the computation
process quite heavy. Therefore, a model was provided
to directly take into account currents as input parameters
to quantify resistances.

To do so, H. Brakelmann defines equivalent thermal
resistance of cables Ty, in (30) by taking into account
all layers and even heating in different layers due to
losses.

Tgrs = Ty + n(1 + Aspeatn )- T2 + (1

+ Asheath + Aarmor)(T3 (30)
+T,)

The temperature rises in conductors with the external

temperature A6, as reference for any current I/, using
Tgrs, as expressed in (31) and (32).

A0, = Tgps. RS- (ar. A8y + c,)I? (31)
e =1— ar(20°C —8,) (32)

Even if not expressed in [18], it should be noted that,
when writing equation (31), several errors are
introduced:

1. Proximity and skin effects factors depend on
the actual DC resistance of the conductor
and thus on its temperature.

2. The influence of dielectric losses on the
temperature is neglected.

By using equation (31), for I = I;,4, and assuming
that T, is constant, equal to its value for the maximal
current, it appears that A46; is only depending on
constant parameters and the current I, as expressed in

equation (33) and (34)..
I V2
Ca (Ima)

460, = A0 mqx- T\, (33)
Cm — Angax- ar (Imax>
Cn = 1+ ap(ABpmax + 0, — 20°C) (34)

Note that, in reality, Agpeqen and Agemor are not
constant and thus T, either, which is not considered in
this text.

Finally, the ratio between losses for any current / and
maximal losses for I, (respectively Pjgses; and
Piosses,imax» Without dielectric losses w) can be written
by taking into account the increase in resistivity due to
the temperature, as written in (35). Thus, by making the
assumption that the term Agpoqen + Agrmor 1S COnNstant
and that skin and proximity effects factor are also
constant (these assumptions are not clearly expressed in
[18]), by replacing A@; with (33) in (35), (36) can be
obtained, with vy expressed in (37).

Plosses,]
Plosses,]max
1+ ar (A6, + 6, — 20°C) I
T 1+ ap(ABppax + 6, — 20°C) (Imax)
% ( 1+ )lsheath + Aa‘rmor )

1+ Asheath,max + Aa‘rmor,max
I 2
Plosses,[ = Plosses,lmax (I_) Vg + Wy (36)

max

Ca
1 2 (37)
Cq + aT.AHLmaX' [1 - (E) ]

Finally, vg can be used to calculate the parametric

2

(35)

Vg =

resistance of conductors at the temperature 9, , Rg'ct,
with (38).
RS, = Rimax v, (38)

These analytical developments proposed by H.
Brakelmann allow decoupling the calculation of voltage
and current distributions from the calculation of losses.
The former is done by using lines equations with the
non-corrected resistance. The losses along the
transmission cable are then calculated by using (36) and
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(37) to compute the corrected resistance.
2) Quantitative validation, electric resistances

By assuming that implemented models coming from
IEC 60287 standards are valid for AC and DC, losses
are calculated for different loads. It is done for AC
cables, on the one hand, with complete calculation by
iteratively quantifying temperature of the conductor and
on the other hand, by using the analytical factor vg for
each loading current, having calculated once the
ampacity of the cable. The calculations are done with
the following laying conditions: 6, = 20°C , pj =
1K.W /m, and L = 1m. It will be the case for the paper
left.

A “real” interpolated vg set could then be built and
used in AC cables models as it would use an analytical
version of vg. For DC cables, the analytical vg can be
used directly without errors.

With the assumptions formulated in [18], the skin and
proximity effects factors are constant and computed for
the maximum admissible temperature. [18] also
assumes that shield and armor resistances are constant.
In reality, for lower temperatures (for example at the
core of the cable where charging currents are smaller),
conductivity is greater thus the skin depth decreases. In
that case, the equivalent AC resistance increases. This
can be explicated using Bessel equations as expressed
in [16], (7) and (8), or more simply by considering the
physical action of induction phenomena on the
equivalent resistance.

For illustration, Fig. 4 proposes the per unit length
resistance in function of the current in:

* Two 220kV AC cables with sections of
respectively 500mm? and 1000mm?,

e A 66KV cable, with a section of 185mm?.

e A DC #320kV cable, with a section of
1000mm*

Based on Fig. 4, we can propose some analyses, which
are also a guidance for the choice of model to be used.
For an AC cable, the more you increase the section the
more the difference between the standards and the
model proposed by H. Brakelmann is significant. This
is confirmed for a smaller section of 185mm?, where the
model proposed by H. Brakelmann has a lower relative
error compared to the actual resistance.

Also, for large sections the adequacy of the constant-
temperature model (which is used a lot in the literature
as it is given in data sheets) with the standards is more
relevant. Finally, the results show that for DC cables
(and any cross section), there is no difference anymore
between the standards and the model proposed by H.
Brakelmann.

= t t t
£ . on° .
: — Max(AC: 90°C, DC: 70°C)

X 0.14 , 1
= AC 66 KV, 185 mm2;
£ | EC 60287 based model
S 0124 eieren - Brakelmann L
=
20.10
o
00—
= AG 220 kV,'500 mm2 |72
S 0.06 !
A U T
g AC 220 kV, 1000 mm?
o 0.04
o
c
L0022 = =
= DC +-320 rv, 1000 ﬂmz
€ 0.00 ‘ ‘ |

0 200 400 600 800 1000 1200

current (A)

Figure. 4. Core conductor resistances depending on
the current. Comparison of the models on various AC
and DC cables.

B. Application of the proposed model for offshore
wind power transmission

1) Simultaneous design and power management for
HVAC cables

As stated by Gustavsen and Mo [13], due to
distributed capacitances of HVAC cables, there is a
charging current injection. As a result, the current is not
uniform along the cable. Due to the distributed
resistances and inductances, the voltage also evolves
along the cable.

Fig. 5 and Fig. 6 propose for different distances,
current and voltage distributions along the cable for a
220kV, 500mm? cross section cable instance; with
compensation on both sides. The results are given for
variables resistances on multiple PI section by using the

exposed model based on IEC 60287.
700 i

current (A)

cable ampacity

400 transmission distance: 50km (active power of 245MW)

transmission distance: 100km (active power of 235MW)
« transmission distance: 150km (active power of 209MW)

- transmission distance: 170km (active power of 192MW)

0 20 40 60 80 100 120 140 160
distance (km)

Figure. 5. Currents distribution. Example of a
220kV and 500mm? cable.

A distributed PI model of the cable is retained. It
gives a sufficient accuracy if the sections are small
enough. In the present work, PI sections of 1 km are
used. The proposed model is integrated into a numerical
load flow calculation by using the Pylon library [26] (a
Python equivalent of Matpower) similarly as what is
proposed in [15].
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In the present work, the power management and
compensation of the cable has been determined by using
the following objectives and constraints: 1) Maximizing
the active power to be transmitted (by imposing equality
between offshore and onshore currents). 2) Minimize
voltage drop along the line.

—— transmission distance: 50km

236 == transmission distance: 100km |
234 transmission distance: 150km

= transmission distance: 170km
232

voltage (kV)

0 20 40 60 8 100 120 140 160
distance (km)

Figure. 6. Voltages distribution. Example of a 220kV
and 500mm? cable.

The maximum current I,,,,, transmitted by the cable
comes from the ampacity model. It provides a first
physical constraint to operational conditions of the
cable. Another constraint is given by the maximal
permanent voltage U,,,,. It is taken equal to 1.07 * U,
[27] (which is not an active constraint with the chosen
reactive compensation configuration for 220 kV cables).

As the used strategy is to compensate the reactive
power of the cable at both sides, the maximal voltage is
below U4, - The maximal active power that can be
transmitted from the wind farm shall respect the onshore
and offshore current constraints, which are the critical
points where both active and reactive powers are
maximal. These two current boundaries lead to
equations (40), (41). With U(L) imposed to U,, and 1} is
the power efficiency of the cable at maximal transmitted
power.

tion?
P = J [V(0)- Imax]? = Qo ffinore (40)
compensation2
farm _ \/[U(l’)-lmax]2 ~ Qonshore 41)
max "

Fig. 7 proposes the schematic modeling of the cable
used for the computation. The PI sections are
represented directly from the compensation point to the
slack bus.

x=0 x=1L
HVAC cable
--------- slack bus
P = Prgrm PQ bus U=1Un
compensation 6=0

Q= Qoffshore
Fig. 7. Load flow case used for the determination of
optimal power management for a HVAC cable for a
given distance.
Fig. 9 shows the flow chart representing the practical
implementation of the presented methodology. Fig. 8

shows the maximum active power transmitted obtained
with the methodology for various distances and HVAC
(220 kV) cables cross sections. An inflexion point can
be observed in this figure, which corresponds to a
distance of around 190 km. After this distance, the

active power that can be transmitted collapses.
active power that can be transmitted for 220 (kV)
I
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A
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Figure. 8. Maximum active power that can be
transmitted from an offshore wind farm with optimal
compensation at both sides.

A typical installation consists in an offshore and
onshore reactor of similar features. Reactors can be
sized to fully or partially balance the cable capacitance
depending on grid code requirements.

Initialization
- estimate cable reactive power Q 450 by asssuming
U=Uyand I = I,,,4,
- Impose share of offshore compensation a4, = 0.5

. . compensation,
- Init offshore compensation: Qaffsfwrg =Qsharer Qcable

- Init maximum active power that can be transmitted
- Create multiple Pl sections load flow case
- Init while loop parameters
r=1,e=10*
- Init current constraint boolean: bool,,,-yens = False

v

[ While (r > & or bool yrent ) ]q—

v
Perform load flow with IEC 60287 based variable
resistances (iterations until convegence)
K 2

Extract U(X), I(X), Qcablel n
v
Set bool yyrent to True if
max(1(x))<l,,qx False otherwise
v

“1(0)-1()
| ST

- -1
| Ashare = (xshare+10 -T2
T

v
compensation_
Qoffshore = Qshare-Qcable
compensation_
Qonshore - (l'ashare)~Qcable

Compute maximum active power that can be
transmitted with max of (40) and (41)

Figure. 9. Chart flow of the cable design, with
reactive power compensation for a given distance
and cable cross section.
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In practice the compensation of long submarine cable
is achieved with multiple shunt reactors. The size and
location of these reactors is a tradeoff between
utilization of the capacity for power transmission and
the additional cost for installing several reactors [22].

2) Economic evaluation of HVAC cable losses

Table III proposes the annual energy losses and the
life span losses costs for a discount rate of 8% over a
period of 20 years of operation. The considered system
is composed of a HVAC transmission cable with a
500mm?2 section, 220kV, a distance of 100km and a cost

of energy of 100€/MWh.
TABLE III
ANNUAL ENERGY RESULTS — 500MM?, 220KV — 100KM
clzf;;zl;?f:n Annual energy losses Life span losses cost
method (MWh) (M€)
Max temperature 30400 52
IEC standards 29300 50
H. Brakelmann 28000 48

These results show that the choice of the resistance
model, i.e. one parameter of some components in the
whole system, has a significant impact on levelized cost
of the final infrastructure. Therefore, even in a system-
driven design perspective, the good choice of model as
well as its given precision are key components for
pertinent tools for decision support.

VI. Conclusion

This paper has proposed cable models for the technical
and economic evaluation of offshore wind generation
systems based on those cables, including their optimal
design and evaluation. The choice of the level of
accuracy for the model at each step of this process is
crucial in order to propose a relevant design and
evaluation tool for decision makers.

This integrated approach is based on cables modeling.
In this paper, three cables modeling are discussed; the
IEC 60287 standards are fully explicated, then
compared with the model proposed by H. Brakelmann
and a simplification model considering a constant
maximal temperature along the cable.

The comparison of the cable models is illustrated on
various cables, based on their section, voltage, etc. We
can see that the greater the section, the more interesting
the simplification model is. Also, we checked that the
model proposed by Brakelmann is correct in DC. For all
other cases, the model, based on standards, is preferred.

To conclude, the proposed paper goes beyond cables
modeling by describing an assessment method based on
specific cables modeling, allowing including the choice
of cables in a more global infrastructure assessment tool
for decision support regarding optimal design of
offshore wind farm grid connection.
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Abstract

The paper presents a tool for technical and economic assessment of offshore wind power connecting architectures
; they highly influence cost effectiveness of offshore wind generation, particularly when power electronic converter
based transmission technologies and long distance transmission cables are employed. Due to its models flexibility
and accuracy, the developed tool is powerful for analysis and design of innovative connection alternatives.

Introduction

Onshore wind power infrastructures are already installed at the most promising locations is Europe. In the same
time and with the advantage of higher wind resources and reduced intermittency, installed offshore wind power
(WP) generation is rapidly increasing, contributing to reach renewable energy rate targets. ENTSO-E considers
that it could represent an installed power of 25 GW in 2020 and 83 GW in 2030 [1]. However, offshore wind
energy cost still needs to decrease compared to other production sources. Energy cost is measured as the standard
LCOE: levelized cost of energy, (see equation (1)). LCOE basically depends on investment cost (of the whole
infrastructure including wind turbines) and annually produced energy (itself depending on overall power
efficiency). In a comprehensive study, in 2012, The Crown Estate (TCE) evaluated the potential in LCOE reduction
for offshore wind [2]. Besides finance and contracting, design and installation processes of wind turbines as well
as power collection and transmission infrastructures are considered as potential subjects of innovation. In 2013,
Prognos and Fichtner [3] carried out a similar study for German offshore wind power.

n It +0,+F
t=1 t
LCOE = (;’E”) )
n t
=11 4+r)
where:
I: investment cost at year ¢
O operating cost at year f; it includes at least maintenance
Fi: fuel cost of year ¢ (zero for wind power)
E: produced energy at year ¢
r discount rate
N: number of years the system is exploited

Collection and transmission infrastructures, forming together offshore connection grid, collects and transmits
power from wind turbines to onshore grid. It takes a substantial part in the LCOE as it implies electrical losses and
important investment costs, particularly when the wind farm is located far from shore and so HVDC transmission
is employed. As a result, there is a strong need to improve connection grid regarding both investment cost and
losses. For instance, the current connection solution (Figure 1) for offshore wind farms far from shore implies,
among others, costly platforms for MMCs (Modular Multilevel Converters) [4], [5]. TCE study [2] is holistic and
could not assess in detail technological alternatives for power connection. Several studies tackled this problematic,
starting with Lundberg’s [6] and others [7], [8]. Main limitations of these studies are either that considered

1
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technologies are outdated (a HVDC two level voltage source rectifier is typically not competitive in comparison
to the MMC) or technical and economic assessment tools are built considering technological alternatives a priori,
making the assessment of new alternatives costly in software development. Finally, losses models are sometimes
not sufficiently accurate, this is particularly the case for submarine cables.

Offshore Onshore
export MMC
>@’\\ n /
150 kV £ +320 kV DC /
collection AC
/ transmission
33/66 kV AC

Figure 1: Technological solution for long distance offshore wind farms connection

A tool has been developed to assess innovative connection alternatives (including “all-in DC” solutions, Figure 2)
for which power electronic converters are a key technology [9]. Power electronics application must take into
account grid system (including cables, mechanical structures etc.) and intrinsic constraints. Optimized sizing of
innovative connection alternatives is a must as it limits the risk of biased conclusion on comparison of different
alternatives: each should be assessed with optimized cables routing and components power ratings. Therefore the
tool development roadmap therefore includes the ability to perform design optimization for connection
alternatives.

The structure of the paper is so that in a first part, the assessment tool structure is presented with included models
and prospects for optimization extension. The application of the tool to a comparison of inter-array voltage level
alternatives (33 kV AC or 66 kV AC) is then presented on a realistic case study.

transmission /M MC
L\ 320 kV DC \ :‘/\

collection Offshore

~+50 kv DC % Onshore

Figure 2: All-in DC generic structure for long distance offshore wind farms connection

I. Assessment tool framework and models

The assessment tool (synoptic scheme Figure 3) was designed to perform both technical and economic quantitative
analysis. Flexibility of the tool is a strong requirement as it must be possible to assess different connection
alternatives, even if they are considered a posteriori. Another requirement is the accuracy of quantitative
performance evaluation (efficiency and costs encompassed in the LCOE) as criteria should be used for decision
making.

2
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I.1 Assessment tool framework

The tool is developed in the object oriented language python for which there are numerous scientific libraries and
which is highly flexible. To perform an assessment, the tool must consider a case study and a technological
connection alternative. A case study comprises the definition of the wind farm total installed power, the wind
turbines power rating, the wind resources and the distance to shore if the transmission network is a part of the
analyzed system.

Technological

Components
Case study solutionm Tt s

[ |

| l
Weibull parameters | Distance to shore TechQ|c_al constraints

Installed power Association rules

. :
Wind power simulator Design heuristic: Grrmrmnnnany
(including wake effect) -Select components .

| -Size selected components

Wind turbines power outputs I

v o
<«———— Grid architecture Optimization
Load flow simulator v algorithm
CAPEX evaluation
|
Annual energy output
! l CAPEX

Aggregated criterion
(eg. LCOE)

Aggregated criterion evaluation

Figure 3: Synoptic of an assessment tool dedicated to offshore wind connection grid studies

The “Design heuristic” block in the synoptic scheme represents the method for the building of the connection
system from a component data base defined by choice of a technological alternative. It constructs the architecture
of the grid by defining its topology (connections between components) and by performing sizing of each
component on the basis of its power rating. The result is a grid system represented by a graph whose edges and
vertices are components (using NetworkX Python library).

The obtained architecture is analyzed by a CAPEX (CAPital EXpenditure) evaluation method. In parallel, a wind
power simulator determines the power produced by each turbine depending on the wind velocity distribution. The
grid architecture and the power to be collected and transmitted are taken as inputs for the load flow simulator.

The “load flow simulator” encompasses load flow methods (for both AC and DC) and is able to compute the losses
and to check if the electrical static constraints (typically permanent overvoltage or overcurrent) are respected.

The “Load flow simulator” has electrical variables (voltages, currents) and energetic variables (active branches
and reactive power inputs/outputs) as results. Probabilistic expected values of any of these numerous variables can
be computed by using a Weibull distribution function, which models wind resources (see probability density
function fy 5 in equation (2), where k and 1 are respectively shape and scale parameters of Weibull law).
Probabilistic expected values are calculated on the basis of equation (3), where Y is a quantity depending on wind
velocity, whose expected value E(Y) is computed. Y can typically be produced power. v, and v, are
respectively cut in and cut out speeds of wind turbines. Annual produced energy of the wind farm E;,,,,4; is the
major macro energetic quantity. It is computed as the multiplication of one year duration T with expected produced
power at the PCC (Point of Common Coupling) (see equation (4) where P, is power at PCC). Finally, LCOE
criterion is computed from CAPEX and annual produced energy criteria.

fws@) = %( ; )k_l e_(%)k 2)
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Though not yet implemented, one milestone of the midterm development roadmap is to include an optimization
loop (e.g. based on a metaheuristic algorithm) to the tool so to comply with the requirement of unbiased
conclusions for alternatives comparison, particularly for component sizing. Currently, used heuristic minimizes
CAPEX whilst respecting rating constraints (e.g. for selection of a cable, the one with the smallest core cross
section ensuring that maximal operating current is lower than ampacity is retained).

E[Y] = f "Y ). fs@)dv 3)
Eannual = T- f maxPPCC(v)-fWB (U) dU (4)

I.2 Components and load-flow models

Wind power simulator uses wind turbine models based on industrial wind velocity/power curves. The “Load flow
simulator” uses pylon library (Transcription of Matpower in Python language) for AC load flows and a new DC
backward forward developed algorithm for DC load flows. Wind turbines are modelled as PQ buses in load flow
models (Q being inexistent in DC case). Impedances parameters used in both AC and DC load flow methods are
based on component models. Cables models are based on IEC 60287 standard [10]. For AC cables, the use of cable
core impedance is not sufficient since it neglects losses in screen and armors due to circulating currents while they
are quite important for AC submarine cables (e.g. around 15 % for 33 kV). Developed cable models also take into
account the loading dependence [11][12] which results to conductor temperature variations. Transformers are
modelled with a pi description scheme by using per unit parameters. Power electronic components such as HVDC
converters (AC/DC or DC/DC) are modelled by means of efficiency curves determined offline; it makes the
simulation much faster and compatible with an optimization process.

Even though power losses are paramount, investment costs models and especially associated input data cannot be
neglected because they strongly influence the LCOE. Wind turbines supply and installation investment costs are
based on analytical models derived from Prognos and Fichtner data [3]. Cables, transformers, switchgears and
HVDC converters investment costs are calculated with analytical models also derived from public data, coming
from [5] for HV and from [13] for MV. Mechanical offshore structures (such as platforms) investment costs data
are also taken from [5]. For AC platforms, internal additional knowledge is used to build models of jacket and
topside weights depending on apparent power of offshore substation transformers, on water depth and on number
of J-tubes. Platform cost model then depends on jacket and topside weights.

IL 33 kV AC and 66 kV AC voltage levels comparison.

Inter-array grid collects power from wind turbines of a wind farm and is connected with an offshore AC substation.
Up to now, it was based on an AC 33 kV voltage system. However, wind farms and turbines power ratings are
continuously increasing [14], making the use of higher collection voltage level (66 kV) interesting [13], [15]. It is
proposed to apply the assessment tool to the comparative study of 33 kV and 66 kV voltage systems for inter-array
grids.

For this purpose, the studied system consists of wind turbines
including their mechanical structures, inter-array cables and AC
substations (These last ones are the interfaces between a collection
grid and export grid). An AC substation comprises one or several
transformers in parallel, MV and HV switchgears and bus bars.
Mechanical platforms are parts of the studied system: they are
made of foundation, carrying part (jacket), and topside part. J-tubes >@
are important elements associated to platforms; their function is to

serve as sheaths for cables from sea bed to topsides. As their

number depends on number of feeders their contribution to 33/66 kV AC
platform costs are impacted by inter-array grid voltage level. Power

outputs of the studied system are measured at secondary sides of ~ Figure 4: Schematic of one cluster system including
export transformers. A schematic of the studied system is " furbines inter-array cables and AC plaiform
represented in Figure 4.
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1.1 Study case presentation

LCOE of studied system depends not only on electrical part but on many other factors such as wind resources,
wind turbine performances (fluids mechanic and electrical overall efficiency) and wind turbines locations. As a
result, it is paramount not to base results on unrealistic conditions. The study is therefore applied to a real study
case, being Borssele wind farm which counts two clusters of one hundred wind turbines each. As wind turbine
individual power rating is 7 MW, total peak installed power is 1400 MW. Data are taken from [13] for wind farm
layout and from [16] for wind resources (k =2.2 and A = 10.57 m/s, corresponding to Weibull distribution function
represented in Figure 5 (a)). The 7 MW wind turbine power curve characteristic is taken from TCE study [2] and
is shown Figure 5 (b).
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(a) Weibull density probability function (b) wind turbine power curve

Figure 5: Study case dependence to wind velocity definition

By using these data, the design heuristic defines the grid architecture as mentioned in section I. The obtained
graphs (see Figure 6 where there are two clusters in both 33 kV and 66 kV cases) are then analyzed by assessment
blocks to compute indexes (annual yield energy at the export transformers output side, investment cost and
obtained LCOE).

(a) 33 kV (b) 66 kV
Figure 6: Obtained network architectures by considering 33 kV (cluster 1) and 66 kV (cluster 2) voltage levels)

11.2 Capital expenditures analysis

CAPEX of the studied system is drastically dominated by wind turbines total CAPEX (including tower and
foundation, supply and installation costs) (see Figure 7 (a)). Indeed wind turbines total CAPEX represents close
to 90 % of total CAPEX for the studied system. As a result, a limited share of total CAPEX is impacted by change
of inter-array cables voltage level from 33 kV to 66 kV. This impacted CAPEX is represented in Figure 7 (b).

Components unitary supply costs are basically higher for 66 kV than for 33 kV (around +15% for cables supply,
+350% for MV switchgears and +100% for LV/MV wind turbines transformers) but total investment costs at
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system level depend on discriminating factors: the inter-array cables total length and the number of feeders per
offshore substation.

In the studied case, there are 430 km of inter-array cables for 33 kV and 310 km for 66 kV. There are 20 and 10
feeders (and as many J tubes and MV switchgears bays) per AC substation for 33 kV, respectively 66 kV inter-
array voltage levels. Investment cost variation direction depends on following items:

* AC platform total CAPEX decreases by around 2% from 33 kV to 66 kV due to the lower number of J-
tubes.

» Total CAPEX for MV switchgears of offshore substations is almost twice as high in 66 kV compared to
33 kV. This is because unitary cost increase is not compensated by decrease of number of units.

* Total CAPEX for inter-array cables (supply and installation costs) decreases by around 30%: this is
because supply costs per unit length of cables increases but is compensated by decrease of total cabling
length.

* The total incremental cost of wind turbines due to encapsulated LV/MV transformers and MW
switchgears costs increase for 66 kV compared to 33 kV. In share of total CAPEX, this total incremental
cost is the most important cost increase (of the same magnitude order as the savings in the inter-array
cabling system). However, as stated in [13], involved technologies could become less expensive as their
maturity increases.

Finally, as a result of above mentioned elements, Figure 7 (b) shows a moderate decrease in CAPEX of studied
system in 66 kV compared to 33 kV: -0.47% on the basis of total CAPEX given in Figure 7 (a)), representing 17
ME€.
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EEm Wind turbines mEm transformers
6000 . ### collection cables L w## AC platforms
AC platforms 600 - switchgears HV
mmm transformers mmm switchgears MV
. 5000 1 switchgears MV . 500 W collection cables
§ swmn switchgears HV g sw@n wind turbines incremental cost
é 4000 é 200
= /2100 0 777 = I,
%5 3000 W 300 -
a o
< <
o o
2000 - 200
# %
4 - 4 LoD LD LD DL DD LD DL IEEEEEEEEEEEEEEE.
AC 66 kV AC 33 kV AC 66 kV AC 33 kv
(@ Full system (b) without common wind turbine CAPEX share
Figure 7: CAPEX breakdown for 33kV and 66kV inter-array cables voltage levels
I1.3 Inter-array power losses analysis

Power losses in inter-array cables logically decrease in 66 kV in comparison to 33 kV. Figure 8 shows evolution
of power losses depending on the power produced in cluster 1 and in cluster 2.

Table 1 shows mean annual quantities corresponding to these losses calculated by using equation (3). It should be
highlighted that mean annual power losses are the same as annual energy losses in percentage. These losses are in
the order of 1% of the annual produced energy, which is of the same magnitude order as losses in a MMC HVDC
converter. They cannot be neglected and are almost two times higher in 33 kV compared to 66 kV.

Another index to observe the discriminating impact of power losses in inter-array cables is the produced power
after export transformers located on offshore AC platforms: The corresponding annual yield energy measured after
export transformers is 5785 GW and 5817 GWh for 33 kV respectively 66 kV. It corresponds to an increase in
annual energy of 0.55% (see Table 2).
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Figure 8: Losses in inter-array cables depending on power produced by wind turbines.

Table 1: indexes on inter-array cables power losses

Wind turbines Wind turbines Mean annual | Losses percentage
Cluster Mean annual gross load Voltage level inter-array of mean annual
produced power factor kV) power losses produced power
MW) MW)
Cluster 1 335 47.8 % 33 3.77 1.13 %
66 1.98 0.59 %
Cluster 2 335 47.8 % 33 3.62 1.08 %
66 1.90 0.57 %

1.4 Synthesis

LCOE is calculated with a 20 years life span and a 9% discount rate. LCOE OPEX costs (maintenance, insurance
and transmission charges), derived from values per installed peak power given in The Crown Estate study [2], are
used in 33 kV and 66 kV cases. As system CAPEX decreases and annual yield energy increases when changing
inter-array cables from 33 kV to 66 kV, LCOE decreases, as summed up in Table 2.

Table 2: technical and economic macro indexes

Inter-array | Total annual System LCOE
voltage yield energy | CAPEX (M€) | (€/MWh)
(kV) (GWh)
33 5785 3655 133.2
66 5817 3638 132.1

Up to a certain point, multiplying feeders can allow collecting the produced power with higher and higher power
ratings but it turns to become costly in inter-array cabling. This makes it interesting to consider 66 kV voltage
level rather than 33 kV because cabling costs savings compensate cost increases of items (such as MV switchgears
and LV/MYV transformers in wind turbines). One could argue that multiplying the number of platforms could allow
carrying on with 33 kV but the cost of platforms would likely become prohibitive.

LCOE criterion has the advantage to avoid introducing bias as parameterized criteria with the cost of energy.
Moreover, LCOE criterion allows to be aware of the importance in the influence of a studied factor at the system
level, presently inter-array voltage level. This criterion finally has the advantage to give an information on relative
importance of efficiency and investment cost.
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Conclusion

The challenges to meet regarding offshore wind power cost reduction require to improve the connection system
(including collection and transmission). This must take into account electrical passive and active components
(basically power electronic converters, mainly dedicated to HVDC conversion) as much as the influence of their
weights and volumes on mechanical structures costs. To follow this innovation requirement, a tool dedicated to
the assessment of offshore wind connection alternatives was developed and presented in this paper. The tool has
been designed to be compatible with the analysis and optimization of HVDC multi terminal grids. Moreover, the
accuracy of costs and losses models is an important requirement. It is met by using advanced modelling, as for AC
and DC cables models (based on IEC 60287) with the temperature influence. In the paper, the assessment tool is
applied to do a comparative study on voltage collection grid level (33 kV AC or 66 kV AC).

Further studies could be done to assess the opportunity to employ 66 kV voltage level as both inter-array system
and direct connection to shore for short distances. The prospects for tool extension include the possibility to
optimize the design of the offshore wind connection systems for a given technological connection alternative. It is
currently based on heuristics. Reliability studies should also be done to quantify forced energy unavailability (as
expected value or including uncertainties information into account) due to components outage. The assessment
and optimization tool should not only be used for proven (and costly) technologies (such as MMC based HVDC
transmission) but also for highly innovative alternatives such as of “all-in DC” solutions, implying DC/DC
converters whose design specification is a complex holistic problem.
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1. Introduction

> Offshore wind farms far from shore
Electrical system from importantly influences cost-effectiveness

Need for innovative cost-effective connection alternatives

> Need for a criterion imposing cost-effectiveness at system level (including production)

LCOE used in The Crown Estate study (2012) et Prognos and Fichtner study (2013) on offshore wind energy cost

reduction
0; + F; CAPEX : investment cost
CAPEX + Z?:l 1+t AEP: annual energy produced
LCOE = AEP O, . operating cost at year £; it includes at least maintenance
?=1 m F,: fuel cost of year ¢ (zero for wind power)
r r: discount rate

N: number of years the system is exploited
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1. Introduction

2 State of the art MMC based connection alternative

Offshore Onshore

export MMC
MMC
(O

\\ ,\I ] \/\
4 +320kV DC A
collection 150 kV AC

/ transmission

33/66 kV AC
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1. Introduction

> “All-in DC” connection alternative principle

transmission / MMC
L N\T +320 kV DC \ v

collection Offshore

~+50 kv DC S Onshore
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2. Assessment tool framework

> Assessment tool structure

@ Given connection
alternative

o Given case study
* Wind farm layout
* Distance to shore
* Wind resources

SuperGrid ;‘\LL:"&P

' Laboratoire d'électrotechnique et
M ‘» d'électronique de puissance de Lille

Connection Components

data base

alternative
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2. Assessment tool framework

2> Assessment tool structure

Weibull parameters

© An heuristic designs
the grid system

SuperGrid %L&&p
—Institute AV somriteny

Connection

Components

alternative data base

Technical constraints

j Association rules
v

Design heuristic:
-Select components
-Size selected components

Distance to shore
* Installed power

Grid architecture
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2. Assessment tool framework

2> Assessment tool structure

Connection Components

alternative data base

Weibull parameters Distance to shore Technical constraints

Association rules
* Installed power I v

Design heuristic:
-Select components
-Size selected components

Grid architecture
o CAPEX is evaluated based \ 2
On analytical models fitting
real world data

CAPEX evaluation

£ CAPEX

SuperGrid NL&&p

Institute y Laborataire d électrotechnigue et
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2. Assessment tool framework

> Assessment tool structure
© Wind simulator
Computes produced power
For different wind regimes

© Load flow simulator Connection

. . Components
Computes electrical variables alternative data base

By using impedances computed
with advanced components
models (e.g. based on IEC 60297

for cables) * Installed power j Association rules

Weibull parameters Distance to shore Technical constraints

v

@ Annual energy produced (AEP) Wind power simulator Design heuristic:

Is computed by integrating regimes -Select components
P Y & gres | -Size selected components

Wind turbines power outputs I
v
&———— Grid architecture
Vmax W
AEP =T. f PPCC (U) fWB (v) dv Load flow simulator
Vmin .
CAPEX evaluation

Annual energy produced

k k-1 v k CAPEX
fus = 3(7) ' i
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2. Assessment tool framework

2 Assessment tool structure

© System criterion (e.g LCOE)

can be computed

Connection Components
R 0, alternative data base
CAPEX + Zt=1m
LCOE = AEP
n
t=1 1+7r t . .
( ) Weibull parameters Distance to shore Technical constraints

CAPEX : investment cost
AEP: annual energy produced
O, . operating cost at year f;

r: discount rate

v

Installed power

j Association rules
v

Wind power simulator

Design heuristic:
-Select components

Wind turbines power outputs

v

-Size selected components

&———— Grid architecture
v

N: number of years the system is exploited

Load flow simulator

CAPEX evaluation
|
Annual energy produced
v l CAPEX
9 Aggregated criterion

Aggregated criterion evaluation (eg. LCOE)

SuperGrid
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2. Assessment tool framework

2 Assessment tool structure

Connection

Components

© Next step is to optimize

Weibull parameters

v

alternative

Technical constraints

j Association rules
v

Distance to shore
Installed power

Wind power simulator

Design heuristic:
-Select components
-Size selected components

1
Wind turbines power outputs

data base

7 —

The design by guiding heuristic v
&———— Grid architecture Optimization
algorithm

Load flow simulator “' 9

CAPEX evaluation .

| .

Annual energy produced :

v ¢ CAPEX .

.é. Aggregated criterion 3

Aggregated criterion evaluation (eg. LCOE)
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3. Study case presentation for 33 kV/ 66 kV comparison

Studied system

> Clusters of a wind farm from wind turbines to export transformer
wind turbines Points where AEP is quantified

Collection cables l

Offshore AC station

Q)

Offshore transformer
collection

Switchgears

2%

33/66 kV AC

. 1)
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3. Study case presentation for 33 kV/ 66 kV comparison

case study: Borseele wind farm

7 MW wind turbines

Wind resources corresponding to real word data

Electrical power output (MW)
=] Ll N w & w o ~N ©

> Weibull shape parameter: 2.2

[}
u

10 15 20 25 30
wind velocity (m/s)

> Weibull scale parameter: 10.57 m/s

Layout from expert knowledge (public report from TenneT)
33 kV 66 kV

L+ /a4 cluster 2

B —
..‘1/'.
o

DNV GL Energy, “Tennet, NL Offshore Wind Farm Transmission Systems - 66 kV systems
for offshore wind farms,” prepared for TenneT, 2015.
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4. Quantitative comparison of 33 kV/ 66 kV

Comparison of total power losses in collection cables
10

1 1 ‘ !
— AC66 kV — AC66kV
T = AC 33 kV = AC 33 kV

-
o

. /S
yrd

S~

power losses in inter-array cables (MW)
(o)
power losses in inter-array cables (MW)
o

2 /r// 2 ////
0 0
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
total injected power in cluster 1 (MW) total injected power in cluster 2 (MW)

Wind turbines | Wind turbines Mean annual Losses
Cluster W EET I gross load Voltage level inter-array percentage of

produced power factor (kV) power losses mean annual
produced

66 1.98 0.59 %

Cluster 1

Cluster 2 335 47.8 % 33 3.62 1.08 %
—_— 66 1.90 0.57 %
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4. Quantitative comparison of 33 kV/ 66 kV

CAPEX comparison
> Overall system breakdown shows dominant share of wind turbines

CAPEX breakdown

T
B Wind turbines
B collection cables
mmm AC platfarms
B transformers
5000 + switchgears MV
e switchgears HV

6000 +-

4000

3000+

CAPEX (Meuros)

2000+

1000 -

AC 33 kV AC 66 kV
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4. Quantitative comparison of 33 kV/ 66 kV

CAPEX comparison
Electrical system CAPEX breakdown

CAPEX breakdown

=» MV cables total cost increase ( - 30 %) ;
> Supply cost increase per unit length + 12% 700 mmm transformers
> Total length mmm AC platforms
33 kV: 430 km 600 mmm switchgears HV
66 kV: 310 km B switchgears MV
500 collection cables
=» MV switchgears total cost increase ( + 100 %) @ [Z wind turbines incremental cost
2> Unitary cost increase + 350 % 5
> Number of feeders/bays 2 400 \
33 kV: 40 =
66 kV: 20 w
o
<
O
=» Platform cost decrease (- 2%) due to less feeders i
(J tubes) .
-
= W.ind turbine cost increase (encapsulated LV/MV I -
transformer and switchgears)
AC 33 kV AC 66 kV
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4. Quantitative comparison of 33 kV/ 66 kV

Synthesis
S I

(kV) System CAPEX (M€) LCOE (€/MWHh)
5785 3655 12353

66 5817 3638 122.55

=>» 0.46 % CAPEX decrease

=» 0.55 % APE increase

=» 0.79 % LCOE increase (9 % discount rate with 20 years life span)

> Absolute value depend on maintenance costs, taken from The crown Estate public data

« Little brooks make great rivers »
BVG. Associates, “Offshore wind cost reduction pathways Technology work stream,” prepared for The Crown Estate, 2012.
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5. Conclusion

=» The study confirms the interest of 66 kV collection cables
2> With 7 MW wind turbines, knowing that there are already ratings above

=» LCOE criterion ?

+ gives information on relative weights of criteria (efficiency, CAPEX)
+ low variation reflects limited energy cost share of studied system
- low sensitivity to electrical connection system technology/design

> Ongoing work and prospects on the use of LCC (Life Cycle Cost) equivalent to LCOE
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Thank you!

Questions
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