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Abstract

Many EU countries aim at reducing fossil fuels in the near future, hence an efficient
production of green energy is very important to reach this goal. In this paper we
address the optimization of cable connections between turbines in an offshore wind
park. Different versions of the problem have been studied in the recent literature.
As turbines are becoming still more customized, it is important to be able to eval-
uate the impact of new technologies with a flexible optimization tool for scenario
evaluation. In a previous joint project with Vattenfall BA Wind (a global leader
in energy production) we have studied and modelled the main constraints arising
in practical cases. Building on that model, in the present paper, we address new
technological features that have been recently proposed by Vattenfall’s experts. We
show how some new features can be modelled and solved using a Mixed-Integer
Linear Programming paradigm. We report and discuss computational results on



the performance of our new models on a set of real-world instances provided by
Vattenfall.

Keywords: Network models, wind farm optimization, mixed-integer linear
programming, computational analysis.

1 Introduction

The production of green (in particular, wind) energy is an important instru-
ment in limiting the climate changes of the world. As modern wind parks are
getting bigger in size and in produced power, it is very important to optimize
their design. Designing a wind farm is, however, a complex process includ-
ing selection of the right site, optimizing the location of each turbine [11,14],
establishing the infrastructure [2] and connecting the farm to the existing
electrical grid [22].

In this paper we address the optimization of cable connections among
offshore turbines, called cable routing in what follows. When turbines are
located offshore their energy production is first transmitted to one or more
collection points (substations) using lower voltage cables (33 or 66 kV), called
inter-array cables. The energy is then moved from the substations to shore
using higher voltage cables, called export cables. We will here focus on the
inter-array cable optimization. The original version of this problem consists
of connecting all the offshore turbines to one (or more) offshore substation(s),
minimizing the total cable cost. The final cable layout has a tree structure
where the non-root nodes correspond to the given turbines, the substations
play the role of roots, and the energy (i.e., the electric current) flows from the
nodes to the roots along the tree. Figure 1 gives an example of cable layout
for a real wind park.

A number of constraints must be taken into account when designing a
feasible cable routing. First of all, the energy flow is unsplittable, i.e., the
flow leaving a turbine must be supported by a single cable. In addition, each
substation has a physical layout that imposes a maximum number of entering
cables. Cable crossings should be avoided, as establishing one cable across

1 Work supported by Innovation Fund Denmark. Thanks to Jesper Runge Kristoffersen,
Iulian Vranceanu, Thomas Hjort, Mads Krogsgaard and Kenneth Skaug from Vattenfall BA
Wind who helped us in defining the cable routing constraints.
2 Email: martina.fischetti@vattenfall.com
3 Email: dapi@dtu.dk



G11

G10

G09

G08

G07

G06

G05

G04

G03

G02

G01

F14

F13

F12

F11

F10

F09

F08

F07

F06

F05

F04

F03

F02

F01

E17

E16

E15

E14

E13

E12

E11

E10

E09

E08

E07

E06

E05

E04

E03

E02

E01

D17

D16

D15

D14

D13

D12

D11

D10

D09

D08

D07

D06

D05

D04

D03

D02

D01

C15

C14

C13

C12

C11

C10

C09

C08

C07

C06

C05

C04

C03

C02

C01

B14

B13

B12

B11

B10

B09

B08

B07

B06

B05

B04

B03

B02

B01

A12

A11

A10

A09

A08

A07

A06

A05

A04

A03

A02

A01

1°44'E

1°44'E

1°43'E

1°43'E

1°42'E

1°42'E

1°41'E

1°41'E

1°40'E

1°40'E

1°39'E

1°39'E

1°38'E

1°38'E

1°37'E

1°37'E

1°36'E

1°36'E

1°35'E

1°35'E

1°34'E

1°34'E

1°33'E

1°33'E

1°32'E

1°32'E

51°28'N 51°28'N

51°27'N 51°27'N

51°26'N 51°26'N

51°25'N 51°25'N

51°24'N 51°24'N

NOT TO BE USED FOR NAVIGATION

EMERGENCY CONTACT NUMBER:
01843 572136

PLEASE KEEP CLEAR OF AND DO NOT DAMAGE SUBSEA CABLES THESE CABLES CARRY HIGH VOLTAGES AND CAN BE DANGEROUS TO LIFE IT IS AN OFFENCE TO WILFULLY DAMAGE SUBSEA CABLES

Kingfisher Awareness Chart

51°24.051'N 001°41.267'E
51°24.162'N 001°37.662'E
51°26.577'N 001°34.174'E
51°27.648'N 001°36.072'E
51°27.647'N 001°38.121'E
51°25.461'N 001°41.274'E
51°24.051'N 001°41.267'E

EXTENT COORDINATES
51°28.290'N 001°38.070'E

BUOY COORDINATE

TURBINE TURBINE
A01 51°26.479'N 001°34.642'E D10 51°25.578'N 001°38.296'E
A02 51°26.287'N 001°34.919'E D11 51°25.385'N 001°38.573'E
A03 51°26.095'N 001°35.197'E D12 51°25.193'N 001°38.851'E
A04 51°25.903'N 001°35.474'E D13 51°25.001'N 001°39.128'E
A05 51°25.711'N 001°35.752'E D14 51°24.809'N 001°39.404'E
A06 51°25.519'N 001°36.029'E D15 51°24.617'N 001°39.682'E
A07 51°25.327'N 001°36.307'E D16 51°24.425'N 001°39.959'E
A08 51°25.134'N 001°36.584'E D17 51°24.232'N 001°40.236'E
A09 51°24.942'N 001°36.861'E E01 51°27.454'N 001°36.371'E
A10 51°24.750'N 001°37.138'E E02 51°27.262'N 001°36.649'E
A11 51°24.558'N 001°37.416'E E03 51°27.070'N 001°36.926'E
A12 51°24.366'N 001°37.693'E E04 51°26.878'N 001°37.204'E
B01 51°26.819'N 001°34.935'E E05 51°26.686'N 001°37.481'E
B02 51°26.627'N 001°35.213'E E06 51°26.494'N 001°37.758'E
B03 51°26.435'N 001°35.490'E E07 51°26.302'N 001°38.036'E
B04 51°26.243'N 001°35.768'E E08 51°26.110'N 001°38.313'E
B05 51°26.051'N 001°36.045'E E09 51°25.918'N 001°38.590'E
B06 51°25.858'N 001°36.323'E E10 51°25.725'N 001°38.867'E
B07 51°25.667'N 001°36.600'E E11 51°25.533'N 001°39.145'E
B08 51°25.474'N 001°36.878'E E12 51°25.341'N 001°39.422'E
B09 51°25.282'N 001°37.155'E E13 51°25.149'N 001°39.699'E
B10 51°25.090'N 001°37.432'E E14 51°24.956'N 001°39.976'E
B11 51°24.898'N 001°37.709'E E15 51°24.764'N 001°40.253'E
B12 51°24.706'N 001°37.986'E E16 51°24.572'N 001°40.529'E
B13 51°24.514'N 001°38.263'E E17 51°24.380'N 001°40.806'E
B14 51°24.321'N 001°38.502'E F01 51°27.410'N 001°37.220'E
C01 51°26.967'N 001°35.506'E F02 51°27.218'N 001°37.497'E
C02 51°26.775'N 001°35.784'E F03 51°27.026'N 001°37.774'E
C03 51°26.583'N 001°36.061'E F04 51°26.834'N 001°38.052'E
C04 51°26.390'N 001°36.339'E F05 51°26.641'N 001°38.329'E
C05 51°26.198'N 001°36.616'E F06 51°26.449'N 001°38.606'E
C06 51°26.006'N 001°36.893'E F07 51°26.257'N 001°38.884'E
C07 51°25.814'N 001°37.171'E F08 51°26.065'N 001°39.161'E
C08 51°25.622'N 001°37.448'E F09 51°25.873'N 001°39.438'E
C09 51°25.430'N 001°37.725'E F10 51°25.681'N 001°39.715'E
C10 51°25.238'N 001°38.003'E F11 51°25.488'N 001°39.992'E
C11 51°25.046'N 001°38.280'E F12 51°25.296'N 001°40.269'E
C12 51°24.854'N 001°38.557'E F13 51°25.104'N 001°40.546'E
C13 51°24.661'N 001°38.834'E F14 51°24.912'N 001°40.823'E
C14 51°24.469'N 001°39.111'E G01 51°27.366'N 001°38.068'E
C15 51°24.277'N 001°39.388'E G02 51°27.174'N 001°38.345'E
D01 51°27.307'N 001°35.800'E G03 51°26.981'N 001°38.623'E
D02 51°27.115'N 001°36.077'E G04 51°26.747'N 001°38.826'E
D03 51°26.922'N 001°36.355'E G05 51°26.597'N 001°39.177'E
D04 51°26.730'N 001°36.632'E G06 51°26.405'N 001°39.455'E
D05 51°26.538'N 001°36.910'E G07 51°26.213'N 001°39.732'E
D06 51°26.346'N 001°37.187'E G08 51°26.020'N 001°40.009'E
D07 51°26.154'N 001°37.465'E G09 51°25.828'N 001°40.286'E
D08 51°25.962'N 001°37.742'E G10 51°25.636'N 001°40.563'E
D09 51°25.770'N 001°38.019'E G11 51°25.444'N 001°40.840'E

COORDINATES COORDINATES

UK-BELGIUM 5

RE
MBR

AN
DT

2

HER
MES

SO
UT

H

VQ 5nm

Legend
Fog Signal
Wind Turbine with Marine Lighting Fl.Y5s
Wind Turbine with Marine & Aviation Light
Wind Turbine with Aviation Light
Wind Turbine
SubStation
Buoy
Out of Service Subsea Cable
Cable - Electricity
Offshore Wind Farm Boundary

¥
This data is issued as a guide only.  Seafish, cable / structure owners
and Distributors accept no responsibility for any inaccuracies however
caused.  Please be aware that other structures & cables may exist in
addition to those shown on this chart.

Scale: 1:65,000

Date:
Projection:
Spheroid:
Datum:

WGS_1984_World_Mercator
GCS_WGS_1984
D_WGS_1984

January 2015

Thanet
Offshore Wind Farm

© SeaZone Solutions, 2015.

Fig. 1. An example of cable routing for a real-world offshore wind park (Thanet)
owned by Vattenfall—picture from [18].

another is expensive and increases the risk of cable damages.

Several types of cables with different costs and capacities are available on
the market. Therefore, one has to also optimize the cable type selection in
order to deliver all the energy production to the substations at minimum cost.
In our collaboration with Vattenfall, we had the chance to have a close look at
how engineers are evaluating different scenarios and technological possibilities,
to design competitive wind parks. Earlier, most of this work was carried out
manually, so evaluating different possibilities was very difficult and time con-
suming. We closely collaborated with different engineer teams in Vattenfall,
to model and optimize different versions of the cable routing problem arising
in practice. This family of problems has received limited attention in the OR
community so far, so we aim here at describing and modelling some new opti-
mization problems from an OR perspective, while also showing the impact of
having sound optimizers to help engineers in practice. To be more specific, we
will first describe different versions of the classical cable routing problem aris-
ing in practical applications, and then we will compare the resulting layouts
following the “what-if” analysis approach that is carried out by the company
before selecting one technology instead of another.



The basic formulation of the wind park cable routing optimization problem
has received significant attention in the OR literature in the last years. Due to
the large number of constraints and the intrinsic complexity of the problem,
many papers (including [8,15,20,21,25] among others) prefer to use ad-hoc
heuristics. Just few articles from the literature use Mixed Integer Linear
Programming (MILP) for cable routing; see e.g. [2,3,6,7,9,17].

Compared to Bauer’s definition [2] of the Offshore Wind Farm Array Cable
Layout (OWFACL) problem, our initial formulation also includes substation
limitations and the possibility of having different cable types. Therefore, we
decided to introduce a new name for our version of the problem, denoted the
Offshore Wind Farm Cable Routing (OWFCR) problem. The new formulation
allows for multiple substations as well.

The basic formulation of OWFCR has been studied by the present authors
in [12], considering also additional technical features such as obstacles in the
site and power losses in the cables.

Due to our ongoing collaboration with Vattenfall, we have a continuous
feedback from experts on the new problem specifications arising from upcom-
ing projects. Wind energy is a highly-competitive and a relatively new field,
where technology is still quickly developing. Suitable MILP models that can
capture new technology requirements are therefore very valuable in scenario
evaluation as a substitute for, or a complement to, the existing manual design
process. In this paper we will therefore look at different possible scenarios for
the cable routing problem, where different technological requirements are con-
sidered. We will see how the basic MILP model (OWFCR) can be extended
to evaluate these scenarios and be used to quantify their impact on the design
of offshore wind parks. In particular, we will present four different extensions
of the original OWFCR model, that will be discussed in details in the next
sections.

The paper is organized as follows. In Section 2 we recall the original ver-
sion of the cable routing problem (OWFCR) and explain how to model its
basic constraints using Mixed Integer Linear Programming. When discussing
the resulting layouts with practitioners, we received different additional re-
quirements that we included in the new versions of the model.

First, we considered an engineering requirement on the topology of the
route: we were asked to evaluate the impact of connecting turbines only in
strings, i.e., to have at most one cable entering and exiting each turbine. The
resulting model will be denoted as OWFCR-SS (String Structure), and will
be studied in Section 3. Secondly we were asked to not impose any specific
topology, but explicitly consider the possible additional costs for connecting



more cables to each turbine (as additional switch-gears may be needed in
some turbine models). This version of the model is denoted OWFCR-BP (as
it considers Branching Penalties). It is studied in Section 4.

Even though we could show that a layout with branches is less expensive
from an immediate cost perspective, it could be difficult for the company to
detect cable failures in such a structure. Therefore, the company proposed
an additional scenario, where turbines must be connected in strings and the
strings must be coupled in loops to create fault-tolerant cycles. The problem
of constructing fault-tolerant networks is well know in the telecommunication
literature, where different topologies have been studied (see, e.g. [5,13,19]).
Nevertheless, in the considered wind farm application, we were asked by the
company to consider a very specific topology, namely, a so-called closed-loop
structure. Since the aim of our work is to answer the practical needs of our in-
dustrial partner, we decided to stick to this structure. A closed-loop (or ring)
structure is characterized by the presence of redundant minimum-capacity ca-
bles between strings, that avoid disconnected turbines in case of cable failure.
We analyze this structure in Section 5, where we extend our model to handle
ring structures, resulting in our third variant of the model (OWFCR-CL). As
we will see also in our computational section, this is a more expensive struc-
ture (compared with the original branch structure) so it should be used only if
necessary (i.e., if turbines are not equipped to survive cable failures by other
means).

In Section 6 we consider the extension of the OWFCR model where there is
no offshore substation, but a smaller Offshore Transformer Module (OTM) can
be installed on normal turbines. The turbines equipped with this OTM can be
connected to both inter-array cables (small cables that connect turbines one
with each other) and to the export cable (higher voltage cable, that connects
turbines to shore). The new variant of the problem, named OWFCR-OTM,
is a particularly interesting problem variant, since it involves also the decision
of how many OTMs should be installed and on which turbines. Given the
high cost of offshore substations, a properly optimized layout with OTMs can
greatly reduce the overall costs. Each of the new models extends the original
OWFCR model, as shown in the diagram in Figure 2.

Due to the complexity and size of the studied problems, we used matheuris-
tic techniques to speed-up the solution of the previously described models.
Section 7 briefly describes the hybrid matheuristic/exact algorithm we used.
Section 8 reports our tests of the new models on a set of real-world instances,
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while some conclusions are drawn in Section 9.

2 The basic MILP model (OWFCR)

We first need to briefly recall the basic model (OWFCR) we developed for
Vattenfall; the reader is refereed to [12] for further details.

Assuming that turbine positions are fixed and a set of cable options (with
different capacities and costs) is given, the OWFCR problem is to find an
optimal cable connection between all turbines and the given substation(s),
minimizing the total cable cost. The network must ensure that the energy
flow on each link does not exceed the capacity of the installed cable, and the
energy flow leaving a turbine is supported by a single cable. An additional
technical requirement is that a given maximum number of cables, say C, can
be connected to each substation. Finally, cable crossings should be avoided to
reduce the risk of damages.

2.1 Mathematical formulation

Turbines can be represented by nodes in a complete and loop-free directed
graph G = (V,A), and all possible connections between them by directed arcs.
Some nodes correspond to the substations that are considered as the roots of
the distribution network, and are the only nodes that collect energy. The final
solution consists of a set of trees rooted at the substations whose arcs are
directed from the nodes to the roots, following the energy flow. The model
also allows for optional “Steiner” nodes, that can either be left uncovered,
or have exactly one entering and one leaving cable. These dummy nodes are
useful when considering obstacles in the area, or to allow for curvy connections
between two nodes; see [12] for details.

Each node corresponds to a point in the plane, whose coordinates are
used to compute distances between nodes as well as to determine whether two
given line segments [i, j] and [h, k] cross each other, where [a, b] denotes the
line segment in the plane having nodes a, b ∈ V as endpoints. It is assumed



that two line segments meeting at one extreme point do not cross each other.
Analogously, two segments do not cross if one is contained in the other, as
they correspond to two parallel cables that can be physically built one besides
the other without crossing issues.

The node set V is partitioned into (VT , V0, VS), where VT contains the
nodes corresponding to the turbines, V0 contains the nodes corresponding to
the substations, and VS contains the Steiner nodes (if any). Furthermore, let
Ph ≥ 0 denote the power production at node h ∈ V , where Ph > 0 for h ∈ VT
and Ph = 0 for h ∈ VS (nodes h ∈ V0 corresponding to substations have
Ph = −1 by convention).

Let T denote the set of different cable types that can be used. Each cable
type t ∈ T has a given capacity kt ≥ 0 and a unit cost ut ≥ 0. Arc costs
cti,j = ut · dist(i, j) can then be computed for each arc (i, j) ∈ A and for each
cable type t ∈ T , where dist(i, j) is the Euclidean distance between nodes i
and j.

Decision variables are as follows. For each arc (i, j) ∈ A, we have a contin-
uous variable fi,j ≥ 0 representing the (directed) energy flow from i to j, and
a binary variable xti,j = 1 iff arc (i, j) is constructed with cable type t ∈ T .
Finally, binary variables yi,j =

∑
t∈T x

t
ij indicate whether an arc (i, j) is built

with any type of cable.

The MILP model presented in [12] will be denoted OWFCR, and it is
defined by:

min
∑

(i,j)∈A

∑
t∈T

cti,jx
t
i,j(1)

∑
t∈T

xti,j = yi,j, (i, j) ∈ A(2) ∑
i∈V :i 6=h

(fh,i − fi,h) = Ph, h ∈ VT ∪ VS(3) ∑
t∈T

kt x
t
i,j ≥ fi,j, (i, j) ∈ A(4) ∑

j∈V :j 6=h

yh,j = 1, h ∈ VT(5) ∑
j∈V :j 6=h

yh,j = 0, h ∈ V0(6) ∑
j∈V :j 6=h

yh,j ≤ 1, h ∈ VS(7)



∑
i∈V :i 6=h

yi,h ≤ 1, h ∈ VS(8) ∑
i∈V :i 6=h

yi,h ≤ C, h ∈ V0(9)

yi,j + yj,i + yh,k + yk,h ≤ 1, for all crossing segments [i, j] and [h, k](10)

xti,j ∈ {0, 1}, (i, j) ∈ A, t ∈ T(11)

yi,j ∈ {0, 1}, (i, j) ∈ A(12)

fi,j ≥ 0, (i, j) ∈ A.(13)

The objective function (1) minimizes the total cable layout cost. Con-
straints (2) say that only one type of cable can be selected for each built arc,
and define the yi,j variables. Constraints (3) stipulate that the energy (flow)
exiting each node h is equal to the energy entering h plus the power produc-
tion of that node; these constraints are not imposed for h ∈ V0, i.e., when h
corresponds to a substation. Constraints (4) instead ensure that the flow does
not exceed the capacity of the installed cable. Constraints (5) impose that
only one cable leaves a turbine, whereas constraints (6) say that no cable can
exit a substation, thus enforcing a tree structure rooted at the substation(s).
As to Steiner nodes, it is optional to connect them but, if they are connected,
only one cable can enter these nodes (constraints (7)). Furthermore, (8) im-
poses that at most one cable can exit a Steiner node. Constraint (9) imposes
the maximum number of cables (C) that can enter each substation. Finally,
inequalities (10) forbid building any two crossing arcs.

No-cross constraints (10) can be strengthened by exploiting constraints (5)-
(7), so as to reduce their number and to improve their quality. To this end,
for any node triple (a, b, k), let the “clique” arc subset Q(a, b, f) be defined

Q(a, b, f) = {(a, b), (b, a)} ∪ {(f, h) ∈ A : segments [a, b] and [f, h] cross}
The following improved no-cross constraints have been shown to be valid in
[12]: ∑

(i,j)∈Q(a,b,f)

yi,j ≤ 1, a, b, f ∈ V, a 6= b, b 6= f, f 6= a.(14)

2.2 Example

First we will illustrate the result of our OWFCR model with a real-world ex-
ample. We consider the Horns Rev 3 (HR3) case, a 350 MW park in Denmark,
still under construction. Fifty 8 MW turbines are used in the layout (they
are represented as black dots in the figure plots). In this park, the offshore



substation is given by the grid operator, thus its position is fixed. At most 12
cables can be connected to the substation (red square in Figures 3). Our set
of cables consists of three types of cable: the black one supports 3 turbines at
a cost of 393 e/m, the green one supports 4 turbines at a cost of 460 e/m,
and the blue one supports 5 turbines at a cost of 540 e/m (costs include
both cable and installation costs). HR3 will be used as an example park also
for the OWFCR model variants, in the next sections. A further comparison
between the different models on various real-world wind parks is presented in
Section 8.

The OWFCR model results in the optimized layout of Figure 3 and does
not consider other additional costs or constraints. This optimal solution was
found in 176 seconds on a standard PC, using the hybrid matheuristic/exact
framework of Section 7.

Fig. 3. Optimal solution of the the OWFCR problem for HR3. Power is transmitted
from the leaves towards the root (node 0, marked with a red square).

3 String structure (OWFCR-SS)

The OWFCR model presented in Section 2 often constructs cable routings with



branches, as seen in the HR3 example in Figure 3. Branches are structures
with more than two cables entering a turbine (as node 3, 5, and 32 in Figure
3). Branches are not impossible in practice but they can involve extra costs for
the additional hardware (load breaker or disconnectors). This depends on the
turbines used: some of them are equipped with hardware allowing for multiple
connections by default, some of them do not. For turbines with multiple
connections the OWFCR problem formulation holds, while for turbines with
only one entering cable connection, we were ask to evaluate a scenario where
the string structure is enforced. This additional requirement gives rise to the
OWFCR-SS problem variant.

3.1 Mathematical formulation

The OWFCR model is extended with the following constraints:∑
i∈V :i 6=h

yi,h≤ 1, h ∈ VT ,(15)

imposing that at most one cable can enter each turbine. The OWFCR-SS
model is then the OWFCR model (1)–(14) with the addition of constraint
(15).

3.2 Example

As an example of an optimized layout imposing a string structure we again
use the HR3 case. We run the OWFCR-SS model on a standard PC with a
time limit of 1 hour. The resulting layout is shown in Figure 4, and it is 222
ke more expensive than the one in Figure 3. This optimal solution was found
in 598 seconds on a standard PC, using the approach described in Section 7.

4 Branching Penalties (OWFCR-BP)

Having quantified the cost impact of imposing a string structure on the layout,
the company was interested in finding a middle-way solution. Knowing the
cost of the additional hardware for branches, and having a tool able to con-
sider this in the optimization, the company would like to find the the optimal
indegree for each turbine in a layout. Note the the extra costs (called branch
penalties in what follows) depend on the number of arcs entering each turbine,
but not in a linear way. We therefore studied another version of the original
OWFCR problem, explicitly including branching penalties in the optimization
(denoted as the OWFCR-BP).



Fig. 4. Imposing a string structure, i.e., solution of the OWFCR-SS problem.

4.1 Mathematical formulation

We describe the modifications needed to deal with branch penalties in the
OWFCR model. Let dmax be the maximum allowed in-degree for a node (in
typical applications, dmax is 2 or 3), and let D = {1, · · · , dmax}. Moreover,
for each possible number of entering cables d ∈ D, let πd be the extra-cost
(penalty) incurred for each node in VT that has in-degree equal to d in the
final solution. In our study we considered turbines with at most two entering
cables. The standard technology for turbines includes connections for only one
entering and leaving cable (this configuration has zero extra cost, so π1 = 0).
If we want to have more than one entering cable (branch structure), we have
to pay for the additional load breakers or disconnectors, and for the extra time
to install them. Referring to our test-case HR3, Vattenfall’s experts estimated
that the extra cost for having two cables entering a turbine is 15 kefor the
disconnector, plus 10 ke for installation (therefore, π2 = 25 ke).

We introduce a new set of binary variables zdj with j ∈ VT and d ∈ D,
where zdj = 1 iff the in-degree of node j is equal to d. The objective function
for the OWFCR-BP then reads



min
∑

(i,j)∈A

∑
t∈T

cti,jx
t
i,j +

∑
d∈D

πd
∑
j∈VT

zdj(16)

while we add the following additional constraints:∑
i∈V :i 6=j

yi,j =
∑
d∈D

d zdj , j ∈ VT(17) ∑
d∈D

zdj ≤ 1, j ∈ VT(18)

zdj ∈ {0, 1}, j ∈ VT .(19)

Model OWFCR-BP is therefore the OWFCR model (2)–(14) with the addition
of constraints (17)–(19), and with (16) replacing the objective function.

Note that, in (18), we write “≤” instead of “=” so as to allow for leaf
nodes with zero in-degree.

4.2 Example

Figure 5 plots the layout obtained by considering the HR3 case with the same
constraints as in the OWFCR model, but imposing that at most two cables
can enter a turbine and that the extra cost for each of these branches is 25
ke. This optimal solution was found in 232 seconds on a standard PC. The
structure of the solution is not really affected by the extra costs, and only
slightly changes from Figure 3, nevertheless this solution is 20 ke cheaper
than the one in Figure 3 and about 200 ke cheaper than the one in Figure 4.

5 Closed-loop structure (OWFCR-CL)

A main reason to consider the so-called closed-loop structure is to cope with
cable failures. Generally speaking, turbines are designed to be connected to an
electrical grid. Modern turbines are manufactured to have a certain autonomy
to survive disconnection from the grid, but less recent models do not have
this feature. This means that, in case of cable failures, the disconnected
turbines could suffer from major damages. In order to avoid this situation,
parks with this kind of turbines need to use redundant cables (or expensive
batteries/diesel generators attached to each turbine). The main purpose of
these redundant cables is to keep all turbines connected to the grid, in case an
inter-array cable failure occurs. Note that this extra cable does not need to
transport all the produced power to the substation, since turbines are curtailed
to reduce their power production in case of cable failure. A specific redundant
cable-routing structure was required by our company partner, that we call



Fig. 5. Including branch penalties: solution of the OWFCR-BP problem.

closed-loop (or ring) structure. This is the redundant structure most used in
practice, because it has high reliability and permits ease of fault location [23].
This structure consists in having at most one cable entering a turbine (as in
the OWFCR-SS formulation) and in pairing the leaf turbines by redundant
cable connections; see Figure 6 for an illustration. These connections always
use only the cheapest cable available, because they are only intended to keep
the turbines connected to the grid in case of a cable failure. This new variant
of the OWFCR problem with closed loops, will be denoted by OWFCR-CL.

5.1 Mathematical formulation

To impose the closed-loop structure in the OWFCR model we introduce a
new binary variable qi,j for each (i, j) ∈ A, where qi,j = 1 if a redundant cable
has to be installed between nodes i and j. These variables are added to the
original OWFCR model, so that the new model will find a min-cost set of
rings. As the redundant cable connections have no orientation, we actually
fix qi,j = 0 whenever i > j, thus halving the number of additional variables
required.



The new variables qi,j are then linked to the yi,j through the following
constraints to be added to the basic OWFCR MILP model:∑

i∈V :i 6=h

(yi,h + yh,i + qi,h + qh,i) = 2
∑

j∈V :j 6=h

yh,j, h ∈ VT ∪ VS(20)

qi,j = 0, (i, j) ∈ A : i > j(21)

qi,j ∈ {0, 1}, (i, j) ∈ A.(22)

Note that the degree-2 constraints (20) automatically impose a string struc-
ture, with an even number of strings paired into rings. These constraints are
not imposed for nodes h ∈ V0 that correspond to substations (that are allowed
to have degree 4 or more), and that the right-hand side term is zero in case
node h ∈ VS is left uncovered. To avoid that the new arcs induce crossings in
the final routing, in our branch-and-cut solver we dynamically separate (for
integer solutions only) the following extended no-cross constraints

yi,j + yj,i + yh,k + yk,h + qi,j + qj,i + qh,k + qk,h ≤ 1(23)

for each pair [i, j] and [h, k] of crossing edges.

As to the objective function, each new variable qi,j has a cost computed
as ctmin

i,j = umin · dist(i, j), where umin = mint∈T ut is the unit cost of the least
expensive cable. These costs are added to the OWFCR objective function (1)
to obtain:

min
∑

(i,j)∈A

∑
t∈T

cti,jx
t
i,j +

∑
(i,j)∈A

ctmin
i,j qi,j(24)

Hence, the OWFCR-CL model is the OWFCR model (2)–(14) with the addi-
tion of constraints (20)–(23), and the amended objective function (24).

5.2 Example

Figure 6 shows the solution to the OWFCR-CL problem for the considered
HR3 test case. This optimal solution was found in 2931 seconds on a standard
PC. If we assume not to have any limitation on branches, the company would
select this structure only to cope with cable failures. Comparing with the
optimized layout for the general OWFCR problem (in Figure 3), this layout is
3.9 Me more expensive, including the cost for the redundant cables (in orange
in the figure). Being able to quantify the extra cost for a loop structure is a
very valuable input to the business case, making it possible to the company to
evaluate alternative solutions (as batteries/diesel generators attached to each
turbine).



Fig. 6. Closed-loop structure (formulated as the OWFCR-CL problem); redundant
cables are [1,9], [10,20], [19,38], [41,42] and [46,47] (in orange).

6 Using OTMs instead of substations (OWFCR-OTM)

The classical OWFCR problem assumes that substation(s) are fixed in ad-
vance. In very recent years, however, companies are questioning about the
need for offshore substations, that are big and expensive structures involving
a lot of components—while only the main transformer is required in prac-
tice. In 2015, Siemens [24] proposed an innovative structure, called Offshore
Transformer Module (OTM), that is able to handle the transformer function
through a smaller and cheaper hardware to be attached directly to the turbine
foundations. The turbines with this OTM structure can be connected directly
to shore, or to other OTM structures, through so-called export cables. Export
cables differ from inter-array cables, in that they operate at a different volt-
age and have a much higher capacity (and a much larger price). Due to their
different voltage, export cables cannot be connected directly to inter-array
cables, but require the installation of a transformer—hence the need of the
OTM. Figure 7 illustrates a typical cable routing involving export cables.



6.1 Mathematical formulation

The first modification to our MILP model (2)-(13) consists in introducing a
single “dummy substation” associated with a node s located on shore, that
represents the connection to the backbone electrical network. In addition, a
special cable type τ is given on input, that corresponds to the export cable
(with its capacity and unit cost). Also, we need to impose the following
technical requirements: (a) no more than µ1 regular cables can enter a turbine,
and (b) no more than µ2 export cables can enter each turbine. The above
requirements can easily be modeled by the following additional constraints:∑

i∈V :i 6=h

∑
t∈T :t6=τ

xti,h ≤ µ1, h ∈ VT(25) ∑
i∈V :i 6=h

xτi,h ≤ µ2, h ∈ VT .(26)

Finally, the fixed cost for each OTM (cotm) can be added to the cost of each
variable xτi,j, resulting in the new objective function:

min
∑

(i,j)∈A

∑
t∈T

cti,jx
t
i,j +

∑
(i,j)∈A

cotmx
τ
i,j.(27)

Thus, the OWFCR-OTM model is the OWFCR model (2)–(14) with the ad-
dition of constraints (25)–(26), and the modified objective function (27). Note
that our OWFCR-OTM formulation does not include the additional require-
ments of Sections 3 to 5, as we only want to illustrate the potential of the new
technology.

6.2 Example

We still use HR3 as an example of optimized solution considering OTMs. We
estimated a price of 1 Me for each OTM structure, and we set µ1 = 2 and µ2

= 1. In this case the optimization considers also an extra cable (the export
cable) that can support all turbines and has a cost of 1200 e/m. Figure 7 show
the optimized layouts using the model presented in this Section. A “dummy
substation” (node 0) was located on shore.

As opposed to the previous cases, that were solved to optimality in less
than one hour, this test was run until the time limit of 1 hour, ending with a
gap of 12%.

We estimate the savings obtained by using OTMs instead of a substation in
the following way: we fix the basic layout of Figure 3 and we add the cost for
the export cable to shore (computed as 1200 e/m) and the substation cost of



Fig. 7. Using OTMs allows for a saving of 101 Me.

100 Me. The layout of Figure 7 then allows for a saving of 101 Me.

7 A hybrid matheuristic/exact algorithm

The use of ad-hoc heuristics to generate an initial solution has been proven
to drastically the MILP solver, in particular for large size instances for which
the exact solver is not able to deliver a satisfactory solution even if a large
computing time is allowed. In our computational study, we used a matheuristic
[4,16,10] approach, which is a combination of mathematical programming with
metaheuristics. The approach consists in designing sound heuristics on top of
a black-box MILP solver, by just changing its input data in a way that favors
finding a sequence of improved solutions. In our setting, the black-box MILP
solver is an exact method applied to modified input.



In our hybrid scheme [12], we first iteratively apply different refining schemes
to the current best solution available. After repeating this matheuristics phase
several times, we pass the best-available solution to the MILP solver and let
it run to, possibly, solve the problem to proven optimality. Our matheuris-
tic phase works as follows: at each iteration, we temporarily fix to 1 some y
variables according to a certain criterion (to be described later). Note that,
by fixing to 1 some y variables, we can automatically fix to 0 all the variables
corresponding to crossing arcs, thus drastically reducing the size of the prob-
lem. We then apply the MILP solver to the corresponding restricted problem,
and we warm start it by providing the current solution on input. We abort
the execution as soon as a better solution is found, or a short time limit of a
few seconds is reached. Then all fixed variables are unfixed, and the overall
approach is repeated until a certain overall time limit (or a maximum num-
ber of trials) is reached. In order to quickly find feasible solutions, we use a
relaxed version of the model in the matheuristic phase. This relaxed version
allows for disconnected solutions, which are however strongly penalized. More
specifically, we relaxed our MILP models with some additional (continuous)
slack variables, representing the current loss at each disconnected turbine.
These losses are minimized in the objective function: we used a very large
(big-M) cost for these loss-variables, to ensure that the optimal solution will
always have no disconnected turbines. For a more detailed description, we
refer the reader to [12]. The approach proved to be very effective in the first
iterations of our heuristic, when even finding a feasible (connected) solution
can be problematic.

Different strategies can be used to decide which y variables to fix to 1.
We used the following variable-fixing criteria. Let y∗ denote the best-available
solution at the current iteration (y variables only).

Our first criterion simply selects with a certain probability (50%) some arcs
in the current best available solution. It fixes their corresponding variables to
1 in the new solution and re-optimizes only on the remaining arcs.
Our second criterion considers trees of turbines defined as follows. For each
arc (i, r) with y∗i,r = 1 that enters the substation, say r, we define the node
set Si containing all the nodes that reach the substation r passing through
node i. In other words, Si contains all the predecessors of node i in the anti-
arborescence corresponding to y∗. At each iteration we randomly select few
trees to be optimized and we fix all the arcs not belonging to them.

Our third criterion partitions the wind farm into sectors of a certain angle
from the substation. We then iteratively reoptimize each sector by fixing
all the arcs outside the sector, i.e. all the arcs that involve two nodes not



belonging to it.

The MILP models for the OWFCR problem variants were tested with
our hybrid approach on the HR3 case. Most of these instances are solved to
optimality within 1 hour. Table 1 reports the most important figures about
our HR3 runs, including gap to optimality, number of branch-and-cut nodes,
number of generated user cuts (no-cross constraints), and final computing
time. In the right part of the table, we report also the statistics for the
same instances run using the exact method only. We imposed a time limit of
1 hour to the MILP solver (IBM ILOG CPLEX 12.6) on the same standard
PC. The HR3 instance studied in our examples turned out to be an easy case,
where both the exact and the hybrid approach performs similarly. According
to Table 1, indeed, the matheuristic phase applied before the exact solver
does not improve the final result for these easy instances. On the other hand,
for hardest cases, it typically produces significantly better solutions within
the time limit, improving the robustness (and hence the reliability) of our
method. For a more detailed performance comparison between the exact and
the matheuristic method, the reader is referred to [12].

Table 1
Computational information about the HR3 runs

Matheruistic+exact algorithm Only exact algorithm

Optimization model LP bound best sol %gap nodes no-cross final time LP bound best sol %gap nodes no-cross final time

[Me] [Me] constr. (sec) [Me] [Me] constr. (sec)

OWFCR 36.69 36.69 0 4964 137 176.41 36.69 36.69 0 4736 167 43.69

OWFCR-SS 36.92 36.92 0 42796 199 598.33 36.92 36.92 0 55620 391 723.44

OWFCR-BP 36.74 36.74 0 596 19 232.52 36.74 36.74 0 979 66 15.28

OWFCR-CL 40.63 40.63 0 96649 972 2931.90 40.25 40.63 0.93 54499 1539 3600.00

OWFCR-OTM 60.80 69.31 12.27 39450 2252 3600.00 60.82 69.31 12.24 57350 2974 3600.00

8 What-if analysis on real-world instances

The MILP-based heuristic presented in Section 7 has been used on a set of
real-world instances to test the economical impact of the new extensions of the
model. The heuristic was programmed in C language on top of the commercial
MILP solver IBM ILOG CPLEX 12.6, and was run on a standard PC with a
1-hour time limit.

8.1 Test instances

We tested our model on the real-world instances proposed in [12]. We consid-
ered five different real wind farms in operation in United Kingdom and Den-



mark, and one new wind farm under construction. These parks are named
Horns Rev 1, Ormonde, Dan Tysk, Thanet, and Horns Rev 3.

Our dataset includes old and new parks, with different power ratings and
different number of turbines installed, and therefore represents a good bench-
mark for our tests. Each park has one substation with its own maximum
number of connections (denoted by C in our model).

Horns Rev 1 is one of the oldest large-scale wind parks in the world. It
was built in 2002 in the North Sea, about 15 km from the Danish shore, and
produces around 160 MW. Horns Rev 1 has 80 turbines Vestas 80-2 MW and
C = 10. Our second wind farm is Ormonde, located in United Kingdom, in
the Irish Sea. It has a total capacity of 150 MW (30 Senvion 5 MW turbines)
and C = 4. Our third park is Thanet, a bigger wind park with a capacity of
300 MW (100 Vestas 90-3 MW turbines) and C = 10. When it was opened,
in 2010, Thanet was the biggest offshore wind farm in the world. DanTysk
offshore wind farm is located west of the island of Sylt and directly on the
German-Danish border. With a total of 80 Siemens 3.6 MW turbines (288
MW), DanTysk can provide up to 400 000 homes with green energy. It has
C = 10. Finally, the last layout refers to a preliminary layout for a new
wind park, Horns Rev 3. Horns Rev 3 has a park capacity of 350 MW and
our preliminary layout uses 50 modern big-size turbines (Vestas 8 MW) and
C = 12. We already used this park as an illustrative example in the previous
part of the paper. All the considered sites are owned by Vattenfall.

In these dataset we are also provided with different cable sets, indicated
as cb01, cb02, cb03, cb04, cb05 and cb06.

Specific feasible combinations of site (i.e., wind farm) and cable set rep-
resent an instance in our testbed. Table 2 reports the main characteristics of
instances, namely: the wind park layout (and its short name in parenthesis),
the cable set name, the number of turbines in the layout, the number of ca-
ble types in the cable set, and the maximum number of connections to the
substation (C).

8.2 What-if analysis

The possibility of quickly evaluating the economical impact of alternative de-
sign choices is considered of fundamental importance by the Vattenfall’s en-
gineers, who make several “what-if” analyses before deciding the final cable
routing to be implemented. We used our real-world dataset to analyze the
impact of (i) branch vs string layout; (ii) branch vs loop structure; and (iii)



Table 2
Main characteristics of our test instances

park cable set n.turb. n.cabl.types C

Horns Rev 1 (wf01) cb01 80 3 10

cb02 80 2 10

Ormonde (wf03) cb03 30 2 4

cb04 30 2 4

Thanet (wf04) cb01 80 3 10

cb04 80 2 10

cb05 80 2 10

Dan Tysk (wf05) cb04 100 2 10

cb05 100 2 10

Horns Rev 3 (wf06) cb03 50 2 12

cb04 50 2 12

substation vs OTMs layouts.

8.2.1 Economical value of layouts from OWFCR-SS vs OWFCR and OWFCR-
BP

As already discussed, our models were developed to help the engineers of the
company to evaluate the impact of different decision choices in the design of
the cable networks. Previously, engineers did not have any sound optimization
tool to help them, so they were often designing cable routings by strings, as it
was the easier case to handle manually. Our first task was therefore to compare
the string structure with possible alternatives, using our MILP models. In
particular, two different situations may occur: the selected turbine model
for the park can handle multiple cable connections with no extra costs, or the
selected turbine model can be connected to only one entering cable by default,
and extra connections can be added at an additional price. We will therefore
compare optimized string layouts (from our OWFCR-SS model) with layouts
from the OWFCR model, for the first case, or with layouts from the OWFCR-
BP model in the latter case. In our first test we considered turbines that, by
default, can be connected to at most 2 cables (one entering and one exiting),
hence implementing a branch structure would imply extra costs. In this test we
considered an extra cost of 25 ke for having two cables entering a turbine (π2 =
25 ke), and of 30 ke for having three entering cables (π3 = 30 ke); no extra
costs was set for one entering cable, as this is the default setting (π1 = 0). The
manual operator in this case would design the routing by strings, in order to
have no extra costs. We therefore compared the cost of the optimized solutions



considering explicit branch penalties in the model, with the string-structure
optimized layouts. Table 3 reports the results: the first two columns identify
the test instance (park and cable set), the third column reports the cost of
the optimized solution considering branching penalties explicitly in the model,
while the fourth column reports the cost of the optimized solution imposing
a string structure (all costs in Me). Finally, the last two columns report the
difference branch-cost minus string-cost, hence negative values correspond to
savings with respect to the string structure usually implemented by planners.

Table 3
Optimized branch vs string structure solutions (with branch extra-costs)

park cable set OWFCR-BP sol. OWFCR-SS sol. diff % diff

[Me] [Me] [Me]

wf01 cb01 19.45 19.45 0.00 0.0

cb02 22.62 22.62 0.00 0.0

wf03 cb03 8.08 8.13 -0.05 -0.6

cb04 8.39 8.54 -0.14 -1.7

wf04 cb01 39.06 39.10 -0.04 -0.1

cb04 38.77 39.64 -0.87 -2.2

cb05 49.54 49.54 0.00 0.0

wf05 cb04 22.47 24.64 -2.18 -9.6

cb05 26.82 27.17 -0.35 -1.3

wf06 cb03 38.70 39.60 -0.91 -2.3

cb04 43.93 45.36 -1.43 -3.2

It can be noticed that, having an optimization tool able to explicitly con-
sider the branch costs in the optimization, results in large savings, compared
to the classical approach of using only string structures. According to our
experiments, the average saving using the branch-penalty model is of about
500 ke, with extreme cases with savings of more than 2 Me (park wf05 with
cable set cb04).

Some modern turbines are constructed to handle more than one entering
cable, hence no extra costs for branches are paid and the OWFCR model of
Section 2 can be used. In this case branches become even more attractive,
as shown in Table 4 where we report a comparison between layouts from the
OWFCR model and the OWFCR-SS one when there are no costs for branches.
As in the previous table, the first two columns specify the instance, the next
two report the cost of the optimized solution with the OWFCR model or the
OWFCR-SS model (in Me), and the last tow columns give the difference. Our



results confirm that, the classical planners’ approach of connecting turbines
by string is way more expensive than using a branch structure. The average
savings when allowing for branches is of 600 ke, with extreme cases of savings
over 2 Me. Due to the large number of possible configurations, it is not trivial
to manually design an optimal layout, so a sound optimization tool is needed
to achieve these savings.

Table 4
Branch vs string structure solutions (with no branch extra costs)

park cable set OWFCR sol. OWFCR-SS sol. diff %diff

[Me] [Me] [Me]

wf01 cb01 19.44 19.45 -0.02 -0.07

cb02 22.61 22.62 -0.01 -0.04

wf03 cb03 8.05 8.13 -0.08 -0.9

cb04 8.36 8.54 -0.18 -2.2

wf04 cb01 38.98 39.10 -0.12 -0.3

cb04 38.73 39.64 -0.92 -2.3

cb05 49.35 49.54 -0.19 -0.4

wf05 cb04 22.34 24.65 -2.31 -10.3

cb05 26.64 27.17 -0.53 -1.9

wf06 cb03 38.60 39.60 -1.00 -2.6

cb04 43.73 45.36 -1.62 -3.7

8.2.2 How to handle cable failures: using generators/batteries or closed loop?

If the turbines are not equipped to survive disconnected from the electrical
network, the company can apply different strategies to limit the damage in
case of failures: either to buy external batteries or generators to be connected
to each turbine, or to have a closed loop structure in the cable layout. Which
of these two options is the most convenient one, it is not a trivial decision.
Indeed, for a planner it is not easy to manually design the cheapest closed-loop
structure and to exactly quantify how much is the extra investment incurred.
Table 5 shows the results of this test using our OWFCR and OWFCR-CL
models. According to our results, adopting a closed-loop structure can be up
to 5 Me more expensive and 3 Me more expensive on average. Having these
extra costs quantified can help the engineers making a data-driven decision.



Table 5
OWFCR vs OWFCR-CL optimized solutions.

park cable set OWFCR sol. OWFCR-CL sol. diff %diff

[Me] [Me] [Me]

wf01 cb01 19.44 21.09 -1.65 -8.5

cb02 22.61 24.55 -1.94 -8.6

wf03 cb03 8.05 8.68 -0.62 -7.7

cb04 8.36 9.17 -0.82 -9.8

wf04 cb01 38.98 42.71 -3.73 -9.6

cb04 38.73 44.23 -5.50 -14.2

cb05 49.35 54.62 -5.27 -10.7

wf05 cb04 22.34 26.44 -4.11 -18.4

cb05 26.64 29.77 -3.13 -11.8

wf06 cb03 38.60 43.64 -5.04 -13.1

cb04 43.73 48.90 -5.17 -11.8

8.2.3 Offshore Transformer Modules or substations?

Finally, we tested the potential of the new OTM technology. To do so we
considered a cost of 3 Me for each OTM and of 1200 e/m for the export
cable. The position of the onshore connection point has been estimated for
each wind park looking at [1]. The estimated cost of an offshore substation is
100 Me. In these tests we assumed that the company has to take care also of
the export cable costs, and that the substation position has been fixed before
running our model. In our test cases we used the real substation positions for
each specific park, so we can reasonably assume that its location was optimized
in the design phase. Therefore, the cost of the basic-model solution can be
recomputed by adding the cost of the substation and the cost for the export
cable. This is why the costs of the OWFCR solutions in Table 6 are higher than
in the previous tables. Notice that, once the position of the substation is fixed,
there is no room for optimizing the capital costs related to the export cable,
that are therefore just computed in a post-processing phase. The OWFCR-
OTM model of Section 6 was used to optimize the layout using OTMs instead
of substations. Table 6 reports the comparison of the two technologies, and
shows the potential of an optimized use of OTM technology. According to the
table, savings can be as large as 67%. The OTM optimized solution is, on
average, 89 Me cheaper than the classical one.



Table 6
Cost of OWFCR layouts (including substation and export-cable costs) vs cost of

using OTMs.

park cable set OWFCR sol. OWFCR-OTM sol. diff %diff

[Me] [Me] [Me]

wf01 cb01 136.56 44.33 92.23 67.5

cb02 139.74 51.60 88.14 63.0

wf03 cb03 149.12 54.98 94.13 63.1

cb04 149.42 55.17 94.25 63.0

wf04 cb01 646.19 562.35 83.84 12.9

cb04 645.94 553.94 92.00 14.2

cb05 656.57 569.23 87.33 13.3

wf05 cb04 495.47 408.46 87.01 17.5

cb05 499.77 420.56 79.21 15.8

wf06 cb03 172.82 81.71 91.11 52.7

cb04 177.95 83.69 94.26 52.9

9 Conclusions

In the present paper we used Mixed Integer Linear Programming techniques
to solve new versions of the classical offshore wind farm cable routing prob-
lem. Thanks to our close collaboration with Vattenfall BA Wind, we have
been able to investigate the most recent trends on the market and to evaluate
their impact on the cable routing.

Turbines are becoming more customized, allowing them to survive being
disconnected from the grid in case of failures, or even to substitute substa-
tions through the so-called Offshore Transformer Modules (OTMs). Turbine
customization opens up for new possibilities in the park layout, therefore it is
crucial to have an optimization tool able to quickly evaluate the economical
impact of new technologies on the wind park costs. In the present paper we
have introduced a flexible and reliable optimization tool, that scales well for
bigger parks and more complex constraints. We have been able to handle new
features in the model (i.e., closed-loop structure, non-linear branch penalties
and OTMs) and to quantify their effect on real-world instances. The outcome
of our tests indicates that millions of euros are involved in these analyses, so
decisions based on optimized solutions can lead to substantial savings for the
company and, more generally, to cheaper transition toward sustainable energy.
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