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Introduction

Offshore wind energy is a renewable energy source with great potential worldwide, with strong
development in Asia and Europe in recent years. It is expected to grow by 15 to 21 gigawatts
(GW) per year between 2025 and 2030 [1], thanks to the opening and implementation of new
markets such as America, Oceania and the Asian continent.

The offshore wind energy resource has a high quality and a large number of areas available for
exploitation. Although the costs of offshore wind energy are still higher than those of other
onshore renewable energy sources, significant reductions are projected, which will be
accompanied by the development of economies of scale, technological innovations and mass
production [2].

Currently, the offshore wind sector mostly uses bottom-fixed devices, installed at depths of less
than 50 metres (m). Recent innovations in floating devices, which are about to enter the
commercial phase, have considerably expanded the geographical areas that are compatible
with this type of technology, especially in countries that do not have an extensive continental
shelf, as is the case of Chile. In Chile, the estimated technical potential of offshore wind energy
is 957 GW, of which 14% corresponds to bottom-fixed offshore wind turbines, and 86% (826
GW) to floating wind turbines [3].

One of the main challenges for the coming years is to reduce costs (CAPEX and OPEX) and
improve manufacturing, installation and maintenance capabilities [4], in order to ensure a
sustained reduction in power generation costs. The great potential for economies of scale in
this industry and innovation in manufacturing, installation and maintenance processes allow a
cost reduction path to be envisaged in the medium and long term.

To take advantage of the offshore wind resource in Chile it is necessary, in addition to an active
participation in the development of technologies and their cost reduction, to address and
resolve specific local issues, such as aspects linked to manufacturing capacities and maritime
services, and the creation of a regulatory framework that promotes the development of the
sector in harmony with other uses of the maritime territory and coastal regions.

This document was built on the basis of diverse research and experiences acquired throughout
the execution of the MERIC project, seeking to contribute to the development of offshore wind
energy in Chile.
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2.

International Overview of

Offshore Wind Energy

Credits: Charlie Chesvick, 2019

In recent years, the offshore wind sector has undergone significant geographical and
technological expansion.

Geographically, the sector has gone from being concentrated in Europe, to a strong
development in Asia and, more recently, in North America and Oceania. In terms of
technology, there has been significant progress in terms of turbine capacity and a growing
interest in floating wind technology, which, in addition to technologies fixed to the bottom,
allows access to previously inaccessible maritime spaces.
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Fig. 1: Global projection of offshore wind installed capacity (GW). Source: Westwood Global Energy Group (2023) [5].

According to information compiled by Westwood Global Energy Group (Fig.1) [5], the sector's
projections foresee a 700% increase in installed capacity, from 63 GW in 2022 to nearly 450 GW
in 2032. Of this total, around 6% is expected to be of the floating type, a percentage that will
continue to increase in the coming decades. At the regional level (Central and South America),
there is growing interest in this type of energy, particularly in Brazil, Colombia [6] and Mexico [7],
of which the former has made the greatest progress, with more than 171 GW submitted to its
environmental assessment system [8].

A World Bank study [9] identifies a technical potential of more than 7100 GW of offshore wind
energy in Latin America, with Argentina, Brazil, Chile and Mexico being the four countries with
the greatest potential. Particularly the cases of Argentina and Chile contemplate more than 1800
GW and 950 GW, respectively. However, there are still no policies and/or strategies related to
this energy source, which in the case of Chile is striking considering its highly favourable public
policies for the development of renewable energies in general.
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3. Offshore Wind Energy in Chile:
Opportunities and Challenges

For the implementation of offshore wind energy technologies on a
commercial scale, there are several key aspects that have both technical
and economic implications and that can generate various risks for the
correct development of a project of this type. The aspects presented In this
section are related to the wind resource, bathymetry and environmental
conditions, both operational and external. Also, regulatory, environmental,
social and other technical aspects related to manufacturing, installation and
maintenance capacity.

Credits: Departamento de Geofisica, Univ. de Concepcion

3.1 Resource

According to information provided by the World Bank, Chile is positioned as an area of high
potential for the development of offshore wind projects (Fig. 2).

In our country, onshore wind energy has managed to position itself as a fundamental renewable
source to achieve decarbonisation of the electricity matrix, reaching an installed capacity of 4605
megawatts (MW) in September 2023, equivalent to 13.1% of the total, only surpassed by solar
photovoltaic energy (26%) and natural gas (14%) [10]. While this is an indicator of the high
existing wind potential, when reviewing the geographical distribution of these installations, we
see that they are mainly concentrated in the northern zone, with 2749 MW between the regions
of Antofagasta and Coquimbo, and the central-southern zone, with 1388 MW in the regions of
Biobio and Araucania. As mentioned in the report issued by the Ministry of Energy and the
German technical body GIZ [11], the available potential decreases significantly when considering
territorial restrictions (slope of the land, proximity to urban areas, among others) and technical
restrictions (optimal plant factor and electricity transmission). In this context, and considering the
more than 4000 kilometres (km) of coastline, the potential of offshore wind in Chile should be
taken into account.

Off the Chilean coast, surface winds are determined on a large scale by the presence of both the
South Pacific anticyclone, which favours the arrival of southerly winds on the coast in the
northern and central areas, and the low pressure belt that generates cyclonic circulation in the
mid-latitudes. These winds propagating over the sea without any barrier have a greater potential
than on land. According to the study Mattar & Borvoran (2016) [12], which shows the results of
the first estimation of the offshore wind resource for central Chile, there is a potential of around
30 gigawatt-hours (GWh) of annual generation and a plant factor of more than 40% for a
reference turbine of 8 MW.

Despite the potential of this resource, a state of the art review of offshore wind energy in Chile
shows how little this topic has been explored, with only a few studies referring to the existing
potential and its development [3, 12-16]. Among them is the study Mattar & Guzman (2017) [13],
which analyses the techno-economic feasibility of offshore wind energy in our country, and
highlights the area between 30° and 32°S due to the balance between power density and the
technical conditions of plant factor and performance, which make it a site of interest to be
considered.
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Fig. 2: Global onshore and offshore wind potential. Source: World Bank
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3.2 Operational
and Extreme Conditions

For the development of an offshore wind energy project, along with a detailed characterisation of the wind
resource, it is necessary to describe the sea conditions, as they have a strong impact on the design of the
foundation, in the case of bottom-fixed technologies, and of the platform and its mooring systems, in the
case of floating technologies.

Extreme sea conditions, usually associated with return periods of 50 to 100 years, have a strong impact on
the structural design. On the other hand, operational sea conditions, i.e. the set of sea states representative
for most of the project's useful life, have an impact not only on power generation, but also on structural
design (specifically on fatigue analysis) and on the design of installation and maintenance operations, which
in turn have an impact on the availability factor (percentage of time the plant is operational).

In offshore energy projects, maintenance costs can exceed 20% of the total project cost [17] and are
affected by the operational conditions of the chosen site and the types of vessels used. The Offshore Wind
Access Report 2022 [18] concludes that there are a wide variety of Crew Transfer Vessels (CTV's) used for
operation and maintenance (O&M) tasks at offshore wind farms, which allow access under sea states with
significant wave heights of up to 1.5-2 m.

Thus, the percentage of occurrence of sea states in which it is possible to perform O&M is an important
factor to evaluate, because it directly affects the plant availability and thus the final cost of energy [19].

To exemplify, four reference sites have been selected: two in Europe and two in Chile:
e  Celtic Sea, off the south-west coast of England (50.8°N, 7°W)
e Atlantic Ocean, off the coasts of central Portugal (39°N, 9.8°W)
e  Pacific Ocean, off the city of Valparaiso, Chile (33.6°S, 71.8°W)
e  Pacific Ocean, off the city of Concepcion, Chile (37°S, 73.6°W)

Fig.3 shows, for each of these reference sites, the percentages of occurrence of significant heights less than
25,20, 1.5 and 1.0 m. For example, if a certain type of maintenance requires a significant height of less
than 1.5 m, it can be seen that the reference sites in England and Portugal have a marked seasonal cycle,
with percentages of occurrence greater than 50% in the summer months. On the other hand, the sites in
Chile show a low seasonality. In the site off the coast of Valparaiso, the percentage of occurrence of
significant heights below 1.5 m is close to 30% throughout the year, while in Concepcion, this value is
reduced to less than 20%.

Based on this analysis, it can be inferred that offshore wind turbine maintenance operations in Chile will
have less and shorter weather windows than other parts of the world, or that it will be necessary to develop
technologies and procedures adapted to these environmental conditions.

In addition, the amount of storm surges (marejadas) in Chile has been increasing throughout the
country [20], in addition to the increase in intensity and frequency during the last decades. If in
the middle of the last century there were 5 extreme events per year, today there are 20 per year,
even in the summer months [20-23]. The increasing trend of significant wave height between
1980 and 2015 is 10-20% (0.1 - 0.4 m) [22, 23], while the significant heights of extreme waves
showed an increasing trend of 0.01 metres per year (m/year) between 1985 and 2018 [24]. Also,
the historical mean for a 100-year return period is 3.4 m (1985-2004), whereas for the projection
between 2026 and 2045, it is 4.8 m, representing an increase of 41%. An example of such
extreme events was the 2015 storm, which left considerable damage in Coquimbo, Vifa del Mar
and Valparaiso, with losses of at least US$1,862,000. The maximum significant wave height
recorded was 7.23 m, and there was also an impact on coastal morphology, such as beach
erosion, undercutting and shoreline retreat [25].
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The aforementioned factors are key points to consider when analysing potential sites for marine
energy development in Chile, as they have an impact on costs, waiting times, accessibility,
among others.
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3.3 Bathymetry

The development of the offshore wind industry needs to be located within a range of specific
depths that allow for the technical and economic feasibility of the project (Fig. 4). For offshore
turbines fixed to the bottom, a maximum depth of around 50 m is considered for the project to be
economically viable. Above this depth, the installation of floating wind turbines is feasible,
although some of these technologies require even greater minimum depths. As for the maximum
limit, it is expected that these floating devices can be installed in water depths of up to 800 or
1000 m, although to date the deepest project is 300 m (Hywind Tampen in Norway).

Offshore Wind Structures

tension leg

spar semi sub barge platform jacket monopile

. >50m
>120m

Floating Bottom-fixed

Fig. 4: Offshore wind structures and typical installation depths. (Source: own elaboration).

The continental shelf is the natural extension of the territory that extends under the sea and is
characterised by being relatively flat. The large extension of the continental shelf in northern
Europe, together with the existing wind potential in this area, has enabled the booming
development of the offshore wind industry, mostly using bottom-fixed turbines due to the shallow
depths of the sites.

But unlike the optimal conditions in the European
region and elsewhere in the world (e.g. China, the
east coast of the United States, Brazil and Korea),
Chile has a very different bathymetry. Despite our
vast maritime territory, depths increase rapidly as
we move away from the coast (Fig. 5). s

33°s

From 33°S to the north, our continental shelf is

almost non-existent [27], while between 33°S and 36°s
43°S it has an average width of between 30 and
40 km, with the areas of greatest extension
located off Isla Mocha (Biobio region) and Isla de
Chiloé (~60 km).

This macrozone, which extends from the S
Valparaiso region to Los Lagos, reaches

maximum depths of 150-300 m [28]. Beyond the

shelf boundary, the relief drops more steeply, 405°s
reaching up to 8000 m depth in the oceanic trench.

37.5°S

%
In this context, despite such comparative 7AW oW TZW W ToW
disadvantages, the characteristics of south-central
Chile present interesting conditions for the future
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Fig. 5: Chilean continental shelf from Arica to
Chiloé. Data extracted from GEBCO [26]

3.4 Considerations

Environmental impact

The environmental impact of the offshore wind industry, as well as of any production process,
needs to be studied in order to establish regulations to minimise and/or mitigate it. In a recent
study of Galparsoro et al. (2022) [29], the existing interactions between wind turbines and marine
ecosystems have been summarised.

Among the moderate/high negative impacts is the damage caused by turbines to marine birds
and mammals, such as mortality and displacement, and to the structure of ecosystems.

On the other hand, mention is made of certain positive impacts such as the use of the structures
by marine species as artificial reefs and the mitigation of the impacts of trawling due to its
prohibition in areas close to the installations for safety reasons.

As emphasised in this research, environmental impacts have spatial variability, i.e. they vary
from site to site depending on the conditions there. Therefore, the development of the offshore
wind industry in Chile will require local studies and direct monitoring to gain a deeper
understanding of the marine ecosystems and what they may face.

Visual impact
Another aspect that is important to consider before choosing a site for an offshore wind energy
project is the visual impact.

In countries where the offshore wind industry is more advanced, the location of installations
close to the coast has generated rejection because of the disturbance to the landscape.
Although visual impact is subjective, and therefore difficult to quantify because it is subject to
people's emotions, recent studies suggest some considerations to improve the acceptability of
the population.

In the Mishima & Mishima (2023) research [30], it is concluded that the spatial location of
turbines with a more symmetrical configuration would generate greater acceptance. Similarly, the
work of Sullivan et al. (2013) [31] suggests that turbines with hub heights between 67 and 90 m.
located more than 40 km from the coast are only visible with effort; at distances close to 29 km
they are occasionally visible to the eye; and, at less than 16 km they become a major focus of
visual attention.

In this case, for the siting of offshore wind projects in Chile, it would be beneficial to consider
distances away from the coast that generate less visual impact.

Multiple uses of maritime space

Another consideration to take into account is the multiple use of maritime space, since our vast
ocean is home to economic, recreational and environmental conservation interests, among
others. Existing regulations allow different entities to be granted part of the maritime space
located within the territorial sea (12 nautical miles from the coast) for its use, safeguard,
exploitation and/or administration. Thus, it is possible to find Aquaculture Concessions, Benthic
Resources Management and Exploitation Areas (AMERB), Marine Protected Areas (MPA),
Marine Coastal Spaces of Indigenous Peoples (ECMPO, Lafkenche Law), and more.

The regulation currently prevents the renewal and processing of new concessions in areas
where ECMPO areas have been requested or granted [32, 33]. By 2023, these coastal areas
amount to more than 200,000 hectares and there are more than 2 million hectares requested for
management, almost entirely located from the Biobio region to the south [34].

In the international context, in European seas with large offshore wind energy development,
conflicts have been identified with the fishing industry, especially with trawling, due to the
displacement of their work and its economic consequences. And with the projected expansion of
the offshore wind industry, such events are expected to increase significantly in the long term, if
actions are not taken to allow the coexistence of both activities [35].
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3.5 Manufacturing, Installation
and Maintenance Capabilities

To ensure the technical and economic viability of future offshore wind energy projects in Chile, it
is necessary that a significant part of the manufacturing of the structures is carried out in our
country. It is also necessary to ensure that the installation, maintenance and decommissioning
work can be carried out with the infrastructure and equipment available in Chile or, alternatively,
to consider economies of scale that allow the incorporation of this equipment or infrastructure in
the long term.

The fabrication, installation, operation, maintenance and decommissioning of a floating wind
platform or farm can be summarised in the following diagram (Fig. 6):
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Fig.6: Diagram of manufacturing, installation, operation, maintenance and
decommissioning of a floating wind platform. (Source: own elaboration)

Due to the design, dimensions and mass, the fabrication, assembly and integration of the main
elements are considered to be more challenging for domestic shipyards, although this may
require a case-by-case analysis.

While the facilities and much of the required supply chain may currently exist in the shipbuilding
field, the lifting, manoeuvring and launching capabilities of large platforms may not.

In terms of offshore installation, maintenance and decommissioning operations, it is estimated
that these can be a complex challenge. Performing maintenance in the marine environment can
be costly, time-consuming and risky [36]. On an offshore wind platform, there are multiple
components that will require regular maintenance and inspection, so it is important to have safe
and effective means of access. For these purposes, specialised vessels are available, as well as
means of transferring personnel and cargo to minimise the risk of this critical operation.
Considering that marine operations have a strong impact on the total investment in a project of
these characteristics, their consideration is crucial when assessing the feasibility of a technology
for its application in Chile.

Based on an analysis of the various technologies currently available and the infrastructure and
equipment available in Chile, the following key aspects of the installation, maintenance and
decommissioning of the systems were identified:

Lifting and mobilization requirements

Due to the size of most floating wind platforms (larger than Chilean-built vessels and naval craft,
particularly in width), it is considered that there are significant limitations to the lifting and
onshore movement of these structures, restricting the number of locations in which such devices
could be mounted. These limitations are both in the infrastructure (fabrication yards, launch
stands, etc.) and in the equipment required (e.g. cranes and heavy transport systems).

As for the availability of sea transport options, the alternatives are limited. Chile does not have
special vessels such as Heavy Lift Ships or Anchor Handling Tug Supply (AHTS) vessels,
normally used for transporting large items on deck, so the options are limited to the use of
pontoons or barges or towing, with the respective limitations that this implies. For offshore lifting
operations, the options are limited to a single floating crane ("Yagana", with a lifting capacity of
350 tonnes) and pontoons on which smaller land mobile cranes can be installed. Considering
also that none of these options have been designed to perform operations under the typical
conditions found in the open sea off the Chilean coast, waiting for suitable weather windows
could limit or significantly delay these operations.

Due to the above, it is considered that technologies that do not require lifting operations in the
water or transport on deck, i.e. those that can be towed afloat to the installation point, present a
better compatibility with the conditions currently found in Chile.

Requirements for the installation of platforms and
their mooring systems

A decisive aspect for the installation of platforms and their anchoring elements is the support
infrastructure for marine operations. The selection of the home port, the available support fleet
and the support equipment must be appropriate and compatible with each other.

The selection should consider aspects such as: platform design, seabed characteristics,
prevailing environmental conditions, and available installation methods and strategies.

Depending on local capabilities and conditions, it is advisable to have a holistic view from the
beginning of the project and throughout operational planning. In addition, by integrating it with
the selection of port, vessels and support equipment, significant cost reduction opportunities can
be generated.

Depending on the type of technology, the requirements for the installation of the platform or its
mooring elements are highly variable and regulated [37]. In the case of platforms with
conventional anchoring systems (e.g. by catenary), the precision requirements for anchor
location and the usual installation operations are compatible with the working vessels frequently
encountered in Chile, such as tugboats, barges or pontoons.

For technologies that require high precision in the location of their anchoring components, the
general practice is to use vessels with DP (Dynamic Positioning) systems, of which there are few
units in Chile. If this requirement is coupled to a lifting operation, for example, of a large base to
fix the device to the seabed, the intervention of large offshore supply vessels (OSVs) may be
necessary, which are usually available in countries with an here Oil & Gas industry exists. In the
case of Chile, this could make a project economically unfeasible.
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On the other hand, technologies that do not require high-precision positioning are considered to
be more compatible with the current conditions in Chile. In the medium term, it is also considered
feasible to adapt vessels or manoeuvring equipment for the installation of small, high-precision
elements, which could also be applied in a similar way as in the aquaculture industry.

Maintenance requirements

This analysis identifies three types of maintenance operations: on shore, on port and on site. Shore-based
maintenance, also referred to as dry docking, requires similar capabilities to manufacturing, which can be
costly.

While for major turbine maintenance - such as blade replacement - port-based maintenance is a simpler
option, it requires specific conditions in terms of port depth, liting capabiliies and access, which can
significantly increase costs. For these reasons, there is a trend of many developers seeking to minimise these
types of maintenance by carrying out most of it on site.

On-site maintenance can be related to low-complexity underwater work such as inspection with ROVs
(remotely operated underwater vehicles), to deep-sea work or welding tasks that require specialised divers,
involving high costs and risks. Likewise, on-site maintenance requires inspection and maintenance work on
board the wind platform, which in turn will require a high-risk transfer of personnel and/or material.

There are several rules and standards that provide guidelines for the design, planning and
execution of this type of marine operations [38-40], establishing technical and environmental
criteria and whose application may present challenges considering the typical wave and wind
conditions in Chile, as well as the limitations imposed by the support vessels and systems
usually available. In this context, platforms that require minimal maintenance on land (e.g. by
using materials such as concrete) are considered to be more compatible with the conditions in
Chile. A holistic design, including the appropriate design or selection of support vessels and
equipment for this work, is also considered to be of great importance.

Credits: Rab Lawrence, 2018

3.6 Regulatory Framework
and Marine Spacial Planning

For the successful development of the offshore wind sector in a given country, it is necessary to
have an adequate regulatory framework that establishes limits and requirements for developers,
reflecting the local long-term renewable energy strategy, and providing certainties that
encourage the high initial investment required for this type of project. In countries with a
developed offshore wind sector, it is observed that all of them have a specific regulatory
framework for this activity that includes technical, environmental and social aspects, with a
strategic view not only to an energy policy, but also to territorial planning.

This regulatory framework can include multiple elements such as laws, national plans,
regulations and standards, which provide the conditions for obtaining permits, such as marine
tenders, specialised government agencies, injection of energy into the grid through regulated
tariffs, priority purchase or other measures, environmental and social requirements such as
activity-specific environmental laws, and more.

Denmark, Germany, the Netherlands, the United Kingdom, Belgium, France and more recently
China, the United States and South Korea are countries that have a regulatory framework and
planning for their maritime territories and Exclusive Economic Zones (EEZs), having several of
them projects already in operation, while others are strongly developing the activity. At the Latin
American level, Colombia, which has already presented a development strategy, and Brazil,
which has a territorial planning and is about to present a law to regulate this sector, stand out
[41].

In the case of Chile, to date there is no specific regulation for the development of offshore wind
energy projects. Although current legislation is in line with the United Nations Convention on the
Law of the Sea (UNCLOS [42], ratified by Chile in 1997), which grants the State sovereign rights
to explore, exploit, conserve and administer the natural resources of the territorial sea and the
EEZ, the lack of specific regulations makes it difficult to plan and encourage the activity in the
long term.

In the EEZ, Chile does not yet have specific regulations or a long-term strategy, which is
reflected in the absence of this issue in the decree enacting the "National Oceanic Programme”,
signed in 2023 by the Minister of Foreign Affairs [43]. This situation may slow down the
development of the offshore wind sector in the short and medium term, but it opens up the
opportunity to build a robust regulatory framework in the long term that takes into account the
decarbonisation objectives assumed by the State, and addresses relevant issues that promote
the activity under favourable conditions for all parties.
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4. Analysis of Potential Sites

and Applications.in Chile

Credits: Eachat, 2019

This section aims to recommend, in a general way, sites that are interesting to consider in
techno-economic studies that seek to develop offshore wind energy in Chile, which should be
complemented with environmental and social studies. Other applications which could have a
niche potential in Chile, in addition to the injection of energy into the electricity grid, will also be
presented. For this analysis, the information presented in the previous section was used as a
basis, where specific aspects of our country and its offshore wind potential are presented.

The existing wind resource off the coast of Chile presents good conditions, especially in the
central and southern areas, where the average wind speed is close to 9 metres per second
(m/s) at a height of 100 m (Fig. 7, left).

In terms of bathymetry, the northern zone does not present depths that make the development
of the offshore wind industry viable on a large scale, due to the fact that the continental shelf is
almost non-existent. However, from the Valparaiso region to the south, conditions are
favourable for these projects, as the continental shelf is more extensive.

The bathymetry map showing part of the Chilean territory (Fig. 7, right) shows depths ranging
from O to 250 m, with a greater area between 50 and 150 m, which favours the use of floating
platforms over those fixed to the bottom. In the same figure, the territorial sea is delimited by a
black line which, as explained above, is an area with a large number of concessions granted or
being processed, which at present could cause difficulties when requesting permits to locate a
project or power lines to land.

The installation of a wind farm less than 16 km from the coast could cause visual impact,
leading to social conflicts, especially if it is close to inhabited territories. For this reason, areas
of the continental shelf west of the territorial sea boundary (~ 19 km from the coast) are
recommended as more suitable.

In relation to port and industrial capacities for installation and maintenance, most of the
country's most important ports and shipyards are located between 30° and 41°S [45]. These
include San Antonio and Valparaiso (Valparaiso region), and the ports of San Vicente and
Coronel (Biobio region). As for shipyards, among the largest and most important are ASMAR in
Talcahuano (Biobio), and ASENAYV in Valdivia (Los Rios). It is important to consider these
capacities when choosing potential sites, due to the need to build and integrate floating
structures, specialised vessels, and maritime and port services.

Another relevant aspect to reduce costs when siting an offshore wind project is that its location
is close to consumption centres. According to demand projections for the year 2042, it is
estimated that this will amount to 8.5 terawatt-hours (TWh) in the Valparaiso region, 7.6 TWh in
Biobio and 1.6 TWh in Los Rios [46].
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Complementary to the development of offshore wind farms for grid power injection, Chile has
interesting niche applications where different offshore activities could be integrated, such as
aquaculture, desalination and green hydrogen production.

In conclusion, these three regions have great potential for the development of the offshore wind
industry, as they have good wind resources, important ports and/or shipyards, and consumption
centres close to the coast (Fig. 7). In terms of bathymetry, there are few areas with depths
compatible with platforms fixed to the bottom, while there are large sectors with depths
compatible with floating platforms, especially in the regions of Biobio (Concepcién) and Los Rios

(Valdivia) In the case of aquaculture, there is a strong interest in developing offshore aquaculture or

aquaculture in exposed areas, which requires significant technological innovations and higher
energy requirements in terms of both quantity and autonomy [47].

Finally, when considering industrial and port development, it is observed that Bio Bio has the
greatest compatibility for the development of this industry in the medium term, which could be

reached by Los Rios in the long term. In the case of desalination, which is becoming increasingly important in Chile, especially - though

not exclusively - in the north, there is a growing interest in using renewable energy sources, in
addition to the first developments of floating desalination plants that could be integrated into
offshore wind farms.

The development of green hydrogen in Chile is perhaps the niche with the greatest potential in
the long term, considering that the first integrated floating wind energy and hydrogen production
plants are already under development [48]. While the integration of these technologies is still at a
very early stage, their implementation in Chile could reduce the pressure on onshore wind
projects in the Magallanes region and expand production capacities in the vicinity of processing
and consumption centres.

33°S 33°S

34.5°S 34.5°S

36°S 36°S

37.5°S

37.5°S

39°S

39°S

40.5°S 40.5°S

74°W 73°W 72°W 71°W 70°W 74°W 73°W 72°W 71°W 70°W
01 2 3 4 5 6 7 8 9 >0 >500 350 2RN 18N 50 0

Wind speed (m/s) Depth (m)

Fig. 7: Central and southern regions of Chile with: (left) offshore wind resource. Data extracted from Global Wind Atlas [44],
y (right) bathymmetry, limit of territorial seas (12 nautical miles, black line), regional main coastal cities (green triangles)
y near-by ports with 100 km radius (red circle).
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5. Tools and Capacities
Developed by MERIC 5.1 Adapt-ORE

Adapt-ORE is a tool developed by the MERIC Centre through the Research Line "Adaptation of
Marine Renewable Energy Technologies to Local Conditions in Chile".

It is based on a geo-referenced, time-domain discrete event simulation model designed to
assess the life cycle of marine renewable energy projects and compare different sites,
technologies and O&M strategies. Adapt-ORE allows the user to create project scenarios by
entering environmental (behind cast) and operational (port closure criteria, etc.) parameters
concerning the sites, vessels, ports and devices of interest, which will be used as input to
evaluate the performance of the devices at a site, among other relevant indicators.

Waiting times for accessing a device due to unsuitable environmental (wave and/or wind)
conditions or for executing maintenance tasks increase the downtime of a turbine, causing a
direct impact on the generation of electrical energy, and therefore on economic gains.
Considering that the performance of maintenance is subject to required environmental and
operational limits, and to the characteristics of the vessels and devices involved, Adapt-ORE
integrates in the evaluation of projects the hydrodynamic characteristics of both the devices and
the vessels, which are obtained through model scale experiments and numerical simulations.
This allows to obtain operability curves for the vessel, which will define the limiting sea state at
which it can operate at the time of maintenance [49]. As shown in the Adapt-ORE flowchart
(Fig.8), the feasibility of departing from port and performing the scheduled tasks are evaluated
for each simulation time step when maintenance is required.

L
#, Maintenance mm 21, Feasibility % , Analysis
®% requirement WY check
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to sail?

required?

In the search to generate capacities for the development of marine
energy in Chile, and in particular offshore wind energy, the MERIC
Centre together with the Wave & TOWing of Universidad Austral de Chile Fig. 8. Flowchart of the Adapt-ORE discrete event model for assessing the feasibility of maintenance.(Own elaboration)
(CEH-UACNh) have developed tools and methodologies that contribute to
the knowledge of these projects and the specific conditions that exist in
our country.

Credits: Charlie Chesvick, 2018
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Adapt-ORE delivers a series of results of the marine energy project evaluation, which are
displayed on the interface as synthesised information and graphs (Fig. 9), or saved in output files.
These results include: total energy generated throughout the project, total waiting times in port and
on site, energy lost due to maintenance, maintenance costs and weather windows for the site.
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Fig. 9: Example of graphs provided by the Adapt-ORE tool for the assessment of a marine energy project.

5.2 Tank Tests

The Wave & Towing Tank of Universidad Austral de Chile (CEH-UACh) is a highly specialised
and unique laboratory in Chile, dedicated to applied research in numerical and experimental
hydrodynamics with application to the design and optimisation of ships, response analysis in
floating platforms and the study of flow behaviour in submerged systems. The laboratory
consists of a tank 45 m long, 3 m wide and 2 m deep, equipped with a unidirectional irregular
wave generator, cameras to capture the motions of floating objects, various load and wave
height sensors, as well as equipment for the visualisation and analysis of flow characteristics
around submerged objects and a towing carriage to tow models along the tank at speeds of up
to 5 m/s.

At the CEH-UACh, experiments and analyses using numerical tools have been carried out for
the development of hydrodynamic testing capabilities for various types of marine energy
conversion systems. These have focused on the response of floating structures to the particular
environmental conditions of the Chilean coasts, which are highly energy waves in storm
conditions, and specific events, such as the increasingly common occurrence of storm surges,
and tsunamis, which marine energy generation systems will have to face. These types of loads,
storm surges and tsunamis, have not been widely analysed at a global level, as the current sites
of interest and development in Europe, Asia and the United States are not subject to such
events, so their study under local conditions presents an opportunity for applied research and a
need for developers seeking to install their technologies in the country.

This has involved modernising the laboratory's instrumentation and with it, an emphasis on the
training of advanced human capital, both at undergraduate and postgraduate level, with the skills
to address the potential development of technologies such as floating wind turbines at local and
global level. For this purpose, simple models of marine energy extraction systems have been
developed, highlighting a generic floating wind platform that is used for research purposes (Fig.
10).

This experience has involved an accumulation of knowledge from the global review of
technologies, the analysis of the capacities installed in Chile for the construction of the systems
involved in the platform, and the environmental conditions in which it will have to operate. All this
has been reflected in a series of graduate projects both in Chile and Germany [50, 51],
presentations at international conferences [52] and scientific publications [53], which lay the
foundations for the current projects under development. Among these, a project for the
development of a small-scale floating wind platform stands out, which includes the technical and
economic analysis of various platform geometries, the development of the basic and detailed
engineering and the construction of the first pilot floating wind platform in Chile. Considering that
one of the main markets of interest is the aquaculture industry, the project will be installed close
to a salmon farm and will be able to provide a significant amount of the required energy.
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Fig. 10: Model-scale tests of generic floating wind platform at CEH-UACh.

At CEH-UAChH, multiple tests have been carried out using our generic floating wind platform
(Fig.10), under different conditions of regular and irregular waves representative of the local
conditions in the southern part of the country. The purpose of these tests is to obtain a profile
of the hydrodynamic behaviour of the platform considering the mass of the wind turbine in
order to focus the analysis on the response of the support platform. Detailed results were
published by Hertzsch (2020) [50].

5.3 Numerical Simulations

Using the experimental results and, as a way to extend the analysis to conditions that are
complex to represent in the laboratory, a series of numerical simulations have been carried out
using Computational Fluid Dynamics, applying both potential codes to determine the response
in the frequency domain and viscous codes to study non-linear effects and coupling effects on
the systems in the time domain.

The following model (Fig.11) shows the geometry considered in one of the numerical
simulations, which replicates the experimental configuration seen previously (Fig.10). While
experimentally at the CEH-UACh facilities it is only possible to analyse one effect at a time, i.e.
waves or currents, in a virtual tank it is possible to combine the effects of multiple
environmental loads providing vital information for the design of floating systems, particularly
under typical operating conditions in Chile which consider high wave energy, sustained winds
and the eventual presence of multiple users in the installation areas. Likewise, this type of tool
allows simulating the interaction between floating bodies, which provides information about the
limits within which installation, maintenance and decommissioning activities of the systems
would be possible at the end of their life cycle.

canal: inlet

overset boundaries

Fig. 11: Example of numerical simulation setup of a generic floating wind platform in waves.

One of the key aspects in the analysis of floating systems is their response to extreme events,
since in these conditions the system must be able to stay afloat in its original position, so the
prediction of its movements and accelerations is a relevant input for the structural design and in
particular for its mooring system. This type of conditions can be estimated in the laboratory, but
must be complemented with more complex numerical simulations, which are validated by using
experimental results. The study presented in the graphs (Fig. 12) represents the behaviour under
a 100 year return period storm. The results obtained by numerical simulations show a
satisfactory correlation with the experimental data, thus allowing the extension of the capabilities
of analysis of complex systems under wave and current loads, which are of interest to
researchers and developers of floating wind power generation technologies.
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Fig. 12: Surge, heave and pitch response spectra under a 100 year RP condition.
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6. Conclusions

Credits: Chirapriya Thanakonwirakit, 2023

The analysis presented here seeks to identify a series of key aspects that could play a key role
in the implementation of offshore wind energy projects in Chile, considering local aspects that
could be critical and that are not necessarily evident at first sight. Some of the tools and
capacities developed by MERIC and Universidad Austral de Chile are also presented, which can
to contribute in different areas that have been identified as relevant. Considering the importance
of aspects such as the resource, bathymetry, extreme sea and operational conditions, the
regulatory framework and the equipment and infrastructure requirements in Chile, potential sites
and applications were identified, and recommendations for their development were established.

In particular, the Biobio and Los Rios regions were identified as having the greatest development
potential for offshore wind energy in the medium and long term, respectively. Although technical,
environmental and social aspects still need to be studied in greater depth, the development of a
national strategy that leads to the development of a high-level technical regulatory framework
and territorial planning that includes the Exclusive Economic Zone are the most critical aspects
for the development of this energy source in Chile.

Similarly, the use of offshore wind energy in niche markets such as aquaculture and desalination
may unlock early experiences with these technologies in the country in the short term, adding the
vast potential for the production of green hydrogen in the long term.

Overall, offshore wind energy can make a substantial contribution to meeting the country's
decarbonisation goals, reducing pressure on its onshore spaces and taking advantage of its vast
Exclusive Economic Zone.
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