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Featured Application: Structural corrosion monitoring for offshore wind turbines.

Abstract: The exploitation of offshore windfarms (WFs) goes hand in hand with large capital expen-
ditures (CAPEX) and operational expenditures (OPEX), as these mechanical installations operate
continuously for multiple decades in harsh, saline conditions. OPEX can account for up to 30%
of the levelised cost of energy (LCoE) for a deployed offshore wind farm. To maintain the cost-
competitiveness of deployed offshore WFs versus other renewable energy sources, their LCoE has to
be kept in check, both by minimising the OPEX and optimising the offshore wind energy production.
As corrosion, in particular uniform corrosion, is a major cause of failure of offshore wind turbine
structures, there is an urgent need for corrosion management systems for deployed offshore wind
turbine structures (WTs). Despite the fact that initial corrosion protection solutions are already
integrated on some critical structural components such as WT towers, WT transition pieces or WT
sub-structure (fixed or floating platforms), these components can still be harshly damaged by the cor-
rosive environmental offshore conditions. The traditional preventive maintenance strategy, in which
regular manual inspections by experts are necessary, is widely implemented nowadays in wind farm
applications. Unfortunately, for such challenging operating environments, regular human inspections
have a significant cost, which eventually increase the OPEX. To minimise the OPEX, remote corrosion
monitoring solutions combined with supporting software (SW) tools are thus necessary. This paper
focuses on the development of a software (SW) tool for the visualisation of corrosion measurement
data. To this end, criteria for efficient structural corrosion analysis were identified, namely a scaleable,
SCADA-compatible, secure, web accessible tool that can visualise 3D relationships. In order to be
effective, the SW tool requires a tight integration with decision support tools. This paper provides
three insights: Firstly, through a literature study and non-exhaustive market study, it is shown that
a combined visualisation and decision SW tool is currently non-existing in the market. This gap
motivates a need for the development of a custom SW tool. Secondly, the capabilities of the developed
custom software tool, consisting of a backend layer and visualisation browser designed for this task
are demonstrated and discussed in this paper. This indicates that a SCADA-compatible visualisation
software tool is possible, and can be a major stepping stone towards a semi-automated decision
support toolchain for offshore wind turbine corrosion monitoring.

Keywords: SCADA; visualisation; software; wind-turbine; windfarm; cross-platform; HMI; GUI;
corrosion; monitoring

1. Introduction

The renewable energy markets in the world have reached a mature state and continue
growing at a significant rate [1,2]. Among others, wind-sourced electricity production
has the potential to deliver a significant contribution to the electric energy portfolio of the
world within the next decades. This attracts many new investors and augments market
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interactions, thereby increasing the importance of optimisation of operational costs and
efficiency gains [1].

Europe is a leading player in this domain, notably for offshore wind turbine manu-
facturing, as (in 2015) European manufacturers produced around 41 to 50% of annually
installed wind power installations worldwide. While this market share had increased up to
61% in 2017 [3], in the last five years, both China and USA have made an unprecedented
comeback, partially driven by expiring government subsidies. In 2020 [4], the Chinese
wind market dominated the global wind market, totalling 97 GW that year, with a share of
40% of the newly installed production capacity worldwide, both onshore and offshore.

As the world’s landmass is rather limited and already under tremendous pressure,
offshore installations are becoming ever more popular. The mean cost per produced energy
unit for offshore exploitation is rapidly decreasing, thereby closing the gap compared to
conventional energy generation methods and onshore wind farms; therefore, many large
investors in the domain of windfarm operations move towards larger wind turbines and
offshore windfarms. Some sources predict that the global offshore wind farm (WF) market
size will continue to grow at a rate of 12% per year [5].

These off-shore investments currently result in a typical levelised cost of (produced)
electricity (LCoE) in the range between USD 70 to USD 210 per MWh [2], with a mean
around USD 90 per MWh, which is currently still higher than that of most onshore wind
turbines estimates (USD 47–60 per MWhproduced) [6]. These costs are mainly composed of
three items: capital expenditures (CAPEX) for power production, conversion and transmis-
sion installations; operational expenses (OPEX) and the weighted average cost of capital
(WACCs) for financing related costs, such as the cost of depth and risk premiums.

This market growth and shift of deployment area does have consequences: Weather
conditions and corrosion effects are more severe in offshore and saline environments,
making structural stability more critical, while decreasing maintenance time windows.
This leads to increased costs for operation and maintenance (O&M) compared to onshore
installations, signalling an economic opportunity for (data-driven or model based) opti-
misation of maintenance scheduling. Due to the unpredictable nature of corrosion, both
for installations that are approaching the end of design lifetime and more recent deploy-
ments (which may be engineered with lower tolerances), regular inspection and preventive
maintenance is crucial to monitor, track and predict the individual status of structural
health of individual wind turbines. Moreover, near the end of the planned turbine lifetime,
decommissioning should be scheduled and performed.

The scheduling of these maintenance tasks is a complex planning problem [7], wherein
the two key bottlenecks of failure mode analysis are: the availability of suitable measure-
ment data and expert insights to interpret the data correctly. In order to bridge this gap,
further research is warranted.

The contributions of this paper are threefold:

• The shifting needs for the wind farm sector with regard to structural corrosion moni-
toring are identified and listed;

• A market analysis is performed and presented for existing, commercially available
software solutions that combine these needs;

• A solution for the identified knowledge domain gap is presented, in the form of an
open-source platform based software tool that can combine available SCADA data
and web-based datastreams.

In the following sections, the state-of-the-art of corrosion monitoring is presented
(Section 2), together with a market analysis (Section 3.1) and a presentation of our custom
software (SW) tool (Section 3.3.2) developed to tackle these specific needs.

2. State-of-the-Art

In order to analyse the needs and benchmark available software solutions for structural
stability evaluation of wind turbines, objective criteria are needed. Several existing wind
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farm operation market studies were taken as a guideline for this comparison [5,8,9], together
with input from EU-project partners involved in the WATEREYE project [10].

In the case of offshore wind turbines, a large variety of support-structure types are
used. The most prevalent design is a monopile structure mounted on the seabed floor, yet
other structures such as a tripod structures, jacket type or gravity-based structures are used
as well [11], while even floating turbines are in the research phase for the deployment of
offshore wind turbines in deep waters. A few examples are given in Figure 1.

(a) (b) (c)

Figure 1. Some commercial offshore wind turbine structures: (a) monopile wind turbine; (b) floating
wind turbine; (c) lattice type wind turbine. Images are courtesy of [12].

Therefore, especially for new, non-standard installations such as floating wind turbines,
expert supervision for structural analysis will likely be required. Visualisation and decision
support tools can assist them in this analysis. A breakdown of the needs for these roles, lead
to the following standard practices and derived criteria for structural stability monitoring.

2.1. Maturity of the Wind Turbine Market

The collective world experience with regard to offshore wind turbine structural corro-
sion is rather limited: Most of the experience regarding corrosion of offshore wind turbine
structures is condensed in Europe, especially in Denmark, the Netherlands, Germany and
the UK, as 90% of the globally installed offshore installations (by capacity) were produced
and installed by European companies [13].

The first offshore windfarm was constructed in 1991 (Ørsted), yet these demonstrators
contained small wind turbines (0.5 to 2 MW each) installed in shallow water (3–5 m),
whereas in the last decade, the trend is to go towards larger sizes and capacities per wind
turbine (3 to 12 MW each), and with anchoring on ever deeper seabeds [13]. In the US,
the first commercial offshore wind farm was only constructed in 2016, near Rhode Island.
In China, the first commercial offshore windpark was deployed in 2010 [14].

2.2. Standard Practices for Structural Stability Monitoring

Most wind turbine manufacturers offer tools for operational management of their
wind turbines; however, the focus of these tools is mostly on the rotating components
(gearbox, generator, etc.), whereas the evaluation of structural stability of the wind turbine
pylons are rarely addressed in these tools [15].

The default inspection mode for structural stability of offshore wind turbines, are vi-
sual (RGB-camera-based) inspections and flooded member detection. For submerged parts,
this is traditionally performed by divers or remotely operated vehicles, with a frequency
between one and five years. These types of inspections and full scale post construction im-
pact evaluation campaigns [16]; however, can be costly in terms of vessel time, and involve
hazards to personnel [17].

Therefore, in more recent constructions, manufacturers or operators often embed
sensors to detect and quantify structural loading, flooding or corrosion effects, for example
accelerometers, saline senors, displacement measurements or acoustic emission systems.
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In this data-rich environment, it is not the data capture that is the main difficulty.
Rather, the robustification of the measurements, the detection of all failure modes and the
subsequent evaluation and analysis of the captured data is what leads to understanding
and effective decision making.

2.3. Criteria for Structural Analysis of WT

From existing literature reviews and interviews, including [17–20], multiple features
for structural analysis of wind turbines are extracted and subsequently condensed in
criteria. A holistic SW tool for structural health monitoring of offshore WF should be:

• Graphical, as structural integrity is related to spatial distribution and location of oc-
currence.

• Scaleable and modular. WFs are modular and scaleable by nature, consisting of one, up
to several hundreds, of WTs. Modular—to include other, non-corrosion wind-turbine
failure modes (blade monitoring, gearbox monitoring, inverter monitoring, . . .).

• SCADA compatible, in order to leverage the vast amount of data already captured at
the wind turbine (WT) and WF level.

• Web-based and secure, in order to allow data-analysis by experts, independent of the
WF location and shielded from external tampering or unauthorised access.

• Maintenance planning-inclusive, as the data-based insights can trigger condition-
based maintenance maintenance (CBM) or predictive maintenance (PdM) scheduling
decisions, actively reducing OPEX.

These identified criteria are subsequently used to evaluate existing SW solutions in
the market.

3. Software Solutions
3.1. Existing Windfarm Visualisation Tools

Both for wind-farm development [21] and for structural monitoring and maintenance
planning, visualisation tools are indispensable. Dozens of software packages exist in the
market for these applications. The scope of this review is not to be exhaustive, nor to
provide a judgement or ranking. Rather, the aim is to classify a subset of existing software
tools that are publicly advertised, according to the criteria presented in Section 2.

This exercise results in the non-exhaustive overview shown in Table 1. This table
shows that there are multiple software providers; each offering unique, functional pieces
of software; however, to the author’s knowledge, none of these suppliers currently offer
a holistic and tailored solution specifically for the structural monitoring of the windfarm
market, including 3D corrosion visualisation and maintenance task planning.

3.2. Existing Visualisation Tools in Other Industries (Oil and Gas)

Beyond the domain of WF, it makes sense to extend the search into an other domain
where metal structures are deployed in offshore, saline environments, where corrosion
monitoring is important, namely, the offshore oil and gas industry.

Since the economic loss in these industries due to corrosion can be extremely high,
monitoring and managing corrosion in the oil and gas industry is paramount importance;
therefore, this industry has deployed and is inspecting and maintaining ten-thousands of
offshore drilling platforms, undersea pipelines and supporting pylons.

Offshore oil drilling platforms have a long history: the first deep-sea oil-rig was erected
in 1947 in the gulf of Mexico, whereas the first platform might have been built around 1890
(Grand Lake, St. Maris) [22].

A similar classification exercise was undertaken for this industry, using the same crite-
ria as stipulated in Section 2.3, in order to carry over suitable approaches and frameworks
(where available) to tackle monitoring of renewable energy projects.

Interested readers are directed to existing literature reviews in this field, including
(among others) following book [23] and paper [24]. These authors describe common
practices for design, maintenance and monitoring of offshore installations.
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Table 1. Non-exhaustive list and classification of commercial wind turbine corrosion visualisation
and maintenance planning software tools.

Name Application Graphical Modular * SCADA Web-Based Planning Reference

WindFarmer: Analyst Design 2Dmap V (import) X X X
dnv.com

accessed on 30
July 2021

Surfacepro 3D Corrosion 3D V V X X
eddyfi.com

accessed on 28
July 2021

Yokagawa EMS (Energy
Management System) 2D V V V V

yokagawa.com
accessed on 8
October 2021

BraveDigital Bespoke (EWT) 2D V V (OPC) V X
bravedigital.com

accessed on 28
July 2021

PingMonitor Blade monitoring X V V V V (forecast)
pingmonitor.co
accessed on 28

July 2021

Effector Octavis EMS X V V V V (diagnosis)
ifm.com

accessed on 14
september 2021

Multilevel Wind
SCADA Center EMS V V V V X

siemens.com
accessed on 28

July 2021

nCode Fatigue analysis V X V X X
hbm.com

accessed on 16
August 2021

General Electric Digital twin V V V X V
ge.com accessed
on 12 September

2021

* 1 Scaleability and Modularity.

Table 2 summarises our (non-exhaustive) market analysis of structural corrosion
analysis tools used in the oil and gas industry. There are uncountable sources and software
packages published online, that list multiple (hundreds) of software packages in this
industry [25], that may be applied (with minimal modifications) to WF applications.

Table 2. Non-exhaustive list and classification of commercial oil and gas industry corrosion visualisa-
tion and maintenance planning software tools.

Name Application Graphical Modular * SCADA Web-Based Planning Reference

SmartCET Design x (reporting) V V V X (alarms)
honeywell.com
accessed on 14

September 2021

rysco-corrosion Sensing x V V X X
ryscocorrosion.com

accessed on 14
September 2021

Beasy Corrosion 3D V V X X
nace.org, [15]

accessed on 8 October
2021

SGS Corrosion monitoring Monitoring x X X X V (alarms)
www.sgsgroup.com.

cn accessed on 14 July
2021

Corrosion Clinic Manual analysis V X X X X [25]

* 1 Scaleability and Modularity.

From our investigation, most software packages offer one or more of the required
functionalities of the listed criteria, yet to our knowledge, no single application offers a
holistic solution fitting the needs of the WT structural corrosion monitoring. Furthermore,
there is a need for adapting these solutions to the needs of the offshore windfarm industry.
Even if one would fit all criteria, it is not certain that it is applicable in plug-and-play
fashion to monitor the structural health of wind farms.

dnv.com
eddyfi.com
yokagawa.com
bravedigital.com
pingmonitor.co
ifm.com
siemens.com
hbm.com
ge.com
honeywell.com
ryscocorrosion.com
nace.org
www.sgsgroup.com.cn
www.sgsgroup.com.cn
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3.3. Custom SW Tool
3.3.1. Custom Architecture

In offshore wind turbines, failures of structural components, caused by corrosion
at tower including the “tower-platform” junction and the entire splash-zone can cause
significant and critical down-times and subsequent loss of electricity production. As no
holistic commercially available tool was identified, to the best of the authors’ knowledge, in
the framework of the ongoing WATEREYE research project [10], a custom SW demonstrator
tool was developed. The initial concept and architecture of the custom SW tool was
developed in our previous work [26]. In this paper, the concept and architecture are further
refined and finally implemented into a demonstrable and deployable SW tool.

In the WATEREYE project [10], corrosion monitoring and O&M planning tools for
offshore wind farms and turbine structures are developed and integrated in (a subsequent
version of) the custom SW-tool. Further, in the scope of the WATEREYE project, technologies
for monitoring, data analytics, modelling, and diagnosis and for wind turbine (WT) and wind
farm (WF) O&M advanced control strategies have been investigated and implemented.

The analysis listed in Table 1, resulted in the design and development of an SW-tool
that attempts to cover all criteria identified in Section 2.3. For the framework of this SW
tool, Qt [27] was chosen. Because of its highly scaleable characteristics, it allows developers
to build components that can run on embedded, desktop and mobile computers, and it
supports graphical development (inclusion via widgets). Qt supports all of today’s user
interface paradigms, controls and behaviors, making it easy to design really attractive
HMIs that users intuitively understand. Furthermore, Qt uses the latest SSL and TLS
implementations to safely encrypt data communications for cyber-secure remote-access.

In order to leverage both web-based and SCADA-capabilities, pvbrowser [28] was
chosen, which is an open source C++ GUI framework, built on top of Qt. This application
framework provides a specialised browser for the client computer and an integrated
development environment for creating servers that interact with data acquisition programs
(daemons) for many SCADA protocols [28].

The stock architecture of pvbrowser is shown in Figure 2a. PvBrowser is available
under the GPL v2 (program) and GNU LGPLv3 (library) licence frameworks.

Figure 2. (a) Original pvbrowser architecture [28] and (b) modified architecture and data flow,
to support the WATEREYE project [10] needs.
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For 3D-visualisation purposes, the visualisation toolkit (VTK) [29] was used. This
C++ based open source toolbox is capable of filtering, processing and visualising large
datasets, with numerous user and SCADA interaction capabilities. Pvbrowser provides
some support for VTK, but the default browser does not support it out of the box. To setup
the VTK-based Qt-widget and to streamline the interaction between the user and the
widget, TCL-TK scripts (Graphical toolkit for TCL) were used, available under a BSD-type
licence [30].

3.3.2. Custom Visualisation SW Tool

In the WATEREYE project [10], measurements containing corrosion status information
are generated using mobile and fixed sensors. These data are stored in a secure database,
accessible through a Representational State Transfer application Programming interface
(REST-API) . A visualisation tool is needed to support O&M experts to understand the
status of an offshore wind turbine, based on gathered measurement data. To this end,
a visualisation SW tool was developed according to the criteria developed defined in
Section 2.

This framework was used to develop a custom web interface, which takes (mainte-
nance staff) user input, queries a REST-datbase to fetch the measurement and prediction
data from a windfarm database and subsequently presents the data on a custom pv-
dashboard. The user can interact with these data, either visually (in 3D or 2D), or by
downloading the underlaying data and processing it offline.

This combination results in the following architecture, depicted in Figure 3. It was
based on pvbrowser, but with modified architecture, as explained in Figure 2b. This SW
tool is capable of:

• Querying measurement and geometric data from the database using a REST-API,
based on user inputs in the GUI.

• Pre-processing these data, merging the inputs from different sources into key perfor-
mance indicators (KPI’s) such as relative corrosion rate (mm/y).

• Exporting these data toward data-files and image.
• Visualising these data in interactive 3D and 2D visualisations.

Figure 3. Architecture of custom SW tool, with main components: QT-based (customised) pvserver
(orange box) and VTK-enabled pvbrowser (blue box), fetching data from a database (grey box).

Through the browser client, the user can access and interact with the data, using a
browser-like application. The user can use the software, agnostic of the architecture or
changes at server side.

The server architecture allows us to centrally manage and adapt both the data and
visualisation output from different windfarms and users.

Based on the chosen parameters, the server component makes a query to the data-
server, parses the data and presents them to the user in predefined widgets in the browser
side (see Figure 4). There, the user can interact with the data (zoom, query, rotate) to
increase his/her understanding of spatial and time relationships, or adapt the query for
additional data.
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The core functionalities of this SW tool are:

• Initialisation, with connection to the database, and auto-populating of the dropdown
menus for all wind turbines and sensor data available in the database.

• Selection of a wind turbine to present in 2D and 3D views.
• Selection of parameters, such as attributes and sensors to visualise and time period

of interest.
• Modularity and expandability, for future functionality (as described in following

section).

Any change in the parameters above, triggers the visualisation of:

• The 3D visualisation of the sensor values at each sensor position on the wind turbine,
as shown in Figure 5a,b.

• The 2D or 3D visualisation of derived the wall thickness loss/defect features or relative
thickness.

• The 2D visualisation of a time series of a selected attribute, at a selected position, over
the selected time period, shown in Figure 5c.

Figure 4. Example of the browser window of our SW-tool. It consists of three areas: user input (red
box), a 3D visualisation area (green box) and a 2D time series visualisation (blue box). All widgets are
interactive and responsive, as explained in Section 3.3.2.

The user-friendliness and responsiveness of the tool is further enhanced by enabling
3D-panning, rotating and zooming, sensor highlighting, 2D-point picking and informa-
tional tooltips, as shown in Figure 5b,c.
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(a) (b) (c)

Figure 5. (a) Example of the browser 3D window, with a large 3D wind turbine model. (b) Example
of the browser 3D window, with 3D model, measurement location and status visualisation capability.
(c) Example of the browser 2D window, with interaction and picking capability.

3.4. Discussion

The presented market analysis shows the potential and opportunities present in this
growing market of structural monitoring of offshore wind turbine parks, both for applied
research and further commercialisation of dedicated software solutions.

The technological readiness level (TRL) of the SW-tool presented here is relatively low
(not production ready), as it is not deployed in the field yet, nor tested by a large userbase;
however, it does form a profound starting point for further developments.

Paths toward industrial uptake could focus on security and robustness, as well as on
an improved user-friendliness and modularity. Further research includes the extension of
this SW-tool to stochastic estimates of corrosion processes and inclusion of risk-assessment
and economic impact of different degradation scenarios. Moreover, with minimal effort
it is possible to transition the SW tool to other fields where 3D visualisation of corrosion
measurement data is relevant.

4. Conclusions and Further Research

Based on the insights presented in Section 2 and the existing tools identified in
Section 3.3.2, it is clear that there currently is a lack of commercial tools that consider
and address all the needs for corrosion monitoring of offshore wind turbine structures.

Furthermore, as corrosion is a slow, stochastic process influenced by multiple dis-
turbances, it is very hard to quantify theoretically; therefore, data-based and risk aware
maintenance planning is crucial to ensure the structural integrity of offshore wind assets
throughout their intended service life. This improves the risk–return balance of CAPEX
and OPEX, thereby further reducing the weighted average cost of capital (WACC).

The SCADA-compatible software tool presented here, can help wind turbine/wind
farm operators to translate corrosion-related information to insights on the wind turbine
structural degradation. Furthermore, it can assist the operators with the economic schedul-
ing of preventive maintenance interventions.
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