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NEW PROJECT
Trends: Decarbonization
Consequences: Develop infrastructure to flow important RES infeed
Challenge: 4. Optimize the development, the construction and maximize the use of new and existing infrastructure
Domain: 4.3 Advanced material and connected technology to maximize use for infrastructure.  


Project-specific context  

DIRECTIONS - DesIgn pRotECTIon and control of Offshore DC grids and eNergy hubS

 The concept of ‘energy hubs’ is a new one, which is essential to the development of the offshore HVDC grid. The hubs collect massive amounts of offshore energy and facilitate the cost-effective integration into the main power system. 
However, such energy hubs have not yet been built and behave fundamentally differently from existing power systems. First, they are based on the use of meshed HVDC links in combination with HVAC systems. This topology is slightly different from the one used for point-to-point HVDC connections as ALEGrO or Nemo link. Consequently, several fundamental and conceptual uncertainties remain, and which need to be addressed. 
In addition, for the specific implementation of the Belgian offshore grid, specific case studies are needed.
KU Leuven/EnergyVille and Elia work in a consortium for this project, led by KU Leuven/Energyville. DIRECTIONS has been selected by the Belgian Federal Council of Ministers as one of the 20 projects to be founded by the Energy Transition Fund (ETF). 


Project-specific state-of-the-art/literature review

An energy hub is a key structure of the next stages of the offshore power system. It serves as a collection point for several remote offshore wind farms (or potentially other sources of renewable generation), linked to other energy hubs and the existing land based AC systems using multiple multi-GW connections. These energy hubs also have on-site facilities to enhance offshore operations and maintenance. An energy hub will operate semi-independently from the main power system and will have its own dedicated master controller, coordinating operations with the nearby systems.
While the general concept of energy hubs has been proposed in academic works and conceptual understanding of the energy hub concept has been established, there are quite a few fundamental questions remaining before such a system can actually be built and operated. The development of an energy hub requires updates to both academic research and industrial development in three core areas of power systems: power system planning and operations (steady state optimization), control for power systems (electro-mechanic transients and control theory) and power system protection (electro-magnetic transients and protection logic).
In terms of system planning, although there is a number of optimization models for long-term planning in the existing literature, little effort has been done to incorporate the detailed topology of the hub, especially considering DC grid protection aspects. Not only can DC protection equipment have substantial investment costs, it also influences how the system is configured and what the functional characteristics of the system are. Additionally, there are currently no optimal planning models which are able to consider uncertainty in system operation as well as possible contingencies in a unified and tractable way. The sheer size of each of the individual connections and lack of inertia on the energy hub create a yet unseen configuration that is very sensitive to large uncertainties. DIRECTIONS aims to bridge the gap by formulating a consistent planning and operational model considering design aspects and protection of DC grids to provide a reliable system design of offshore energy hubs.
The control of the power system in a future energy hub has not yet been considered a main research topic, both in academia and in the industry. While many studies have been carried out on the technical feasibility of the energy hub concept, the detailed electrical design of such a system, as well as the associated control challenges have not been studied. It is known that the electrical network in an energy hub would (i) be classified as a weak connection point, (ii) have little to no inertia, and (iii) include novel grid-forming control strategies. These three challenging aspects have independently been studied in the literature. However, their combination in the case of an energy hub results in a unique research problem in the fields of system dynamics and control design. DIRECTIONS targets this gap in the literature, and studies these aforementioned challenges in a combined way by making use of generic high-fidelity component models.
Regarding protection of the future energy hub, while there are no existing energy hub projects to gain industrial experience from, and no in-depth academic research, there are several key research areas to use as a starting point. With regards to protection of the HVDC elements of the energy hub, there is extensive recent work - significant amounts of which was performed at KU Leuven - examining the devices and system protection of multiterminal HVDC grids. The combination of this background work on protection systems provides a robust starting point for the development and testing of protection systems for the Belgian energy hub.

Expected impact for Belgium

The fundamental research will provide generic outcomes applicable to all foreseen energy hub designs for near future implementation, and this fundamental research will then be applied to the Belgian case study with appropriate topologies and parameters for the planned Belgian energy hub. With the combination of in-depth generalised academic research and research towards industrial application, the project will make significant progress towards effective energy hub designs and protection schemes both in the Belgian context as well as across Europe.
The expected output will allow to have a better vision on the suitable topologies, protection and control systems, operational strategies of multi-terminal HVDC system used for offshore energy hubs.
Belgian Federal Government has already decided the construction of such hub in Belgian North Sea (MOG 2 project) and has signed Memorandums of Understanding (MoU) with the United Kingdom and Denmark to connect this hub to these countries. Danish government has also decided the construction of such hub in its national water.

Starting point for Elia

Belgium is increasing its offshore resources significantly in the next decade. As decided by the Belgian government in 2021, an additional 3.5 GW of offshore wind is to be constructed by the end of this decade in the Belgian North Sea (Princess Elizabeth zone). This offshore wind will be connected to shore via an energy hub located on a new artificial island in the North Sea (MOG 2 project), to be constructed by Elia.

In addition to the connection of the new wind farms in the Princess Elizabeth Zone, the energy hub will also provide the possibility to connect future offshore interconnectors. To that end, Elia is investigating multiple additional interconnectors, the two most advanced being Nautilus, to the UK, and Triton, to Denmark. Both these links are foreseen as a hybrid or multi-purpose interconnector, allowing the assets to be used for two purposes, namely the exchange between different countries as well as the connection of offshore wind farms.

Uncertainties & risks

The financial side of the project has been secured by the granting of a support from the Belgian ETF and we need to comply with strict reporting requirements in order to unlock the grant. 
The technical development of the Belgian Energy Hub in the North Sea is secured by the decision took by the government to build 3,5 GW of new offshore windfarms. Bilateral agreements have also be signed between Belgium and United Kingdom and between Belgium and Denmark to build the first undersea connection between two energy islands, exchanging power between two countries and bringing energy from offshore wind farms on land.
Regarding the technology risk, multi-terminal HVDC grids as used for offshore energy hubs are still under development and have never been deployed on an industrial scale. 

Project description (planning, work packages, deliverable, milestones) 

The DIRECTIONS project aims to perform fundamental research examining the technical choices surrounding the ‘energy hub’ concept, and apply this fundamental research to the case study of the Belgian offshore energy hub. The project will address the identified technical challenges under three core topics: the planning of energy hub topologies, the control of devices within energy hubs and of the overall energy hub, and the protection system design for energy hubs. 

The fundamental work (WP1, WP2 and WP3) performed in the DIRECTIONS project starts at TRL1 and will be taken to TRL 2 at the end of the project. The industrial work (WP4, WP5 and WP6) begins with TRL 2 and TRL 3 concepts which will be taken to TRL 4 at the end of the project.

Objectives

The DIRECTIONS project has the overarching objective of performing fundamental research examining technical choices surrounding the new ‘energy hub’ concept as an enabler for the North Sea grid, and applying this research to the development of the industrial Belgian offshore energy hub case study.
In order to achieve this objective, the project has six key secondary objectives (O) spanning the technical work packages:
· O1: 
· To develop tools and methods to analyze the challenges and the functional performance of energy hubs.
· To develop innovative tools to assess multivendor interactions, e.g. between HVDC converters as well as between offshore wind turbines and transmission equipment.
· To develop methods to analyse DC protection performance for energy hubs, including effective methods for selecting critical analysis cases.
· O2: 
· To design and identify appropriate controls, topologies, operation modes, protection schemes and algorithms for energy hubs.
· To develop novel operational strategies and associated control functionalities.
· To develop novel DC protection designs, protection strategies and algorithms as required.
· To identify high risk control induced interaction scenarios for expected operational strategies and constraints, and developing adaptive mitigation.
· O3: 
· To analyze the performance of energy hubs considering novel control modes, topologies and protections.
· To examine the impact of grid-forming controls on system-wide stability and dynamics, considering the impact of system topology and mitigation methods.
· To analyse DC protection performance with evaluation on developed performance indicators (e.g., functional performance, cost, footprint, reliability, …), including through offline and real-time simulation as required.
· O4: 
· To analyse the expandability of solutions for the design, control and DC protection of energy hubs.
· To evaluate future-proofing of energy hub control strategies enabling future expansion.
· To develop a methodology for DC protection system design considering addition of e.g. additional interconnectors.
· O5: 
· To identify, specify and test solutions for the topology, control and DC protection of the Belgian offshore energy hub.
· To study the need for and impact of design aspects for the Belgian energy hub, including DC-side topology, grid-forming controls, dynamic services to the AC systems, DC protection elements and protection topology.
· To perform a comprehensive interaction risk assessment considering practical scenarios and study of the impact of adaptive interaction mitigation measures on the Belgian energy hub.
· To perform an assessment of energy hub performance through functional tests to evaluate compliance to functional requirements of e.g. primary and backup protection.
· O6: 
· To train new experts in the field of energy hubs, HVDC and offshore in general.
· To provide training to 5 new doctoral students, which can be directly integrated in the Belgian job market.
· To develop competences and expertise at Elia and KU Leuven which can be used for further post-project valorisation.



Description of work packages

· WP0: Project management/coordination
In order to ensure effective collaboration, WP0 is dedicated to project management. This work package will ensure alignment between the different work packages, enable successful collaboration, and take care of general aspects of the project such as communications, project identity and dissemination via a project website. A project management group (PMG) consisting of project coordinator, Project Initiators (PiS), and work package leaders will meet regularly in order to ensure smooth running of the project and to allow any problems to be resolved quickly. This WP also ensures the communication with the funding agency.

· WP1: Reliable design and operation of energy hubs 
In offshore energy hubs, large quantities of power will be concentrated either by injections coming from large offshore wind farms or through interconnections. The power flows in the offshore energy hub will inherently be volatile due to the nature of wind power and expected volatile power exchanges in a renewable energy dominated system. As such, for reliable operation of energy hubs based on HVDC technology, fundamental optimization models are needed for DC system design and the operational coordination of the DC energy hub with the existing and future AC/DC systems.
Firstly, this work package will develop a planning optimisation model, which allows to determine the redundancy and oversizing taking DC protection system constraints into account. Using this model, future extendability of DC offshore energy hubs will be analyzed. AC transmission systems are operated in a balanced manner, where the currents and powers in the three conductors are nearly equal. Voltage/current unbalance observed due to variations in system loading in usually less than one percent. In the case of single pole outages of HVDC cables and converters, bipolar HVDC systems could be operated in monopolar over larger periods of time, and keep delivering power, increasing the availability. However such operation means a voltage / current imbalance of 50% in an HVDC grid. For reliable operation in such cases, an optimal power flow 8 model will be developed which can take such system imbalance into account, and determine optimal power set points for HVDC converters considering the grounding configuration of the DC energy hub and connected DC grids. This optimal power flow model will further be extended to a security constrained optimal power flow model for determining required preventive and corrective actions in cases of DC contingencies in a risk-based manner, as the power flows in the system as well as occurrence of contingencies are subject to uncertainty. This work package will provide the scientific basis for the analysis of different DC topologies for offshore energy hubs as carried out in WP4. 
This work package will contribute to objectives O2, O4, O5 and O6.

· WP2: Control strategy and interactions in energy hubs: models, advanced tools, and methods 
The location, electrical uniqueness, and scale of offshore energy hubs is expected to bring numerous control challenges never observed before. The electrical uniqueness for instance will most likely require grid-forming control strategies as a family of related control functionalities to dictate the behaviour of the electrical network. This is a new control feature with poorly understood behaviour from a system perspective, more so when applied to a radically distinct electrical network that will symbolise offshore energy hubs. Furthermore, given the expected size of the hubs, the number of controlled components using potentially distinct technology, irrespective of adopted control strategy, control interactions between various components and at various levels of the system is almost inevitable. To further complicate issues, an expected constant variation in system topology, possibly even beyond the initial design scope, is expected to put strain on control structures resulting in overall detrimental behaviours. The combination of these elements brings key challenges related to dynamics and control. This work package will therefore focus on fundamental research on methodologies to assess interactions and the risks thereof. These methodologies, based on small-signal assessment and time-domain techniques, should account for different technologies for which only input-output characteristics might be known. In addition, it will focus on fundamental research to redefine control structure requirements to account for constantly changing system behaviours and future system expansions, accounting for grid-forming controls and a power electronics integration of 100%.
This work package will contribute to objectives O1, O2, O3 and O6.

· WP3: Methodologies for designing protection of energy hubs 
Given that energy hubs concentrate large amounts of power and consist of expensive components, guaranteeing continuity of power supply in case of fault events is of utmost importance to avoid economic and social welfare loss. The task of avoiding extensive outages in case of faults is achieved on the one hand through design and on the other hand through a protection strategy and associated devices. For the existing AC system, design methods and protection are well known. However, energy hubs present specific unknowns related to high converter penetration, combined with high power ratings and the resulting low local inertia. Given that the energy transition involves shifting from traditional AC systems to energy hubs comprising hybrid AC/DC systems with different characteristics, new methodologies will have to be developed as the traditional analysis approaches may no longer be effective. On the other hand, these new methodologies will most likely rely on computationally heavy electromagnetic transient simulations (EMT). Given the large number of unknowns in this design stage, careful selection of relevant simulations is of utmost importance.
Therefore, this work package will focus on design methodologies for protection of energy hubs, together with fundamentally new ways of dealing with large number of EMT-type simulations, thereby integrating the newest techniques from the field of machine learning and artificial intelligence.
This work package will contribute to objectives O1, O2, O3 and O6.

· WP4: DC grid design and operation of Belgian energy hub 
This work package aims at providing a number of possible DC connection topologies for the Belgian offshore energy hub. 
These connection topologies will be analysed w.r.t. to their reliability and availability under a number of different operating conditions and contingencies. 
The existing system with planned extensions of the Belgian transmission system will be used as the starting point of the analysis. To that end the models formulated within WP1 will be used. Specifically, the aim is to obtain a number of different DC connection topologies between the offshore energy hub, and planned and 9 existing HVDC links, and compare them in terms of extensibility, availability, reliability and cost using a number of different operating conditions and possible contingencies. The obtained topologies can be ranked based on the previously mentioned criteria and provided as input for future in depth engineering studies towards a complete feasibility study. This work package will contribute to objectives O3, O4, O5 and O6.

· WP5: Control strategy development and interaction study for the Belgian energy hub 
In close collaboration with the research carried out in WP2, this work package will specifically focus on the control interactions that can be observed in an energy hub connected to the Belgian high voltage network. Although many concepts have been proposed for energy hubs, no such system has been built yet. The Belgian energy hub would be characterised by low (possibly zero) inertia, and potentially contain advanced features such as grid-forming control. Furthermore, the energy hub itself will house a significant amount of cable connections, and will be connected to an extensive cable network onshore, increasing the risk of cable resonances being excited by converter controllers. Therefore, it is expected that as a result, novel challenges related to control interactions will be encountered. 
In this regard, this work package will assess practical control strategies for the Belgian energy hub, considering the set of operating conditions, constraints and possible contingencies studied in WP4.  
Offline time-domain testing will be carried out to verify the expected operation of these strategies on a realistic model of the Belgian energy hub. The work package will study the impact of system reconfigurations on the control performance. Focus points will be identifying the needs and requirements for (grid-forming) control schemes and to identify possible adverse control interactions, accounting for the parallel operation of AC cables with the HVDC connection.
The insights from WP2 will be used to identify the risks of potential control interactions in the Belgian energy hub (including the Nautilus HVDC link), and where feasible, appropriate mitigation measures will be proposed. In addition to these, this work package will also investigate the suitability of the Belgian energy hub for grid stabilisation and planned expansions of both the onshore and offshore Belgian networks, where the main objective is to identify potential control interactions with the control features specific to the Belgian energy hub.
This work package will contribute to objectives O2, O3, O4, O5 and O6.

· WP6: DC Protection of the Belgian Energy Hub 
Building on the generic key methodologies for protection of energy hubs (WP3), the particular case study of the Belgian energy hub will be investigated. This work package will focus on the application of DC protection principles for application to the future Belgian energy hub, with particular attention paid to possible methodologies for connecting the Nautilus interconnector with the Triton energy hub.
The work package will apply the design methodologies (e.g. paper studies, parameter studies, time-domain validation) and functional requirements developed in WP3 in order to specify an effective DC protection strategy and protection system design for the Belgian energy hub. An in-depth design of the DC protection will be performed, including design and functional testing of algorithms as required (e.g. using offline and limited lab-scale testing as appropriate), in order to ensure effective protection operation. By performing selected time-domain studies of critical cases (e.g. in EMT simulation) against key performance indicators, the performance of the overall protection system will be demonstrated (e.g. including full protection sequences for primary and backup protection).
The overall goal is to design DC protection for the Belgian energy hub, ensuring that the key challenges surrounding this novel configuration have been resolved.
This work package will contribute to objectives O3, O5 and O6.


Timeline
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Partners 
· KU Leuven/EnergyVille 

Summary of project efforts in person months: per work package and per year
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