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Trends: Decarbonization, supranational coordination, digital revolution
Consequences: Uncertainty and intermittency of generation, new system dynamics, new decentralized resources
Challenge: 2. Automate system operations to be able to optimize the network in minute timeframe for frequency, voltage and congestion
Domain: 2.4 Predict and automate voltage decisions

Project-specific context 
· Voltage control in the high-voltage grid will be more and more complex in the future, as a result of multiple factors. 
· First of all, small and intermittent distributed energy sources are emerging, which means that conventional power plants are being decommissioned. Up to now, these conventional units have been the main means to manage voltage control dynamically (up to 60% of the required energy). Concretely, the nuclear power plants of Doel and Tihange have a total band of [-1180;2675] Mvar (~650 Mvar band for 1 GW).
· Secondly, more and more overhead lines are being replaced by underground cables that generate much more reactive power. These cables are then offset by switchable and variable shunts distributed throughout the grid. 
· A third development is the increase in active power exchange capacities through upgrading interconnections, causing the Belgian power system, driven by the European market, to become highly volatile. This will result in a highly volatile reactive power distribution, because of higher Mvar losses with higher load / power flows. This results in grid voltages that change continuously and need close attention from the system engineer. 
· These trends together have an impact in two ways: 
· First, due to decentralization trend, decisions will need to be taken for multiple small units instead of one big unit. This will mean the messages sent in connection with each decision will increase. 
· In parallel, due to the increased dynamics in market flows, control maneuvers will be required more frequently. Therefore, the complexity of voltage management will increase significantly.
· The integration of renewables and associated power electronics equipment will also change the dynamics of the system, leading to voltage issues and therefore also increasing the risk of blackout. Voltage support is a system control task mainly performed with synchronous generators today, which will be joined and/or replaced by non-synchronous or static machines in the future.
· We see an increasing number of HTLS and PSTs in the Belgian and European grid which are responsible for high Mvar losses at high load, in turn again changing dynamics related to grid voltage. 
· The trends mentioned above are not fully compensated by new Mvar sources. Additionally, strong potential Mvar sources (such as HVDC connections, offshore wind parks) are not always ideally placed in the network, for instance on an antenna instead of firmly meshed into the grid.
· Potential new thermal power plants on Elia grid will not be running all year long, and their availability for Mvar services will be volatile.
· Simulation sessions with experienced System Engineers have shown that up to 13 voltage related actions per hour will be necessary in the future if we do not change the current approach. Given the fact that an action comes with multiple actions (aligning with stakeholders, checking N-1 security etc.) this would mean that voltage control becomes a full-time job for the System Engineer.
· A general approach adopted by TSOs to solving voltage problems is to revert to the installation of power electronics assets such as STATCOMs, devices that can cost millions of euros. At Elia, we want to avoid such investments by optimizing the usage of the voltage-regulating assets we have today (e.g. shunt or capacitor bank) and making their control more dynamic, in general optimize the usage of existing assets.
· The COVID-19 crisis has had a negative impact on the situation. Due to load reduction, voltages have increased in many parts of the European grid. Several European TSOs have triggered emergency alerts via the European emergency alert system (EAS) due to extremely high voltages. Mass dispatcher interactions and coordination with neighboring TSOs and impacted DSOs have been necessary to keep the European system up and running. 
Project-specific state-of-the-art/literature review
· RTE and Swissgrid have already developed some initial solutions. Specifically, RTE is looking into improving voltage control using artificial intelligence as part of its APOGEE project. In this project, the idea is to develop an assistant for short-term operations. RTE is working on achieving this goal with various PhD students. They take four parallel approaches, namely (i) using machine learning to mimic humans; (ii) using optimization algorithms or optimizers; (iii) using expert systems, such as a remedial actions database; and (iv) capturing what operators intend to do in near to real time. Experiments with dispatchers are ongoing. Swissgrid is working in a slightly different context than Elia, in the sense that they do not have proper voltage-regulating assets and instead depend on services contracted from Swiss DSOs. They have developed a day-ahead market optimizer that works out voltage schemes for a 15-minute time scale.
· We had a call with Energinet DK, who have attempted to implement a similar scheme some years ago. Their feedback was that their OPF (Optimal Power Flow) algorithm proposed too many actions that had a limited validity (e.g. activation of a shunt that will be deactivated in the next hour). This is a clear attention point for our project, and we will stay in contact with the relevant persons. Subsequently, via our links to the R&D committee of Entso-E (RDIC) we try to identify other relevant stakeholders in the TSO business.
· We have also had contact with relevant people at AEMO (Australian market operator), who confirmed our feeling that we are pushing the state-of-the-art with this project. They indicated that they are very interested to be informed about intermediate results of the project in order to learn from us. During these calls, stakeholders from EirGrid were involved as well, who similarly expressed great interest.
· Based on calls with our peers, we know that none of them has for the moment reached a level of automation that might be required in the future after the nuclear phase out in Belgium. 
· We have contacted several startups and multinationals  to assess the possibility of launching a partnership. We launched an RFP via our social platforms to identify other potential companies we might have missed. In response to this, we received about 15 proposals of a multitude of companies who are interested to build the solution with us. Once again it became clear that our challenge has not been undertaken before, and therefore no off-the-shelf products exist.
Expected impact for Belgium
· Significant voltage deviations can lead to the decoupling of many devices and ultimately to a local blackout. One of the best examples of this is the blackout in New York, Ohio, Michigan, and Ontario on August 14, 2003 mainly caused by a voltage control and stability issue and costing between USD 4 and 10 billion. 
· Given that in Belgium, nuclear power plants account for around 50% of the voltage control and considering the increase in the share of renewables in the energy mix, an automated voltage control solution needs to be developed to increase the dynamic voltage capabilities of our grid. This way we can ensure the security of the grid in case of voltage instability caused for example by an abrupt change in the generation of renewables. So far, no exact quantitative impact calculation has been made available. This will be evaluated in the first part of the study.
· Due to the current trend of replacing conventional conductors with HVDC lines (reactive power depends on the square of flux) combined with higher market volatility and the fact that plants regulating voltage automatically will be replaced by solar and wind energy infrastructure, an increase in voltage-related actions in the future is expected.
Starting point for Elia
· Up to now, at Elia we have not used an optimizer or a decision support tool to control voltages. Voltage management is a specialist task performed by system engineers. Today, the system engineer has two different, complementary tools, depending on which task he needs to perform. Firstly, there is the EMS, which via our SCADA system directly controls assets we own, such as shunts or condenser batteries. By sending (de)activation signals, the voltage is managed. Secondly, if the system engineer wants to change the Mvar absorption or production of a specific contracted power plant, he needs to use the ReVolt tool, which sends requested signals to the operators of these plants.  
· The detailed process is described on the Elia website: Controlling voltage (elia.be).
· Today, this is a manual process that requires a lot of expertise, knowledge, experience, and manual interventions from the responsible parties. 
· Because of the shift from big, centralized assets connected to the extra-high voltage level to small, decentralized units, coordination between different control centers will be crucial but also more complex. 
Uncertainties and risks
· The first uncertainty relates to the availability of tools for such voltage management automation, as previous research has shown that there are no existing solutions on the market. Voltage management is a highly complex issue because we need to consider interactions between active power flows, loads, electrical zones, neighboring TSOs, DSOs, and voltage-regulating assets, such as capacitor banks and shunts.
· The second uncertainty is about whether the decentralized voltage control resources will be sufficient to cope with the uptake of renewables and the nuclear phase out, and whether a human can control these resources. 
Project description
The goal of the project is to support dispatchers in managing the voltage schedule and Mvar distribution on the grid to prepare for an energy system with a high share of renewables. The first step is to develop an algorithm that finds realistic solutions to voltage issues on the grid, before gradually increasing the real-time support provided to the dispatcher until there is full automation of some voltage control processes (still to be determined). This support to the dispatcher will become vital in the years to come, as explained in the context above. 
The vision is to put at disposal an optimization algorithm for Planning and RT operation phase, which will help the system planner and dispatcher or system engineer to always achieve the “optimal”[footnoteRef:2] voltage spread on the grid. This algorithm will need to take into account existing predictions for load and production and consequences in terms of the N-1 security of its decisions. On top of this, the tool will need to be able to cope with the complex reality of voltage regulations, in which many actors and influencing factors play a role, such as the more and more volatile power flows, local load fluctuations, neighboring TSOs' decisions, voltage-regulating assets, and transformer tap changers (both discrete and continuous control means). In that sense, the tool will serve a double role as a means of communication and alignment between all stakeholders. [2:  Let it be clear that there is not one definition of the word „optimal“. Depending on the circumstances optimal can mean that costs are minimized, that dynamic potential is maximized, that lowest amount of switching actions are required, or any combination of any objective function that can be thought of.] 

Eventually, the experience gathered in those projects will be used to pave the way for automated voltage regulation.

· Project proceedings
Throughout 2020 we have gathered all needs and business requirements for the voltage control tool. We have finalized market scanning and peer interviews, from which we concluded that currently nothing can be bought off the shelf. Because of this, we launched a ‘request for proposal’ (RFP) to find a partner. We received a high number of qualitative proposals and after three selection rounds the ‘N-Side/EGI’ consortium won the project, thanks to a high expertise combined with a competitive price. 

In 2021 and early 2022 we developed a proof of concept with a strong team consisting of Elia, 50Hertz, EGI and N-Side experts. The goal of this PoC was to test main business hypotheses which followed from the preparation phase, in a real-life use case. Main hypotheses were testing whether the tool can receive, read and interpret all grid and relevant environmental data, optimize according to a certain objective function, successfully use all means of control that are available and not forget time-coupling aspects. Time coupling means that the optimizer is not looking at time stamps as individual moments to optimize but that a logical flow throughout the day is achieved. Concretely this would mean that an action is not proposed if it will be undone one hour later, or that ‘cool off’ periods of certain assets are considered.

Throughout 2022, the development speed of the project will be reduced slightly, because main efforts will be spent on data preparation and testing of current prototype. The plan for 2022 is to test the PoC in real-life conditions, using a big amount of real data, and in parallel reduce small bugs in the code.

This will enable a big new start in 2023. Based on all the learnings that are gathered in 2022, we will be able to start creating a minimal viable product. This will entail combining learnings of the PoC phase, new scientific insights and general ‘best practices’ to move the project effectively from a rough proof of concept into a usable product that can be tested in (simulated) real-life conditions, that can then be used as a basis for industrialization.

· Deliverables and milestones
· Internal knowledge spreading and valorization of current PoC: via internal presentations, intranet and innovation website
· Conference participation: presentations, talks (we talked at the AI and Electric Power Summit)
· An important milestone is the Board decision on the overarching ‘Digital operator’ program, which is expected in Q3/4 2022. Here, we will have a final Go/NoGo decision on the budget and resources for Voltage Control automation
· A working MVP: In case the green light is given, we want to deliver an MVP by the end of 2023.
Partners
· Analysis of the needs, criteria/the design: experts from the Elia Group's control centers and support expert teams, and relevant experts from EGI.
· Exchange of expertise with other TSOs, DSOs, startups, multinationals, etc. and assessment of the best partnership for the project.
[bookmark: _GoBack]Development of the algorithm: This will be analyzed in close liaison with Elia's Artificial Intelligence team, set up in close liaison with the analytics consultancy N-SIDE.
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