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Abstract

:

The evolution of the electrical power sector due to the advances in digitalization, decarbonization and decentralization has led to the increase in challenges within the current distribution network. Therefore, there is an increased need to analyze the impact of the smart grid and its implemented solutions in order to address these challenges at the earliest stage, i.e., during the pilot phase and before large-scale deployment and mass adoption. Therefore, this paper presents the scalability and replicability analysis conducted within the European project InteGrid. Within the project, innovative solutions are proposed and tested in real demonstration sites (Portugal, Slovenia, and Sweden) to enable the DSO as a market facilitator and to assess the impact of the scalability and replicability of these solutions when integrated into the network. The analysis presents a total of three clusters where the impact of several integrated smart tools is analyzed alongside future large scale scenarios. These large scale scenarios envision significant penetration of distributed energy resources, increased network dimensions, large pools of flexibility, and prosumers. The replicability is analyzed through different types of networks, locations (country-wise), or time (daily). In addition, a simple replication path based on a step by step approach is proposed as a guideline to replicate the smart functions associated with each of the clusters.
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1. Introduction


The power sector is currently experiencing a revolution in the way electricity is generated, transmitted, and distributed. These changes are largely driven by enhancements of decarbonization policies, increased digitalization, and increased demand for the electrification of assets. As a result, the network has seen rapid growth in the integration of distributed energy resources (DERs), such as photovoltaic (PV), wind, and electric vehicles (EVs), within the distribution system. These ambitious goals, however, do not come without consequence to the distribution system operator (DSO), and their integration has resulted in several challenges, e.g., increased network congestion and voltage violations. The DSO, thus, plays a pivotal role when integrating these technologies while ensuring a safe, reliable, and continuous supply of electricity. Many technical solutions and business models have been developed in order to harvest the use of DERs within the flexibility market whilst supporting the DSO in ensuring the secure operation of their networks [1]. These smart grid functions range from forecasting services and energy management systems to optimization algorithms, thus composing an end-to-end chain of processes. A comprehensive overview of some smart grid functions and how smart grids are evolving over the last 20 years is detailed in [2]. In addition, these new solutions have allowed for the increase in new business models and actors such as virtual power plants (VPPs), who act as aggregators, to leverage flexibilities and offer their services to other network stakeholders, e.g., the DSO and the transmission system operator (TSO) [3].



To provide a platform for these smart grid technologies to be developed, tested, and implemented, various pilot projects around the world have been implemented [4,5]. Some of the many objectives of these projects aim to assess the feasibility of smart grid functions, new hardware, communication technologies, and business models. However, this novel approach considers these innovative solutions within the scope and boundary conditions set within the project. In this regard, several questions often arise, such as whether these solutions can perform adequately after large-scale deployments and within alternative network boundary conditions. It is, therefore, necessary to analyze and validate such solutions by conducting a scalability and replicability analysis (SRA).



The terms scalability and replicability analysis have become increasingly relevant in DSO network planning [6]. The need to conduct the SRA is, in current times, a vital component when considering future scenarios based on the increased connections of DERs and increased electricity demand. Therefore, the SRA allows the DSO to visualize and quantify the proposed scenarios to identify the impact of technical solutions on the network before their implementation. By doing so, the DSO can make informed decisions, particularly those relating to costly network refurbishment plans or their possible deferral. The DSO is, thus, able to realistically assess whether the technical solutions will allow for improved network performance and identify potential interoperability limitations when these solutions are applied to networks that extend beyond the demonstration grid’s predefined boundary conditions. Therefore, the SRA can bridge the gap between pilot demonstration projects and large scale deployment of new technical solutions. For this study, scalability refers to the increase in a system in relation to its size, scope, or range while ensuring that its ability to adequately meet the grid’s technical requirements is not compromised. The term replicability refers to the capability of the proposed technical solution to be implemented within another network, location or time.



1.1. European Context and Legacy for the Scalabilty and Replicability Analysis


Based on the aforementioned concepts, the InteGrid [7] project, formulated under the H2020 framework, is founded upon two key concepts. The first, to enable the DSO as a market facilitator for stakeholders to actively participate in the energy market using smart grid tools based on new business models, new data management, and consumer engagement. Although the second is to demonstrate that the integrated solutions proposed are scalable and replicable under a vast range of different circumstances, e.g., grids with a higher penetration of DERs.



The H2020 InteGrid project derives its concepts from a previous smart grid project, evolvDSO [8], which applied the IEC PAS 62559 use case methodology and defined eight new and evolving DSO roles for the efficient integration of distributed renewable energy sources in distribution networks. The possible establishment of these roles was supported by the development of methodologies and tools, where their respective technology readiness level was then enhanced in InteGrid. As was in the case of evolvDSO [9], InteGrid has extracted the lessons learnt from other EU projects such as Grid+ [10], where the SRA focus was primarily aimed at analyzing and understanding the prerequisites of smart grid projects, which are required in order to be scalable and replicable. Their contribution, condensed in [11] created the foundation for the SRA, as the paper addresses the influence of several factors to develop the requirements for scalability and replicability within smart grids. Grid4EU [12] proposed a step-wise methodology to combine technical analysis through load flow, dynamic, and reliability analysis with regulation and stakeholder analysis to provide a holistic view of drivers and barriers for potential up-scaling of the solutions. IGREENGrid [13] contributed to the development and importance of the SRA. Within it, two approaches were used to (1) filter the solutions with the most potential (qualitative) and (2) from a technical and economic point of view (quantitative) to understand the performance and benefits of the solutions within a potentially large-scale implementation. Additionally, these results served to help DSOs draft recommendations for deployment and investment prioritization while allowing the industry to develop products and policies. Within InterFlex [14], the project developed and implemented a targeted SRA to assess the response of the network to the implementation of design solutions when they are scaled up. These vary from network calculations, which compare the hosting capacity under different future scenarios, to voltage response of inverter functions (autonomous and centralized). A common approach to provide a holistic overview through a visual representation of these smart grid projects has been to use the smart grid architecture model (SGAM) [15]. This reference standard process helps depict the different aspects that define the smart grid through its five interoperability layers (business, functional, information, communication, and component) and provides a well-established source of information.



Each one of the aforementioned projects provided valuable and diverse contributions to the SRA state-of-the-art. This diversity, which is natural and should be encouraged, should also be condensed to become a recognizable process for any stakeholder. InteGrid focuses precisely on this aspect by proposing a standardized and multi-focus approach (functional, information and communication technology, economic, and regulatory) toward the way in which scalability and replicability can be analyzed within smart grids. This is approached can be achieved through the use of the SGAM which is used as a foundation upon which additional context and information can be sourced.




1.2. Research Questions, Key Contributions, and Paper Structure


This paper presents the functional scalability and replicability analysis of the smart grid functions implemented within InteGrid. Thence, the multi-focus approach is presented as a foundation upon which the context for the functional-oriented SRA and the various case studies are conducted. Furthermore, it is crucial to analyze the functions and assess their performance and impact within the distribution grid when future scenarios with high penetration of RES and their exploitation as flexibility sources become a reality. In this direction, this paper provides the following key questions:




	
How can different scopes such as technical, economic, and regulatory be combined within a unified SRA approach?



	
Does clustering of tools for a single SRA bring any benefits compared to conducting an individual SRA of each tool?



	
What are the results of the set of tools when facing a scaling process (e.g., increase in RES penetration; network; flexibility offers and device controllability)?



	
What are the results of the set of tools when they are exposed to other networks, characteristics, or resources?



	
Would other stakeholders be able to replicate the set of tools in their own context?








Two contributions to the development of the SRA can be considered in this paper.



On the one hand, to propose a standard and replicable quantitative analysis methodology for smart grids. This is achieved through a multi-focused SRA approach aligned with the SGAM. Considering the SGAM as a key foundation for the methodology, it enables a common reference representation of smart grids, which can also be replicated among various projects. The SGAM, although not considered a standard by definition, provides a simplification of the process for achieving a common reference model. The standardized consideration is a result of the SGAM becoming popular within the smart grid community. A clear example is its adoption in national, international smart grid projects or cross-domain as described in [16].



On the other hand, to show the functional-oriented scalability and replicability analysis of the set of functions proposed in InteGrid. The analyses presented in this paper provides a holistic approach to test a collection of tools in order to capture the various future challenges which will be faced when the are in real operation. The SRA is the natural step for developing tools in academic research and bridges the gap towards real implementation. The set of functions presented in this paper vary from newly developed forecast systems [17], state estimator for medium voltage (MV) or low voltage (LV), controllers for flexibility operation [18], a multi-period optimal power flow (MPOPF) [18], home energy management systems (HEMS) [19,20], aggregation through VPP [21], or even a traffic light system used for TSO–DSO indirect coordination [22]. To facilitate the integration of these tools, and noted as an additional contribution of the InteGrid project, the grid, and market hub (gm-hub) is presented in [23,24].



Although the backbone of this paper is founded upon the SRA implementation conducted within the InteGrid project, the novelties of each smart grid function are also highlighted throughout the paper.



The structure of this paper is as follows. Section 1 provides an introduction and motivation for conducting the SRA for the developed smart grid functions. Section 2 focuses on the proposed multi-focused methodology by using the SGAM as a basis for the conceptualization of the analysis. Moreover, the simplified functional methodology is presented in addition to the clustering approach, which enabled the holistic analysis of the tools. The analysis is split into two primary case studies. The first case study in Section 3 presents the SRA for the Portuguese demo through a two part analysis. The first part focuses on the set of tools for predictive operation in medium voltage networks. The second part focuses, likewise, on predictive operation but from the perspective of low voltage networks. The second case study, in Section 4, presents the SRA for the Slovenian demo which focused on the indirect TSO–DSO interaction. Within each case study and their SRA, the authors provide (1) a description of the cluster, (2) the objectives for the SRA, including an introduction to the scenarios which are to be considered, (3) the results of the scenarios presented, and (4) a discussion subsection driven by the results obtained from the analysis of each cluster. Section 5 presents the potential replication paths for the set of tools covered in this paper. Finally, Section 6 provides the overall conclusions of the SRA process and outlook for the SRA.





2. Methodology


2.1. Generic Smart Grid SRA Methodology


It is necessary to consider several system aspects to capture the impact of smart grid technologies. A smart grid, per-se, can be expressed as two-way communication, which enables different use cases [25]. Authors in [26] describe the smart grid as “...an integrated array of grid technologies, devices, and control systems that provide and utilize digital information, communications, and controls to optimize the efficiency, reliability, and security of electric power delivery”. This combination of assets, ideas, and tools cannot only be analyzed through one unique point of view. Instead, a multi-focused approach is necessary to provide a complete analysis of the smart grid technologies. Nonetheless, the multi-focused approach is not a simple and trivial task and can be associated with a wide scope of challenges, such as tool indecencies and context. Within these challenges, the SGAM aims to provide a multi-layer approach that can simultaneously capture the required points of view which are necessary to fully understand the smart grid. The use of the SGAM in InteGrid was motivated by (1) the implementation of a standard approach of describing the smart grid solutions which enables all stakeholders to have a common reference point and (2) the project’s architecture, which consists of 12 defined high-level use cases (HLUC), which are a description of the use case from a business level (business interoperability layer of the SGAM). These HLUCs have their individual requirements and one or more objectives [27]. Hence, the SRA in InteGrid is developed based on 4 focus areas [28,29,30], mapped to the SGAM in Figure 1. The description of these focus areas is as follows:




	
Functional: validates the technical integration of the smart functions through their impact when integrated within the distribution network while considering the network technical capabilities.



	
Information and communication technologies (ICT): provides a system architecture characterization based on the SGAM representation conducted via a qualitative analysis, which identifies the potential bottlenecks and a quantitative analysis which uses stress simulations to evaluate future performance;



	
Economic: provides a cost benefit analysis based on the net present value and the initial rate of return of the implementation of the new functions and tools. The analysis gives an overview based on the economies of scale, macroeconomics, and key performance indicators (KPIs);



	
Regulatory: investigates the regulatory drivers and barriers which may be imposed within various countries in order to highlight the compatibility of these regulations during the deployment of the smart grid functions.








The mapping proposed in Figure 1 shows the main information points for each of the focus areas. However, all the interoperability layers should be considered when assessing a specific focus area due to inter-relationships. The component layer provides the devices that compose the grid backbone, e.g., generation units. The communication layer details the technologies of communication used and their protocols, whereas the information layer provides the inputs contained in the data models. The functional layer is associated with the technical scope of the smart grid functions, while the business layer relates to the business and political (regulatory) frameworks.




2.2. Functional Clustering Process


Boundary conditions of the three considered demos serve as the foundation for the HLUCs. Although they might implement the same smart grid functions, their objectives for implementation may differ. The Portuguese demo focuses on the flexibility usage for the DSO purposes at both the MV and LV levels. The DSO uses flexibilities from several sources, such as wind, solar, batteries, and industrial consumers to ensure the reliable operation of the distribution networks. The Slovenian demo encompasses a TSO–DSO indirect interaction process. It implements a traffic light concept to assess the impact over the distribution network when flexibilities are used for purposes other than local DSO flexibility. These flexible units might be distributed storage systems, industrial customers or distributed generation aggregated under a commercial virtual power plant. The Swedish demo analyses the social impact of steering customers to solve grid constraints through active participation in demand-side management programs.



Given the diverse context of each demonstration, a pre-evaluation process [31] using a qualitative analysis is performed. This approach allows for the filtering of necessary HLUCs and identifies the potential benefits (if any) of a applying a combined HLUC approach in order to conduct a joint SRA. The pre-evaluation considers a wide variety of aspects, such as the objectives of the HLUC, potential analysis, specific SRA methodology considered for analysis, potential scalable sources, pre-requirements for analyzing national and international replicability, tools to perform the SRA, KPIs which can be measured and potential baselines for the analysis comparison. From this analysis, one outcome is clear: if there is an objective to truly capture the potential of the tools, a solution has to be found to incorporate the interdependency of the tools. The solution could be to identify many assumptions when analyzing each tool individually. Another solution is to group them into a cluster. By grouping them, assumptions are reduced, and specific data can be used. Such an approach is used in this paper, as the benefits of having real data, fewer assumptions and real mapping to a demonstration site enables a holistic analysis.



Subsequently, 5 clusters were identified as represented in Figure 2. Clusters 01, 02, and 04 are mapped to the Portuguese demo, Cluster 03 to the Slovenian and Cluster 05 to the Swedish demonstrator. The common denominator among most clusters is the gm-hub platform, which acts as a secure, interoperable platform oriented to facilitate market access and operate as an intermediate platform connecting the different energy agents and roles. Within the scope of this paper, only Cluster 01, Cluster 02, and Cluster 03 are presented as they (1) implement the main tools characterized in within the InteGrid project (programming languages and technology are listed in Appendix A) and (2) each cluster fully implements a set of tools within the demonstrations.




2.3. Functional-Oriented Methodology


As previously mentioned, the focus of this paper is on the functional-oriented SRA, meaning that the analysis focuses on the output of the different smart grid functions when they are implemented under various high impact conditions. Although 5 clusters are considered for the analysis, each having their own specific requirements for the analysis, a general process for the functional-oriented methodology is applied and is shown in Figure 3. This approach is based on the methodology presented in [32].



As shown in Figure 3, the first step to collect data (as realistically as possible). It includes network and profile data required to produce a representative system model. This step allows for the evaluation of data availability and accessibility and whether alternative generic sources are required. Thereafter, various scenarios and KPIs are defined in order to provide case studies and assessment criteria, respectively. Several communities of practices help with the creation of the scenario for each cluster. The functional SRA execution consists of implementing the developed scenarios in a simulation environment based on the real or representative network model. The results are then heavily discussed among the different stakeholders to include perspectives ranging from the system operator to the flexibility provider. Finally, the last step is to draw conclusions that can be applicable for a wide range of stakeholders.





3. Case Study: SRA for Portugal


3.1. Cluster 01: Flexibility Management for Optimized MV Network Operation


3.1.1. Description of the Cluster


Cluster 01 is based on a set of smart grid functions developed for the predictive operation of MV networks. The objective of Cluster 01 is the exploitation of flexibility-based actions to support the DSOs in their operational tasks. Examples of these operational tasks are solving grid constraint violations (voltage or congestion) or decreasing the active power losses. Flexibility resources are considered from two categories. The first category (asset level) are DERs, such as on-load tap changers (OLTC), capacitor banks, or storage systems (assuming that the regulatory framework allows DSOs to own and operate this asset). Storage systems may or may not be owned by the DSO depending on the regulatory framework of the country. The second category of flexibility resources is provided by virtual power plants (VPPs). In this specific case, the VPP is considered a technical VPP (tVPP) as its business model is to provide flexibility to the DSO.



Thence Cluster 01 is dependent on several smart grid functions being, a load [33] and RES forecasting [34] system, a tVPP, a MV load allocation system, and a multi-period optimal power flow (MPOPF) (algorithm). These smart grid functions are represented in Figure 4, including data sources and the flow of the process. Each of the smart grid functions are hereafter briefly explained.



The load and RES forecasting system is a centralized service developed and installed within the DSO infrastructure to support every tool envisioned for the operational planning of MV distribution networks. This service is of utmost importance as it enables access to active and reactive power forecasts—generated daily (i.e., twice a day)—for the different grid locations of each demonstrator. The forecasts are generated based on predicted weather information and past operating conditions.



The MV load allocation (MVLA) plays a fundamental role as it allows solving observability constraints that could prevent the execution of other tools [18], such as the MPOPF. In this sense, the MVLA tool requests the available forecasts (and measurements, in real-time) of the active and reactive power of the MV/LV substations and the feeders’ heads. It either estimates the operating state of the MV/LV substations when measurements/forecasts are not available or performs corrections to the MV/LV substations’ measurements/forecasts (when available) to make them coherent with the measurements/forecasts available for the corresponding upstream feeder. Meanwhile, the tVPP aggregates the flexibility of energy consumers or producers and offers the available flexibility margins to the DSO for the short-term management of the distribution networks.



Finally, the MPOPF intends to be a decision support module capable of providing operational optimization actions to the DSO while keeping the grid power flows and voltage magnitudes within their corresponding technical limits [18]. The MOPF focuses on specific objectives (e.g., flexibility cost minimization, active power losses minimization), always solving a minimization problem. The result is an identification and a reservation of flexibility-based actions while the optimization meets technical grid constraints. The MPOPF objective function, is illustrated in Equation (1),


     O b j e c t i v e f u n c t i o n =  ∑  t ∈ T    ∑  i ∈ F    a i t   ·    (  P i t  )  2  +  b i t   ·   P i t  +  c i t      



(1)




where   a i t  ,   b i t  , and   c i t   are the cost factors of each flexibility resource i in period t. Since it enabled a simpler implementation and did not compromise the simulation goals,   b i t   was the only factor considered in the tests hereby presented thus leading to a linear relationship between the flexibility amount (  P i t  ) and the objective function value. The OLTC and capacitor banks are assumed to have a zero cost value since they are usually owned by the network operators. The minimization of the active power losses can either be modeled by a dedicated objective function or by setting equal marginal costs to all flexibilities in Equation (1). The two inter-temporal constraints for the state of charge (SOC) control and the energy rebound effect are illustrated in Equations (2) and (3), respectively,


     0 ≤ S O  C i t  ≤ S O  C  i m a x        i ∈  N  E S S   ,   t ∈ T     



(2)




where   S O  C i t    is the SOC of the energy storage system (ESS) i by the end of period t and   S O  C  i m a x     represents its upward limit. For the energy rebound effect shown in Equation (3),   P i t   and   P i  t + 1    illustrate flexibilities offered by the same resource i in two consecutive time instants, but with opposite directions (i.e., one upward and one downward or vice-versa). By setting their ratio to 1, it is ensured that the flexibility activation in instant t is rebounded (i.e., same amount of flexibility in the opposite direction) in timestamp   t + 1  .


       P i t   P i  t + 1    = 1      i ∈ F ,   t ∈ T     



(3)







The optimization works in two operational modes: predictive (typically one day ahead, with hourly intervals); and quasi-real-time (typically 45 minutes ahead). As the name indicates, in the first stage, the goal is to foresee potential technical problems and, based on such assessment, define the necessary control actions to avoid them. By doing so, the flexible DERs are warned in times in which activation of their bids are possible. Additionally, the network operators can analyze the defined predictive plan and provide their validation. The real-time assessment has a validation and, if necessary, a corrective character. It relies on the availability of real-time measurements to assess the reliability of the predictive analysis. Therefore, in cases where the forecasted conditions significantly differ from the current ones, the MPOPF updates the predefined control actions.




3.1.2. Objectives of the SRA and Scenarios


The functional-oriented SRA aims to evaluate the four smart grid functions developed to stress them under new conditions and challenging situations. It is possible to use all of the smart grid functions separately. However, the MPOPF is the primary function and, thus, can provide the “aggregated” outcome when implemented in the distribution network. Hence, the output of the MPOPF can indirectly enable the analysis of the other tools.



The following parameters are considered for the scalability analysis,




	
Penetration of RES in the network: the amount of RES is increased to create constraint violations in the MV network and to evaluate the potential of the tools to allow higher levels of hosting capacity. The location and the size of the RES are carefully selected to create challenging situations. The goal is not to perform an exhaustive analysis of the hosting capacity but rather to assess how scaling-up the quantity of RES can be handled by the DSO when empowered with adequate operational tools to manage flexibility;



	
Available flexibility of the tVPP: the amount of flexibility is increased compared to the current baseline (i.e., minimal amount of flexibility) to observe how flexibility can be used as an alternative to more traditional solutions such as OLTCs or capacitor banks;



	
Network size: the number of nodes is increased as it has a direct influence on the computational effort of the tools (in particular the MPOPF). The network size is relevant for the real-time operation where time constraints are more important than in predictive mode.








Concerning the replicability, the following parameters were considered:




	
OLTC and capacitor banks control: evaluation of the capability of OLTCs and capacitor banks—usually owned by DSOs—to solve voltage problems by enabling their control through the MPOPF;



	
ESS control: integrate ESS to evaluate their impact;



	
Reactive power control: as an alternative to local reactive power controls (droop control) used by generators;



	
Rural and urban network types: assessment of the performance of the tools under different conditions through the Slovenian and Portuguese network;



	
Historical data availability: evaluate the impact on the forecasting accuracy and the MOPF control actions when the length (time-period) of historical data changes;



	
Metering primary substation: the grid points for which historical data are available are reduced to evaluate the impact on the MVLA accuracy and MPOPF control actions.








Although the impact of all these parameters was evaluated, not all of them were considered in both demonstrators. Inherent characteristics of the demo sites explain this fact, e.g., the higher RES penetration in the Portuguese demo resulted in suitable conditions to test the possibility of reactive power support provided by these resources. Due to the significant number of simulations performed, it is impossible to assess all the scenarios in the scope of this paper. Therefore, a selection of the most significant scenarios made in the Portuguese and Slovenian demo sites are presented in this paper and summarized in Table 1.




3.1.3. SRA Results


	
Baseline—Portugal






The simulation uses a 10 kV network located in Mafra, Portugal. It consists of 855 nodes and is connected to the transmission grid by a 60/10 kV primary substation composed of 4 OLTCs and 1 capacitor bank coupled to the MV side. Approximately 13,000 customers are supplied by this MV grid, 79 of them being MV customers. From the renewable generation side, 4 different RES are directly connected to the Mafra distribution network. An hourly load and RES profile for 24 h was extracted from the available historical data. It enabled a power flow study to observe the network status. This first analysis showed that neither voltage nor overloading problems occur in the baseline scenario. Thus, the MPOPF did not provide any flexibility-based suggestions.



Despite the absence of technical problems in the Portuguese demo, flexibility could still reduce the active power losses. Two options were considered: OLTC and local generation increase. From these two options, only the first was initially available on the demo site. The tVPP provides the local generation increase in the form of bids, and, therefore, it constitutes a new flexibility option for the Portuguese demonstrator. In the first hypothesis, the primary substation OLTCs increased the global voltage magnitude throughout the distribution grid. Such an increase subsequently led to decreased active power losses from 4.15 MW to 3.34 MW. The second possibility was to exploit the DERs by increasing their local production. The MPOPF entirely exploited this flexibility during the 24 h time horizon, reducing the active power losses from 4.15 MW to 3.48 MW.



This first assessment of the baseline helped to built the SRA scenarios, already illustrated in Table 1, to capture the expected changes of the power systems environment in the coming years. Such modifications lie in scalability (e.g., predictable increase in RES integration) and replicability (e.g., different flexible DER) scopes and intend to assess how the MPOPF would behave when facing other and more challenging conditions than those considered in ‘business as usual’.



	
Overloading Scenario—Portugal






The Portuguese demo site emphasises the use of an ESS as a future scenario. Meanwhile, in the Slovenian demonstrator, this scenario is not tested.



The ESS considered was a 0.5 MW battery storage system to solve branch overload occurrences observed in the Portuguese demo grid, particularly at the beginning and end of the day. These technical problems resulted from the connection of two new wind parks (5.82 MW and 3.1 MW) in one of the network feeders. Several transmission lines observed reverse power flows, which led to maximum overloading of 103%. Figure 5 depicts how the SOC of the ESS evolved during the day while following the MPOPF recommendations.



As expected, the ESS was charged in the extreme hours of the day, thus accommodating the excess of renewable energy injection available in the distribution grid. The partial SOC decrease after the two first charging actions is illustrative for the multi-temporal capabilities of the optimization algorithm. Without such discharge procedure, the ESS would not have enough capacity to relieve the distribution grid from the excess of RES production in the last periods of the day. Therefore, in this scenario, the MPOPF was challenged to control the SOC of the battery system to solve the existing branch overloads and while sustaining the battery’s technical limits.



This scenario also considered the flexibility provided by the tVPP. Two MV customers adjusted their consumption in the upward direction (i.e., consumption increase) and provided a solution to the overloading occurrences. The choice of these MV customers was based on their flexibility costs since the MPOPF provides a feasible technical operation plan and an optimal assessment of the activation costs.



In addition to illustrating the main KPIs for this specific scenario, Table 2 has a hidden and severe warning to the DSO, which does neither use the evaluated solutions evaluated in the Mafra grid. The lack of implementation of these solutions is an important conclusion. It indicates the need for a pro-active distribution network where flexibility exploitation is one of the primary keys to overcome potential grid constraint violations. This example perfectly highlights the ambition of the SRA methodology developed in InteGrid. By mixing scalability and replicability into a single scenario, it was possible to measure the impact to the grid of RES penetration growth and suggest potential assets that would be effective in handling the upcoming challenges when managed by a dedicated optimization algorithm. Neglecting the benefits of hybrid scenarios (i.e., mixing scalability and replicability) could lead to incomplete messages. In this scenario, the more traditional solutions, such as OLTCs or capacitor banks, would not fit to the type of problem, and, as such, it is of utmost importance to provide alternative pathways to the DSO. The complete roadmap to achieve such ways results from the joint analysis of these functional outputs with the economical, ICT, and regulatory SRAs.



Although not all the future scenarios detailed in Table 1 are analyzed in this paper, it is essential to emphasize that feasible predictive plans were elaborated for each of them. Several different flexibility options were used—centralized Q(U) control, OLTC, tVPP—which highlights the versatility of the employed algorithms.



	
Baseline—Slovenia






The simulation in the Slovenian case uses a 10 kV network located close to Ljubljana. It consists of 720 nodes and is connected to the transmission grid by two 110/20 kV primary substations composed of 4 OLTCs. The existent capacitor banks were out-of-service during the demonstration phase. This MV distribution network is responsible for feeding approximately 23,000 customers, many of whom are prosumers. The assumptions for the Slovenian baseline considered that neither OLTCs, capacitor banks, or the tVPP would provide flexibility. Such impositions were following the demo site characteristics.



Considering the available load and RES forecasts for a 24 h time horizon, the MPOPF detected an undervoltage occurrence on the LV side of an MV/LV transformer. There was no solution to overcome such technical problems since no flexibility options were available within the Slovenian network. The fact that no flexibility options were available was a severe warning to the DSO. It highlighted the impact that flexibility may have on the network operation procedures.



The analysis of more complex scenarios in the Slovenian grid required the availability of a feasible baseline. Therefore, the solution developed within InteGrid was to include a flexibility provider: the tVPP. A new flexibility resource was added to the tVPP portfolio, which initially only considered customers engaged in the project. The inclusion of an additional client allowing the partial curtailment of this consumption was sufficient to solve the undervoltage problem. Other options, such as the inclusion of a 10 Mvar capacitor bank group on the MV side of the primary substation, were also assessed and proved to be effective. Independently from the selected option, it resulted in a feasible baseline, thus, enabling the evaluation of the MPOPF effectiveness in diverse and scaled-up contexts, like the ones proposed in Table 1.



	
Slovenia—Overloading and Overvoltage Scenarios






This scenario tested the capability of the grid to host an increase in the RES injection. First, two PV generation groups with 3.5 MW and 9 MW of installed power were connected in the demo grid. Although the former was responsible for several overvoltage occurrences, the latter was used to set a specific branch on the verge of congestion. The solution to the overvoltage problems was to use the flexibility provided by a consumer (consumption increase) via the tVPP.



After this first trial, the network was further stressed to capture the MPOPF’s ability to manage flexibility in complex situations. The stress test consisted of increasing the amount of existing production in 10% steps until the flexibility resources were no longer capable of solving the technical problems. This study allowed for the conclusion that this specific grid can accommodate a maximum of 30% increase in the generation in case the tVPP and the OLTCs are available for flexibility purposes.



The KPIs presented in Table 3 highlights the conclusion mentioned above but also provides other valuable insights for the network operator. The DSO becomes aware of (1) the DER technologies that best fit each type of technical problem; (2) the network challenges that highly constrain the hosting capacity. Such conclusions were only possible due to a standardized SRA methodology that, during the scenario development phase (Step 2 in Figure 3), gathered technology providers and stakeholders to define the best pathway to assess future challenges. In the particular case of the Slovenian demo grid, the test and trial of several RES penetration levels was the best mechanism to characterize the predictable changes in this power system environment. Based on such procedure, the MPOPF enabled a 30% RES growth by using the flexibility available from the tVPP (generation curtailment) to manage the branch overloading occurrences while simultaneously sending set-points to the OLTCs to tackle observed overvoltages. In fact, and as depicted in Table 3, if the unique concerns were related to the overvoltages, the OLTC would enable even higher levels of RES penetration. The increased severity of the voltage problems and the reduced volume of flexibility available from the tVPP (consumption increase) explain why the solution to address these occurrences changed compared to the first trial. Figure 6 and Figure 7 illustrate the technical problems, as well as the solutions to avoid them.



	
Network Size Increase—Slovenia






The analysis of the grid size expansion impact is once again a consequence of the scenario development phase (Step 2 in Figure 3) employed by the proposed SRA methodology. Usually, for the tools with higher technology readiness level, their correct execution needs to be associated with high performance in non-functional requirements. However, answering which of these requirements should be fulfilled is not a trivial question and depends on how the stakeholders intend to explore the tool results. In Cluster 01, the smart-grid functions are envisioned to work on a short-term horizon, thus, demanding minimum requirements concerning their computational effort. Therefore, the baseline grid size was expanded (5 and 10 times), which led to positive linear growth of the computational time. By avoiding an exponential time increase, the tools of Cluster 01 proved to be compatible with the requirements of daily network operation. Furthermore, these results are comparable with state-of-the-art approaches. The MPOPF took 94 s to provide a 24 h predictive plan, while the forecasting and the MVLA algorithms computed their outputs in 8459 s and 5 s, respectively, for the larger network.



	
Limited Historical Data Available—Slovenia






The availability of historical data is of utmost importance for any forecasting method. This scenario focuses on reducing the amount of available data to observe the impact on the MPOPF output. To properly analyze the results, it has been considered that it is possible to carry a perfect estimation when in possession of historical data for an entire year of operation (i.e., baseline).



The results indicated that an increase in the predicted technical problems was observed for reduced sets of historical data. In the case of computed forecasts with one month of historical data, 1 additional overloading occurrence and 15 additional overvoltages were detected in the power flow execution. Therefore, if the MPOPF operated according to this network state, unnecessary flexibility activations would be recommended. Theoretically speaking, the opposite situation could also be observed (i.e., decrease in the predicted technical problems with the reduction in the historical data content), thus leading to a lack of control-actions. These observations highlight the crucial role of DSOs in ensuring the availability of proper historical datasets.



	
Limited Measurements Available—Slovenia






This scenario considered the case where only historical data (active and reactive power) for the HV/MV primary substation transformers was available. The remaining variables, i.e., the active and reactive power of each MV/LV secondary substation, were estimated by the MVLA using other input information types (contracted/installed power, mean power factor, etc.).



The results showed two different situations. The first situation was the detection of 15 additional overvoltage occurrences. Meanwhile, in the second situation, the undervoltage problems decreased. Therefore, for this specific grid, the lower observability in the MV network led to a less reliable estimation of the grid condition (since the allocation procedure was only guided by the forecasts at the primary substation). Consequently, an erroneous optimization of the network state would be carried by the MPOPF.




3.1.4. Discussion


The design and analysis of Cluster 01 aimed to show the effectiveness of the developed tools independently of the characteristics of the environment where they are implemented. The analysis of Cluster 01 through the SRA helped to perform stress testing on the networks to understand the network limits, valuable to the DSOs. Additionally, the study through specific scenarios helps to evaluate the holistic output of the tools when working together, as they do in actual operation. Nonetheless, the analysis took the point-of-view of the MPOPF since this is the primary support decision tool for the DSO.



The MPOPF proved to be a robust tool, capable of adapting to different network characteristics, as seen during the testing of the Portuguese and Slovenian networks. On the one hand, the lack of available flexibility to solve the network’s technical problems remarks the importance of flexibility even in current situations as the baseline for Slovenia exposed. In all other cases, the MPOPF computed N-hours ahead predictive plans to avoid the occurrence of grid constraint violations at a minimum cost. This predictive management ability, therefore, enabled an increase in the network hosting capacity. On the other hand, the presented computational performance remained within the time constraints required for adequate field operation.



A variety of different grid assets—which may or may not be owned by the DSO—can contribute to developing the MPOPF optimization plans. The combination of grid assets is of utmost importance for network operators, who usually have limited options which only consist of assets, such as OLTCs or capacitor banks. These types of resources are typically centralized at the primary substation level, which may lead to difficulties when searching for a solution to multiple problems simultaneously, e.g., under and overvoltage occurrences in feeders connected to the same HV/MV transformer(s). In addition, storage units are among the assets that the MPOPF can manage, and the simulations highlighted the importance of their contributions.



Furthermore, the MPOPF also relies on the availability of flexibility. Without resources that can adapt to their typical injection and consumption patterns, ensuring a safe and reliable network operation becomes increasingly challanging. Therefore, DSOs have an essential role in engaging customers who can participate in grid operational tasks, particularly in areas where problematic situations most commonly arise.



Although the results indicated the robustness of the MPOPF, it is necessary to remark that it is highly dependent on the input data. The availability of an accurate grid status, provided by the forecasting services and the MVLA (dependent on the SCADA), is crucial for the correct execution of the MPOPF. The lack of data affects the MPOPF, suggesting unnecessary set-points due to non-existent problems or not recommending any control-action even though issues exist within the network.



These conclusions derived from the holistic SRA of Cluster 01, are only possible through a standardized approach that focuses on the stakeholder’s final objective while mixing scalability and replicability criteria. The functional-oriented SRA profoundly helped the DSOs in understanding their current and future problems while testing InteGrid’s tools in current and future scenarios.





3.2. Cluster 02: Flexibility Management for Optimized LV Network Operation


3.2.1. Description of the Cluster


Cluster 02 combines advanced tools for the predictive operation of LV networks recurring to the flexibility provided by domestic consumers through their HEMS and DSO-owned resources, such as OLTCs and ESSs, taking Cluster 01’s assumptions for these DSOs resources. In the context of InteGrid, it is assumed that DER available in the LV network can be exploited by the DSO for grid control and management purposes [35]. Similarly, Cluster 02 is dependent on several smart grid functions, review LV load and generation forecasting tool (solution), the low voltage state estimator (LVSE) (solution), the HEMS (solution), and the low voltage control (LVC) tool (algorithm).



These smart grid functions are represented in Figure 8, including data sources and the flow of the process. The LV load and RES forecasting is almost equal to the load and RES forecasting presented already in Cluster 01. The main difference is the target group. In case of Cluster 02, the forecasting targets LV load and RES in the network.



The LVC tool aims to be a decision support tool to assist the DSO in the active management of the LV grid. It seeks to identify a set of preventive control actions to avoid foreseeable technical problems in the LV network, such as voltage violations [36]. The LVC tool performs the active management of the LV network recurring to two main resource types: DSO-owned resources, such as OLTCs and ESSs, and privately-owned resources. The DSO needs a contractual agreement with the private customers willing to participate in grid operation using demand response schemes. The assumption is that those private customers who participate have installed a HEMS [37]. The HEMS is a local controller, installed locally at the private consumer household, that is simultaneously responsible for optimizing the consumption of the household itself and the computation of the flexibility available for the different periods of the day.



The HEMS acts as an interface between the LVC tool and the consumer’s household appliances. It is responsible for communicating the flexibility available to the DSO and for receiving consumption set-points sent by the DSO. The interaction between the DSO and the private consumers willing to participate in grid operation is through the gm-hub, which collects flexibility offers from the private consumers. Furthermore, the gm-hub is also responsible for receiving the control actions from the DSO (flexibility activation requests) and communicating them to the HEMS [23]. The LVC tool operates in two main timescales: preventive scale (typically one day ahead, quarterly-hour intervals); and quasi-real-time scale (typically 15 min ahead).



In the preventive timescale, the algorithm requires forecasts of generation, load, and flexibility provided by private consumers to determine a preventive control action to apply to the LV network controllable resources [33,34]. The DSO receives these control actions produced by the preventive control module and validates them. The DSO can accept or change the control action.



In real-time timescale, the algorithm uses a state estimation algorithm, the LVSE, to obtain a snapshot of the network in real-time recurring to a subset of the measurements of the smart meter available in the LV network [38,39]. It is essential to highlight the requirement for the usage of an LVSE algorithm since current advanced metering infrastructure (AMI) solutions are unable to provide accurate synchronized real-time measurements in useful time [39]. The main objective of the real-time control module is to assess the actual network conditions registered in real-time and compare them to the forecasted conditions at the preventive stage. If these differ significantly, the control action is updated accordingly. Therefore, the real-time control module of the LVC tool has a corrective character, acting solely if the network conditions significantly differ from what was forecasted.



Given the unbalanced nature of LV networks, due to the existence of single-phase and unbalanced three-phase resources, the LVC algorithm recurs to an unbalanced three-phase power flow algorithm to obtain a detailed network snapshot for each instant of the control period. The unbalanced three-phase power flow routine was implemented according to the formulation presented in [40] and covered in a previous publication [36].




3.2.2. Objectives of the SRA and Scenarios


The objective of the SRA in Cluster 02 is to stress the networks and tools using different integration levels of DER, RES, networks with different sizes, and networks with other electrical characteristics. Similar to Cluster 01, it is possible to analyze all the smart grid functions of the cluster separately. However, anew if the SRA focuses on the LVC (main smart grid function), the analysis can provide a holistic analysis and indirect analysis of the other smart grid functions used in the cluster. Nonetheless, it was necessary to limit the number of scenarios to consider, as there are a large number of variables involved. Thence, the SRA considers worst-case scenarios, i.e., scenarios that could impact the grid’s controllability, the tool’s performance time, number of avoided violations, or the grid’s RES hosting capacity.



With respect to scalability, the following parameters are considered:




	
Network size: increase in the number of nodes since it directly influences the computational effort;



	
Penetration of RES in the network: increase in the RES penetration in order to create constraints within the LV network and to evaluate the potential of the tool to host more renewable energy;



	
Flexibility from HEMS: increase the number of consumers equipped with HEMS to observe whether HEMS can be used as an alternative to DSO’s owned assets such as OLTCs or ESSs;



	
Number of controllable devices: increase in the number of controllable devices in the households to evaluate the impact on the resulting load profile and their energy savings.








Concerning the replicability the following parameters are considered:




	
OLTC control: evaluate the potential of the set of tools when the secondary substation transformer is controllable, as currently not many secondry substations are equipped with OLTCs;



	
Energy storage system control: evaluate the possibility of using central or distributed ESS;



	
X/R ratio: modify the the X/R ratio to evaluate the performance of the set of tools in more inductive networks;



	
Availability of historical data: modify the amount (time horizon) and the quality of the historical data available for the forecasting and LVSE tools, to assess the impact on the overall forecasting accuracy.








Analogous to Cluster 01, due to the serious number of simulations performed, the scope of this paper is limited to several simulations. The selection is based on the most significant analysis for the Portuguese demo. Thus, Table 4 provides an overview of the simulations considered within the scope of this paper, although not all the internal iterations are exposed for each scenario due to the length of the paper. These internal iterations are based on the type of resources the LVC is able to control, being:




	
All controllable resources: the DSO using the LVC considers for operation all available resources, the OLTC, ESS, HEMS, and curtailable microgenerators and loads;



	
HEMS: the DSO using the LVC considers for operation the flexibility provided by the HEMS;



	
ESS and HEMS: the DSO using the LVC considers for operation the combination of a central ESS (at the secondary of the MV/LV substation) and the flexibility provided by the HEMS;



	
Curtailable load and microgeneration: the DSO using the LVC considers for operation the curtailment of the loads and microgenerators.









3.2.3. SRA Results


	
Baseline—Portugal






The baseline scenario is a small radial LV network with approximately 30 nodes. The network has the electrical characteristics of a typical Portuguese LV network, described in Appendix B. Moreover, Figure A1 from the Appendix, is a single-line representation of the network diagram with the electrical characteristics shown in Table A2. Additionally, Table A3 collects the microgenerators’ installed capacity, the loads and the HEMS apparent power considered in the baseline. The radial network is composed of 33 buses and 32 lines. The assumption is that the network consists of 24 microgenerators and 43 consumers, 20 equipped with HEMS. It is also assumed that a DSO-owned 10 kW/30 kWh ESS, installed at the secondary side of the MV/LV transformer. The consumers were distributed between the three phases according to their contracted power to reduce unbalances between phases.



The network, when simulated, already presents over- and undervoltages. Not all the potential solutions considered tackled the voltage problems. The ideal solution of the LVC controlling all the available resources, although the LVC was only recurring to the OLTC, mitigates the voltage violations with an average execution time of 0.39 s. The results are depicted in Figure 9 and Figure 10.



Given the case of the LVC using only the flexibility from the 20 available HEMS, the LVC does not solve all voltage problems. Although all the undervoltage problems are mitigated, the overvoltages are only attenuated but not solved. The average execution time is 1.37 s. The use of the ESS and HEMS by the LVC also cannot mitigate all overvoltages registered. The result is that the storage system location is the most efficient in addition to HEMS flexibility not being enough. However, the LVC mitigates all undervoltages scoring an average of 1.63 s. Applying load and generation curtailment technique by LVC, the LVC solves the voltage problems within an average execution time of 1.58 s and curtailment of 19.07 kWh.



	
Large Network






In this scenario, the network size increases to approximately 150 nodes to evaluate the LV performance when facing larger nodes and resources. The resulting network is represented in Figure A2 in Appendix B. The ratio of consumers with HEMS, the ratio of microgenerators-to-consumers were kept constant. The result is a network with 223 consumers, 82 of them equipped with HEMS (distributed homogeneously) and 114 microgenerators.



Similar to the baseline, the scaled network presents voltage problems when there is no LVC. However, the LVC in this scenario is to solve the voltage problems. When the LVC considers all available resources, it recurs to the OLTC to solve the overvoltages due to the solar injection. Then, the LVC to solve the undervoltages, it is necessary to activate the OLTC, ES, and HEMS. The LVC algorithm first uses the OLTC positions. Once the OLTC reaches its maximum tap position, the algorithm tries to use the ESS. As the ESS resource is exhausted, the LVC recurs to the activation of 2 HEMS devices. The LVC needs an average execution time of 9.15 s. When the HEMS is the only resource for the LVC, it is necessary to activate 28 HEMS to solve under- and overvoltages with an average execution time of 64.26 s. When the LVC controls the ESS and HEMS, the ESS reaches its max SOC to solve the overvoltage problems and drops to less than 30% to solve the undervoltage violation. Using this combination of assets, the total amount of HEMS activated reduces, but the average execution time increases to 74.27 s. Concerning the curtailment of load and microgeneration to solve all voltage associated problems, the LVC needs to curtail 3.41 kWh of energy generation and 6.85 kWh of consumption. In this last case, the LVC needs an average execution time of 11.94 s.



	
Location of HEMS






The location of assets is key in distribution networks [41]. Hence, in this scenario, the aim is to investigate the actual HEMS impact in the network. The baseline scenario is used for comparison. The simulation results are collected in Table 5.



Based on the results above presented, the location of the HEMS has a significant impact, as expected. While in the baseline, the available flexibility is not sufficient to solve all of the voltage deviation problems registered, the LVC in this scenario is able to solve all of the forecasted voltage deviation. Furthermore, it can also be seen that the total amount of flexibility required from HEMS decreases due to the location and if there is an activation of the ESS. Concerning the computation type, the average execution time decreased 36% for the HEMS and 31% for the HEMS and ESS. Although the results are expected, the simulations are empirical data to assess the decision-making process of the DSO in order to encourage the appropriate engagement of those customers located ideally at the end of the feeder. The fact of engaging these customers has an impact in potential future resources as the ESS, as less flexibility is needed to solve the voltage problems and these problems tend to be very localized.



	
Distributed Energy Storage Systems






The objective of the scenario is to evaluate the impact of distributed ESSs on the controllability of the LV network when there is a high integration of DER along with the LV feeders. The assumption for this scenario is the inclusion of 5 ESS being one centralized, in the secondary node of the MV/LV transformer, and 4 distributed along with the feeders. Additionally, this scenario considers 49 generators and 54 consumers, 33 of them equipped with HEMS. In Table 6 are listed the characteristics of the ESS devices considered.



The results of the simulation are collected in Table 7, which includes the total flexibility required from HEMS, from ESS (  E ESS  ), and the active power loss (  P loss  ) reduction.



Based on the results, and as previously stated in the baseline, the HEMS and ESS combination for the baseline when there is a centralized ESS cannot solve the voltage problems. In comparison, when considering distributed ESS, the problems are solved and require less flexibility from the ESS and the HEMS, which impact the costs of operation for the DSO. Hence, this remarks the importance of DER when dealing with voltage problems at the LV side, which tend to have a localized character. The LVC needs an average execution time of 0.81 s for distributed ESS while the centralized needs 1.63 s, reducing the computational burden.



	
Inductive Network






This scenario aims to study the behavior of the LVC tool for an inductive character LV network (e.g., urban network). The   X / R   ratio of the lines was increased by a factor of 2 compared to the baseline scenario. The electrical characteristics are listed in Table A5 of Appendix B. The installed capacity of loads, generators, and HEMS is similar to the baseline scenario are listed in Table A3.



The voltage profiles before and after the use of the LVC are depicted in Figure 11 and Figure 12 when considering all resources are controllable.



As expected, the LVC can solve the voltage problems regardless of the assets used (all resources, HEMS, ESS and HEMS, and curtailment of load and microgeneration). Nonetheless, the most exciting result is that the voltage fluctuates less than the baseline when using the LVC. Hence, the LVC is effective even in a more inductive network.



	
Forecast Functions






In this scenario, the objective is to study the impact of forecast quality on the output of the preventive module of the LVC tool. This scenario uses the baseline network while the data input for the forecasting tools is changed as follows:




	
Scenario A: 12 months of historical data;



	
Scenario B: 3 months of historical data;



	
Scenario C: 12 months of historical data, with missing values.








The results for the different simulations (A, B, and C) are summarized in Table 8 with positive results as all voltage problems are solved.



From the comparison of the average normalized root mean square error (NRMSE) of scenario A and scenario B, the amount of data available has a positive impact on the error values—the error increases from 4.77% in scenario A to 4.86% in scenario B. Furthermore, it is also possible to see that missing data harms forecast quality. Comparing scenario A to scenario C, it is possible to see that the error increases from 4.77% to 5.02%. The control actions produced by scenarios A, B, and C are very similar. Nonetheless, Table 9 collects the amount of flexibility required from each HEMS when the LVC only considers the HEMS as an available resource.



	
State Estimation Functions






The LVC real-time module is dependant on the output from the estate estimation. Hence, three scenarios are used with different availability levels of real-time smart meter measurements to evaluate it. The network considered is similar to the one of the baseline scenario and the load, generators, and HEMS distribution.



	
Scenario 1 (oracle): real data is considered (all smart meter measurements available);



	
Scenario 2: 50% of real-time smart meter measurements available;



	
Scenario 3: minimum real-time smart meter measurements available.






The mean absolute percentage errors (MAPE) obtained for the state estimations produced in scenarios 2 and 3 are collected in Table 10. Scenario 1 is not included as it is the oracle which uses perfect data.



The state estimation results considering different amounts of smart meter measurements are very similar. The MAPE is around 0.30% for both scenarios, resulting in a high level of accuracy of the LSVE even when limited data are available.



Table 11 shows a comparison example of the preventive and corrective set-point plans established by the LVC tool for the HEMS connected to node 22, phase T, for all the scenarios.



The snapshot produced by the LVSE tool was sufficiently similar to the voltage values obtained at the preventive control stage. Therefore, the previously established control actions did not require any update. It is worth noting that this result is an important validation step. The result compares the actual voltage values registered in the network with the values obtained through the LVC unbalanced power flow routine, based on forecasts for the load and generation.




3.2.4. Discussion


Similar to Cluster 01’s approach, the SRA took the point of view of the LVC. However, the analysis is considered a holistic analysis as the tools impact the LVC and are modified.



Based on the several simulations performed, the OLTC can solve most of the voltage problems related to the increase in RES capacity or peak load, e.g., derived from simultaneous EV charging, in small and well-balanced networks. The ESS located at the secondary side of the transformer has a positive but limited effect on network operation. On the contrary, distributed storage is a more efficient solution to solve voltage violations in LV networks. This result is not surprising but helps the DSO to have data to support their potential inclusion into their operation based on location. In addition, it shows the capabilities of the LVC as a central tool for LV predictive maintenance in either case. However, if the network increases, neither the OLTC nor the central EES can mitigate the network violations. Contrariwise, distributed resources, such as HEMS enhance the controllability over LV networks since voltage violations are very localized. The adoption of distributed technologies enables an increase in the hosting capacity, enabling RES, and other DER, such as EV.



Therefore, DSOs responsible for large resistive networks will need to ensure adequate controllable devices within the grid to support active voltage control in future network scenarios. Distributed technologies solutions can provide a technical and cost-effective alternative to costly and time-consuming network reinforcement methods.



The flexibility of HEMS and distributed ESS showed adequate potential in achieving voltage control and reduced active power losses within the LV network. DSOs should, therefore, leverage the active engagement of customers to ensure the safe and reliable operation of their networks. In particular, the DSO should consider those customers close to the nodes that present the highest potential for voltage violations as key customers to participate in these types of flexibility schemes. These customers should be highly encouraged (possibly through incentives) to become active participants in network operation.



Concerning the forecasting and state estimation functions, the results show that the quality and amount of historical data available did not significantly affect the control actions produced by the LVC. The errors obtained were sufficiently small to not require any updates to the preventive control actions, therefore showing the accuracy and reliability of the proposed tools under Cluster 02.






4. Case Study: SRA for Slovenia


4.1. Cluster 03: Large Customer cVPP


4.1.1. Description of the Cluster


Cluster 03 is composed of tools that can assist the DSO in the safe operation of its network while customers provide their flexibilities to the manual frequency restoration reserve (mFRR) market. The TSO controls the mFRR market and, therefore, after the flexibilities of the flexibility operators (FOs) have been pre-qualified, the TSO can activate offered flexibilities. Thus, the DSO is currently not involved in the offering and activation process of flexibility bids. Depending on the volume of flexibilities and the dimensioning of the network, the activation of flexibility bids can lead to an increase in the number of constraints in the DSO’s network. Such constraints can be, for instance, the overloading of transformers and cables or over- and undervoltage.



Within the InteGrid project, a traffic light system (TLS) has been developed (algorithm), which is involved in the flexibility bid offering and activation process. Thereby, it can curtail flexibility offers if network constraints are foreseen or suggest alternative flexibilities to be activated if an activation would cause problems in the network.



The TLS has two operation modes:




	
Day-ahead: In the day-ahead mode, the flexibility operator (FO) periodically sends its flexibility bid offers to the TLS before the gate closure of the market. The TLS analyses these offers and flexibilities, which could lead to network constraints. With this information, the FO can adapt its bids to not interfere with the safe operation of the DSO’s network. Before gate closure, the FO sends its final bids to the TSO, which the TLS has validated. If the TSO accepts the offers, the bids can be activated on the next day for the mFRR market;



	
Intraday: In intraday, the TSO can activate the bids accepted on the day before. Thereby, the TSO forwards a bid activation to the TLS. It evaluates the bids to be activated and suggests an alternative bid activation to the FO if the activation would lead to network constraints.








Hence, Cluster 03 operates with various smart functions as depicted in Figure 13. The TLS is located within the DSO’s premises. Thence, it has full access to the MV network model of the DSO. Furthermore, it periodically gets informed about the current state of the network including, for instance, the position of the breakers. In order to predict constraints in the network, the TLS uses load and RES forecasts for the next day. These forecasts are based on historical data like load and generation measurements and on external data like weather forecasts.



In InteGrid, a commercial virtual power plant (cVPP) acts as a FO. The cVPP’s portfolio has various flexibilities, including, among others, a wind park, batteries, industrial customers, such as a wastewater treatment plant, and PV. The cVPP has its forecasting algorithms to predict the available flexibility volume on the next day. The TSO and the mFRR market are simulated with a TSO simulator. As previously stated, the TSO simulator is responsible for accepting the flexibility bid offers at gate closure and for activating bids for the mFRR market.



The TLS combines the previously mentioned data sources: forecasts, the network model, and the flexibility bids and their activation to predict and solve network problems caused by the flexibility bids. For these evaluations, the TLS leverages an instance of the same MPOPF used in Cluster 01. Using the MPOPF enables considering technical aspects—the safe operation of the distribution network (DSO)—and economic interests—a large flexibility volume with favorable prices (TSO).



In both cases, the TLS uses the data for the forecasts and the network model with the current switching state provided by the DSO. In this process, there is no sensitive data shared with third parties.



However, the flexibility bids from the cVPP and the TSO’s activation signals come from sources outside the DSO’s premises. These data are sensitive and should be transmitted with secured and encrypted connections. Otherwise, competing cVPPs, for example, could adapt their bidding strategy to the current leaked bid offers, which results in unfair competition. Therefore, the gm-hub is the interface between the TLS and the cVPP and TSO simulator for secure (encrypted) data transmission.



The MPOPF which is a key part of the TLS, has a quadratic cost function which is shown in Equation (1) on page 1. This type of cost function is usually used to reduce the cost of generation. The factors   a i t   and   c i t   are set to 0 in order to increase the amount of flexibilities that can be activated while considering the costs of the flexibilities. The linear term in the cost function uses different factors   b i t   for the upward and downward direction. Equations (4) and () show the calculation of the factors   b i t   for the upward and downward direction where   p i t   is the energy costs for flexibility i at the timestamp t and s is a small positive parameter in comparison to    max  j ∈ F    (  p j t  )   .


      b  i , u p  t  =  p i t  −  max  j ∈ F    (  p j t  )  − s     



(4)






      b  i , d o w n  t  : =  p i t  −  min  j ∈ F    (  p j t  )  + s     



(5)







Prices for generation are assumed to be positive, when neglecting the parameter s. Equation (4) shifts all prices to non-positive numbers, such that the most expensive flexibility with the price    max  j ∈ F    (  p j t  )    is 0 €/ M  Wh . The optimiser activates as many flexibilities as possible because the injected powers are positive (producer frame) and if the prices are negative. Therefore, when minimizing the cost function, the optimizer gets rewarded for activating flexibilities. With the calculation of the factors   b  i , u p   , the cheapest flexibility has the most considerable absolute value and has, therefore, the most substantial weight in the cost function, while the most expensive flexibility has the smallest weight. The constant s is used to shift the most expensive flexibility from 0 €/ M  Wh  to   − s   such that the optimiser is also slightly rewarded for activating it. In the downward case, negative prices are shifted to non-negative values because the active power injection of loads is negative. The product of   b  i , d o w n    and   p i   results again in a negative number and the optimizer is rewarded for activating flexibilities.




4.1.2. Objectives of the SRA and Scenarios


The objective of the functional SRA for Cluster 03 is to help answer the following questions:




	
What is the maximum flexibility volume in the network which can be activated without violating any network constraints?



	
Does the TLS limit the provision of flexibilities in the DSO’s network, and does it curtail the flexibilities fairly?



	
Which prerequisites and conditions are needed such that an operation of the TLS is needed?








Following the same logic as in Cluster 01 and Cluster 02, the SRA for Cluster 03 focuses on the results of the TLS to directly analyze this tool and indirectly the other tools. The SRA, nonetheless, is performed from the DSO’s perspective and modifies different parameters. From the viewpoint of the TLS, the flexibilities are treated as technology-neutral. The TLS only considers their location and offer prices. Furthermore, if multiple FOs offer bids for evaluation, the bids are aggregated such that the TLS cannot link flexibilities to their operators.



Concerning the scalability, the following parameters are modified:




	
Flexibility from the cVPP: increase in the flexibility offered by the cVPP to evaluate the maximum amount of flexibility that each feeder can sustain;



	
Network size: the size of the network has a direct influence on the computation time of the TLS. Hence the number of nodes is changed.








With respect to the replicability, the following parameters are modified:




	
Bid prices: use different bid prices from homogeneous price to increasing and decreasing linear prices;



	
Distributed generation: increase in distributed generation in a selection of feeders to evaluate the impact in the amount of upward reserve which could be provided;



	
Electric vehicles: addition of electric vehicles in a selection of feeders to evaluate impact in the the amount of upward reserve which could be provided;



	
Urban/rural networks: the analysis is carried-out on different grids to be as representative as possible;



	
Forecasting accuracy: the impact of the forecasting accuracy on the post-activation evaluation is considered.








In comparison to Cluster 01 and Cluster 02, the simulations are performed on a feeder-level. In order to make the results comparable, the tapping position of the OLTC of the primary substation is fixed and the voltage on its HV-side is assumed to be 1.0 p.u. Each node in the network has an lower voltage limit of 0.9 p.u. and an upper limit of 1.1 p.u.



Cluster 03 uses the same Slovenian (SI) and Portuguese (PT) networks for the analysis as in Cluster 01. However, due to the large number of scenarios that can also have sub-scenarios, selected scenarios that yield the most relevant results are presented within this paper. These scenarios are collected in Table 12.




4.1.3. SRA Results


	
Baseline—Slovenia






For the baseline scenario for scenario, the demonstration network in which Cluster 01 and Cluster 03 have been demonstrated is used. Details of the topology and properties of this network have already been described in Section 3.1. It consists of four networks (islands) which are denoted as Domžale TF1, Domžale TF2, Mengeš TF1 and Mengeš TF2. Similarly to Cluster 01, no constraints are created with the currently available flexibility volume. These simulations have been performed with flexibilities with a total active power volume of   1.9    M  W . Due to the over-dimensioning of many distribution networks in central Europe [6], the currently available flexibilities have a minor impact on the network condition. Therefore, they provide potential for additional flexibility. In the next sections the analysis of additional flexibility which can be added to the network without exceeding the network limits is discussed.



	
Large Homogeneous Flexibility






In this scenario, the analysis focuses on the maximum flexibility that can be activated without causing network constraints. This is achieved by adding large flexibilities with 50  M  W  to each node in the network. The addition is done for downward and upward flexibilities separately, where downward means flexibilities which can increase their load or can decrease their generation. In contrast, upward flexibilities refer to a decrease in load or increase in generation. With 50  M  W  it is guaranteed that not a single flexibility can be fully activated without creating constraints in the network. Thus, the solution of the evaluation of the TLS provides the maximum potential in terms of flexibility volume.



Table 13 shows results for the flexibility potential. Thereby, the results for one feeder per network which has been selected is shown for both directions. Furthermore, it gives information about the number of critical lines, the number of critical nodes, and the number of critical transformers. Lines and transformers are referred to as critical when they are limiting the activation of additional flexibility into the feeder and, thus, reach their thermal loading limit. Critical nodes also reduce the flexibility that can be activated because they reach their voltage limit in the simulations. The column minimum and maximum flexibility quantify the number of flexibilities that can be activated for the hour with the smallest or largest volume within the 24 h.



The results show the networks are load dominated. When comparing the upward with the downward results, more flexibility can be activated in the upward direction. When considering all feeders and not only those selected, as shown in the Table 13, 20 out of 21 analyzed feeders are constrained. The constraints are mainly by the overloading of lines for the upward direction. Only one feeder—which is also presented in the table—is also limited by overvoltage. For the downward case, in one network, in three out of four feeders, the flexibility potential is limited by the thermal limit of the primary substation. For the other feeders, the limiting element is, in all cases, one line. Lines that are close to the primary substations are, in most cases, the limiting factors (thermal limit) for those feeders.



	
Reduced Homogeneous Flexibility






For the large flexible resources, only a few flexibilities are activated by the MPOPF. To get a better distribution of enabled flexibilities, the maximum activate-able volume of flexibility is distributed evenly across all network nodes. Equation (6) shows the formula for calculating the quantity of the flexibilities   P flex  , where F is a set of all flexibilities,   P i   is the active power activated from the MPOPF for flexibility i and  α  is a factor more significant than one to ensure constraints in the network (  α = 1.05   in the simulations). This approach is applied individually for upward and downward flexibilities and all feeders.


      P flex  = α    ∑  i ∈ F    P i    dim ( F )       



(6)







Figure 14 shows the available flexibility for all feeders of the Slovenian demonstration network for the downward direction. The results show that the location of the flexibilities plays a crucial role. In this scenario, it would be, in theory, possible to obtain the same flexibility volume to be activated as in the previous scenario. However, in some feeders up to 40 % less flexibility can be activated without causing problems in the network. Long feeders, such as 22051062 or 22051064 show a volume reduction, whereas short feeders, such as 22050999 or 22051034 are not considerably effected.



For the upward flexibilities, the results are comparable to the results in Figure 14, the maximum relative change is again at approximately   − 40   %, and long feeders get curtailed to a greater degree.



	
Linear Prices






The last two scenarios show that each flexibility has been treated the same from a technical perspective: all flexibilities have the same active power volume and price. Therefore, the solver of the optimization problem activated or curtailed the flexibilities depending on their location in the network. However, in energy markets, the price of the flexibilities becomes substantial when selecting the flexibilities to be used. In addition to the technical constraints of the network, economic interests have to be considered as they are an essential factor.



Thence, this scenario analyzes the influence of the price on the flexibility volume that can be activated. As a baseline for comparison, the results of the previous scenario are used. A linear price change is assumed from the flexibilities at the beginning of the feeder to the feeders located at the end. The scenario is split into two sub scenarios. In the linear price decrease scenario expensive flexibilities with 300 €/ M  Wh  are at the beginning of feeders and the prices decrease linearly to 0 €/ M  W / h  for flexibilities at the end of the feeder. For the linear price increase scenario, it is the opposite; cheap flexibilities are at the beginning of the feeder and expensive flexibilities at the end of the feeder. Figure 15a,b show the results for the linearly decreasing prices.



In the case of upward flexibilities Figure 15a only minor differences between the baseline and the price scenarios are expected because the MPOPF preferably activated flexibilities at the end of the feeder when the same prices are assumed. The same is for all feeders; the results are close to the baseline results except for feeder “22050790”. Feeder “22050790” was the only feeder for which the upper voltage limits have been reached in the baseline scenario. Therefore, activated flexibilities at the end of the feeder lead to a non-ideal solution because less flexibility volume is needed to reach the voltage limit. In comparison for downward flexibilities and decreasing prices (Figure 15b), the MPOPF preferably activates flexibilities at the end of the feeder, which results in additional losses and violations of the lower voltage limits. Therefore, if flexibilities get activated in a technical non-optimal way, it reduces activate-able flexibilities.



In Figure 15c,d and plots show the results for flexibilities which prices increase linearly from the beginning to the end of the feeder. As previously mentioned, the optimizer preferred to activate flexibilities at the end of the feeder for the upward direction. When assuming increasing prices and upward flexibilities (Figure 15c), the prices mislead—from a technical perspective—the MPOPF to activate flexibilities at the beginning of the feeder. Therefore, the results show a reduced volume of activate-able flexibility. However, when analysing increasing prices for downward flexibilities, the technical results align with the economic results. The relative changes are small with less than   − 0.12   %, due to that the deviations between these scenarios.



	
RES Integration






The previous scenarios showed that many additional flexibilities have to activate with the current network conditions to reach the network limits. In the scenario, additional volatile renewable energy sources are added to the network to test if the TLS can handle networks at their limits. In feeder, “22050790”, four additional wind turbines are added which have in total nominal power of   11.5    M  W .



Figure 16 shows in blue the upward flexibility, which can be activated without creating any network constraints with the currently installed loads and generation. The flexibility volume varies only marginally between   11.06    M  W  and   12.15    M  W .



When adding the wind turbines (a historic wind profile has been used for this area), additional generation is in the network, and less flexibility can be activated in the upward direction.



Within Figure 16, in red is depicted the activate-able flexibility which varies between   0.62    M  W  and   8.76    M  W .




4.1.4. Discussion


The TLS is designed to solve problems in the network caused by flexibilities by using an MPOPF to consider the network constraints (technical) and the economic interests in the energy markets. The SRA conducted for Cluster 03 assisted in evaluating the TLS and MPOPF against future scenarios and challenging situations. The analysis could answer the questions stated for the SRA.



The maximum flexibility volume was computed using two approaches, (1) increasing the number of flexibilities (2) adding additional non-flexible loads and generation, which drives the networks close to their limits. These simulations considered the same price for all flexibilities. These simulations showed that the MPOPF, if not faced with an even distribution of flexibility, has a bias towards large flexibility. The consequence of this operation could potentially result in unfair treatment by the TLS where only flexibilities located at the right place are always activated and can limit the amount of flexibility that can be activated. Hence, the TLS does limit the provision of flexibility. By its design, it can be considered in some instances unfair when curtailing flexibilities.



From an economic point of view, the use of linear prices decreases the activate-able flexibility volume. In the worst case, the decrease is approximately   − 24  % in comparison to the scenarios where all the flexibilities have the same prices, as the price can mislead to activate cheaper flexibilities which are not the best technical solution. However, a trade-off between the focus on technical and economic feasibility has to be made due to their contradiction.



When considering a future scenario with higher RES penetration (wind) to stress the TLS, the TLS performs correctly, decreasing activate-able flexibility volume. In the worst case, the activate-able flexibility decreases from   11.30    M  W  to   0.64    M  W , whereas in other hours more than 8  M  W . The result is interesting as with the increase in RES, the TSO might need more flexibility, but the volume from the distribution grid side might be limited.



The presented scenarios show that the TLS, combined with the cVPP, MV load, and RES forecasting and the MPOPF, can solve problems in the MV network caused by flexibility participating in energy markets. When problems are foreseen in the DSO’s market caused by flexibilities and their simultaneity factor, the network operator has three possibilities to deal with this problem (1) restrict the number of flexibilities in the pre-qualification process (2) make grid reinforcements (3) curtail the flexibilities when needed by using approaches, such as the TLS. The first approach hampers the penetration of renewables in the network, while the second option might be expensive depending on the current status of the network.



When the problems caused by flexibilities are only expected to occur occasionally, the set of tools of Cluster 03 with additional measurement equipment can be used to solve these issues. The prerequisite is then to face problems caused by flexibilities.






5. Potential Replication Paths


The presented set of tools are implemented in real demonstration and developed within the context of an European project. Hence, this section tries to address and facilitate the potential replication of the tools presented. Current and future smart grid projects can capitalize on the experience gained. Thence, a simple replication path is developed to show a step oriented process which can guide future stakeholders in their endeavor towards implementing real smart grid functions in their projects. The replication path is depicted in Figure 17.



Furthermore, this is complemented by a checklist offered in Table 14. The checklist approach ensures that the significant aspects are considered and allows the stakeholder to assess the smart grid implementation success rate in any network under consideration. More specifically, this will enable stakeholders to adequately evaluate whether the feasibility of smart grid function implementation (from the technical perspective) is comparable to traditional network reinforcement methods. The SRA plays a vital role in this decision-making process, particularly for stakeholders who wish to enhance their networks in the direction of flexibility markets and increase TSO–DSO interaction.




6. Conclusions and Outlook


This paper presented the SRA of advanced smart grid functions for MV and LV grid monitoring and control, as well as for TSO-DSO coordination, conducted in the framework of real-world demonstration pilots. The SRA provides the DSO with valuable information regarding the potential impact of DER flexibility on the future network and captures overlooked functional and non-functional requirements for new functions in the distribution management system.



The results obtained in the demonstration activities showed that the developed tools are: (1) scalable as they perform correctly (e.g., meet expected computational performance, numerical results accurately capture grid operating conditions) in real conditions (e.g., large MV distribution grids) and (2) replicable since they can be implemented under different regulatory frameworks, electrical network characteristics (e.g., R/X ratio, number and type of DER and other assets) and data availability scenarios. The use of clustering in the SRA enabled an evaluation of the interdependence (and dependability) between tools and functions and their impact in the overall system performance, in particular, the impact of observability in MV and LV grid operation, which represents a more realistic scenario. Moreover, this methodology also provides a relevant dataset to study other domains of SRA (i.e., ICT, economic, and regulatory), enabling a more detailed analysis of the requirements and main barriers (see [30] for the ICT domain). Regarding the potential replicability of the different tools by other stakeholders, this work provided a simple step-process for the possible success or failure when replicating the tools.



In the literature it is possible to find similar algorithms and functions for distribution grid and VPP management and control. However, the SRA (especially the methodology) remains a not fully established research topic and this analysis should be considered before deploying large-scale systems to guarantee the performance of the different tools used in the future. The topic of SRA will gain more importance as the decentralization, decarbonization, and digitalization in the energy sector continues to grow. The SRA is a natural step for tools that envision real deployment. The SRA allows the DSO to become empowered by increasing his knowledge of the status and requirements of their network by evaluating the impact of smart grid solutions through the implementation of a wide variety of scenarios and network conditions for which DSOs will be challenged in the future. This work, therefore, offers various network stakeholders an overview of the SRA and its approach based on the outcomes of the implementation of the InteGrid advanced smart grid tools within each of the demonstration sites and bridges the gap between proof-of-concept and large scale deployment.
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Abbreviations


The following abbreviations are used in this manuscript:



	AMI
	Advanced Metering Infrastructure



	BMS
	Building Management System



	cVPP
	Commercial Virtual Power Plant



	DER
	Distributed Energy Resources



	DSM
	Demand Side Management



	DSO
	Distribution System Operator



	ESS
	Electric Storage System



	EV
	Electric Vehicles



	FO
	Flexibility Operator



	GLPK
	GNU Linear Programming Kit



	gm-hub
	Grid and Market Hub



	HEMS
	Home Energy Management System



	HLUC
	High Level Use Case



	HVAC
	Heating and Ventilation Air Conditioning



	ICT
	Information and Communication Technology



	KPI
	Key Performance Indicator



	LVC
	Low Voltage Controller



	LVSE
	Low Voltage State Estimator



	MOPF
	Multi Period Optimal Power Flow



	MVLA
	Medium Voltage Load Allocator



	MW
	Mega Watt



	OLTC
	On Load Tap Changer



	P.U.
	Per Unit



	PV
	Photovoltaic



	RES
	Renewable Energy Source



	REST
	Representational State Transfer



	SCADA
	Supervisory Control And Data Acquisition



	SGAM
	Smart Grid Architecture Model



	SI
	Slovenia



	SRA
	Scalability and Replicability Analysis



	TLS
	Traffic Light System



	tVPP
	Technical Virtual Power Pant



	VPP
	Virtual Power Plant










Appendix A. Developing Environments of InteGrid Tools


Table A1 presents the programming languages and technologies of tools presented in this paper and demonstrated in the InteGrid project.
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Table A1. Programming languages and technologies of InteGrid tools.






Table A1. Programming languages and technologies of InteGrid tools.





	Tool
	Prog. lang.
	Technologies





	MVLA
	C++
	RabbitMQ, Cassandra



	Load/RES forecasting
	Python
	RabbitMQ, Cassandra, netCDF4, siphon, scikit-learn, tensorflow, statsmodels, Cron



	MOPF
	C++
	RabbitMQ, Cassandra, Flask, pugixml, ATL



	LVC
	C++
	Cassandra, libcurl, RapidJSON



	LVSE
	C++
	Cassandra, libcurl, RapidJSON



	TLS
	Python
	PostgreSQL



	tVPP/cVPP
	Java
	RabbitMQ, MongoDB, Kubernetes, MySQL, KumuluzEE, React









Appendix B. LV Networks Characterization for Cluster 02


In this section are provided details regarding the characterization of the simulation scenarios of Cluster 02.



Appendix B.1. Baseline


The single-line diagram of the simulation network for scenario #1 (baseline) can be seen in Figure A1. In Table A2, are listed the electrical characteristics of the baseline scenario and, in Table A3, is listed the installed capacity of loads, generators, and HEMS.
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Figure A1. Cluster 02. Single-line diagram for the baseline. 






Figure A1. Cluster 02. Single-line diagram for the baseline.
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Table A2. Cluster 02. Baseline LV network characterization and electrical characteristics.






Table A2. Cluster 02. Baseline LV network characterization and electrical characteristics.





	
Line

	
From

	
To

	
Electrical Characteristics




	
Number

	
Node

	
Node

	
    R , [ Ω ]    

	
    X , [ Ω ]    






	
1

	
1

	
2

	
0.05666667

	
0.00850000




	
2

	
1

	
3

	
0.01904762

	
0.00400000




	
3

	
1

	
4

	
0.03666667

	
0.00550000




	
4

	
2

	
5

	
0.03095238

	
0.00650000




	
5

	
3

	
6

	
0.07692000

	
0.01800000




	
6

	
3

	
7

	
0.07000001

	
0.01050000




	
7

	
4

	
8

	
0.06666667

	
0.01000000




	
8

	
5

	
9

	
0.04666667

	
0.00700000




	
9

	
5

	
10

	
0.10395000

	
0.00525000




	
10

	
5

	
11

	
0.21874994

	
0.01050000




	
11

	
6

	
12

	
0.29166659

	
0.01400000




	
12

	
7

	
13

	
0.02333334

	
0.00350000




	
13

	
8

	
14

	
0.19890000

	
0.00975000




	
14

	
8

	
15

	
0.12415000

	
0.00975000




	
15

	
9

	
16

	
0.02333334

	
0.00350000




	
16

	
11

	
17

	
0.24955000

	
0.00525000




	
17

	
11

	
18

	
0.09550000

	
0.00750000




	
18

	
12

	
19

	
0.03809523

	
0.00800000




	
19

	
13

	
20

	
0.15280000

	
0.01200000




	
20

	
13

	
21

	
0.48405000

	
0.01575000




	
21

	
14

	
22

	
1.21210000

	
0.02550000




	
22

	
15

	
23

	
0.26740000

	
0.02100000




	
23

	
16

	
24

	
0.04666667

	
0.00350000




	
24

	
18

	
25

	
0.16135000

	
0.00525000




	
25

	
19

	
26

	
0.02380952

	
0.00500000




	
26

	
20

	
27

	
0.18749995

	
0.00900000




	
27

	
23

	
28

	
0.93450000

	
0.02100000




	
28

	
24

	
29

	
0.18440000

	
0.00600000




	
29

	
26

	
30

	
0.05333334

	
0.00400000




	
30

	
27

	
31

	
0.21420000

	
0.01050000




	
31

	
28

	
32

	
0.32270000

	
0.01050000




	
32

	
31

	
33

	
0.16135000

	
0.00525000
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Table A3. Cluster 02. LV network characterization, installed capacity of loads, generators, and HEMS for the baseline.






Table A3. Cluster 02. LV network characterization, installed capacity of loads, generators, and HEMS for the baseline.





	
 

	
Installed Capacity




	
 

	
Loads, [kVA]

	
Generators, [kVA]

	
HEMS, [kVA]




	
Node

	
Phase R

	
Phase S

	
Phase T

	
Phase R

	
Phase S

	
Phase T

	
Phase R

	
Phase S

	
Phase T






	
2

	
3.45

	
3.45

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
4

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
5.75

	
-




	
5

	
-

	
-

	
3.45

	
-

	
-

	
-

	
-

	
-

	
-




	
6

	
1.15

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
7

	
6.90

	
-

	
-

	
5.75

	
-

	
-

	
-

	
-

	
-




	
8

	
3.45

	
3.45

	
3.45

	
5.75

	
-

	
-

	
-

	
-

	
-




	
9

	
-

	
-

	
-

	
3.45

	
-

	
-

	
-

	
-

	
-




	
10

	
3.45

	
6.90

	
-

	
-

	
5.75

	
-

	
-

	
5.75

	
-




	
11

	
3.45

	
-

	
-

	
-

	
-

	
3.45

	
-

	
-

	
5.75




	
12

	
3.45

	
3.45

	
-

	
-

	
-

	
3.45

	
5.75

	
-

	
5.75




	
13

	
-

	
-

	
-

	
3.45

	
-

	
-

	
5.75

	
-

	
-




	
14

	
-

	
-

	
-

	
5.75

	
-

	
-

	
5.75

	
-

	
-




	
16

	
-

	
6.90

	
-

	
-

	
3.45

	
-

	
5.75

	
5.75

	
5.75




	
17

	
-

	
-

	
-

	
-

	
-

	
-

	
5.75

	
-

	
-




	
18

	
-

	
3.45

	
3.45

	
-

	
-

	
-

	
-

	
-

	
-




	
19

	
3.45

	
3.45

	
-

	
-

	
-

	
5.75

	
-

	
-

	
-




	
20

	
-

	
3.45

	
3.45

	
5.75

	
-

	
-

	
6.90

	
5.75

	
-




	
21

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
5.75

	
5.75




	
22

	
-

	
-

	
-

	
1.15

	
-

	
-

	
-

	
3.45

	
3.45




	
24

	
-

	
-

	
-

	
5.75

	
5.75

	
5.75

	
-

	
-

	
-




	
25

	
-

	
-

	
-

	
-

	
-

	
5.75

	
-

	
-

	
-




	
26

	
-

	
-

	
-

	
-

	
5.75

	
3.45

	
-

	
-

	
-




	
27

	
6.90

	
3.45

	
3.45

	
3.45

	
-

	
-

	
-

	
-

	
-




	
28

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
3.45

	
-




	
29

	
-

	
-

	
-

	
-

	
-

	
5.75

	
-

	
-

	
-




	
30

	
-

	
-

	
-

	
-

	
-

	
5.75

	
-

	
-

	
-




	
31

	
-

	
-

	
-

	
3.45

	
3.45

	
-

	
-

	
6.90

	
-




	
33

	
-

	
-

	
-

	
1.15

	
-

	
-

	
-

	
-

	
5.75










Appendix B.2. Large Network


In Figure A2 is shown the single-line diagram of the simulation network used in the Large network scenario. For the sake of clarity, we refer the reader to [28] for more details regarding the characterization of the simulation network.
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Figure A2. Cluster 02. Single-line diagram for the large network scenario. 






Figure A2. Cluster 02. Single-line diagram for the large network scenario.
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Appendix B.3. HEMS Location


In Table A4 is listed the installed capacity of loads, generators, and HEMS of the HEMS Location scenario.
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Table A4. Installed capacity of loads, generators, and HEMS.






Table A4. Installed capacity of loads, generators, and HEMS.





	
 

	
Installed Capacity




	
 

	
Loads, [kVA]

	
Generators, [kVA]

	
HEMS, [kVA]




	
Node

	
Phase R

	
Phase S

	
Phase T

	
Phase R

	
Phase S

	
Phase T

	
Phase R

	
Phase S

	
Phase T






	
2

	
3.45

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
5

	
-

	
3.45

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
6

	
-

	
-

	
3.45

	
-

	
-

	
-

	
-

	
-

	
-




	
7

	
6.90

	
-

	
-

	
5.75

	
-

	
-

	
-

	
-

	
-




	
8

	
3.45

	
3.45

	
3.45

	
5.75

	
-

	
-

	
-

	
-

	
-




	
9

	
6.90

	
3.45

	
3.45

	
3.45

	
-

	
-

	
-

	
-

	
-




	
10

	
3.45

	
6.90

	
-

	
-

	
5.75

	
-

	
-

	
-

	
-




	
11

	
3.45

	
-

	
-

	
-

	
-

	
3.45

	
-

	
-

	
-




	
12

	
3.45

	
3.45

	
-

	
-

	
-

	
3.45

	
-

	
-

	
-




	
13

	
6.90

	
3.45

	
3.45

	
3.45

	
-

	
-

	
-

	
-

	
-




	
14

	
-

	
-

	
-

	
5.75

	
-

	
-

	
-

	
-

	
-




	
16

	
-

	
6.90

	
-

	
-

	
3.45

	
-

	
-

	
-

	
-




	
17

	
-

	
-

	
-

	
5.75

	
-

	
-

	
5.75

	
-

	
-




	
18

	
-

	
3.45

	
3.45

	
-

	
-

	
-

	
-

	
-

	
-




	
19

	
3.45

	
3.45

	
-

	
-

	
-

	
5.75

	
-

	
-

	
-




	
20

	
-

	
3.45

	
3.45

	
5.75

	
-

	
-

	
-

	
-

	
-




	
22

	
-

	
-

	
-

	
1.15

	
-

	
-

	
6.90

	
3.45

	
3.45




	
23

	
3.45

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
24

	
-

	
-

	
-

	
5.75

	
5.75

	
5.75

	
5.75

	
5.75

	
5.75




	
25

	
-

	
-

	
-

	
-

	
-

	
5.75

	
-

	
5.75

	
5.75




	
26

	
-

	
-

	
-

	
-

	
5.75

	
3.45

	
-

	
5.75

	
-




	
27

	
6.90

	
3.45

	
3.45

	
3.45

	
-

	
-

	
-

	
-

	
-




	
29

	
-

	
-

	
-

	
-

	
-

	
5.75

	
5.75

	
5.75

	
5.75




	
30

	
-

	
-

	
-

	
-

	
-

	
5.75

	
-

	
-

	
6.90




	
31

	
-

	
-

	
-

	
3.45

	
3.45

	
-

	
-

	
6.90

	
-




	
32

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
3.45

	
3.45




	
33

	
-

	
-

	
3.45

	
1.15

	
-

	
-

	
3.45

	
-

	
-










Appendix B.4. Inductive Network


The electrical characteristics of the simulation network of scenario inductive network are listed in Table A5.





[image: Table] 





Table A5. Network characterization and electrical characteristics of the inductive network scenario.






Table A5. Network characterization and electrical characteristics of the inductive network scenario.





	
Line

	
From

	
To

	
Electrical Characteristics




	
Number

	
Node

	
Node

	
    R , [ Ω ]    

	
    X , [ Ω ]    






	
1

	
1

	
2

	
0.04006939

	
0.01202082




	
2

	
1

	
3

	
0.01346870

	
0.00565685




	
3

	
1

	
4

	
0.02592725

	
0.00777817




	
4

	
2

	
5

	
0.02188664

	
0.00919239




	
5

	
3

	
6

	
0.05439065

	
0.02545584




	
6

	
3

	
7

	
0.04949748

	
0.01484924




	
7

	
4

	
8

	
0.04714045

	
0.01414214




	
8

	
5

	
9

	
0.03299832

	
0.00989949




	
9

	
5

	
10

	
0.07350375

	
0.00742462




	
10

	
5

	
11

	
0.15467957

	
0.01484924




	
11

	
6

	
12

	
0.20623942

	
0.01979899




	
12

	
7

	
13

	
0.01649916

	
0.00494975




	
13

	
8

	
14

	
0.14064354

	
0.01378858




	
14

	
8

	
15

	
0.08778731

	
0.01378858




	
15

	
9

	
16

	
0.01649916

	
0.00494975




	
16

	
11

	
17

	
0.17645850

	
0.00742462




	
17

	
11

	
18

	
0.06752870

	
0.01060660




	
18

	
12

	
19

	
0.02693740

	
0.01131371




	
19

	
13

	
20

	
0.10804592

	
0.01697056




	
20

	
13

	
21

	
0.34227504

	
0.02227386




	
21

	
14

	
22

	
0.85708413

	
0.03606245




	
22

	
15

	
23

	
0.18908035

	
0.02969848




	
23

	
16

	
24

	
0.03299832

	
0.00494975




	
24

	
18

	
25

	
0.11409168

	
0.00742462




	
25

	
19

	
26

	
0.01683587

	
0.00707107




	
26

	
20

	
27

	
0.13258249

	
0.01272792




	
27

	
23

	
28

	
0.66079129

	
0.02969848




	
28

	
24

	
29

	
0.13039049

	
0.00848528




	
29

	
26

	
30

	
0.03771237

	
0.00565685




	
30

	
27

	
31

	
0.15146227

	
0.01484924




	
31

	
28

	
32

	
0.22818336

	
0.01484924




	
32

	
31

	
33

	
0.11409168

	
0.00742462
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Figure 1. Mapping of focus areas to the SGAM. 
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Figure 2. Clusters identified within InteGrid. 
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Figure 3. Functional-oriented methodology. 
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Figure 4. Cluster 01. Global architecture. 
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Figure 5. State of charge of the storage system. 
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Figure 6. MPOPF impact on the congested transmission line and the corresponding control-actions (30% generation increase). 
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Figure 7. MPOPF impact on the voltage profile of a busbar and the corresponding control-actions (30% generation increase). 
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Figure 8. Cluster 02. Global architecture. 
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Figure 9. Baseline voltage profiles before the application of the LVC. 
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Figure 10. Baseline voltage profiles, after the application of the LVC controlling all resources. 
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Figure 11. Inductive network voltage profiles, before the application of the LVC. 
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Figure 12. Inductive network voltage profiles, after the application of the LVC using all resources. 
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Figure 13. Cluster 03. Global architecture. 
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Figure 14. Comparison of activate-able flexibility between the scenario with flexibilities with a reduced and with a large volume (baseline). 
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Figure 15. Comparison of the baseline results (all flexibilities have the same price) to the scenarios “linear price decrease” and “increase in the flexibilities”. 
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Figure 16. Activate-able flexibility volume with and without additional wind turbines. 
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Figure 17. Functional-oriented replication paths identified. 
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Table 1. Overview of the scenarios for Cluster 01.
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	Scenario Name
	Network
	Variation





	Baseline Portugal
	PT demo
	Baseline—No variation considered



	Overloading occurrence
	PT demo
	RES connected to create overloading. Different control

actions are tested (ESS; tVPP)



	Baseline Slovenia
	SI demo
	Baseline—No variation considered



	Overloading/voltage occurrence
	SI demo
	RES connected to create overloading and overvoltage.

OLTC and the tVPP are available



	Network size increase
	SI demo
	Size of the network is increased



	Limited measurements available
	SI demo
	Historical data for primary substation transformers only
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Table 2. KPIs—Portuguese overloading scenario.
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	Reduction of Overloading Occurrences (%)





	Energy Storage System
	100



	tVPP (MV customers)
	100
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Table 3. KPIs—Slovenian overloading and overvoltage scenario.
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Reduction of Overloading Occurrences (%)

	
Reduction of Overvoltage Occurrences (%)




	
 

	
         10–30%

	
         =40.0%

	
         10–30%

	
         =40.0%




	
 

	
         RES Growth

	
         RES Growth

	
         RES Growth

	
         RES Growth






	
tVPP(generation curtailment)

	
        100

	
        70

	
        -

	
        -




	
OLTC

	
        -

	
        -

	
        100

	
        100
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Table 4. Overview of the scenarios for Cluster 02.
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	Scenario Name
	Network
	Variation





	Baseline Portugal
	Typical PT LV network
	Baseline—No variation considered



	Large network
	Typical PT LV network
	Increase the number of nodes



	Location of HEMS
	Typical PT LV network
	Change the location of the HEMS to primarily at the end of the feeders



	Distributed ESS
	Typical PT LV network
	Introduce controllable distributed ESS in the network



	Inductive network
	Typical PT LV network
	Modify the networks parameters to resemble an urban network



	Forecast functions
	Typical PT LV network
	Variation of the data used to train the algorithms



	State estimation functions
	Typical PT LV network
	Real data consideration and variation thereof the smart meter data available
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Table 5. Results the location of HEMS scenario considering only “HEMS” and “HEMS and ESS”.
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Voltage Problem

	
HEMS Flexibility,

	
   E ESS   ,

	
   P loss    Reduction,




	
 

	
Solved?

	
[kWh]

	
[kWh]

	
[%]






	
Homogeneous Distribution of HEMS (Baseline)

	

	

	

	




	
  HEMS

	
No

	
16.53

	
-

	
0.09%




	
  HEMS and ESS

	
No

	
16.41

	
94.63

	
0.11%




	
HEMS located at the end of the feeders

	

	

	

	




	
  HEMS

	
Yes

	
4.42

	
-

	
0.14%




	
  HEMS and ESS

	
Yes

	
4.32

	
44.13

	
0.01%
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Table 6. Characterization of ESS.
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Node

	
ESS Characteristics




	
Power, [kW]

	
Capacity, [kWh]






	
1

	
50.00

	
100.00




	
18

	
10.00

	
20.00




	
23

	
10.00

	
20.00




	
24

	
10.00

	
20.00




	
26

	
10.00

	
20.00




	
27

	
10.00

	
20.00
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Table 7. Baseline and distributed ESS comparison, considering the control of “HEMS and ESS”.
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	Voltage Problem

Solved?
	HEMS Flexibility,

[kWh]
	   E ESS   ,

[kWh]
	   P loss    Reduction,

[%]





	Centralized ESS (Baseline)
	
	
	
	



	  HEMS and ESS
	No
	16.41
	94.63
	0.11%



	Distributed ESS
	
	
	
	



	  HEMS and ESS
	Yes
	4.96
	86.13
	6.30%
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Table 8. Forecasting functions evaluation results.
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	Scenario
	Voltage Problem

Solved?
	Flexibility

Required, [kWh]
	Average

Execution Time, [s]
	NRMSE,

[%]





	Scenario A
	Yes
	12.47
	0.49
	4.77%



	Scenario B
	Yes
	12.22
	0.50
	4.86%



	Scenario C
	Yes
	9.63
	0.44
	5.02%
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Table 9. Impact of historical data in the flexibility required from HEMS for scenarios A, B, and C.






Table 9. Impact of historical data in the flexibility required from HEMS for scenarios A, B, and C.





	
HEMS

	
Scenario #10

	
Scenario #11

	
Scenario #12




	
12 Months,

[kWh]

	
3 Months,

[kWh]

	
12 Months Missing

data, [kWh]






	
Node 12, phase T

	
 

	
1.32

	
 

	
1.51

	
 

	
0.89




	
Node 13, phase R

	
 

	
0.42

	
 

	
0.64

	
 

	
0.00




	
Node 20, phase R

	
 

	
3.92

	
 

	
3.29

	
 

	
2.49




	
Node 22, phase T

	
 

	
6.81

	
 

	
6.78

	
 

	
6.25
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Table 10. Scenario 2 and 3 mean absolute percentage errors results for the state estimations.
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	Scenario 2
	 
	Scenario 3





	 
	50% of Real-Time
	 
	Minimum Value of



	 
	SM Measurements
	 
	Real-Time SM Measurements



	MAPE
	0.33%
	 
	0.27%
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Table 11. Comparison between preventive and corrective set-point plans—12h30 time instant.
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	Scenario ID
	Preventive

Set-Point, [%]
	Corrective

Set-Point, [%]





	Scenario 1
	6
	6



	Scenario 2
	6
	6



	Scenario 3
	6
	6
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Table 12. Overview of the scenarios for Cluster 03.
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	Scenario Name
	Network
	Variation





	Baseline Slovenia
	SI demo
	Baseline—No variation considered



	Large homogeneous flexibility
	SI demo
	Large flexibility bids (power) at each node—Same price



	Reduced homogeneous flexibility
	SI demo
	Reduced flexibility bids (power) at each node—Same price



	Linear prices
	SI demo
	Introduce controllable distributed ESS in the network



	RES and EV integration
	SI demo
	Future scenario with RES and EV integration in specific feeders
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Table 13. Maximum activate-able flexibility in the Slovenian demo network for selected feeder.
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Grid Name

	
Direction

	
Critical Lines

	
Critical Nodes

	
Critical Transf.

	
Min. Flex.

	
Max. Flex.




	
#

	
#

	
#

	
    M W    

	
    M W    






	
Domžale TF1

	
Upward

	
14

	
2

	
-

	
   11.68     M    W  

	
   12.69     M    W  




	
Domžale TF2

	
Upward

	
2

	
-

	
-

	
   13.24     M    W  

	
   13.95     M    W  




	
Mengeš TF1

	
Upward

	
1

	
-

	
-

	
   25.18     M    W  

	
   26.40     M    W  




	
Mengeš TF2

	
Upward

	
7

	
-

	
-

	
   11.13     M    W  

	
   12.14     M    W  




	
Domžale TF1

	
Downward

	
1

	
-

	
-

	
   6.75     M    W  

	
   7.94     M    W  




	
Domžale TF2

	
Downward

	
1

	
-

	
-

	
   10.92     M    W  

	
   11.63     M    W  




	
Mengeš TF1

	
Downward

	
-

	
-

	
1

	
   8.60     M    W  

	
   9.59     M    W  




	
Mengeš TF2

	
Downward

	
1

	
-

	
-

	
   7.43     M    W  

	
   8.46     M    W  
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Table 14. Functional-oriented compressed checklist.
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	Cluster
	To Be Checked





	All
	Are the relevant network characteristics known and available?

Is there an OLTC (with control active) to provide support?

Is there sufficient data available and accessible (devices, weather, future estimations)?

Is the dataset complete and accurate to obtain?



	01
	Check the necessary tools information (MV Load/REs forecasting, MV Load Allocation, MOPF)

Check the necessary actors: tVPP (VPP) and DSO

Check the network: is it already experiencing any voltage/congestion violations.

If so, how much, how long and at which nodes?



	02
	Check the necessary tools information (Load and RES forecasting, LVC, LVSE, OLTC, HEMS)

Check necessary actors: DSO (also their assets) and customer/flexibility owners

Check the network: is it already experiencing any voltage/congestion violations and size

Check HEMS: location and number of customers



	03
	Check the necessary tools information (Load and RES forecasting, TLS)

Check the necessary actors: cVPP (VPP), DSO and TSO

Check current flexibility in the network: quantification, location, and feasibility
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