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Abstract

:

Publicly accessible, elaborated grid datasets, i.e., benchmark grids, are well suited to publish and compare methods or study results. Similarly, developing innovative tools and algorithms in the fields of grid planning and grid operation is based on grid datasets. Therefore, a general methodology to generate benchmark datasets and its voltage level dependent implementation is described in this paper. As a result, SimBench, a comprehensive dataset for the low, medium, high and extra-high voltage level, is presented. Besides grids that can be combined across several voltage levels, the dataset offers an added value by providing time series for a whole year as well as future scenarios. In this way, SimBench is applicable for many use cases and simplifies reproducing study results. As proof, different automated algorithms for grid planning are compared to show how to apply SimBench and make use of it as a simulation benchmark.
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1. Introduction


Many studies are conducted to apply innovative, grid-related solutions and technologies in electrical power systems. Such studies are usually based on simulations with power flow analyses which require electric steady-state grid model data. Studies from scientific literature and data published on websites, such as [1,2], provide a number of different grid model datasets. Among the most popular of these datasets are, for example, the IEEE test cases [3] and the CIGRE benchmark systems [4]. The reviews in [5,6], also introduce many more grids, their properties and focuses, such as the European representative electricity distribution networks [7], the representative distribution networks of Italy named Atlantide [8,9,10], the IEEE reliability test system [11,12] or the PEGASE and RTE cases [13,14].



1.1. Motivation


Power systems shift to a more sustainable energy supply via new technologies and corresponding regulatory frameworks. First, this constant shift leads to a rising gap between existing publicly accessible grid data and real power systems. Second, studies considering new technologies, regulatory frameworks and innovative solutions may have altered requirements for grid data compared to studies several years ago. Therefore, new publicly accessible grid data is needed to address these issues.



In addition, for the operation of increasingly smart grids, investigating the collaborative operation of different voltage levels and system operators becomes more important. This is because the increasing number of renewable energy sources is mainly connected to low voltage (LV), medium voltage (MV), and high voltage (HV) levels while the decreasing number of conventional power plants is mainly connected to extra-high voltage (EHV) and HV levels. To this date, publicly accessible grid data, which enable a combined modeling of voltage levels and feature sufficient detail and realistic scale, are rare. Therefore many publications, e.g., [15], use grid data of different origins which must be merged and harmonized. However, even if published studies use open grid data and perfectly describe the assumptions made and the applied calculation methods, it is often hard to reproduce the results and to compare the applied method with other ones. Frequent reasons for this are modifications to the investigated grids, conflicting assumptions and additional types of required data, such as load and generation time series. A solution would be a holistic dataset providing consistent data for all common German voltage levels. However, to the best of our knowledge, there is no dataset providing consistent data for all common German voltage levels (LV:   0.4   kV, MV:   10 / 20   kV, HV: 110 kV, EHV: 380 kV).



A variety of power flow-based use cases exist. To make methods for such use cases comparable, the same grid should be used. In fact, assumptions on operation, e.g., limits and setpoints, should also be the same unless the assumptions are part of the method. Often, however, grid datasets do not provide such information. Furthermore, there are no widespread datasets including grids with both a state without overloadings and a future state, which may become subject to overloading due to increased intermittent power generation. Such a dataset would allow studying use cases which require grid states without loading limit violations as well as analyzing use cases which require violations to solve.




1.2. Introducing SimBench


To close the afore-mentioned gaps, this paper introduces a new dataset of electric steady-state grid models, compiled within the research project SimBench. It is intended as a benchmark to test, publish and compare methods and algorithms for various use cases, as already used in e.g., [16,17,18,19]. The use cases include the fields of grid planning, operation and simulation [20,21]. SimBench data are published online [1] under Open Data Common Open Database Licence (ODbL, data are available at https://opendatacommons.org/licenses/odbl/1.0/ and https://simbench.de/en/downloads). While the SimBench dataset is based on power grids in Germany, this paper describes the methodology to compile the benchmark dataset, in order to enable the scientific community to compile compatible datasets for other regions. To facilitate its use in a variety of application contexts, the SimBench dataset is published in four different data formats. These include the format of the open-source power system analyzing and optimizing tool pandapower [22], formats of the commercial tools DIgSILENT PowerFactory [23] and INTEGRAL [24] and a format especially created for the SimBench data. This SimBench format is based on CSV file tables, which can also be evaluated by researchers directly using common spreadsheet applications [21].



This paper is organized as follows. In Section 2, the developed and applied methodology of SimBench is described. In Section 3, an overview of the data of the grids, the time series and the future scenarios is provided. In Section 4, a case study shows how SimBench data can be used to compare different algorithms. Finally, some conclusions are drawn in Section 5.





2. Methodology to Compile the SimBench Dataset


Within SimBench, a general methodology to compile benchmark grids has been developed [20], which makes it possible to compile benchmark grids of different voltage levels or scopes. The developed methodology consists of the following six steps:




	
a clear formulation of the objectives,



	
a comprehensive view of the task and a literature review,



	
a determination of use case requirements,



	
an analysis of available data,



	
the compilation of the grid dataset and



	
the evaluation of the dataset.








An iterative loop of Step 5 and 6 ensures appropriateness and applicability of the dataset. Since the methodology is described in reference [20], this paper gives only a brief overview of applying the methodology to create the SimBench dataset.



2.1. Voltage Level Dependent Methods to Generate the Grid Data


2.1.1. Extra-High and High Voltage Level


The methods used to generate the data for the EHV and the HV level were based on publicly accessible, geo-referenced data [25,26]. For the EHV level, a modification of the grid dataset from the SciGrid project is being developed [27]. Using algorithms developed within SimBench, coherent node-branch models were generated using SciGrid data. In addition, publicly accessible power plant data [28] and data on population densities from [29] as well as industrial loads are used to model the supply task. Based on the grid topology and the defined supply task, the grids were dimensioned for the N-1 state applying relevant use cases [30]. More details on the development of the SimBench HV grid and its origins in publicly accessible data are given in [31].




2.1.2. Medium Voltage Level


In comparison to the other voltage levels, the available open data for the MV level, such as data on building distribution as well as line and road maps or population information, have been found to be less significant, scarce or uncertain. Hence, as depicted in Section 3.3, the data analysis step for the MV grids is not to compile an extensive grid design, but to validate the SimBench grids against reality. In order to consider and balance the requirements of about 30 relevant use cases [21], as well as the information found in the literature review and the insights of analyzing the real grid data, the SimBench MV grids were generated manually.



A number of four MV grid classes were selected for the following reasons: On the one hand, this facilitates comparisons by restricting the complexity of the dataset. On the other hand, four grid classes can cover the essential and frequently occurring characteristics of existing grids. For example, in addition to the open ring topology occurring in all SimBench MV grids, a base station, a remote station and radial feeders were spread over the MV grids. As a result of this and of different busbar concepts, specific requirements were set for comparisons of methods, e.g., for checking (n−1)-security.




2.1.3. Low Voltage Level


The generation of the grids for the LV level includes two parts, the determination of the supply task and the automatic network model generation. The data required for this is derived from official statistics published by the German federal statistical office (DESTATIS) [29] and OpenStreetMap [25]. The supply task was classified using a k-means clustering algorithm. The detailed clustering results can be found in [32]. These results comprised six clusters, of which three are rural, two were semi-urban and one was urban. For the generation of the models, an automated algorithm was used, which is described in [33]. The algorithm provides a graph to ensure that the network models are initially available as node-edge models. Based on an evaluation of real data and with respect to the requirements, these were manually converted into an electrical grid model with load and generation units. The refined method for generating the SimBench LV grids is described in detail in [34].





2.2. Approach for Compiling Time Series


SimBench includes multiple time series for one year with 15 min resolution for load, generation and storage units. All time series came as active and reactive power time series. The time series were normalized, reducing the total number of required time series to a reasonable number, while retaining the possibility to model individual nominal power. While a detailed explanations can be found in [35], this paper summarizes the applied time series methods with respect to the types displayed in Figure 1.



2.2.1. Consumer Time Series


The load time series were distinguished between real measured accumulated, highlighted with a dash, and simulated individual consumers, marked with a solid frame in Figure 1. Commercial enterprises (G), households (H), agricultural holdings (L) and industrial companies (BL/BW) were considered as accumulated consumers, while the provided time series for electric vehicles (EVs) and heat pumps (HPs) were interpreted as individual consumers. For households, 74 smart meter time series provided by the HTW Berlin in the IZES 2010 dataset were evaluated [36]. In terms of the other accumulated consumers, a dataset of more than 2500 anonymized commercial recorded power measurement from the year 2016, provided by the German distribution system operator (DSO) Syna GmbH, was analyzed. All time series came with measured active and reactive power. The aim in the context of SimBench was to provide representative time series extracted from the given measurements. For this purpose, at LV level standard load profiles (SLPs) were used to group commercial customers with similar load shapes into categories. At MV and HV level within certain power ranges individual selections were made.



For the HP time series, we simulated different HP behaviors using annual domestic hot water and space heating demand time series for the German regions around Hanover and Lübeck. The method to generate the demand time series are explained in detail in [37]. The HPs of interest were air and soil HPs operating in a parallel, semi-parallel and alternative operation mode. Different technical restrictions like storage design and blocked periods are considered. In case of the EVs, we generated the time series by randomly combining technical data of currently registered EV types, user mobility behavior based on the “Mobility in Germany” study and charging profiles recorded during a measurement campaign at the Fraunhofer IEE [38,39,40].




2.2.2. Generation Time Series


From LV to HV level, the time series for the photovoltaics (PV), wind and biomass (BM) plants were created with the aid of the agent-based tool SIMONA [41,42]. Real weather data from the German meteorological service (DeutscherWetter Dienst, DWD) were used. At EHV level, a realistic supply task was modeled balancing load and generation. Based on the power plant list of the federal network agency (Bundesnetzagentur, BNetzA) for decommissioned power plants a merit order list determined the power plants in use [28]. The power plant list covered renewable as well as conventional generation plants.




2.2.3. Storage Time Series


In SimBench we distinguished between storages used to maximize self-consumption of generated PV energy and storages used to support grid stability. The storages to maximize self-consumption followed an algorithm storing all excess energy and covering solely customer demand, with their capacity dimensions chosen accordingly. The grid-supporting storages were solely used for curtailment. The curtailed energy added up to 3% of the total energy production.




2.2.4. Aggregated Grid Time Series


Besides consumer time series, the SimBench dataset also provided aggregated grid time series enabling substitutions of the downstream grids. While applicable from the MV to the HV level, SimBench offered the entire German EHV grid, but only two HV grids with specified geographic location. To represent the omitted HV grids, based on a top-down method, aggregated time series were matched to each EHV–HV connection point. For that, a time series of the total power demand in Germany [43] was broken down using information on federal state and municipal level for households, commercial enterprises, agricultural holdings, industrial companies and public transport. In order to reduce the amount of data resembling the power exchange at EHV–HV connection points, the resulting time series were clustered and reduced by a k-means algorithm.




2.2.5. Reactive Power Time Series


In accordance with the predefined study cases, presented in Section 4.1, fixed power factors   cos ( φ )   of 1.0 for distributed energy resources (DERs) and of 0.93 for individual loads, storages and omitted HV grids were assumed. The accumulated consumers had real measured reactive power time series.





2.3. Approach for Generating Future Scenarios


The method to generate the future scenarios is intended to cover relevant use cases in grid analysis, planning and operation, such as exemplified in Section 4. Therefore, the scenarios are not suitable to reproduce results found by energy system analyses from models like SCOPE [44] and REMix [45], but rather to address future challenges for the grid management. For the LV, MV and HV level, the method is based on exceeding a certain degree of violations defined for two scenarios projecting the target years 2024 and 2034. This ensures the creation of future grids useful for use cases like topology optimization and conventional grid planning. Violations of interest are overloaded lines and transformers as well as voltage violations.



For this purpose, different producers, consumers and prosumers are randomly distributed into the grids. Furthermore, the load demand per consumer is gradually reduced from 2024 to 2034. In order to prevent unrealistic results, a maximum number of DERs and consumers are set as upper limits.



In contrast to the LV level, for the MV and HV level we define synthetically generated priority areas beforehand. Their individual size and their overall dimension are equivalent to currently existing priority areas and meet the energy policy goals of the state of Hesse [46,47].



The future grids are validated against the results of the integration study for the German state of Hesse [48,49].



Since the development of reliable future scenarios in line with the German EHV grid is out of scope of the SimBench project, only approved high-voltage direct current (HVDC) lines and offshore wind parks are considered [50]. Their projection in the future scenarios just comprise their geographical positions, not respecting their start of operation. Besides the approved changes, the future HV SimBench grids are connected at the two corresponding buses.





3. Overview of the SimBench Dataset


The SimBench dataset comprises the 13 grids introduced in Table 1. In addition, SimBench comes with fitting time series, study cases and combinations of grids of different voltage levels. Furthermore, the future scenarios lead to three variants of all grids. In contrast to other benchmark grids, e.g., available from [2,51], SimBench grids provide switch information and substation configurations. For clarity and a better handling, disconnectors nearby circuit breaker are neglected and a variant with reduced switch information (“no_sw”) is provided as well. Therefore, to clearly label which of these many variants are used, SimBench codes are declared [21]. As in Table 1, SimBench codes consist of a SimBench version number, the considered voltage levels and types of grids, the number of the scenario and an abbreviation whether switches are included in detail.



The grids described in this section are based on general planning and operational principles declared in [30].



3.1. Extra-High Voltage Grid


The EHV grid model includes 32,425 km of lines, 464 locations, 530 stations and 209 transformers. In addition to the topology of the transmission grid, as described in Section 2.1, the dataset also includes information about the corresponding power supply situation. The geographical distribution of the power plants is depicted in Figure 2 (left). There are large lignite-fired power plants in the Eastern and Western parts of Germany and large gas-fired power plants in the Western and Southern parts of Germany. In addition to the characteristic distribution of onshore wind and PV power plants, the offshore wind farms are also represented by their respective onshore grid connection points.



To validate both the topology and, in particular, the supply situation of the dataset, the power flow results of the SimBench EHV grid have been compared to historical line loadings from the monitoring report of the BNetzA for the year 2017 [52]. For illustration, the power flow result of one time step (2 January 08:00 a.m.) for the Scenario 0 (1-EHV-mixed--0-sw) is depicted in Figure 2 (right). It reflects characteristic congestions in the North-South and North-West direction of Germany. Hence, based on that grid state, use cases such as the determination of remedial measures can be calculated.




3.2. High Voltage Grids


There are two HV grid models in SimBench. The first is a predominantly rural grid with a high share of overhead lines and the second is a predominantly urban grid with a higher degree of cabling. The connection to the EHV level is realized with high topological flexibility using double busbars while the connection to the MV level includes different substation configurations, as found in real grids [30]. Figure 3 shows the two grid models and the associated supply situation. Based on the distribution of the feeders and loads, it becomes clear that in the predominantly rural grid, there are isolated load centres and the feeders are often installed at a distance from load locations. By contrast, the loads in the predominantly urban grid tend to match the generation sites.



The dimensioning of the grids described in the methodology is carried out with a load flow simulation under consideration of the N-1 criterion. The resulting power flow of both grids is shown in Figure 4 exemplarily for the low load, high generation, extra high wind study case (lW) in the N-1 situation. Considering Figure 4 (left), the high feed-in of the wind power plants combined with low load density results in a high loading of some feeders in the mixed HV grid, predestine this grid e.g., for voltage stability investigations. In Figure 4 (right) of the urban HV grid, it can be seen that the significantly higher load density in the centre of the grid results in a lower line loading since this is close to the generation sites and the EHV substation. The outgoing feeder in the north of the grid is nevertheless highly loaded, since in the high-wind situation, the infeed is higher than the load, as it also includes the infeed of PV power plants.




3.3. Medium Voltage Grids


In Figure 5, the MV grid with rural characteristics is illustrated exemplarily. Similar to the LV grids, the data of the MV grids, including the georeferences, are compiled synthetically. The geo-referenced data are fitted to the supplying bus of the overlaying grid. Besides LV grids, the MV grids supply loads and DERs which are directly connected to the MV grids. The grid plot in Figure 5 depicts the open ring topology of the rural MV grid highlighted by the dashed lines. Furthermore, several bus name numbers of the dataset are printed to improve orientation.



As detected by the data analysis of real grids in [20], the cables are usually longer than the overhead lines (OHLs) in SimBench MV grids. To show this, OHLs and cables are illustrated by different colors. In addition, the ratio of these both types of lines is depicted in Figure 6 (left). In this figure, the four SimBench MV grids are compared to the data of 74 separately operated real MV grids. The grids are spread over five DSOs and include a line length sum of about 11,000 km. The real grids data are figured by boxplots. Besides the ratio of OHLs and cables, three further parameters are depicted in Figure 6. On the one hand, they show that the SimBench MV grids comprise a large percentage of the real grids distribution. On the other hand, the mean line length of the urban MV grid is the only outlying value. This is accepted since the analyzed set of real grids does not include a complete urban grid.



All grids supplied by the SimBench MV grids correspond to the SimBench LV grids. Since weakly loaded, not challenging LV grids are not included in SimBench, most markers of the SimBench MV grids lie in the upper half of the real grid distribution of the active power sum of loads and the HV/MV substation capacity per MV supply point. However, according to the predefined study cases, which are described in Section 4.1, the SimBench MV grids cause no violations but reach some limits nearby. As stated in literature and observed in real grids, the most challenging case for the urban SimBench MV grid is the high load, low generation case (hL). The rural SimBench MV grid reaches voltage limits in the low load, high generation cases (lW, lPV).




3.4. Low Voltage Grids


There are six LV grid models in SimBench, for each cluster (see Section 2.1.3) one model [34]. As shown exemplarily in Figure 7, each grid model reveals a radial topology, since this is the dominant structure at the LV level. The equipment used in the models is:




	
Transformers (  S r  ): {160, 400, 630}  kVA 



	
Cables: NAYY 4 x {150, 240}   mm 2  








The model called LV1 is the most rural SimBench LV grid with mainly agricultural holdings as consumers. By contrast, the other two rural grids (LV2, LV3) predominantly supply household loads with individual commercial consumers. Since these represent villages and rural settlements, the number of consumers and thus also buses is higher than in LV1. The two semi-urban grids (LV4, LV5) represent the structures of smaller cities and suburbs of larger cities. In order to map small multi-family houses, semi-urban individual consumers have a higher power demand compared to the rural grids. In the urban grid (LV6), multi-family house loads are divided into several individual loads and thus modeled separately. This is meant to prevent unrealistic load peaks especially when calculating with time series.



Within the evaluation in [34], 180 real grids from Germany have been compared to the SimBench LV grids with regard to the number of consumers, the active power of consumers and line length. The evaluation has shown that these LV grids are well able to represent the real grids classified by clusters.




3.5. Load, Generation, Storage and Aggregated Grid Time Series


Instead of presenting all described time series, here we concentrate on the most important results.



The SimBench dataset provides 27 accumulated load time series and a total of 20 individual ones, comprised of 12 for EVs and eight for HPs. The overview of the accumulated time series in Figure 8 (left) [35] show the categorized time series in accordance to the SLP types and their total consumption.



As illustrated in the middle right of the figure, we distinguish the EV between two charging positions, i.e., household charging stations and workplace charging stations, and different nominal power configurations. In addition to these, EV time series for   101.4   kW and 507 kW at MV and HV level exist. However, these are solely the aggregations of all workplace time series differently scaled. Besides EV time series, the SimBench dataset provides HP time series for the two locations of the SimBench HV grids. As shown in Figure 8, these vary in different operating modi and heat sources.



For DERs, synthetic time series are provided in the SimBench dataset. These include eight for PV, eleven for wind parks and five for BM plants. The plant locations have been distributed geographically in order to take locally varying weather conditions in the time series into account. As with the HPs, locations in the region around Hanover and Lübeck were chosen on the basis of the HV grids. For the time series for offshore wind farms, locations in the North Sea and Baltic Sea have been selected. In addition to geographical locations, the PV time series also distinguish between different orientations. Furthermore, three anonymized time series for hydroelectric power plants are available.



Besides consumers and producers, 48 prosumers in the form of battery storage time series are also part of the SimBench dataset. 40 time series are self-consumption maximizing and eight time series run in a manner beneficial to the grid.



On top, SimBench also offers 30 time series for the EHV-HV connection points, which are subdivided into 28 time series resembling the consumption within Germany and two time series standing for the demand of the neighboring countries.




3.6. Future Scenarios


Two future grids are implemented for each SimBench grid. Instead of evaluating all differences of each grid, this section focuses on examples highlighting general features.



The implemented method ensures a broad spectrum of possible grid planning, operation and analysis challenges. In Figure 9, the heat map of the LV3 grid for example emphasizes that in Scenario 1 for the low load, high generation and extra high PV study case (lPV) mainly new installed DERs cause overvoltages, whereas in Scenario 2 for the high load, low generation generation study case (hL) an increased number of new individual consumers causes undervoltages. On top, higher transformer and line loadings are more prominent in Scenario 2.



While in LV grids only the pre-existing nodes are used for new installations, in MV and HV grids the topology is slightly changed by adding new buses. These buses connect the priority areas with the grids. In SimBench, new DERs within priority areas are connected to the new buses. However, if they exceed a nominal power of   8.0   MW, they are directly connected to the transformer station.



The EHV future scenarios include the HVDC lines ALEGro, A-Nord, SuedLink and SuedOstLink, Ultranet. In contrast to that, the new off-shore wind plants, installed in Northern Germany, do not change the topology, as they are connected to already existing grid nodes.





4. Application Example of the SimBench Dataset


In this section, a grid expansion planning use case is presented to exemplify how to use the SimBench dataset. Therein, the predefined study cases [30], the load and generation time series [35] and the future scenarios are applied. This comparison of different algorithms illustrates the ability to use the SimBench dataset for benchmarking.



4.1. Predefined Study Cases and Time Series


The study cases include voltage, line loading and transformer loading limits as well as scalings for load and generation powers [30]. Applying this to the LV grid from Figure 7 “1-LV-semiurb4--2-no_sw”, the grid state as drawn in Figure 10 results. In this figure, each dot represents a bus voltage, a line loading or a transformer loading. On the left, these are aligned with respect to the distance to the supplying MV bus and linked by the connecting lines and transformers. Here, overloadings and voltage violations are highlighted in red. The other diagrams of Figure 10 include violin plots of the loadings. The horizontal black lines illustrate the operational limits. To conclude, at the low load, high generation, extra-high PV generation (lPV, top) study case six bus voltages exceed the upper voltage limit and in both figured study cases two lines violate the loading limit.



Similarly, the power flow situation of each time step is obtained by multiplying the specified peak power values of the loads and DERs by the scaling factors of the time step. Simulating the “1-LV-semiurb4--2-no_sw” grid with the full year time series, 143 of the 35,136 time steps show any violations.




4.2. Applied Algorithms and Grid Planning Use Case


In this use case, two different automated grid expansion algorithms are compared, again using the “1-LV-semiurb4--2-no_sw” grid. Both are based on heuristic planning approaches.



The first algorithm, referred to as Algorithm A, corresponds to the methodology published in [53]. It is supposed to map the manual planning process as it occurs in reality. The methodology can be divided into the following steps:




	
Implement a forecast scenario



	
Power flow analysis



	
Optimization of the transformer tap position



	
Grid expansion



	
Investment evaluation








First, a supply task is implemented, based on a forecast scenario. This includes integrating individual plants and loads into the grid model for examination. Subsequently, the grid situation is assessed with a power flow analysis in order to identify limit violations. If violations occur, e.g., thermal overloads, the tap position of the transformer is adjusted and, if necessary, grid expansion is carried out. This process is iterative and continues until there are no more violations. In a final step, the resulting capital expenditures are determined.



A slight adaptation to what is presented in [53] is made for the use with SimBench. Besides the grid model, Algorithm A usually uses load and generation forecasts to estimate a forecast scenario. In the SimBench dataset, however, designated future scenarios are already available, eliminating the need for such forecasts. Taking this into account, the remaining relevant steps of Algorithm A are evaluating voltage and loading violations, optimizing the transformer tap position, reinforcing and expanding the grid if required and finally evaluating the investment.



Algorithm B [54,55] basically runs according to the following iterative procedure to improve the current best solution:




	
Generate new candidate solutions from the actual solution and (randomly) select one



	
Evaluate an acceptance criterion, whether the new solution should replace the previous solution or be rejected








While Algorithm A is rule-based, different variants of generating new candidates via a so-called neighbourhood function are applicable within Algorithm B. Here we use a hill climbing algorithm which searches for new candidate solutions by adding or replacing a measure from Table 2. The implemented criterion accepts new solutions if the cost function is reduced. To be able to start from the initial state of the grid and to accept additional measures that improves the solution but still do not eliminate all violations, the cost function includes the capital expenditures as well as the degree of occurring violations. In this way, the heuristic can also handle non-feasible solution spaces. The iterative search can be stopped in various ways, e.g., when a time period or number of iterations is exceeded or the cost function reaches a certain value. However in this simple example, there is no need to stop before all possible measures are evaluated.



The task for Algorithm A and B is to solve occurring voltage violations and overloadings using the available measures, summarized in Table 2. The costs of the available measures are similar to state-of-the-art German DER integration studies assumptions [48,49,57]. The comparison includes three variants of running Algorithm B: B1 has the same set of available measures like A. With B2 we also present the possibility to use a second standard line type. B3 investigates the critical grid states of predetermined 143 time steps instead of both relevant study cases “hL” and “lPV”.




4.3. Comparison of the Performance of the Applied Algorithms


Table 3 presents the measures and the associated costs proposed by running the algorithms. These can be easily explained with Figure 10. The four overloaded lines shown in the figure are the lines reinforced by B1 and B2. The reinforcement of these lines also solves the voltage issues. The most significant difference in cost between Algorithm A and B1 is that A proposes to reinforce the original transformer. This can be explained by inaccuracies in the calculation of the power flow. In Algorithm A, the transformer loading is marginally above 100%, thus violating the limit value, while in Algorithm B the loading is just below 100%. By reinforcing the transformer, Algorithm A does not need to reinforce the line from bus 5 to 26.



Using a second line standard type with a larger cross-section (400 mm2), B2 does not require parallel lines. Usually, however, DSOs decide against the measures of B2 because of higher operational expenses of maintaining a second LV standard line type.



B3 is capable of solving all issues by merely reinforcing two lines which costs 25% less than with B1. Furthermore, while the bus voltages that result from the study cases already fill out the complete voltage range in Figure 10, B3 finds solutions with four different transformer tap positions for the critical grid states. However, due to the long service life of the components, DSOs design grids for decades instead of one specific year. In addition to the uncertainties of the considered time series within a time series-based grid planning, the computing effort to run algorithms with time series is higher because of the number of time steps to be considered. In this simple study, the median computing time (Run with Python 3.6.8 on an Intel(R) Core(TM) i7-4712MQ CPU with   2.3   GHz, 16 GB RAM and SSD) running B3 is, as depicted in Figure 11,   4.79   s instead of   2.13   s (B1) and   1.28   s (B2). (Algorithm A, which also checks measures beyond those relevant in this study case, is performed on another customary laptop so that the computing time of about 12 s to 15 s is not fairly comparable and thus not shown in Figure 11).



To sum up, using the SimBench dataset the two exemplarily run, automated grid planning algorithms and their variants can be compared appropriately without additional data.





5. Conclusions


SimBench, the open-source dataset of electric steady-state grid models can be used as a benchmark for various use cases. The dataset has been validated regarding the suitability of the data with simulation and has deliberately determined grid states including suitable dimensioning of grid assets. The dataset can be used for several purposes:



Firstly, being specific for Germany, the benchmark dataset is especially applicable for power grid analyses in Central Europe. However, the detailed description of the dataset compilation in this paper should also make it possible to extend such publicly available benchmark datasets to other geographical areas. However, even without any such extensions, it offers some helpful features for applications outside this area: Compared to older grid models, SimBench offers grids that have significantly higher large shares of renewables useful for studies with recent technologies. Grids in numerous countries may be on course for a similar share of renewables, which would make the SimBench grids promising candidates for the investigation of future challenges. Due to the three sets of scenarios with different renewable energy penetration, the SimBench dataset makes it possible to choose the scenario with the most suitable amount of renewables for a given investigation.



Secondly and independent of the geographical area of application, the SimBench dataset makes it possible to comprehensively model grids spanning several voltage levels. As the SimBench dataset comprises grids from the LV to the EHV level, it allows to investigate the effects of changes at one voltage level on the other ones.



Thirdly, the SimBench dataset provides fitting load, generation and storage time series, which extend the reproducibility of SimBench-based power system analyses and the applicable use cases. This is complemented by the provided switch information and substation configurations—fundamental information for use cases like N-1 analysis, which have rarely been part of existing datasets.



Summing up, the SimBench dataset, which includes valuable grids of four voltage levels and three different scenarios as well as extensive time series data, can be downloaded freely from a public website [1], making the dataset a readily available resource for the benchmarking of methods for power system analysis. As stated before, SimBench aims to include grids with realistic challenges for various use cases to provide an appropriate dataset as a benchmark for comparisons, e.g., for operation strategies or, as presented, for planning algorithms. To be user friendly, the dataset is available in four different data formats (pandapower, PowerFactory, INTEGRAL and CSV) and its corresponding website includes a GUI for selecting and downloading suitable parts of the dataset, clearly labeled by SimBench codes. Therefore, SimBench attempts to make a contribution towards providing datasets to facilitate reproducible applications in a broad range of power grid analyses.
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Figure 1. Overview of the SimBench time series types. 
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Figure 2. Geographical distribution of generation (left) and line loadings in a highly utilized state (right) of the EHV grid. 
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Figure 3. Distribution of installed generation capacities and loads in the mixed (left) and the urban (right) HV grid. 
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Figure 4. Line loadings in the “lW” study case of the mixed (left) and the urban (right) HV grid. 
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Figure 5. Rural MV grid “1-MV-rural--0-sw”. 
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Figure 6. Statistical comparison of parameters of real MV grids (boxplots) and SimBench MV grids; The horizontal axis are only introduced to avoid overlaps. 
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Figure 7. “1-LV-semiurb4--2-no_sw”. 
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Figure 8. Overview of selected SimBench load and generation time series [35]. 
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Figure 9. Heat map highlighting the line/transformer loadings and the under-/overvoltages of both future scearios of a rural LV grid: “1-LV-rural3--1-sw” in “lPV” study case (left) and “1-LV-rural3--2-sw” in “hL” study case (right). 
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Figure 10. Voltages and loadings of the “1-LV-semiurb4--2-sw” grid at the low load, high generation, extra-high PV generation (lPV, top) and the high load, low generation (hL, bottom) study cases. 
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Figure 11. Boxplots of the calculation time of 50 runs of each Algorithm B variant. 
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Table 1. Overview of the SimBench grids of scenario 0 with complete switch consideration.
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	Acro-nym
	SimBench Code
	Urbanization Characteristic
	Rated Voltage [kV]
	No. of Supply Points
	Transformer Types
	Generation Unit Types
	Geo-References       1    





	EHV1
	1-EHV-mixed--0-sw
	mixed
	380, 220
	390
	209 × 600 MVA
	Nuclear, Coal, Gas
	√



	HV1
	1-HV-mixed--0-sw
	mixed
	110
	58
	2 × 300 MVA,

4 × 350 MVA
	Wind
	√



	HV2
	1-HV-urban--0-sw
	urban
	110
	79
	3 × 300 MVA
	Wind
	√



	MV1
	1-MV-rural--0-sw
	rural
	20
	92
	2 × 25 MVA
	Wind, PV, BM, Hydro
	(√)



	MV2
	1-MV-semiurb--0-sw
	semi-urban
	20
	112
	2 × 40 MVA
	Wind, PV, BM, Hydro
	(√)



	MV3
	1-MV-urban--0-sw
	urban
	10
	134
	2 × 63 MVA
	Wind, PV, Hydro
	(√)



	MV4
	1-MV-comm--0-sw
	commercial
	20
	98
	2 × 40 MVA
	Wind, PV, BM, Hydro
	(√)



	LV1
	1-LV-rural1--0-sw
	rural
	0.4
	13
	1 × 160 kVA
	PV
	(√)



	LV2
	1-LV-rural2--0-sw
	rural
	0.4
	93
	1 × 250 kVA
	PV
	(√)



	LV3
	1-LV-rural3--0-sw
	rural
	0.4
	118
	1 × 400 kVA
	PV
	(√)



	LV4
	1-LV-semiurb4--0-sw
	semi-urban
	0.4
	39
	1 × 400 kVA
	PV
	(√)



	LV5
	1-LV-semiurb5--0-sw
	semi-urban
	0.4
	104
	1 × 630 kVA
	PV
	(√)



	LV6
	1-LV-urban6--0-sw
	urban
	0.4
	53
	1 × 630 kVA
	PV
	(√)







   1   Synthetic geo-referenced data fitted to the overlaying grid are marked by brackets.
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Table 2. Overview of relevant measures and costs of the applied algorithms and variants.
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	Available Measures
	Measure Costs
	A
	B1
	B2
	B3





	Transformer reinforcement by 630 kVA
	12,000€
	√
	√
	√
	√



	Transformer tap position change
	0€
	√
	√
	√
	√



	Reinforce lines by 240 mm2
	70,000€/km
	√
	√
	√
	√



	Reinforce lines by 400 mm2      a   
	75,000€/km
	
	
	√
	



	Add parallel lines to 240 mm2 lines
	10,000€/km
	√
	√
	√
	√







   a   Type data not included in SimBench:    r ′  = 0.078  Ω / k m   −1,    x ′  = 0.086  Ω / k m   −1,    c ′  = 840  n F / k m   −1,    i  max  ′  = 78 A   [56].
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Table 3. Conclusion of the optimizations and expansions determined by the algorithms and variants.
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Measures of the (Best) Solution

	
A

	
B1

	
B2

	
B3






	
Transformer reinforcement

	
√

	
-

	
-

	
-




	
Transformer tap position change

	
-

	
-

	
-

	
-    1  




	
Reinforced lines by 240 mm2

	
5–32, 32–36

	
5–26, 5–32

	
5–26, 5–32

	
32–36, 36–37




	
36–37, 37–38

	
32–36, 36–37




	
Reinforced lines by 400 mm2

	
-

	
-

	
32–36, 36–37

	
-




	
Added parallel lines

	
32–36, 36–37

	
32–36, 36–37

	

	
-




	
Overall costs

	
21,724€

	
8256€

	
7816€

	
6160€








   1   Tap positions   − 1  , 0, 1 and 2 are all within found solutions.
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