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Preface 

The Lower Saxony research network ñSmart Nordò has achieved its goals. In this research network 

supported by Lower Saxonyôs Ministry of Science and Culture through the ñNiedersächsisches 

Vorabò grant programme with an amount of 4.1 Million ú, about 40 scientists of the universities of 

Oldenburg, Brunswick, Hanover and Clausthal as well as the OFFIS Institute for Information 

Technology, the Energy Research Centre of Lower Saxony and NEXT ENERGY, the EWE-

Research Center of Energy Technology e. V. worked together for three years in six sub-projects. 

In the past three years (from 3/2012 to 2/2015) the interdisciplinary research network Smart Nord 

aimed to create contributions to coordinated, decentralized provision of active power, control 

power and reactive power in distribution grids which allow a stable system operation. Therefore, 

the development of a new ICT infrastructure which includes all the new components of the 

distribution grids is required. 

The sub-projects were motivated by the transformation of the European and especially German 

power system which includes the shutdown of nuclear power plants, the replacement of fossil 

power plants with converter based decentralized generation units, the ever intensifying European 

power market and installation of Smart Grids and their ICT infrastructure. In addition to these 

changes, a high amount of new power lines and transformers to fulfil the changing transmission 

and distribution tasks will be included in all grid voltage levels as well as new control strategies. 

Based on this transformation of the power system, sub-project (SP) 1 was focused on methods for 

decentralized coordinated active power management to allow decentralized and especially 

renewable generation units to contribute to the power market. Another market which can be opened 

to these units is the market for ancillary services, especially provision of control power and reactive 

power, to support the power grid and the realization of the technical requirements (SP 2). The 

design and requirements of these above mentioned future markets had to be set within the project 

(SP 3). This included the design of new products and marketing opportunities. Based on the unit 

dispatch which resulted from SP 1-3, the resulting states of the transmission and distribution grids 

were evaluated in stationary and dynamic simulations to analyse the frequency stability in order to 

identify measures to ensure frequency stability in future grids (SP 4). The control strategies for 

distribution grids with a high amount of volatile converter connected generation units were also 

evaluated (SP 5). This included strategies for distribution grids connected to the transmission grid 

and islanding distribution grids without connection to other grids. SP 6 aimed at the analysis of the 

potential for the construction of new renewable generation units based on environmental 

conditions. 

The following report introduces Smart Nord to you and shows the various results of the sub-

projects and their work packages. For further information please visit www.smartnord.de. 

 

Prof. Dr.-Ing. habil. Lutz Hofmann  Prof. Dr. rer. nat. habil. Michael Sonnenschein 

Institute of Electric Power Systems  Department of Computing Science 

Leibniz Universität Hannover  Carl von Ossietzky Universität Oldenburg 
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 Smart Nord 

ñSmart Nord ï Intelligente Netze Norddeutschlandò which stands for ñsmart grids in northern 

Germanyò is an interdisciplinary research network supported for three years (from 3/2012 to 

2/2015) by the Lower Saxony Ministry of Science and Culture through the ñNiedersächsisches 

Vorabò grant programme with 4.1 Million ú. Smart Nord was organized in six sup-projects with 

research partners from up to four universities and research institutes which were: 

 

Sub-Project One - Decentralized Provision of Active Power 

coordinated by Michael Sonnenschein 

Research partners: 

University of Oldenburg 

OFFIS ï Institute for Information Technology 

Technische Universität Braunschweig 

 

Sub-Project Two - Grid Stabilizing Ancillary Services 

coordinated by Sebastian Lehnhoff 

Research partners: 

OFFIS ï Institute for Information Technology 

University of Oldenburg 

Leibniz Universität Hannover 

Technische Universität Braunschweig 

 

Sub-Project Three - Integrated Market  

coordinated by Michael Kurrat 

Research partners: 

Technische Universität Braunschweig 

OFFIS ï Institute for Information Technology 

Leibniz Universität Hannover 

 

Sub-Project Four - Distribution and Transmission System 

coordinated by Lutz Hofmann 

Research partners: 

Leibniz Universität Hannover 

Technische Universität Braunschweig 

EWE-Forschungszentrum für Energietechnologie e.V. 

 

Sub-Project Five - System Theory for Active Distribution Grids 

coordinated by Hans-Peter Beck 

Research partners: 

Clausthal University of Technology 

University of Oldenburg 
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Sub-Project Six ï SmartSpatial 

coordinated by Christina von Haaren 

Research partners: 

Leibniz Universität Hannover 

 

On the following pages an overview over the research aims of the six sub-projects is given. They 

are introduced with a brief explanation and visualisation of the contents as well as their interaction 

and collaboration, especially in the sub-projects 1-4 within the work group scenario design. 
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 Overview on Smart Nord 

The following pictures and annotations shall give a general overview and understanding of the 

connections and collaborations between the system layers market, function, information, hardware, 

grid and environment, which are handled in the sub-projects 1-6 and the collaborations between the 

sub-projects. 

Figure 1 shows the setup and connections of the sub-projects 1-4. The main research areas of these 

sub-projects are the operation of an interconnected energy system spreading over four voltage 

levels with a high amount of decentralized renewable generation. In the SP new decentralised 

market structures are examined in addition to a market based interface. A necessary part of the 

market is the market for ancillary services which is based on so far existing units. In the lower 

voltage levels of the distribution grid, the units are organised within virtual dynamic coalitions. 

These coalitions are subjected to a decentralized regulation and control strategy which is realized 

by an agent-based information and communication technology (ICT) infrastructure. 
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Figure 1: Setup and connections of sub-projects 1-4 



Smart Nord Final Report  

16 

Based on the design of new tradable products and the results of the markets, further analysis is 

possible. The stationary operational behaviour of the system under the constraints of decentralised 

provision of active and reactive power as well is calculated for several stationary cases and 

evaluated with regard to operational and technical boundary conditions. In addition to stationary 

analysis, the decentralised provision of ancillary services to ensure the frequency stability and 

measures to ensure the frequency stability in future systems are analysed. 

In order to work together on comprehensive topics, specialised work groups were established. The 

work group Scenario Design has developed joint scenarios and herewith corresponding grid models 

as joint evaluation environment for the studies in sub-projects 1-4 to allow a common simulation at 

several research institutes and an exchange of research results. 
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Figure 2: Setup of SP 5 
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Figure 2 shows the setup of SP 5 and possible connections to the other SP. Within this SP, 

MicroGrids with a high amount of renewable generation units are evaluated. These MicroGrids are 

simulated as islanded grids without any connections to neighbour grids and as part of the 

interconnected energy system. In addition, the possibilities of a virtual synchronous generator for 

providing ancillary services with the use of converters are evaluated. The second part of this SP is a 

system-theoretical approach influenced by the stochastic disturbance of regenerative systems. The 

last part of this SP is the construction of a demonstrator to evaluate the simulations in real power 

systems. 

Figure 3 shows the setup of SP 6. This SP evaluated the local potential of possible construction 

sites for renewable generation units. It identifies the potential of several renewable energy sources 

in predesigned regions and identifies an efficient energy mix for a specific region under 

consideration of environmental requirements. 
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Figure 3: Setup of SP 6 

On the following pages detailed reports of each SP are given. These detailed reports are headed by 

an introduction of the joint evaluation scenarios which were created by the work group scenario 

design for the sub-projects 1-4. 
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 Work Group : 

Scenario Design for Sub-Projects 1-4 
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 Work Group: Scenario Design 

Marita Blank
1
, Timo Breithaupt

2
, Jörg Bremer

1
, Arne Dammasch

3
, Steffen Garske

2
, 

Thole Klingenberg
4
, Stefanie Koch

3
, Ontje Lünsdorf

4
, Astrid Nieße

4
, Stefan Scherfke

4
, 

Lutz Hofmann
2
 and Michael Sonnenschein

1
 

1 Goals 

Within the multi-disciplinary research project Smart Nord, different research questions have been 

addressed which concern different fields and system levels. However, several work packages 

require cross-disciplinary information and models and are dependent on results from other project 

partners. A simulation of the whole system taking into account all research questions within all 

work packages was not available and could not be realised at once. Nevertheless, the evaluation of 

the SP 1-4 had to be built on the same basic assumptions in order to guarantee compatible and 

comparable project results. For this reason, the work group Scenario Design ï consisting of 

researchers from all partner institutes and work packages ï has developed joint scenarios and 

herewith corresponding grid models as evaluation environment for all partners in the SP 1-4.  

The scenarios had to be valid for all voltage levels from ultra-high voltage to low voltage and have 

been transferred to the corresponding grid models. Furthermore, the present regional structure of 

loads and generating units had to be represented as well as estimations for their future development 

according to actual studies (see Section 3). With the developed scenarios characteristic points in 

time (high load, low load) and time horizons (e.g. winter, summer) can be investigated in order to 

evaluate the different algorithms und approaches within the project under different case studies.  

2 Related Work  

The terms scenario and scenario design are used in different ways depending on the domain under 

investigation [1] (e.g. in companies, energy system, algorithm design) and the purpose the 

scenarios are used for. In companies, scenarios for future development can be used to identify new 

business strategies [2]. For energy systems, the design of future scenarios is an essential step for 

research studies. There, scenarios are used, e.g., to define goals for future energy systems (e.g. the 

energy concept of Germany [3]) or to make assumptions or predictions on future developments of 

the overall energy system. The predictions can be utilised to evaluate the development of different 

system parameters such as the need for network expansion depending on, e.g., different energy 

mixes or different assumption on energy consumption ([4], [5], [6] and [7]). Moreover, structural 

and economic effects can be investigated for different scenarios and conclusions can be drawn for 

different approaches such as the need of flexibility (e.g. [8]). In [9] migration paths are described 

for information and communication technologies of different Smart Grid scenarios. Furthermore, 

scenario design is an important step during algorithm engineering especially for applications in 

Smart Grid approaches [10]. 

                                                      
1
 University of Oldenburg, 26129 Oldenburg, Germany, 

{forename.surname}@uni-oldenburg.de, Department of Computing Science 
2
 Leibniz Universität Hannover, 30167 Hanover, Germany, 

{surname}@iee.uni-hannover.de, Institute of Electric Power Systems (IEH) 
3
 Technische Universität Braunschweig, 28106 Braunschweig, Germany, 

{first  letter.surname}@tu-braunschweig.de, elenia 
4
 OFFIS ï Institute for Information Technology, 26121 Oldenburg, Germany,  

{forename.surname}@offis.de, R&D Division Energy 
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However, a uniform or standardised process for scenario design does not exist [1]. The vast amount 

of scenarios and their different usage shows that the design of scenarios strongly depends on the 

purpose and investigations to be conducted.  

3 Methodology 

For the development of the scenarios within this research project as a first step, the work group 

Scenario Design collected requirements from the different work packages to ensure that the 

scenarios are suitable for the investigations of all work packages. Two main scenarios - a reference 

scenario 2011 and a future outlook of the year 2030 - have been aligned. Based on these 

requirements a process has been developed to define and realise the scenarios in the available 

evaluation environments in all SP. This process is visualised in Figure 1. 

First, the Basic Assumptions (4.1) were made on which the scenarios were built. These include all 

basic information as grid, load and generation data for as well the reference year 2011 as the future 

outlook of the year 2030. The assumptions are mainly based on the governmental plans for the 

transformation of the energy supply system and furthermore the corresponding studies regarding 

grid expansion in transmission and distribution grids (Section 4.1). Furthermore, requirements from 

the simulation environments available and used at each SP have been identified which were 

necessary to adapt to the scenario requirements and to obtain an overall coherent simulation 

environment. Thus as the second step, the transmission grid model used in the work package 4.1 

has been determined in order to define coupling points to underlying grid levels (see Section 4.2 

Top-Down). As a third step, requirements from the distribution grid have led to defining coupling 

points to the higher voltage levels (see Section 4.3 Bottom-Up). In a fourth step, the unit 

distribution within the distribution grid has been computed in order to represent the actual and 

regional structure of load and generation. Hence the according units have been distributed and 

connected to the grid model nodes followed by a validation and verification of the grid 

compatibility of these generated grid models (cf. work package 4.2). 
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Figure 1: Process for scenario definition  
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In both analyses ï the top-down and bottom-up step ï requirements and data interfaces for load and 

generating units were identified that comply with the assumptions and coupling points. The results 

of this process are coherent grid models for both distribution and transmission grid within this 

research project with corresponding load and generation distribution for both scenarios (2011 and 

2030). 

4 Main Results 

As the process itself is a main result of the work group, the individual steps of the process 

introduced in the previous section of this chapter are being presented in more detail. Furthermore 

excerpts of the results and realisation of the scenarios are shown as well. For more detailed 

descriptions refer to the corresponding work packages and further [11] and [12]. 

4.1 Basic Assumptions 

The Basic Assumptions form the foundation for the scenarios, since they establish the scope for 

investigations of the SP 1-4. The steps 2-3 (Figure 1) are the realisation of the scenarios in order to 

obtain a setting and environment to conduct experimental evaluations. 

For investigations of a segment of the distribution grid, the structure of loads and distributed 

generating (DG) units for rural grids were chosen to represent the structure of rural regions in 

Lower Saxony. To this end, statistical data of population of rural regions was utilised [13]. In order 

to reflect the installed capacity in Lower Saxony according to the different voltage levels, the asset 

master data of all installed renewable energy sources (RES) in the German transmission grid 

operators [14] has been filtered. The joint reference year has been chosen to be 2011, whereas the 

future horizon was specified to be the year 2030 because for this horizon a good basis of data and 

studies were at hand. Predictions of growth of renewable and distributed energy resources as well 

as assumptions on grid expansion had to be consistent throughout all voltage levels. The following 

studies have been chosen to build the assumptions on 2030: BMU
5
 Long-term scenarios 2011 [8], 

Netzentwicklungsplan 2012 [15], ENTSO-E
6
 Ten Years Network Development Plan (TYNDP) [6], 

ENTSO-E Scenario Outlook & Adequacy Forecasts (SOAF) [7], Dena
7
 Verteilnetzstudie [4], and 

BMWi
8
 Verteilernetzstudie [5]. 

4.2 Top-Down 

The approach of the top-down step is based on an integrated grid and market simulation developed 

in MATLAB
9
 by the IEH (refer to [11], [16] and [17]) which is used for simulations of the 

European transmission system in this research project (cf. work package 4.1). The integrated 

simulation is based upon several databases like e.g. measured load data of the ENTSO-E, a grid 

model of the ENTSO-E interconnected continental transmission grid, generation data of all power 

plants with an installed capacity greater than 50 MW and further generation as well as RES and DG 

generation (all units smaller than 50 MW) as regional aggregated data [11], [10], [17]. The first 

result of the simulation is an energy market simulation based on a merit order of marginal 

costs (see work package 4.1). The according power plant dispatch is the input value for the load 

flow calculations of the transmission system. 

                                                      
5
 Bundesministerium für Umwelt, Naturschutz, Bau und Reaktorsicherheit (Federal Ministry for the 

Environment, Nature Conservation, Building and Nuclear Safety), http://www.bmub.bund.de/en/ 
6
 European Network of Transmission System Operators for Electricity, https://www.entsoe.eu  

7
 Deutsche Energie-Agentur (German Energy Agency), www.dena.de/en/ 

8
 Bundesministerium für Wirtschaft und Energie (Federal Ministry for Economic Affairs and Energy), 

www.bmwi.de/EN/ 
9
 http://www.mathworks.com 

http://www.bmub.bund.de/en/
https://www.entsoe.eu/
file:///D:/SmartNord/Abschlussbericht/www.dena.de/en/
file:///D:/SmartNord/Abschlussbericht/www.bmwi.de/EN/
http://www.mathworks.com/
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In this simulation environment the assumptions of the future outlook scenario 2030 have been 

implemented into the generation data with the 2011 scenario as the existing reference scenario (see 

Figure 3 as an example for the German transmission system model). 

 

Scenario 2011 Scenario 2030 

  

Figure 2: The scenarios 2011 and 2030 in the generation data for the  

transmission system model 

The forward projection of the power generation is based on the power plant database of the grid 

and market model (see work package 4.1) and the Vision 3 of the SOAF [7]. The forecast in the 

SOAF gives only information about the installed capacities of the different energy sources. Hence 

different concepts for the distribution of the various types have been developed within this research 

project to calculate the shares and the geographical allocation of each generation type within the 

simulation model (see Figure 3). 
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of the nominal power listed in the database. Wind and solar power plants are scaled with the target 

values and the geographical allocation of the power plants remains unchanged. Thermal power 

plants and hydropower plants are first analysed regarding their expected lifetime within the 

database [18], [19], [20]. Power plants whose lifetime ends before 2030 are removed. If the 

remaining cumulative capacity is greater than the target value, the power plants starting with the 

oldest are removed until the target value is reached. If the cumulative capacity is smaller than the 

target value, new power plants are built in the second step using a trend line with consideration of 

the average relative deviation for nominal power and efficiency at the same location. The trend 

lines and the average relative deviations are estimated from existing and planned power plants [21]. 

As the nominal power of run-of-the-river power plants and storage power plants is strongly 

influenced by the local conditions, the nominal power remains the same when these power plants 

are rebuilt. Due to the small amount of heavy oil-fuelled power plants the identification of a trend 

line is not possible. If the cumulative capacity is still smaller than the target value the missing 

capacity needs to be added manually. 

Within each scenario load flow calculations can be analysed for various characteristic points in 

time. As the simulation model is based on the reference scenario 2011, the new generation 

allocation (see Figure 3), which is based on the stated studies and the described allocation 

algorithm, is not compatible with the present grid data. The extensive transformation of the 

European energy supply system leads to a high need of grid expansion (compare [6], [15]). Thus 

this required grid expansion according to the stated studies, including the high-voltage direct 

current (HVDC) lines within the German transmission system (see Figure 4), had to be 

implemented in the simulation model. Furthermore, because of divergences of the simulation 

model and the stated studies, further grid expansions within the transmission grid model have been 

implemented. 

 

 Scenario 2011 Scenario 2030 

Ur = 380 kV

Ur = 220 kV

HVDC
 

  

 

Figure 4: The scenarios 2011 and 2030 in the transmission system model including the NEP 2012 

One main research question of the project Smart Nord is the provision of active, reactive and 

control reserve by dynamic virtual power plants (DVPP) in the underlying voltage levels to the 

transmission system. Hence the distribution grid had to be implemented into the existing 

transmission system model. This was realised with the stated top-down and bottom-up approach in 

addition with distributed load and generation data models. On selected UHV nodes the existing 

load and RES data was substituted with distributed HV and MV load and DG models in one 
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distribution grid section model (see Figure 1). Therefrom, the top-down requirements for the 

bottom-up coupling points are defined. The distribution section from HV to MV is based on 

synthetic grids for the HV-level and a modification of a common MV-Benchmark 

grid [22] (see 4.3). With the distribution grid sections coupled to the transmission system with 

individual load and RES data for each node, both scenarios can be evaluated in an integrated 

transmission and distribution system model [12]. 

4.3 Bottom-Up 

Within the project, data of rural LV grids have been available from which realistic grid parameters 

were identified such as data of transformers, number of house connection nodes, line lengths and 

line types. This data was the basis for modelling eight LV-grids with typical rural grid structures. 

For completion, household profiles were generated (cf. [23]). To this end, different domestic 

consumers were modelled depending on size of households and technical equipment, e.g. how 

domestic warm water is prepared. The resulting profiles of domestic consumption for one year 

were validated by checking the correlations with the standardised load profile H0 from BDEW
10

. 

For simplification, commerce and industry were neglected within the MV and LV level.  

As a model for an MV-grid a sub-network of the Cigre-Benchmark Grid [22] was chosen and 

adapted according to the requirements of the research project. According to Figure 5 the sub-

network I has been used for evaluations in Smart Nord. The LV model-grids have been randomly 

connected to the MV-nodes according to the maximum load at the MV/LV-transformers and 

furthermore the specification of maximum power at the coupling point (HV/MV) from the top-

down step. For modelling the scenario grids of the distribution level, the software DIgSILENT 

PowerFactory
11

 was used. Due to the many opportunities and the high adaptability of the software, 

the lower voltage levels (LV, MV) were completely simulated using PowerFactory within the work 

package 4.2 and further as one part of the top-down step in the transmission system model (work 

package 4.1) in the MATLAB simulation. 

 

                                                      
10

 Bundesverband der Energie- und Wasserwirtschaft e.V. (Federal Association of the Energy and Water 

Industry), https://www.bdew.de/ 
11

 PowerFactory is a professional network calculation tool, which can be adjusted via freely programmable 

scripts (DPL Programming Language). The program is also capable of calculating very large power grids. 

Far from the modeling PowerFactory includes all common analysis tools such as load flow, short-circuit, 

harmonic calculations, contingency calculation and reliability analysis. 

https://www.bdew.de/
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Figure 5: Graph of a German medium-voltage grid [22] (left) and aggregation of lines used for Smart Nord (right);  

sub-network I was has been used as evaluation basis 

The MV-grid with connected LV-grids represents the evaluation environment for the SP 1-2. 

However, in order to evaluate the various concepts and algorithms of the single work packages 

detailed models of the units are necessary. As already introduced, domestic load models have been 

generated. Moreover, nine different models of photovoltaic units were generated in form of 

normalised time series of power feed-in (i.e. the time series have been scaled with respect to peak 

power) for different angles (15°, 30°, and 45°) and tilts (east, south, and west) of the photovoltaic-

module. In order to generate a profile for the power feed-in of a wind turbine, a synthetic reference 

wind turbine was utilised. Furthermore, physical models were available for storage devices from 

work package 1.1 as well as combined heat and power plants and heat pumps. The grid models 

together with the unit models form the basis to connect grid nodes with unit simulators, i.e. the unit 

distribution presented in the subsequent section. 

4.4 Unit Distributio n 

With the grid models as a part of a distribution grid with suitable household loads, the next step is 

to assign other consumer units, generating units as well as storage devices to the various nodes of 

the grid model in order to reflect the energy mix of the region of interest ï in this case Lower 

Saxony. However, the following procedure can be applied to other regions, too. 

First, typical unit sizes per technology are chosen. This can be done according to the frequency of 

appearance of installed capacity. To this end, for renewable energy units the asset master data [14] 

has been filtered. Typical unit sizes are determined for each technology and voltage level. Second, 

the installed power per technology and voltage level of Lower Saxony has been mapped to the grid 

model via per-head installed power. The population in Lower Saxony has been inferred from 

statistical data [13]. With the information of the installed power per technology and voltage level 

from the asset master data [14], the per-head installed power in a region has been computed. The 

population in the grid model has been determined from the household loads. From this, the annual 

energy demand has been known at each node and conclusions have been drawn on the number of 

households and inhabitants. With the per-head installed power of the region the installed power in 

the grid model has been calculated. Together with the typical unit size, the number of units to be 

distributed in the grid model was known. 
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Given the number of units, in a third step the units have been randomly and automatically assigned 

to nodes in the grid model. To this end, the co-simulation framework mosaik
12

 has been used: the 

grid models have been processed and simulators of distributed units were connected to the grid 

nodes. After that, the distribution is being checked for plausibility (e.g., units are connected to the 

right voltage level; no unrealistic combinations of units appear at one node). 

Besides the plausibility check, it must also be evaluated whether the random unit distribution to 

realistic grid structures leads to any grid related problems. To this end, operational equipment is 

investigated with respect to contingencies and overloads according to actual guidelines. In case 

these limits are exceeded the grid is expanded accordingly. Details on the distribution grid 

calculations and grid expansions methodologies can be found in the report of work package 4.2. 

4.5 Results 

In Figure 6, the results of the units distributed in the model distribution grid are shown as 

aggregated data representing the rural structure of Lower Saxony for the reference scenario 2011 as 

well as the future scenario 2030. The models of the distribution grid and the corresponding unit 

distribution are the basis for simulations. 
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Figure 6: Results of unit distribution in model distribution grid  

(PV: photovoltaic, CHP: combined heat and power plant, HP: heat pump) 

Using the suitable unit models developed within this research project, investigations can be 

conducted concerning different load and generation ratios. Figure 7 shows exemplary results for a 

week in the winter of the scenarios 2011 and 2030, respectively. For simulations of the unitsô 

power feed-in and consumption, the tool mosaik has been used. The different unit distribution 

allocated within the distribution grid models lead to different load and generation characteristic for 
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the different scenarios and different periods under observation (summer or winter, high load or low 

load). 

 

 Scenario 2011 Scenario 2030 

 

 

Figure 7: Aggregated consumption and distributed generation within the scenarios 2011 (left) and 2030 (right) 

The scenarios developed within the simulation environments of this research project provide a wide 

range of characteristic points in time and realistic evaluation. Hence, both simulations of the 

distribution grid (see Figure 7) are based on the same time series of load and generation data the 

time course of the aggregated active power is basically the same, but the share of the single 

components differs as well as the unit distribution within the grid models. With the implementation 

of the different distribution grid models (2011 and 2030) in the transmission system simulation as 

components for the distribution grid section for as well the reference scenario 2011 and the future 

outlook 2030 the scenarios can be evaluated consistently in all voltage levels and in large-scale 

evaluations.  

5 Conclusion and Outlook 

The work group Scenario Design has been an interdisciplinary work group within the research 

project Smart Nord of the sub-projects 1-4. Consistent and compatible scenarios have been defined 

and existing simulation infrastructure has been adapted to comply with the scenario definition. 

Since a single simulation environment for the whole system from low- to ultra-high-voltage levels 

was not available and realisable, coupling points between the different levels and simulation 

environments were defined such that requirements from top-down to bottom-up have been taken 

into account and mapped to the according point of coupling. Corresponding grid models were 

adapted and generation, consuming and storage units were distributed in the distribution grid 

models in order to reflect the energy mix of Lower Saxony. The scenarios and accordingly adapted 

simulation environments have been used as a basis for investigations and evaluations of the various 

research questions in the different work packages of Smart Nord sub-projects 1-4.  

  



Smart Nord Final Report  

30 

References 

[1] H. Kosow, R. Gaßner, ñMethoden der Zukunfts- und Szenarioanalyse: Überblick, Bewertung und 

Auswahlkriterien,ò WerkstattBericht Nr. 103, Institut für Zukunftsstudien und Technologiebewertung 

(IZT), Berlin, September 2008. 

[2] J. Gausemeier, C. Wenzelmann, C. Plass, ñZukunftsorientierte Unternehmensgestaltung: Strategien, 

Geschäftsprozesse und IT-Systeme für die Produktion von morgen,ò Hanser Verlag, 2009. 

[3] ñEnergieszenarien f¿r ein Energiekonzept der Bundesregierung,ò Prognos AG, EWI, GWS, Projekt 

Nr. 12/10 des Bundesministeriums für Wirtschaft und Technologie, 2010. 

[4] A.-C. Agricola et al., ñDena Verteilnetzstudie. Ausbau- und Innovationsbedarf der Stromverteilnetze 

in Deutschland bis 2030,ò final report, dena, 2012. 

[5] J. Büchner et al., ñModerne Verteilernetze für Deutschland (Verteilernetzstudie),ò BMWi, 2014. 

[6] ñTen Years Network Development Plan,ò ENTSO-E, 2014. 

[7] ñScenario Outlook & Adequacy Forecasts 2014-2030,ò ENTSO-E, 2014. 

[8] J. Nitsch et al., ñLangfristszenarien und Strategien f¿r den Ausbau der erneuerbaren Energien in 

Deutschland bei Ber¿cksichtigung der Entwicklung in Europa und global,ò final report, DLR, 

Fraunhofer IWES, IFNE, 2012. 

[9] H.-J. Appelrath, H. Kagermann, C. Mayer (Ed.), ñFuture Energy Grid: Migration to the Internet of 

Energy,ò acatech STUDY, Munich 2012. 

[10] A. Nieße, M. Tröschel, M. Sonnenschein, ñDesigning Dependable and Sustainable Smart Grids ï 

How to Apply Algorithm Engineering to Distributed Control in Power Systems,ò Environmental 

Modelling and Software, December 2, 2013.  

[11] T. Rendel, C. Rathke, T. Breithaupt, L. Hofmann, ñIntegrated Grid and Power Market Simulation,ò 

IEEE PES General Meeting, San Diego, CA, USA, 22.-26. July 2012. 

[12] T. Breithaupt, S. Garske, T. Rendel, L. Hofmann, ñMethodological Approach for Integrated Grid and 

Market Simulation of Coherent Distribution and Transmission Systems,ò EnviroInfo 2013, Hamburg, 

Germany, 02.-04. September 2013. 

[13] Landesamt f¿r Statistik, ñStatistische Erhebungen: Bevölkerungsfortschreibung, Tabelle K1020111,ò 

2012. 

[14] 50Hertz Transmission, Amprion GmbH, TenneT TSO GmbH, TransnetBW GmbH, 

ñInformationsplattform der Deutschen Übertragungsnetzbetreiber EEG-Anlagenstammdaten,ò, 2011. 

[15] ñNetzentwicklungsplan Strom,ò 50Hertz Transmission GmbH, Amprion GmbH, TenneT TSO GmbH, 

TransnetBW GmbH, 2012.  

[16] T. Breithaupt, T. Rendel, C. Rathke, L. Hofmann, ñModeling the Reliability of Large Thermal Power 

Plants in an Integrated Grid and Market Model,ò 2012 IEEE International Conference on Power 

System Technology (Powercon), Auckland, New Zealand. 

[17] T. Rendel, C. Rathke, L. Hofmann, ñIntegrated Grid and Power Market Simulator,ò in ew - das 

Magazin für die Energiewirtschaft, no. 20, pp. 20-23. 

[18] Deutsche Energie-Agentur GmbH, ñKurzanalyse der Kraftwerksplanung in Deutschland 2020 

(Aktualisierung),ò Berlin, 2010.  

[19] O. Mayer-Spohn, S. Wissel, A. Voß, U. Fah, M. Blesl, ñLebenszyklusanalyse ausgewªhlter 

Stromerzeugungstechniken - 2005,ò Institut für Energiewirtschaft und Rationelle Energieanwendung, 

Stuttgart, 2007. 

[20] Deutsche Energie-Agentur GmbH, ñUntersuchung der elektrizitªtswirtschaftlichen und 

energiepolitischen Auswirkungen der Erhebung von Netznutzungsentgelten für den 

Speicherstrombezug von Pumpspeicherwerken,ò Berlin, 2010. 

[21] S. Wissel, U. Fahl, M. Blesl, A. VoÇ, ñErzeugungskosten zur Bereitstellung elektrischer Energie von 

Kraftwerksoptionen 2015,ò Institut für Energiewirtschaft und Rationelle Energieanwendung, Stuttgart, 

2010.  

[22] K. Rudion et al., ñDesign of Benchmark of Medium Voltage Distribution Network for Investigation of 

DG Integration,ò IEEE Power Engineering Society General Meeting, 2006. 

[23] M. Bunk, H. Loges, B. Engel, ñInnovative Last- und Erzeugungsannahmen präzisieren die künftige 

Netzplanung,ò in ew - das Magazin für die Energiewirtschaft, no. 8, pp. 68-71, 2014. 

 



 

 

  



 

 

 

 



Decentralized Provision of Active Power 

33 

 Sub-Project One: 

Decentralized Provision of Active Power 

  



 

 

 



Decentralized Provision of Active Power 

35 

 Overview on Sub-Project
13
 One: 
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1 Goals 

Distributed energy resources like photovoltaic (PV) plants, wind turbines or small scale combined 

heat and power (CHP) plants entered the energy market in many European countries, especially 

Germany, with the financial security of guaranteed electrical feed-in tariffs. With their share in the 

market still rising, a concept is needed to integrate them into the very same regarding both real 

power and ancillary services to reduce subsidy dependence and follow the goals as defined by the 

European Commission.  

Virtual power plants are a well-known concept for the aggregation of distributed energy resources 

(DER) to deliver both energy products and ancillary services [2]. Besides the control of generation 

by distributed energy resources like combined heat and power plants (CHPs), photovoltaic (PV) 

plants and wind turbines, shiftable loads like heat pumps, water boilers or air conditioners can be 

controlled to adapt the load profile regarding different optimization targets. Electrical storage may 

additionally be a new player in this scene, delivering even more flexibility for the optimized use of 

distributed generation (DG). To address these three aspects, generation, load and storage, we will 

refer to distributed energy units (DEU) for the rest of this chapter. 

Currently virtual power plants are statically structured coalitions of small power suppliers (and 

possibly controllable loads and storage systems) controlled by a centralized control unit. To tap the 

full flexibility potential of all energy units in the distribution grid we set up the following domain-

driven paradigms for our model of dynamic virtual power plants (DVPPs) (cf. [3]) controlled by 

distributed, agent-based methods: 

¶ Distributed energy units have to trade their services on markets, not only for active power 

products, but for ancillary services as well (as far as possible; see e.g. [4] for the position of the 

German Federal Network Agency regarding this topic). DVPPs for ancillary services are 

addressed in sub-project two. 

¶ To dynamically adapt to current power system operational states and handle the vast amount of 

energy units in the distribution grid, an approach based on self-organization principles is used. 

By this means, characteristics like robustness, scalability and adaptivity of the overall system 

should be gained. 

¶ DVPPs should be set up on a per-product base, thus allowing for optimal aggregation of energy 

units regarding the products needed. The paradigm of a dynamic VPP with respect to the 

product obligation is completely different from current virtual power plant concepts. We want 

to evaluate, if we can extract more flexibility from the distribution grid with such a highly 

dynamic approach. 
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¶ The potential of DVPPs for power system control lies in their unitsô flexibility. Therefore a 

generic representation of these flexibilities is needed, building the foundation for all DVPP 

mechanisms concerned with DEU scheduling. 

¶ For active power delivery on energy markets, the operation of distributed energy units is 

controlled using operation schedules for all different types of units. The resolution of the 

DEUsô operation schedules should reflect current schedule resolutions by indicating mean 

active power values for each 15 min. time interval. This is different to the current handling of 

renewable energy sources ï current systems work with prognoses and use schedules only for 

controllable generating electricity units. 

¶ To deliver ancillary services with locality constraints (like voltage control ï see sub-project 

two), DVPPs have to be able to reflect the grid topology. Therefore grid topology should be an 

optional parameter in the aggregation process and within the operation of DVPPs. 

Within this context, the objective of this sub-project is to introduce a seamless process chain for 

day-ahead based active power provision by means of DVPPs. We develop a multi-agent system 

(MAS) realizing the aggregation algorithm, the scheduling heuristic as well as the flexibility 

modelling used for DVPP management and control.  

Two important prerequisites for the reliable and secure operation of DVPPs are also addressed in 

this sub-project: 

¶ The application of multi-agent systems for operational control of a virtual power plant leads to 

a higher threat potential as a result of new and more intelligent actors, additional interfaces and 

data exchange. So, in addition to common security considerations and data privacy concepts a 

trust model has to support the trustworthy formation of DVPPs. 

¶ In order to obtain a reliable energy supply with a high amount of (fluctuating) renewable 

energy, energy storages will become inevitable. So, technology selection, location and scaling 

of energy storage components in the power grid are important to enable DVPPs to fulfil  their 

tasks reliably. 

2 Related Work 

The operational management of energy systems involves a number of complex tasks ranging from 

technical aspects like supervisory control and data acquisition (SCADA) to organizational 

measures performed by business management systems (BMS). These are coupled within an energy 

management system (EMS) based on information and communication technology (ICT). 

Traditionally, the EMS was implemented as a centralized control system. However, given the 

increasing share of distributed energy resources as well as flexible loads in the distribution grid 

today, the evolution of the classical, rather static (from an architectural point of view) power 

system to a dynamic, continuously reconfiguring system of individual decision makers endangers 

the feasibility of such centralized control schemes. In the seminal work of Wu et al. [5], the need 

for decentralized control has been identified as follows: ñControl centers today are in the 

transitional stage from the centralized architecture of yesterday to the distributed architecture of 

tomorrow. [. . . ] To summarize, in a competitive environment, economic decisions are made by 

market participants individually and system-wide reliability is achieved through coordination 

among parties belonging to different companies, thus the paradigm has shifted from centralized to 

decentralized decision making.ò In line with this vision, the International Energy Agency (IEA) 

describes a possible transition to decentralized control in three steps [6]: 
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1) Accommodation. Distributed generation is accommodated into the current market with the 

right price signals. Centralized control of the networks remains in place. 

2) Decentralization. The share of DG increases. Virtual utilities optimize the services of 

decentralized providers through the use of common communications systems. Monitoring and 

control by local utilities is still required. 

3) Dispersal. Distributed power takes over the electricity market. Microgrids and power parks 

effectively meet their own supply with limited recourse to gridbased electricity. Distribution 

operates more like a coordinating agent between separate systems rather than controller of the 

system. 

The concept of a virtual utility mentioned therein was introduced in the late nineties and describes a 

ñ[. . . ] flexible collaboration of independent, market-driven entities that provide efficient energy 

service demanded by consumers [. . . ].ò [7] Subsequently, virtual power plants (VPP) have been 

studied extensively as a derivation from this concept. For example, a number of successful VPP 

realizations can be found in [8]. Additionally, different operational targets have been defined and 

implemented for VPPs, like aggregating energy (commercial VPPs) or delivering system services 

(technical VPPs) [1]. These VPP concepts form a basis for the decentralization stage in the 

transition path above. However, such VPPs usually focus on the long-term aggregation of 

generators (and sometimes storages) only and are each still operated in a centralized manner. For 

an implementation of the dispersal stage in the transition path, a more flexible concept is required. 

In the last years, a significant body of research emerged on this topic. For instance, [9] surveys the 

use of agent-based control methods for power engineering applications. Exemplary applications 

can be found in [10], [11], [12]. Finally, a research agenda in this context was proposed recently in 

[13]. 

In contrast to the work referenced above, the concept of DVPPs explicitly takes the current market 

situation into account for the process of forming aggregations of DEUs: DVPPs form with respect 

to concrete products at an energy market, and will dissolve after delivering a product. Additionally, 

fully distributed control algorithms are being used, as will be shown in the following sections of 

this chapter, building the foundation for the dispersal stage in the mentioned transition path. A 

preliminary description of the concept including a detailed differentiation from related approaches 

was given in [3]. 

3 Methodology 

In developing the integrated process of DVPP operation, we followed the Smart Grid Algorithm 

Engineering (SGAE) approach described in [14]. The SGAE process model is motivated by the 

main objective of contributing application-oriented research results on a sound methodological 

background, thus striving for an engineering aspiration within the domain of Smart Grids. The 

process model is set up with an initial conceptualization phase followed by an iterable cycle of five 

phases with both analytical and experimental parts, giving detailed information on inputs and 

results for each phase and identifying the needed actors for each phase. It is displayed in Figure 1. 
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Figure 1: Overall Process of Smart Grid Algorithm Engineering [14] 

4 Main Results 

To introduce the concept of dynamic virtual power plants and show which tasks have to be 

performed by the software agents, we refer to the use case of active power products traded on the 

day-ahead power market, where product trading is based on an auction mechanism as described in 

[3] (see Figure 1). 

From the market perspective, three different phases have to be distinguished. In the first phase, bids 

can be placed in the so-called order book for predefined product types. Once the order book is 

closed (e.g. at 12 a.m. for active power products traded day-ahead in Germany at EPEX SPOT) a 

matching mechanism clears supply and demand bids to set up the market price. In the last phase, 

these products have to be delivered, but no distinct market actions are entangled with this phase: 

the surveillance of product delivery and associated actions for balancing are subject to balancing 

group management. 



Decentralized Provision of Active Power 

39 

 

Figure 2: VPP delivering energy products on a day-ahead market [1] 

To implement this with regard to DVPPs, unit agents are set up to represent distinct DEUs within a 

multi-agent system. Four sequential phases within these unit agents are needed for active power 

delivery on day-ahead markets, as can be seen on the right hand side of Figure 2: 

1) Dynamic VPP aggregation: First, energy units have to be appropriately aggregated to DVPPs 

with the goal to deliver common active power products. Trust values for agents have to be 

integrated into the matching algorithm for security reasons. Grid topology has to be an optional 

parameter in this phase. 

2) Market interaction: In the second phase, DVPPs place their active power products on the 

market by means of a representative agent for each respective DVPP and are informed about 

acceptance after market-matching. Thus, after market matching the unitsô obligations regarding 

their power contributions are known. 

3) Intra-DVPP optimization: Within a third phase, an intra-DVPP optimization is performed, 

taking into account these obligations and updated prognoses regarding the unitsô operational 

states. 

4) Continuous scheduling: The last phase is concerned with continuous energy scheduling to 

ensure product fulfilment. In case of an incident endangering product delivery a rescheduling 

of the units has to be performed. 

The methodologies and algorithms to implement these phases are described below in the 

subsections for the work packages of sub-project one. 

An exemplary result of DVPP aggregation for the common evaluation scenario 2030 is shown in 

Figure 3 ï Figure 5. DVPPs are formed from 789 heat pumps, 1048 photovoltaic systems, 122 

CHPs, and 789 redox-flow batteries for a day at the end of January. For reasons of clarity, 24 1h-

products are selected by the initiating agents aggregating DVPPs. 
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Figure 3: Relative part of units of different technologies within the DVPPs for all 24 1h-products 

Figure 3 shows the relative part of units of different technologies within the DVPPs for all 24 1h-

products. Figure 4 shows the absolute number of DVPPs for every hour, and Figure 5 shows the 

relative part of power delivery for different technologies within the DVPPs for the 24 hours. 

 

 

Figure 4: Absolute number of DVPPs for every hour 
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Figure 5: Relative part of power delivery for different technologies within the DVPPs for the 24 hours 

If we have a look at an exemplary coalition of micro-CHPs forming a DVPP delivering 50 kW for 

an hour (separated into 4 intervals of 15 min. each), then due to prognosis errors the delivery based 

on the original day-ahead schedule could be as shown in the left part of Figure 6. Delivery of single 

micro-CHPs is illustrated by different colours. In this example, several CHPs are not able to deliver 

power after half an hour due to operational constraints. Optimizing product schedules again just 

before the delivery period starts, i.e. taking into account actual constraints for rescheduling, the 

CHPs can be rescheduled to deliver power as shown in the right part of Figure 6. Thus, by 

rescheduling the DVPP is able to fulfil its obligation to deliver 50 kW for an hour. 

 

 

Figure 6: Delivery of CHPs in a DVPP before (left) and after (right) rescheduling just before product delivery 

5 Conclusion and Outlook 

With the concept of DVPPs a fully distributed, self-organizing operational scheme for VPPs has 

been developed. In [15] the algorithmic concept of DVPP has been mapped to two different 

realization options. In the first realization option, the DVPPs are an internal construct within a 

central VPP system. Thus, they are a substitute for commercial optimizers to fulfil the tasks of unit 
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commitment and economic re-dispatch for all energy units aggregated in a virtual power plant. 

Self-organization in this concept can be drilled down to distributed optimization applied within a 

VPP system with full control of all DEU integrated in the system. In the second realization option, 

DVPP are realized in the field with software agents running on the intelligent electronic devices 

(IEDs) controlling the DEU. The VPP system is reduced to a VPP service provider (VPP TP), 

delivering information retrieved from other actors like distribution system operators (DSO) (for 

grid locational information) and access to the market. 

Following a new methodology that combines IEC/PAS 62559 and technological migration paths as 

defined in [16], some main findings of the work in [15] sum up as follows: 

¶ As the requirements of both DVPP concepts clearly exhibit dependencies, migration paths for a 

transfer of self-organization concepts to the field could be defined. Although self-organization 

seems to be easier to realize as an algorithmic solution on enterprise level as compared to field 

level, the main technological requirements follow the same critical paths. 

¶ The main benefits of self-organization on the field level can be found in the distribution of 

information: Detailed information on single households, plants and flexible loads are not 

transferred to a central information system as an important aspect regarding privacy. 

¶ DVPP are compliant with current energy system and market roles as defined by ENTSO-E. 

Further work should be done on the extension regarding new concepts like the data access 

point manager [17]. 

Additional findings have been made regarding the allocation of self-organization on the SGAM 

levels and lead to new hypotheses: The closer to the field level self-organization algorithms are 

realized, the more relevant become safety issues. The more levels in the SGAM are crossed, the 

higher becomes the vulnerability of the resulting system (as already has been defined by NIST in 

IR 7628 [18]), thus security issues are more important.  

From simulation results it can be derived that battery storage systems play an important role in the 

operation of future energy grids. However, an algorithmic attempt to the optimal dimensioning of 

battery storage systems in the grid is still challenging. Additionally the need for long term storage 

systems in the grid has to be investigated with respect to the short-term operation of (D)VPPs. 

Another direction for future research on control algorithms could be a combination of self-

organization methods for DVPP operation with the observer/controller concept of organic 

computing [19]. This attempt promises an additional way to control convergent evolution in self-

organizing systems. 
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 Work Package 1.1: Use of Electrical Energy Storages to Support 

a Schedule-Based Energy Management 

Jan-Hendrik Psola17, Wolf-Rüdiger Canders
17

 and Markus Henke18 

1 Goals and Integration in the Sub-Project 

The energy conversion chain is going to change from conventional fossil fuel-based plants to 

renewable energies as wind and photovoltaic plants. These technologies will be widely spread 

throughout the grid but their energy conversion is volatile due to seasonal weather conditions. In 

order to keep the energy supply based on a high amount of renewable energies reliable, energy 

storages will become inevitable. Hereby, it is important to choose a suitable storage solution based 

on the individual grid situation. The geographical location and scaling of energy storage systems 

are important in order to obtain grid stability and fulfil  the desired operations. In addition to 

technical aspects, the storage operation has to be economically optimized. Therefore, an 

understanding of fluctuations of renewable energy and the cost structure of different storage 

technologies is needed. 

For the storage operation several aspects have to be investigated with relation to several market 

options, e.g. system services or optimization of private household consumption. However, the 

primary aspect is to ensure a reliable and stable energy supply. According to some aspects, certain 

storage technologies or combinations thereof have to be preferred over others. 

The impact of energy storages is examined in several use cases. The resulting effects on the grid as 

well as economic parameters as energy losses due to conversion and losses due to self-discharges 

as well as the storage installation costs are studied. 

2 Related Work 

Several models on energy storage technologies are implemented for the simulation process in 

MATLAB/Simulink. The storage models are based on datasheets as well as measurement series. 

For example, a redox flow battery model based on measurements from a real system at the EFZN 

(Energie-Forschungszentrum Niedersachsen) in Goslar is implemented. The modelling approach, 

more details and further information can be found in [20]. In Figure 7, a voltage curve for a six 

hour discharge with three variations in power demand is depicted. The figure shows the 

measurement data as well as the model behaviour. The measurement data confirms general 

parameter of a redox flow battery found in literature. 
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Figure 7: Voltage plot during discharge 

Furthermore, the correlation of energy generation by wind and photovoltaic is investigated. 

Renewable energies can be combined with storage systems. An optimal ratio between portfolio 

solutions has to be calculated in order to adopt positive effects depending on their different 

generation behaviour. Therefore, data gathered from Braunschweig 2011, Germany is studied. 

Generally, there is a negative correlation between these renewable energies over the seasons. 

However, if the observed time period is reduced to 15 minutes this effect vanishes [21], [22]. Thus, 

for short-term storages no reliable positive effect by combining these two renewable energies can 

be identified (Figure 8). 

 

 

Figure 8: Correlation between wind and photovoltaic 

3 Methodology 

In a first step, the technical and economical behaviour and attributes of the available energy storage 

technologies is collected. Based on the technical data, simulation models are developed, which are 

either based on data sheets or system measurements. According to the simulation environment, 

these models are adapted and tailored to the necessary parameters for real power applications. 

Depending on the technology specifications and constraints, the relevant technologies are selected 

for further research. 

For simulation, a part of the Smart Nord grid that is modelled using DIgSILENT PowerFactory has 

been chosen. The aim of the simulations is to evaluate the impact of different storage ratings and 

technologies on the so called sub-scenarios. Hereby, the installed power of renewable energies and 

the loads are varied. In order to maximize the fluctuation, only photovoltaic plants are used as 
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renewable energy sources. In order to maximize the simultaneous feed-in of these decentralized 

systems, both the same orientation and inclination are used. The photovoltaic models from TP4 are 

used. Throughout the various sub-scenarios, the energy capacity and the power of the energy 

storages are varied. The methodology is shown in Figure 9. 

 

 

Figure 9: Methodology of storage scaling and selection 

A utility function is used in order to measure the storage applicability. Under certain conditions, 

specific characteristics are more important than others, therefore, a factor-based rating method is 

deemed appropriate. 

4 Main Results 

In order to determine how to select and parametrize an energy storage relevant technology, data has 

to be gathered. Therefore, the important technical specifications for several energy storage 

technologies are presented in Table 1. 
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 Cycle efficiency 

in %  

Rated 

power in 

MW  

Capacity 

in MWh  

Self-

discharge 

Lifetime  

in years 

Lifetime  

in cycles 

PHS* 70 ï 85  10 ï 1,000  < 8,000  neglectable 70  > 30,000 

CAES* 30 ï 54 (diabatic) 

60 ï 70 

(adiabatic) 

10 ï 600  500 ï 

5,000  

- 30  > 30,000 

Flywheel 90 ï 95 < 10 < 2  < 20 %/hour 20  >> 100,000 

SuperCaps 90 ï 95 < 0.2 < 0.05 0.5 %/hour ./. ./. 

SMES* 90 ï 95 0.01 ï 100  < 0.03 >>15 %/day 30  ./. 

Lead-Acid 70 ï 85 < 50  < 10  5 %/month 10 ï 15  200-2,000 

Sodium-Sulfur  75 ï 90 < 35  < 10  - 15 ï 20  1,000-5,000 

Lithiu m-Ion 85 ï 95 < 50 < 10  5-10 %/month 10 ï 15  1,000-5,000 

Redox-Flow 70 ï 80 < 10  < 100  neglectable 10  > 10,000 

Hydrogen 20 ï 40 kW - GW GWh neglectable 20  ./. 

Methane 30 ï 40 kW - GW GWh - 20  ./. 

* PHS: Pumped-hydro Storage, CAES: Compressed-Air -Energy-Storage, SMES: Superconducting Magnetic 

Energy Storage 

Table 1: Technical storage parameter [23], [25] 

Another technology classification is done according to operational concepts for the energy storage 

technologies. One can mainly distinguish between real power market arbitrages and system 

services. Both operational concepts have different storage parameters as primary conditions (see 

Table 2). 

 

Real Power Market Arbitrage System Service 

High cycle efficiency 

Low self-discharge 

High capacity 

High rated power 

High rated power 

High capacity 

Fast response time 

Low self-discharge 

Table 2: Storage requirements according to [23] 

The overall abilities for the technologies to operate within the market are shown in Table 3. Within 

system services, primary, secondary and replacement services can be distinguished between. 
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 Real Power  

Market Arbitrage  

System Services 

Primary  Secondary Replacement 

PHS* X  X X 

CAES* X   X 

Flywheel X X   

SuperCaps  X   

SMES*  X   

Lead-Acid X X   

Sodium-Sulfur  X X   

Lithium -Ion X X   

Redox-Flow X X   

Hydrogen X  X X 

Methane X  X X 

* PHS: Pumped-hydro Storage, CAES: Compressed-Air -Energy-Storage, SMES: Superconducting Magnetic Energy Storage 

Table 3: Operation for energy storage technologies from [23] 

In addition to the technology and operation concepts, there are restrictions imposed by certain 

technologies. Pumped hydro and compressed air energy storages depend on geographical 

conditions. Therefore, these technologies may not be placed and scaled without context in a grid 

scenario. Another restriction applies to the sodium-sulfur battery being a high temperature 

technology and alas, sodium fire is difficult to be extinguished, so this technology may not be 

placed in every urban environment. 

Furthermore, an understanding of the cost structure of energy storage technologies is indispensable. 

Therefore, specific cost data is collected and an economic ragone chart has been developed for 

Figure 10. 
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Figure 10: Economical ragone chart on energy storage technologies [24] - [27] 

Due to technical and economic parameters and restrictions, battery storage technologies are most 

suitable for decentralized energy operations. These systems include an inverter, which enables 

them to deliver system services. 

 

 

Figure 11: Example on simulations grid and technology distribution 

In the following paragraphs, two simulation scenarios are described and discussed. The rating of 

the storages for different applications is shown. For case (1), the intent of the storage is to avoid a 

higher grid load caused by photovoltaic panels. To achieve this, the power at the coupling point has 

to be kept within the same limits, as it would be without additional generation. For case (2), the 

approach is to balance the grid load to its annual average. However, for case (2) the storage energy 

is limited to ten hours full power output. The simulation runs are based on a data of the Smart Nord 

grid that is used in various WP. However in WP 1.1 a smaller section is used for the simulation and 

the geographical distribution of renewable energies and storages is adjusted (Figure 11). 
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For the cases (1) and (2) the load varies between 48 ï 413 kW. The installed photovoltaic capacity 

has an energy rating of 840 kWp with an identical generation behaviour and can deliver 80 % of 

the annual electricity demand of the sub-grid. 

The results for rated power, rated energy and equivalent full-cycles for the two cases are shown in 

Table 4. 

 

 Case (1) Case (2) 

Storage power rating in kW 120 563 

Storage energy capacity in kWh 150 5630 

Full -cycle per year 40 61 

Table 4: Simulation results energy storage rating 

It can be seen that for case (1) the power and energy rating of the storage is moderate, whereas for 

case (2) a much higher rating results. The number of full-cycles differs by around 33 %, hereby it 

must be taken into account that in case (2) the storages have nearly 38 times the capacity compared 

to case (1). This results in much higher energy losses in the storage operation. The full-cycles in 

general are moderate so that it can be concluded that the storage could be operated according to its 

lifetime or to its cycle time. 

The delivered power and the energy stored in the storages are shown in Figure 12 for case (1) and 

in Figure 13 for case (2). For case (1), it can be concluded that the storage has less operation time 

compared to case (2). For case (2), the storage reaches its fully charged state several times during 

summer period. 

 

 

Figure 12: Storage energy and power for case (1) 
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Figure 13: Storage energy and power for case (2) 

5 Conclusion and Outlook 

Battery storages are most suitable way to install energy storages all over the grid. These storage 

systems can be installed without any restrictions in the grid. They only refer to the grid power 

restrictions whereas other technologies are limited in scaling or depend on specific geographical 

conditions. Therefore, battery storages could be placed in a decentralized way like renewable 

energies (e.g. photovoltaic panels). In addition to their ability to store energy for consumption, 

battery storages are capable of delivering system services. This capability can offer additional 

operation and business strategies for energy storage systems and operation of grids. 

Due to the limited number of life cycles of battery systems, a combination with flywheels to a 

hybrid system seems to be a suitable approach. Flywheels are most effective for fast response and 

primary reserve. 

Battery storages can be placed easily within a building structure. As they are also DC-sources like 

photovoltaics and fuel cells, they offer a solution within a Smart Building where a DC-energy-

supply may be used. 

Other storage approaches might include electrical vehicles in a decentralized storage concept or 

extend the scenarios to the heat sector. 

In order to have long-term storage capacities, the research on hydrogen and methane as energy 

storages systems will be indispensable. 
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 Work Package 1.2: Decentralized Active Power Provision 

Sebastian Beer19 and H.-Jürgen Appelrath20 

1 Goals and Integration in the Sub-Project 

General goal of WP 1.2 was the development of an agent-based mechanism for the self-organized 

aggregation of decentralized energy units (producers, consumers, and storage) in order to provide 

active power products in electricity markets. Forming respective coalitions generally allows small-

scale actors to directly participate in current wholesale markets and compensate stochastic effects 

which cause production or consumption values to deviate from contractually specified amounts at 

time of supply. In contrast to centralized pooling paradigms like virtual power plants, the aspired 

approach was intended to be temporally flexible and fully decentralized in the sense that agents 

autonomously act as representatives for their units in the market and form product-related 

coalitions in a self-organized fashion according to current economic and technological conditions. 

Given this main goal, the research in WP 1.2 particularly aimed at the development of the 

following concepts: 

¶ A method for product portfolio generation that allows agents to identify a set of aspired target 

products for which coalitions to form. The choice of products should be based on economic 

aspects like expected market prices as well as the operational capabilities of their supervised 

units. 

¶ A mechanism for neighbourhood formation which allows agents to form (potentially 

expendable) neighbourhoods in order to initially restrict the number of cooperation partners 

and thus reduce communication and computational cost. The concept was generally intended to 

take grid-related aspects into account in order to provide for a future provision of topology-

aware products. 

¶ A method for coalition formation which allows agents to form coalitions within the built 

neighbourhoods in order to provide their initially identified target products. In particular, the 

approach should be applicable to a high number of participants and allow for a decentralized 

and temporally flexible formation by restricting the organizational binding of coalition 

members to the provision of the provided product only. 

¶ A mechanism for value distribution which allows coalitions to distribute the payoff gained from 

a traded product among their members. The distribution method was particularly intended to be 

fair in in terms of game theoretical concepts. 

With regard to its integration in the sub-project, WP 1.2 makes use of the search space model of 

WP 1.3 to represent the operation schedule space of an agentôs unit. Moreover, the coalitions being 

formed as output of WP 1.2 represent the input of WP 1.5 which provides an approach for reactive 

scheduling in case unplanned events make units deviate from their contributions to specific target 

products. Finally, the mechanism of WP 1.2 conceptually integrates agent-related trust values 

which are part of the work of WP 1.6. 
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2 Related Work 

Theoretical and practical concepts for the formation of coalitions and the distribution of value have 

been studied in the domains of game theory and distributed artificial intelligence for years. 

In game theory (more specifically in one of its branches termed cooperative game theory), the 

problem of coalition formation is formalized as a characteristic function game (or coalitional game) 

Ὃ ἂὃȟὺἃ, where ὃ is a set of agents and ὺȡς ᴼὙ is referred to as the characteristic function of 

the game assigning a real-valued payoff ὺὅ to a coalition ὅ. Now, cooperative game theory 

provides different solution concepts for coalitional games addressing the two essential questions of 

which coalitions to form and how to divide the gained payoff among members. Well-known 

examples for solution concepts include the core, representing the set of all distributions 

guaranteeing stable coalitions (in the sense that no subset of agents has the incentive to leave 

because of a higher payoff), or the Shapley value, which allows a fair distribution by specifying the 

payoff based on the average marginal contribution an agent makes to a coalition [28]. 

Although appealing because of their mathematical justification, most game theoretical results are 

associated with several disadvantages when it comes to their practical application, particularly 

when considering IT-related, distributed systems. First, many concepts are associated with 

combinatorial calculations which become intractable when coping with a larger set of agents. 

Second, most solutions are not suitable to be calculated in a decentralized, parallel fashion, which 

contradicts the general paradigm of distributed systems. 

Thus, in the course of the last years several approaches have been proposed in the field of 

distributed artificial intelligence which account for the requirement of practical applicability, often 

adjusting game theoretical concepts to reduce complexity. In this domain, the problem of coalition 

formation is often considered as a three phase process comprising the steps of (1) coalition 

structure generation, (2) solving the optimization problem under consideration, and (3) distributing 

the resulting payoff [29]. In particular the first problem, coalition structure generation (CSG), has 

gained much attention in the course of the last years. Based on the notion of characteristic function 

games, general goal of CSG is the partitioning of a set of agents into mutually disjoint coalitions 

such that global value is maximized. Being a NP-hard optimization problem, several methods have 

been proposed to reduce computational complexity which can be generally classified into dynamic 

programming (DP), anytime and heuristical algorithms [30]. General idea of DP approaches is to 

recursively divide the optimization problem into subtasks to avoid redundant computations. 

Prominent candidates offering respective capabilities were proposed by Rothkopf et al. [31] and 

Rahwan and Jennings [30]. While DP approaches generally offer the lowest worst case complexity 

with regard to an optimal solution, they do not provide anytime capabilities which is particularly 

disadvantageous when coping with larger sets of agents. According anytime algorithms generally 

start with a first solution which is guaranteed to be in a bound from optimum and steadily improve 

on it until the latter is found or another termination condition is met. Corresponding approaches 

were proposed by Sandholm et al. [29], Dang and Jennings [32], or Rahwan et al. [33]. In 

particular, Michalak et al. proposed an anytime algorithm for solving the CSG problem in a 

decentralized manner [34]. Finally, a number of heuristic methods have been proposed to reduce 

computational costs. For instance, Shehory and Kraus [35] put constraints on the size of coalitions 

to reduce computational complexity, while Sen and Dutta [36] apply an order-based genetic 

algorithm to search for (near-) optimal partitions. Heuristic approaches do not make any guarantees 

regarding the quality of their solutions but generally scale up well with the number of agents 
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3 Methodology 

 

Figure 14: Methodology of WP 1.2 

The methodology which was applied in WP 1.2 in order to achieve the aspired research goals is 

shown in Figure 14. As depicted, the work was split into three major steps which resulted in 

corresponding outputs as shown on the right. The different phases comprised the following tasks: 

¶ Problem Analysis and Formalization: In a first step, a detailed problem analysis was conducted 

with regard to the considered problem of coalition formation for active power trading. This task 

particularly addressed the actual process of coalition formation itself as well as aspects of 

related fields like power grids or electricity markets. The analysis resulted in a detailed formal 

model comprising a concise specification of all concepts relevant for the considered context. 

¶ Design: Based on the problem specification as defined by the formal model, the second step 

comprised the development of the actual agent-based approach for coalition formation, referred 

to as DYCE (DYnamic Coalition formation in Electricity markets). This particularly included 

the design of the four concepts as described in section 1 of this chapter which were conceived 

taking into account the output of other work packages. The developed processes formed the 

basis for the agent-based IT architecture of the final system. 

¶ Implementation and Evaluation: In a last step, the architectural design of the second step was 

implemented in coordination with other work packages in order to create an integrated 

multiagent system. The resulting prototype was evaluated in a comprehensive simulation study 

harnessing concepts from the field of design of experiments (to be published in [40]). 

Moreover, the approach was applied to large-scale scenarios which were by participating 

institutions in an interdisciplinary effort in order to create a common basis for evaluation. 

4 Main Results 

The following section describes the main results which were developed in the context of WP 1.2. It 

starts by discussing the formal model which resulted from the problem analysis of the first work 

step. As already mentioned, this comprises formal definitions of all concepts relevant for the 

examined problem. Since coalition formation is a well-known topic in game theory and artificial 

intelligence, according definitions were adapted where appropriate. As shown on the right hand 

side of Figure 15, the specified concepts are generally categorized into four different domains 

covering respective aspects of the considered problem. All in all, the model consists of 40 

definitions which result in the specification of an electricity market in the context of which 

coalition formation takes place. The market area is given by a power grid comprising a set of 

electrotechnical units which are supervised by autonomous intelligent agents. General goal of each 

agent is an economically optimized provision of active power, where participants are able to 

cooperate with each other and form coalitions for value maximization (domain 1). General purpose 

of each coalition is the provision of a power product which is supplied or demanded within a 
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temporal product horizon reflecting the time of fulfilment (domain 2). Through its participation, an 

agent makes a contribution to a coalition's cumulative contribution by providing an amount of 

electrical energy with an estimated error at a specified cost (domain 4). Each contribution is 

reflected by the operation schedule of its supervised unit, where the general time frame for 

planning (and thus coalition formation) is determined by a temporal planning horizon (domain 3). 

 

 

Figure 15: DYCE formal model 

As shown on the left hand side of Figure 15, each domain comprises a set of concepts pertaining to 

the addressed topics. Each concept is specified by means of a concise formal definition (not shown) 

which put the different notions into context. A detailed description of all domains as well as the 

according formal specifications can be found in [41]. 

Based on the specified model, the actual mechanism for coalition formation in electricity markets 

was developed. As shown in Figure 16, the approach comprises four main activities which are 

carried out by each agent in the course of each planning cycle in order to finally supply or demand 

a product on the market. In the following, we provide an overview of each of these subprocesses. 

To facilitate discussion, we consider a use case in which producers form coalitions day-ahead in 

order to provide active power products at the spot market of the European Energy Exchange. 

Product Portfolio Generation: In the course of the first activity, each agent creates an individual 

product portfolio ὖὖ comprising a set of target products which it is willing to trade on the market 

depending on a chosen operation schedule ὕὛ from the operation schedule space of its supervised 

unit Ὗ. The product portfolio is generally defined based on a catalogue of product templates which 

is provided by the market. For instance, the EPEX SPOT specifies a catalogue of 41 different 

single hour and block product templates (like baseload or peakload) which can be chosen by an 

agent for the specification of its target products. However, as the templates partly overlap with 

regard to their time of fulfilment and an agent can only participate in one coalition at each point in 

time, it has to choose a combination which is first temporally consistent and second provides most 

expected benefit given the operational capabilities of its unit. Depending on the size of the template 
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catalogue, this combinatorial problem may become highly complex and computationally intractable 

to solve. For instance, the set of 41 product templates of the EPEX SPOT results in a general search 

space of ς  product combinations (including those candidates not satisfying the required 

constraint of temporal consistency). Thus, DYCE provides a respective heuristic for identifying 

both a product portfolio and an operation schedule which in conjunction maximize expected 

benefit. Given the determined portfolio, an agent executes the following three activities for each of 

the comprised target products. 

 

 

Figure 16: DYCE activity diagram 

Neighbourhood Formation: As the total number of participants is typically very high, in the course 

of the second activity agents initially restrict the number of potential cooperation partners by 

forming neighbourhoods ὔ of nearest neighbors based on a distance function which quantifies 

physical distance between units in the grid. Thus, neighbourhoods allow to reduce communication 

and calculation costs while taking grid-related aspects into account. Moreover, a respective 

approach generally allows for the provision of topology-aware power products within a specified 

grid area and procures system services like redispatch capacities for congestion management. 

However, neighbourhoods are not necessarily fixed because agents can iteratively expand their 

scope if coalition formation within the current one was unsuccessful. 

Coalition Formation: As third activity, agents form coalitions ὅ within their previously defined 

neighbourhoods in order to join forces and collectively fulfil  common target products. The 

decentralized coordination process for coalition formation is based on the standardized Contract 

Net Protocol [37] as shown in Figure 17. Accordingly, agents can either take on the role of an 

initiator or a responder. While the former starts a formation process by sending requests to agents 

of its neighbourhood, the latter reacts to respective queries by sending appropriate replies. More 
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precisely, an initiator starts an iteration by initially determining the trust values of its potential 

cooperation partners. If these satisfy a defined threshold, it sends a call for proposal to the 

respective agents including its current coalition as payload. Each addressed responder then 

determines if the members of the initiatorôs coalition satisfy its own trust threshold and, if this is 

the case, checks for a utility maximizing regrouping of the initiator and responder coalition. If an 

according rearrangement is possible, it sends a respective proposal to the initiator. For each 

received reply, the latter first verifies the trust values of the new members and then checks for a 

utility maximizing regrouping taking all responder coalitions into account. Based on the result, it 

informs the responders about the acceptance or refusal of their proposals including the calculated 

coalitions as payload. If its proposal was accepted, a responder then starts the actual regrouping and 

notifies the initiator about the result. In case the restructuring was successful, the initiator conducts 

the required regrouping actions as well. Finally, if the formation process made the initiator fulfil  its 

target product and the latter was successfully delivered, both agents update their trust values 

according the actual behaviours of the agents (for a more detailed description of trust-related issues 

see [37]. Contrary, if the initiator has not fulfilled its target product yet, it has different options 

depending on its former actions. First, it can execute the protocol again and start another try to 

extend its coalition within the current neighbourhood. Second, if the number of attempts has 

reached a maximum threshold but the neighbourhood is still expandable, it can widen the scope of 

the very same in order to increase the number of potential cooperation partners. Third, if the 

neighbourhood already covers the whole grid, the initiator can go back to the first activity and 

identify a new product portfolio along with an according operation schedule. However, if all of 

these options are not feasible, the agent terminates coalition formation for the given target product. 

For all other target products which were successfully traded and delivered, it executes the last step 

of value distribution. 
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Figure 17: Communication protocol for coalition formation 

Value distribution: After the transaction of a delivered product is completed, agents distribute the 

value gained from cooperation among each other. The approach developed for this purpose is based 

on a game theoretical model which allows an (at least approximately) fair distribution of the payoff 

using the Shapley value as solution concept. The latter generally determines the individual shares 

according the average marginal contributions the agents make to a delivered product. More 

precisely, the developed approach considers the contributions which an agent makes to the different 

attributes of the target product. The latter are given by the target electricity amount to be delivered, 

the target cost at which the energy is provided, as well as the target error by which the delivered 

energy approximately deviates from the contractually specified amount. Given these, the approach 

uses concepts from cooperative game theory and defines a k-majority game which puts the 

contributions of the members to the different attributes into context. Based on the specified game, 

the Shapley value of each agent can be calculated reflecting its average marginal distribution to the 

target product and thus a fair distribution according the defined fairness axioms (see [28] for a 

more detailed description of the Shapley value). Although respective calculations are 

computationally intractable for high numbers of players, the specific model allows for the 

application of an approximation method being efficient even for large coalition sizes [39]. 

5 Conclusion and Outlook 

The research in WP 1.2 yielded a comprehensive approach for the self-organized formation of 

coalitions in electricity markets. In particular, the developed mechanism provides concepts for the 

identification of utility maximizing product portfolios, the formation of topology-aware 

neighbourhoods, the decentralized formation of coalitions, and a fair distribution of the final 

payoff. The approach was evaluated in a comprehensive DOE study investigating its algorithmic 

characteristics and applied to scenarios which were developed in an interdisciplinary effort by 
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participating institutions of Smart Nord. With regard future work, the following topics may be 

further examined: 

¶ Overlapping coalitions: DYCE currently restricts agents to join only one coalition at each point 

in time. Future work may examine the case of overlapping coalitions in which members can 

make contributions to several coalitions concurrently. 

¶ Alternative mechanisms for value distribution: As described in the previous section, DYCE 

uses the Shapley value in order to allow a fair distribution of a coalitionôs gain. Future work 

may investigate alternative game theoretical solution concepts like the core which provides for 

a stable division of the obtained payoff. 

¶ Unreliable communication: The DYCE mechanism does currently not provide concepts for the 

management of unreliable communication. For instance, in the course of coalition formation 

messages may arrive out of order or even get lost. Respective communication errors have to be 

appropriately handled in order to guarantee reliable system performance. 

¶ Integration of business processes: The provision of power products is generally associated with 

according business processes like the metering of the produced electricity or the execution of 

the respective financial transactions. Corresponding activities are currently not part of DYCE 

and may be integrated in order to allow for an automation of the according tasks. 
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 Work Package 1.3: Optimization of Cluster Schedules 

Jörg Bremer21, Astrid Nieße22 and Michael Sonnenschein
21

 

1 Goals and Integration in the Sub-Project 

A crucial question regarding all smart grid related optimization algorithms is how to achieve 

feasible solutions if different individually configured and operated energy resources are involved. 

As we regard scenarios where distributed devices are independently operated by different 

operators, all devices are individually configured with a not publicly known setup. Dynamically, 

such devices are clustered into different groups of co-operating units. 

This dynamics will inevitably lead to a necessary co-operation of unacquainted energy units. 

Without central control (with a central, static model) individual search spaces of different units ï 

representing the individual capabilities within a group ï have to be integrated to a model for the 

optimization problem at runtime and thus be automatically derived. Each individually operated unit 

has its own set of different schedules to offer for a scheduling algorithm. This flexibility depends 

on the current, individual configuration of the unit, several (technical) constraints for operation, 

current operational state, and, if applicable, on state and requirements of coupled units ï e.g. on the 

thermal demand of a house in case of a co-generation plant. 

Modelling the optimization problem that determines an optimal (with regard to target load profile 

resemblance, cost-efficient and eco-friendly operation, preservation of reserve flexibility for 

control tasks, asf.) operation schedule for each member of the group such that the group as a whole 

achieves the given targets cannot be attained a priori as a static model. Due to the dynamic nature 

of the problem and permanent re-organization, the model of the current optimization problem (one 

for each group) has to be derived automatically right after forming a new group of electrical units. 

Individual flexibilities and constraints of these units have to be integrated on the fly. 

The aim of this work package is to find an appropriate method to provide scheduling algorithms 

with a means for exploring the search space of arbitrary devices without any domain specific 

knowledge (in the sense of device operation, constraints or cost models). The method should work 

independently of any specific schedule setting for timely resolution, duration and integrate current 

operational setting of the device. 

The main target of this work package is support for scheduling algorithms. Nevertheless, the 

integration into sub-project one is defined by several interactions between work packages. Work 

package 1.2 needs a means for generating a product portfolio that consist of feasible schedules 

which must be generated without knowing the specific unit modelling. Schedules in the portfolio 

need cost indictors for evaluating suitability of the schedules for use during coalition formation. 

Work package 1.4 is responsible for continuous re-scheduling which directly involves the 

flexibility model from this work package for ensuring feasibility during scheduling and therefor 

took over the integration of distributed optimization into the concept of DVPP (see Overview of the 

Sub-Project section 3). Work package 1.1 delivers unit models for batteries that are used here. 

                                                      
21

 University of Oldenburg, 26111 Oldenburg, Germany, 

{forename.surname}@informatik.uni-oldenburg.de, Department of Computing Science, 
22

 OFFIS ï Institute for Information Technology, 26121 Oldenburg, Germany 

astrid.niesse@offis.de, R&D Division Energy 



Smart Nord Final Report  

60 

2 Related Work 

Effectively solving real world optimization problems often suffers from the presence of constraints 

that have to be obeyed when looking for feasible solutions. This holds especially true for problems 

from the smart grid domain where each electricity unit has its own individually configured and 

constrained search space of alternatively operable schedules [42], [43], [44]. Several techniques for 

handling constraints during optimization have already been developed; mostly for general purpose. 

Nevertheless, almost all are concerned with special cases of NLP or require a priori knowledge on 

the problem structure in order to be properly adapted [45]. Some prominent representatives of such 

techniques are: the introduction of a penalty into the objective function that devalues a solution that 

violates some constraint, the introduction of a repair mechanism for infeasible solution [46], or 

treating constraints as separate objectives. A good overview on constraints-handling techniques can 

for instance be found in [47] or, more recently, in [48]. 

In order to give an algorithm hints on how to construct a solution, so called decoders may impose a 

relationship between feasibility and a special representation: the decoder solution. For example, 

[48] proposed a homomorphous mapping between an n-dimensional hyper cube and the feasible 

region in order to transform the problem into a topological equivalent one that is easier to handle. 

Earlier approaches used Riemann mapping [50] or Schwarz-Christoffel mapping [51]. Such space 

mapping techniques are usually used in engineering with the objective to substitute 

computationally expensive models with a coarser grained surrogate model [52], [53]. 

Another use case that exploits a space mapping approach by deriving a decoder for constrained 

search spaces from a support vector based surrogate model has been presented in [54], [55]. With 

this approach the authors propose a two-step process: First, they have a support vector model of the 

feasible region learned, i.e. a classifier that distinguishes between operable and not operable 

schedules. In this work, this model is further extended. A decoder function is derived, that is able to 

map an arbitrary solution candidate to an as far as possible similar but feasible solution. In this 

way, they get a means that guides a search algorithm where to look for feasible solutions and the 

constrained problem is transferred into an unconstrained one that is much easier to solve. 

3 Methodology 

Each unit has an individual flexibility, i.e. a set of alternative possibilities for operation. As we 

consider day-ahead planning within this work package, we are interested in the set of alternative 

schedules that are all operable for a unit for the following day. 

In order to design a device independent standardized model for representing this flexibility and all 

restricting constraints in a way that arbitrary planning algorithms may integrate the models on the 

fly to a problem specific optimization model, different sub-problems had to be solved. This 

includes at a first stage the abstraction from device specific models by representing the individual 

flexibilities with the help of sets of feasible schedules. Such a set of schedules must be generated 

with the help of a device specific simulation model. This is the only stage where expert knowledge 

is necessary for adapting a simulation model to a specific instantiation of a device and to the 

specific embedding into the devicesô operational environment. Though, this task might become at 

least a semi-automatic task by follow-up work. 

From these sets of feasible schedules that already represent as a stencil for the feasible region the 

individual flexibilities and indirectly incorporate individual constraints, a formal representation has 

to be derived, that can be used by different planning algorithms in a standardized manner. First we 

derive a machine learning model from a training set consisting of feasible schedules that 

automatically learns a model for the hidden functional relationship that determines feasibility 
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within a training set. Such a model is already capable of telling feasible and infeasible schedules 

apart without having to know anything about the original device, restricting operational constraints 

or any device specific modelling of operation. But, for efficient optimization, a means for 

systematically generating feasible solutions is needed. In many criteria scenarios, such a means 

should also be capable of generating good solutions with respect to different objectives. Again, this 

should be possible without giving the planning algorithm any direct and specific model for 

individual cost calculation for these different objectives. 

To achieve this, we refined the concept of a so called decoder [49] that is capable of systematically 

generating feasible solutions from an unconstrained solution representation. Such a decoder can 

easily be integrated into most common optimization approaches. 

 

 

Figure 18: Procedure model and evaluation concept of WP 1.3 

Due to a lack of available real power units, all concepts and implementations of this work package 

have been evaluated and tested by simulation studies. A design science approach had been chosen 

as a research concept for designing and developing the artifacts that constitute the optimization 

approach of this work package. In this way, well-defined sub problems may be scrutinized and 

solved separately [56] in order to minimize the risk of a complete failure. Artifacts represent 

structured entities, such as software prototypes, mathematical models or logical constructs. These 

artifacts were subject to rigorous evaluation both by analytical methods and by function tests. 

Results can for example be found in [57], [58], [59]. 

Additionally, the process model for Smart Grid algorithm engineering [60] proposes a strong 

integration of domain knowledge during conception stage, which was brought in from the Smart 

Nord project community. 
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4 Main Results 

The main result of this work package consists of the conceptual and formal description of a process 

chain for flexibility modelling (c.f. Figure 18, constrained handling, and optimization as well as the 

prototypical implementation artifacts of all modules. 

The main outcome of this work package is the decoder that finally enables the integration of 

arbitrary energy devicesô flexibilities into optimization algorithms without a need for 

implementation of or adaption to device specific modelling, constraint description or objective 

specific evaluation. To gain this result, several prerequisites had to be solved. Thus, this section 

lists the results of the sub-tasks that finally led to the decoder construction. 

4.1 Flexibility Model  

Each energy resource foremost has to serve the purpose it has been built for. But, often such a task 

may be achieved in different alternative ways. For example, it is the main purpose of a co-

generation plant to deliver enough heat for a varying heat demand in a house at every moment in 

time. Nevertheless, heat usage is usually decoupled from heat production by using a thermal buffer 

store. Thus, different production profiles may be used for generating the heat. In turn, this leads to 

different respective electric load profiles that may be offered as alternatives to a scheduling 

controller. 

Each individual energy unit offers a set of operable schedules for a given (future) time horizon. We 

regard a schedule not as a time series but as a vector Øɴ ᴙ , with the number of periods d 

(typically 96 for day-ahead planning) and the i-th element denoting the respective amount of 

electric energy produced or consumed in this period or ï equivalently ï the mean active power 

output or input during this period. With operable, we denote a schedule that might be operated 

without violating any technical constraint. Constraints restrict the vector space that contains the set 

of feasible (operable by a specific device) schedules. These constraints can be interpreted 

geometrically. Without any constraint, the whole hypercube πȟρ  (active power between 0 and 

100 %) would be a model for the region of feasible schedules. With every constraint, different parts 

(regions) of the hypercube fall off the feasible region, because the respective schedules are not 

operable due to the constraint. Only the finally remaining region (hypercube minus superposition of 

all regions prohibited by constraints) is the feasible region of the DER. Only from this region, 

schedules might be taken during optimization. Please refer to [44] for an in-depth discussion with 

evaluation results. 

It has been shown in [51] that the feasible region of operable schedules is not necessarily a convex 

polytope or a single and connected region. For this reason, concavity and clusters have to be taken 

into account, too. These considerations led to black-box models based on machine learning 

approaches that capture the topological traits of the feasible region as a compact description. 

Support vector data description [61] has shown good performance for this use case. Given a set of 

schedules, the inherent structure of the region where they reside in is derived as follows: After 

mapping the data to a high dimensional feature space, the smallest sphere is determined that 

encloses all images of the schedules. When mapping back the sphere to schedule space, its pre-

image forms a contour (not necessarily connected) enclosing the sample. A detailed explanation of 

the mathematical background and the model can for example be found in [62], [63]. In the 

following, the approach is briefly summarized. 

The feasible region that forms a sub-space inside the vector space of all schedules and that only 

contains the operable schedules is described by a decision function. This decision function 

distinguishes the feasibility of a given schedule by comparison with a schedule from the boundary 
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of the feasible region. As usual in support vector methods [64] the learning algorithm selects a 

subset from the training set that represents the rest of data best. This support vector subset can be 

used in conjunction with a derived decision function for classification of arbitrary other schedules. 

The feasible region is represented as some high dimensional ball. All support vectors lie on the 

boundary of the feasible region, thus there images in the high dimensional space of the ball lie on 

the surface of the ball. Thus the distance of the image of a given schedule to the centre of the ball 

can be compared with the distance of a support vector. A larger distance indicates that the image of 

the questionable schedule lies outside the ball and thus the schedule lies outside the feasible region 

and thus it is not operable by the device. 

In this way, the feasible region of the search space of an arbitrary energy unit, i.e. the flexibility or 

the set of alternative operable schedules, is represented as the pre-image of a high-dimensional ball. 

Only the comparably small set of support vectors together with a vector of non-zero values for 

weighing the support vectors is needed for modelling the flexibility of a device. The model might 

be used as a black-box that abstracts from any explicitly given form of constraints and allows for 

an easy and efficient decision on whether a given solution is feasible or not. Moreover, as the 

distance (decision) function maps to ᴙ and hence allows for comparing two solutions with regard 

to their feasibility. 

4.2 Sampling 

A prerequisite for learning the model is the availability of a training set consisting of feasible 

schedules. This training set serves as a stencil for the feasible region of a specific energy unit 

operated starting from a given specific initial situation. For building up such a training set, a new 

sampling method has been developed. 

In general, the domain of an indicator function that map schedules to {true, false} depending on the 

operability of a schedule with respect to a given device and a given start configuration has to be 

sampled so as to get a set consisting merely of feasible schedules. To achieve this, sets of schedules 

have to be tested against a simulation model that may decide on whether the given schedule would 

be operable by the device or not. Unfortunately, standard sampling methods hardly work for 

schedules with higher dimensionality due to the very fast shrinking likelihood to randomly guess a 

schedule that is actually operable. In order to avoid intractability, a successive sampling method 

has been developed that builds a training-set and at the same time forces the simulation model only 

to implement a minimal interface. The method constructs feasible schedules step by step instead of 

trying to guess complete schedules at a time. A detailed description of the new methods and its 

time saving features can for example be found in [59]. 

4.3 Decoder 

As the core concept for integrating the flexibility model with arbitrary optimization methods, a 

decoder has been developed. Basically, a decoder is a constraint handling technique that gives an 

algorithm hints on where to look for feasible solutions. It imposes a relationship between a decoder 

solution and a feasible solution and gives instructions on how to construct a feasible solution [47]. 

For example, [49] proposed a homomorphous mapping between an n-dimensional hyper cube and 

the feasible region in order to transform the problem into one that is easier to handle. 

The solution here derives a mapping function from the support vector flexibility model that is 

capable of mapping an arbitrary given (not necessarily feasible) schedule to a respective one that 

lies inside the feasible region and is therefore operable by the respective device. 

The black-box support vector model represents the flexibility of a unit as pre-image of a high-

dimensional ball. This representation has some advantageous properties. Although the pre-image 
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might be some arbitrary shaped non-continuous blob in ᴙ  (left side of Figure 19), the high-

dimensional representation is still a ball and thus geometrically easier to handle (right side of 

Figure 19). The relation is as follows: If a schedule is feasible, i.e. can be operated by the unit 

without violating any technical constraint, it lies inside the feasible region (grey area on the left 

side in Figure 19). Thus, the schedule is inside the pre-image (that represents the feasible region) of 

the ball and thus its image in the high-dimensional representation lies inside the ball. An infeasible 

schedule lies outside the feasible region and thus its image lies outside the ball. But we know some 

relations: the centre of the ball, the distance of the image from the centre and the radius of the ball. 

Hence, we can move the image of an infeasible schedule along the difference vector towards the 

centre until it touches the ball. Finally, we calculate the pre-image of the moved image and get a 

schedule at the boundary of the feasible region: a repaired schedule that is now feasible. We do not 

need a mathematical description of the feasible region or of the constraints to do this. 

 

 

Figure 19: General scheme for the proposed decoder scheme 

4.4 Optimization 

Integration into optimization has been evaluated with different optimization approaches. Among 

them are centralized approaches as well as distributed approaches. 

The integration works in two successive stages: a decoder training phase and the actual planning 

phase. During the training phase a decoder is calculated for each unit. These calculations can be 

done fully parallel. During the succeeding planning phase, these decoders are used by an 

optimization algorithm. The aim of the optimization is to find a schedule for each unit in a cluster 

such that the sum of all schedules in the cluster resembles a wanted target schedule. For 

optimization, the search is defined on the whole set of all schedule. In this way, no precaution has 

to be taken to deal with any (apart from the box constraint of always being between 0 and 100 % of 

maximum power) technical constraints of the units. The optimization algorithm does not need to 

know which schedules are operable and which are not while navigating through search space.  

In each iteration, new candidate solutions are generated. Formally in our active power planning use 

case, this candidate is a feature vector from search space comprising d values of mean active power 

(one for each time slot) and some predefined describing indicator values. Such indicators 

characterize the load schedule with respect to different optimization objectives. As a candidate 

solution is taken from the unconstrained vector space of all possible solutions regardless of the set 

of constraints that prohibits the operation of certain schedules, infeasible solutions are naturally 

also taken. In order to repair such infeasible solutions, the decoder is harnessed for repairing 
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infeasible solutions prior to evaluation. The decoder then constructs a new vector with the 

following properties: 

1) The first d elements are values of active power that constitute a power schedule (pô1,é,pôd) that 

is operable by the respective unit for the given time frame. 

2) The schedule has been constructed such that the distance ŭ(p-pô) is small. 

3) The next l elements are indicator values that correctly describe the constructed (not the 

original) scheduleôs performance in achieving additional objectives. The relationship had been 

learned with the SVDD, too. 

Now, the feasible candidate solution pô can be evaluated for comparison with other solutions to 

pick the best. In a many objective problem, evaluation is done with respect to the global objective 

of minimizing the distance to the target schedule and with the help of each indicator that describes 

the schedule with respect to further objectives. 

Many types of optimization algorithms are suitable. For scalability reasons, heuristics (evolutionary 

algorithms like simulated annealing, population based approaches or genetic algorithms) or 

distributed approaches are most promising. 

As a first attempt, model and decoder have been tested with centralized optimization methods. For 

this approach there are mainly two reasons: easier (and leaner) implementations and better control 

during tests and the chance to use approved, standard optimization methods from widely accepted 

libraries. The tested centralized approaches can be categorized into population based heuristics and 

other evolutionary approaches. An example is given by the use of Parallel Tempering in [65]. 

The integration into distributed optimization was done in a two-step approach. First, a new greedy 

approach has been developed especially suitable for the decoder [54]. Implementation for the 

DVPP approach was done by adapting the distributed, approved optimization approach COHDA 

[66] (constrained optimization heuristics for distributed agents), which had beforehand already 

been successfully integrated with the decoder approach for constraint handling [66]. The 

integration with COHDA in Smart Nord was done by work package 1.4 and is in greater detail 

described there. Many-objective optimization was integrated in the COHDA approach, but had also 

been tested with centralized approaches [65]. 
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Figure 20: Example result for a cluster with 100 co-generation plants 

Figure 20 shows an example result for a cluster with 100 co-generation plants that jointly want to 

achieve a given target schedule for a whole day. The graph on the top shows the target schedule 

together with the optimization result: the cluster schedule that resembles the product. The residual 

error is displayed beneath. The two lower graphs show the more important aspect: the compliance 

of the result with different constraints. The grey bands show the allowed ranges for active power of 

the modulating plants and of the temperatures of attached thermal buffer stores respectively. The 

individual schedules stay within the allowed range during optimization. An additional constraint 

for a minimum down-time of one hour after shut-down is also obeyed. Thus, the set of decoders for 

this individual optimization problem instance generated a valid result without knowing anything 

about specific modelling or constraints. 

5 Conclusion and Outlook 

In this work package, we presented a new approach for constraint handling especially for 

applications in smart grid load planning scenarios where devices with private or otherwise not 

publicly known modelling have to be integrated on the fly into common optimization models even 

without explicitly know models of the units, their technical or economical setting, constraints, or 

any specific relation to different optimization objectives. 

The process chain that produces the decoder that is capable of systematically producing feasible 

solutions in the deviceôs place during optimization or planning has been presented with focus on 

the different stages: starting with abstracting from the device simulation model by generating a 
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surrogate from example schedules (as a general an device independent representation of the 

feasibility) and ending with an automated process of deriving the decoder that generates operable 

schedules together with assigned performance indicators (describing the result with respect to a 

configurable set of objectives for many objective planning). 

Integration into many optimization algorithms has been successfully tested. With the help of the 

decoder approach any algorithm gained the capability of producing valid solutions without any 

explicit model of the energy units that are to be orchestrated. The presented approach is already 

applicable for generating decoders for the representation of individual devices. An extension to the 

representation of a group of devices by a single decoder (e.g. in cases where the set of devices of a 

larger organization such as a manufactory is represented by a single agent) still demands some 

further development. Especially the distribution of feasible schedules will need some additional 

attention in order to adapt the sampling properly to the folding of individual schedule distributions 

when representing combined flexibilities. 

For future integrated optimization of active and reactive power some further improvements 

regarding the representation of the schedules are possible. This could for example be achieved by 

using complex valued support vector machines instead of real valued. 
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 Work Package 1.4: Continuous Scheduling 

Astrid Nieße23, Jörg Bremer24 and Michael Sonnenschein
24

 

1 Goals and Integration in the Sub-Project 

It is the core idea of the dynamic virtual power plant (DVPP) to identify an optimal (with respect to 

several given objectives) schedule for each device within a group of energy units such that the 

accumulated schedules of all units resemble a market given active power schedule (a product) as 

close as possible. If each unit can actually operate the assigned schedule during the whole product 

delivery phase, the cluster delivers the product as committed on market. But, in reality usually 

unforeseen events often inhibit a direct implementation of the initial plan. A co-generation plant 

might shut down earlier due to unexpected low thermal demand, a device might go offline due to a 

malfunction, or some forecasts for weather conditions might have changed. In any case, a deviation 

of the actual operation from the initial plan has to be detected and actions have to be taken to steer 

the rest of the group in a way that it stays on track during product fulfilment. All unit agents have 

to follow the same task in the last phase, from unit schedule configuration until the product 

delivery is finished: They have to ensure the delivery of the DVPP active power product. 

Therefore, the unit agents continuously (e.g. on a minute base) check the unitôs operational state 

and check it for schedule compliance. If a unit is not following the desired schedule and if the 

overall DVPP active power contribution will not fulfil  the defined product, as a consequence a 

rescheduling is performed within the DVPP agents. 

This leads to a need for continuous monitoring of the energy production (or equivalently 

consumption) by the energy units themselves. A rescheduling is needed in those cases, where the 

summed deviations of the DVPPôs energy units hinder product fulfilment. If product fulfilment 

cannot be guaranteed anymore, rescheduling is triggered. In such cases, a new optimization run for 

the deviating cluster has to be conducted for the remaining time frame and with changed situation 

as the new initial state. The optimization function for continuous rescheduling therefore has to be 

formulated as time-dependent optimization function, where these factors are convexly combined 

and given hard constraints like product fulfilment and other criteria (e.g. power grid related criteria 

or cost functions) are taken as side conditions. 

As the general methodology used for optimization in this work package is strongly related to the 

optimization approaches from WP 1.3, both work packages are linked in terms of abstraction from 

the real energy unit by using the same meta model for representation of the feasible region of an 

energy unitôs operable schedules for dynamically building up the model for optimization within a 

newly formed cluster. The optimization problem scrutinized in this work package is an extended 

version of the one from WP 1.3. Thus, the solution for optimization developed in this work 

package is also used for the initial internal optimization of a DVPP. The set of coalitions from 

WP 1.2 gives the set of DVPPs that continuously have to control their own product delivery and 

that are hence the subject of optimization in this work package. Additionally, dependencies of units 

that are members in more than just one coalition (in consecutive products) have to be solved within 

this work package. 
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2 Related Work 

An overview on related work regarding dynamic aggregation of energy units in the distribution grid 

is given by [67]. Several approaches for distributed scheduling algorithms with applications to 

large scale problems in the energy domain have been scrutinized in this work package. Among 

them are algorithms for autonomous virtual power plants [68], stigmergy based multi agent 

planning systems [69], adjusting algorithms [70], and holon-organized clusters of energy units [71]. 

Important for the DVPP approach is a support for decentralized evaluation as all concepts of the 

approach have to be decentralized due to a lack of a common memory or a designated leader within 

the DVPP. Moreover, support for the integration of private constraints is mandatory. Integration of 

continuous re-scheduling can be integrated into most approaches. Stigspace [69] supports private 

constraints and decentralized evaluation but fails to handle complete schedules as it is just 

appropriate for one single planning period. Thus, the approach COHDA [72] looks most promising 

for adaption to the use case of continuous rescheduling in a DVPP. 

Moreover, to cope with possible voltage range deviations the grid topology should be an optional 

parameter in the aggregation process and within the operation of DVPPs. In contrast to the 

transmission grid, where a continuous measurement allows for detecting violations of operational 

constraints, no such infrastructure is available in the distribution grid. Due to the large amount of 

units in the distribution grid, the identification of the most efficient unit to avoid a critical grid state 

cannot be deduced manually. Additionally, the underlying optimization problem of identifying the 

most efficient mitigation actions is challenging due to the non-linearity and non-differentiability of 

the underlying power flow equations as shown by [73]. Therefore, state-of-the-art control systems 

on the transmission level cannot be transferred directly to the lower voltage levels due to a lack of 

real-time information and the large complexity of the re-dispatch problem. Recently, a lot of work 

has been done to overcome these problems like e.g. the work done in [74]. In this work package, a 

simplified graph based approach has been developed for this purpose. 

3 Methodology 

The strength of the used distributed optimization approach COHDA [72] is its ability to advance 

the improvement in achieving the overall objectives during optimization solely based on local 

decisions. An agent takes these decisions based on believes about other the agentsô actions derived 

from received messages. In this way, any agent decides on its own actions such that the global goal 

of resembling the target schedule defined by the energy product is put forward best while at the 

same time each agent is acting to its own interest. More precisely, the behaviour of an agent 

comprises three stages: 

1) Perceive ï Incoming data from other agents are imported into the local working memory. 

2) Decide ï If new data has been received in the ñperceiveò stage, the agent now decides upon 

adapting its current schedule selection regarding better alternatives with respect to the updated 

knowledge. Here, both global constraints (e.g. the costs of a schedule selection in the global 

context) as well as local constraints (e.g. preferences of the unit regarding individual schedules) 

are taken into account. 

3) Act ï Again, if new data has been received in the ñperceiveò stage, the agent now forwards the 

new data to its neighbouring agents (including the possibly adapted schedule selection from the 

ñdecideò stage). 

The process terminates autonomously, when no agent is able to adapt its schedule in the ñdecideò 

stage any more, thus producing no new data. More details on COHDA can be found in [72]. In its 
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existing form, however, the COHDA approach lacks some essential features for the continuous 

scheduling in DVPPs. Thus the following extensions had to be developed: 

Product dependency ï In the DVPP concept, an agent can participate in multiple consecutive 

products within the planning horizon. Each product corresponds to an individual DVPP 

composition. Hence, the data model of COHDA was extended to reflect the affiliation of data to 

specific DVPPs. Moreover, schedule adaptations of an agent during a rescheduling process within a 

DVPP may in principle endanger product fulfilment of subsequent DVPPs the agent is a member 

of, because the subsequent state trajectory of the energy unit (and thus the remaining flexibility) is 

modified by a schedule change. To compensate for this effect, all commitments of an agent have to 

be taken into account while selecting schedules during a rescheduling, such that subsequent DVPPs 

are not affected. 

Secondary objectives ï Integration of secondary objectives into the schedule selection and 

evaluation process during optimization has to be tackled on two different levels. First, on the global 

level, the evaluation of selected schedules has to be done for different optimization objectives. This 

is achieved by building the evaluation function as a convex combination of all criteria. In this work, 

exemplarily two objectives have been chosen: product quality and cost. With this criteria, it has 

been shown that product fulfilment can be achieved at lower cost if integrated into the evaluation 

function. Second, local objectives are modelled along the approach from work package 1.3. This 

includes local hard constraints (i.e. feasibility of schedules, see section 1) as well as local soft 

constraints such as profit limits or costs. Those are integrated directly into the search space model, 

cf. Figure 21: 

 

 

Figure 21: Concept for modelling unit constraints in re-scheduling 

Without private preferences for schedule selection, the decoder would generate merely valid 

schedules for improving the optimization result regarding quality of product delivery and global 

soft constraints. Integrating private preferences into the process of building the search space model 

enables for automatically generating valid schedules with annotated indicators for local preferences 

and for automated exclusion of undesired schedules. A detailed explanation of this procedure can 

for example be found in [75]. 

Continuous scheduling ï The COHDA approach is designed for solving distributed combinatorial 

optimization problems. Regarding the continuous scheduling in the DVPP context, the capabilities 

of the agents had to be extended significantly. In particular, agents have to monitor their associated 

energy units in order to detect incidents during product delivery, and take measures to compensate 

unwanted effects. Moreover, with the possibility of agents being part of more than just one 
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coalition, the treatment of incidents becomes a complex task that has possibly to be carried out by 

several DVPPs. Therefore it has to be ensured that the distributed scheduling approach still 

converges to valid and sufficient solutions under these circumstances. 

4 Main Results 

The main artifact developed in this work package is DynaSCOPE ï Dynamic Scheduling 

Constraint Optimization for Energy Units. The approach is capable of detecting events that cause a 

demand for reactive scheduling in DVPPs (self-diagnosis) as well as performing the rescheduling 

of units within DVPPs (self-healing). As the approach thus realizes both an agent-based planning 

and control system, a hybrid agent architecture derived from the InterRRaP architecture [76] is 

employed. The resulting architecture organizes the behaviour and the knowledge of an agent in 

successive layers, which directly resemble the tasks an agent performs in the approach 

(cf. Figure 22). 

 

 

Figure 22: Hybrid agent model of DynaSCOPE 

Focusing on the treatment of incidents, the architecture is described from bottom to top as follows: 

Local monitoring and evaluation ï This layer realizes the interaction with the energy unit under 

control. In particular, this comprises the configuration of the unit (e.g. setting a schedule) and the 

detection of incidents, possibly causing a rescheduling. 

Local planning ï This layer covers the schedule selection task with respect to the energy unit 

under control only. More precisely, the search space of feasible schedules is searched whenever 

needed. For instance, such a situation occurs when an incident has been detected at the monitoring 

layer that invalidates the currently configured schedule. The agent now tries to find an alternative 

schedule that compensates the incident on the one hand, thus maintaining product fulfilment, and 

satisfies unit-specific soft constraints on the other hand. If such a schedule cannot be found, a local 

compensation of the incident is not possible. The detected incident is then escalated to the global 

planning layer for further treatment in the agent system. 
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Global planning ï This layer contains the algorithmic components for the conjoint scheduling 

within a DVPP. Primarily, this comprises logic concerning the selection, processing and integration 

of data exchanged with other agents. 

Cooperation ï This layer finally handles aspects regarding interaction with the agent system, such 

as maintaining communication channels to other agents, dispatching outgoing messages or the 

preprocessing of incoming messages. 

With this bottom-up approach regarding the treatment of incidents, an agent primarily is 

responsible for keeping its energy unit in a state that does not impair the delivery of power products 

the unit participates in (i.e. the product fulfilment of the DVPPs the unit is a member of). Figure 23 

visualizes this process in detail. 

 

 

Figure 23: Workflow of a DynaSCOPE agent during product delivery 

During the delivery of a power product, each agent continuously monitors its respective energy unit 

for deviations from the configured schedule (bottom right in the figure). If a detected deviation 

exceeds a preconfigured sensitivity threshold (inc?), an incident is reported to the local planning 

layer. Here, the search space model has to be recreated first, as the incident invalidates the 

previously calculated search space model. Then it is checked whether the incident impairs the 

delivery of a product the agent participates in (P?), i.e. if a sensitivity threshold is exceeded. If this 

is not the case, the incident can be discarded, as no immediate action is required, and the agent 

continues monitoring the energy unit. Otherwise, the agent tries to compensate the incident locally, 

by calculating alternative schedules with respect to the recreated search space model. If a suitable 

schedule (respecting both global and local constraints) can be found (loc?), it is selected as active 

schedule, and the energy unit is configured accordingly. If a local compensation is not possible, or 

if subsequent products are affected by this incident, the global planning layer is activated. As 

reconfigurations of energy units regarding this incident have to be finished at the end of the current 

delivery interval, less than 15 minutes are available for the cooperative reactive scheduling. Hence, 

the agent marks the point in time, in which the energy unit has to be reconfigured with a potential 
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alternative schedule at the latest. Then the incident is inserted into the global planning knowledge, 

which subsequently is sent to neighbouring agents, in order to begin the cooperative scheduling 

process based on the COHDA heuristic. 

 

 

Figure 24: Cooperative problem solving after the occurrence of incidents 

In this experiment, a total number of 10 incidents (CHP outages for 30 minutes each) was 

simulated. The arrows in the figure depict the detection of incidents. The incidents occurred 

randomly during product delivery, thus some of them were detected simultaneously by the agents. 

In Figure 25, the results from a series of experiments with different amounts of incidents in the 

same DVPP as above is shown. Each experiment was repeated 100 times with different random 

placements of the incidents. 

 

 

Figure 25: Actual product fulfilment after the occurrence of incidents 

Obviously, the final product quality deteriorates steadily with an increasing amount of incidents. 

However, the analysis of the raw simulation data reveals that, in all shown cases, the triggered 

rescheduling processes yield far superior product qualities in total than in the case without a 

rescheduling. 

Regarding the integration of costs, the following global objective function is set up: 

   Ὢ‎ ρ ‌ẗή ‌ẗ  , ὧ π 
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Here, ‎  describes a solution candidate with respect to the DVPP denoted by ‪. The product 

fulfilment criterion is identified by ή , while ὧ depicts the associated costs. Then ‌ constitutes a 

weighting factor, such that both optimization criteria are combined using a convex combination. In 

Figure 26, the results from a series of experiments with different values for ‌ are visualized. 

 

 

Figure 26: Product fulfilment compared to PV share with respect to the weighting coefficient a 

Each experiment in this series comprises 100 energy units, divided into 69 PV systems and 31 CHP 

units. For the former, a cost factor of πȢπ ÃÔȾË7È was assumed, while for the latter πȢςπ ÃÔȾË7È 

was assumed. For each value of ‌, a total of 100 simulation runs have been performed. The results 

show a substantial increase in the share of PV power in the final product delivery with increasing 

significance of the costs. Meanwhile, the product fulfilment criterion deteriorates predominantly in 

terms of outliers when preferring costs over product compliance. 

Finally, in addition to the self-organized treatment of incidents with DynaSCOPE, a heuristic 

method for estimating the effects of a scheduling action on the grid was developed. This allows 

approaches like DynaSCOPE to account for required ancillary services due to rescheduling directly 

in the objective function of the optimization algorithm. The method comprises a grid related cluster 

schedule resemblance as a metric to analyse the grid usage changes using a graph based approach, 

as depicted in Figure 27. 
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Figure 27: Grid related cluster schedule resemblance. Left: Exemplary medium-voltage grid, showing an incident at 

node 2. Right: A weighted graph representation of the grid upon the incident. 

This metric can be used to compare different rescheduling options regarding grid usage for both 

dynamic clusters of distributed energy resources and for rescheduling of static clusters like virtual 

power plants. For more details, please refer to [77]. 

5 Conclusion and Outlook 

The results of this work package clearly show the feasibility of implementing the continuous 

scheduling for tracking and updating the operations of a DVPP to ensure product fulfilment at any 

time during delivery in a fully distributed way. For the first time, a fully distributed method has 

been developed which ensures feasible cluster schedules dynamically after incidents during product 

delivery. All results from validation scenarios, which will be published soon as [78], show suitable 

behaviour regarding performance and scalability. 

However, improvements are still to be made considering the dependencies between different 

consecutive DVPP if units are member in more than one cluster. In this case, controller conflicts 

emerge during optimization due to interference for other clustersô re-scheduling. Further studies are 

needed to find an optimal balance between the frequency of dynamic reconfigurations of DVPPs 

and efficient scheduling of units. 

As a closing remark for this work package it should be noted, that this approach of distributed re-

scheduling of units could also be applied to schedule supply and demand in a micro grid 

minimizing its residual load. 
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 Work Package 1.5: Information Security in Agent-Based Energy 

Management Systems 

Christine Rosinger
25

 and Mathias Uslar25 

1 Goals and Integration in the Sub-Project 

Overall goal of this work package 1.5 (WP 1.5) is the improvement of security for agent-based 

energy management systems. Therefore, this WP elaborated results in the following three main 

topics of information security in the energy domain: security consideration in general, a data 

privacy concept and a conceptualization of a trust model to support the coalition formation process 

of the energy agents, which is the main part of this WP. 

The reorganization from a monopolistic electricity market to a distributed smart grid and also the 

liberalization of this market with its unbundling induces the need of more information and 

communication technologies (ICT) [79]. The increasing ICT leads to a higher threat potential, as a 

result of new and more intelligent actors and additional interfaces and data exchange that are 

introduced in the energy domain [80]. Thus, the energy domain requires more revised and in some 

cases even new security measures because of the special requirements of the energy domain [81]. 

Because of former non-existence of ICT for power supply, data privacy legislation was also not an 

issue in this domain. With the upcoming Smart Grid, more individual-related data is exchanged in 

this field. For example, in a continuous metering scenario with assumed quarter-hourly 

measurement data transfers, there are 35,040 transmissions per household/meter per year [82]. 

Especially the prevention of profiling of households needs new privacy protection concepts. 

The main motivation using a trust model is the occurrence of malicious agents. Different attack 

motivations [83] like e.g. achieving economic advantages can mislead malicious agents to misuse 

the system for their own advantage. In a so called worst case scenario, malicious agents can create 

a system blackout if they cooperate as a so called botnet. To thwart such attacks, the application of 

a reputation or a trust system [84] shall prevent this. Additionally, such a trust model should restrict 

the actions of the malicious agents and acts as one security measure, respectively, increases 

information security. 

The three described topics of this WP act as cross-departmental function in this project because 

security always addresses every layer in an ICT infrastructure. The developed trust model is used in 

the coalition formation processes in work package 1.2 of sub-project one as one criterion for the 

decision making of going into a coalition with one special agent or not. Overall, the developed 

results in this WP 1.5 lead to a more robust and resilient system. 

2 Related Work 

Related work in the context of this work package focusses upon security, privacy and trust related 

issues. In general, the following initiatives and projects could be identified and classified into the 

categories of Smart Grid Security in general, data privacy, trust models and information security. 

In the field of Smart Grid Security in general, the following references were mainly considered: 

The ñProtection Profile for the Gateway of a Smart Metering Systemò [85] by the Federal Office 

for Information Security, Germany; the IEC 62351 with the title ñPower systems management and 
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associated information exchange - Data and communications securityò [86]; the ISO/IEC 27019 

[87] as the domain specific component of the ISO 27k series with the title ñInformation security 

management guidelines based on ISO/IEC 27002 for process control systems specific to the energy 

utility industryò; and the NISTIR 7628 [88] with the title ñGuidelines for Smart Grid Cyber 

Securityò which gives recommendations for security issues in the energy domain. Additionally 

besides only security topics and standards, standardization of smart grids has to be considered [89]. 

Besides the previous mentioned literature, for the trustworthiness facet information security there 

was some common security literature: For the assessment of security realizations, security metrics 

were used [90]. To realize an improvement over existing systems or even in the development of 

architectures, risk analyses [91], [92] and principles like security by design [79] were applied. 

For data protection and privacy concerns for the smart grid domain also the NISTIR 7628 [88], and 

several further publications [82], [85], [93], [94] were considered. Additionally, some sources for 

metrics were necessary [90], [95]. 

Trust related literature can be divided into references for common trust considerations [96], [97], 

[98], [99], trust in multi-agent systems [100], [101] and also the results and publication of the 

DFG-funded project OC-TRUST [102], [103], [104] were in main focus in this work package. 

3 Methodology 

For this work package, the methodology and processes applied can be defined as follows. Even in 

the methodology the three main topics security, privacy and trust can be identified, as can be seen 

in the illustration of the methodology in Figure 28. The common security considerations were 

derived from risk analysis standards and a classification was created. Of particular importance was 

the application of a risk analysis for the yellow pages agent as a critical part of the Smart Nord 

architecture. Additionally, an emphasis was on the privacy concept, creating a categorization with 

eight levels to be applied in Smart Nord. This classification provides an analysis of the interfaces 

exchanging critical data. Afterwards, the trust model is developed for the trustworthy coalition 

formation of time-table-based active power provision taking into account the identified 

trustworthiness facets. The next section will describe the most important aspects and results from 

the three main pillars. 

 

 

Figure 28: Methodology of WP 1.5 
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4 Main Results 

As described before, the results of this work package 1.5 are divided into three parts: a common 

security consideration, a privacy concept and a trust model for the coalizing energy agents. The 

results of these topics are described in this section. 

4.1 Common Security Considerations 

Attackers have motivations and use security vulnerabilities to penetrate a system and to reach their 

goal(s). They are endangering the compliance to different security goals. In the operational 

scenario of the project are three different agent types ï unit, market, and grid agents ï which have 

different goals as malicious agents. Another important factor for security is the attackerôs origin, 

i.e. if he is an intrinsic or extrinsic attacker. In this work package several threat scenarios were 

identified which cover different categories in various combinations, as can be seen in [83]. This 

threat identification is derived by common risk analyses of security standards by BSI or NIST [89]. 

Beyond the threat identification, a common security analysis for the yellow pages agent ï who 

operates as directory service26 for the coalizing agents ï mostly for the security goal authentication 

was executed for different use cases of the yellow pages agent. This analysis identifies and treats 

security issues of the yellow pages agent. A conclusion of this analysis is shown in Table 5. 

 

Nr. Title  Threat Security Measures 

1 

Registration 

at yellow 

pages agent 

Entering malicious agent data reduces 

benefit of yellow pages, can in worst 

case lead to system breakdown. 

First authentication via Postident procedure 

or eID of ID card or passport; creation of 

organizational or monetary obstacle  

2 
Status-

Response 

Notification of wrong/not-its-own-

data results bad quality of service. 
Min. identification via login and password 

3 
Updating of 

data 

Update of not own data can lead to 

wrong search results. 
Min. identification via login and password 

4 Sign-Out 

Sign-Out of another unit than the own 

unit leads to gaps in the database of 

the directory service. 

Min. identification via login and password 

5 
Search 

request 

Using search requests not for coalition 

formation but for data collection. 

Restriction of frequency and only local 

search results; cannot be avoided 

completely 

Table 5: Security consideration of the yellow pages agent 

4.2 Data Privacy Concept for Energy Agents 

The data privacy concept can be applied for the development of ICT architectures as privacy-by-

design principle. With this concept, exchanged data of energy agents in coalition formation 

processes are analysed and categorized to identify the privacy risk of one particular date. With that 

categorization further privacy measures can be recommended. 

After a first draft of the ICT architecture, this concept can be applied for the analysis of the 

exchanged data to categorize the degree of personalization. For this, a metric is used which is based 

on security metrics of security compliance monitoring. The eight categories of the analysis ï where 

from category 1 to 8 the need of privacy measures increases ï are: 
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Cat. 1: Date is not individual-related. 

Cat. 2: Date is individual-related with several additional external sources. 

Cat. 3: Date is individual-related with one additional external source. 

Cat. 4: Date is individual-related with several additional intern sources. 

Cat. 5: Date is individual-related with one additional intern source. 

Cat. 6: Date is individual-related with several additional sources of the coalition formation process. 

Cat. 7: Date is individual-related with one additional source of the coalition formation process. 

Cat. 8: Date is individual-related without any additional sources. 

The privacy metric analyses the quantity of privacy relevant data for one communication 

relationship. The following Table 6 shows an example for the categorization of the exchanged data 

of an agent for a photovoltaic plant in a coalition formation process. With that categorization the 

privacy risk can be identified and used for privacy measures recommendations ï like for example 

reducing the exchanged data or encrypt the data ï to get a privacy compliant communication. 

 

Date 

Categories 

1 2 3 4 5 6 7 8 

IP address     X    

Location   X      

Max. power X        

Power forecast X        

Total 2 0 1 0 1 0 0 0 

Table 6: Data privacy categorization for energy agent 

4.3 Trust Model for Coalizing Energy Agents 

The trust model which was developed in this WP 1.5 supports the trustworthy coalition formation 

of time-table-based active power provision and is the main part of this work package. The process 

of the coalition formation, where this trust model is applied, is illustrated in work package 1.2 of 

this sub-project one. The trust model consists of two parts: the structure and the application of the 

trust model which will be described in the next paragraphs. 
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5 Structure of the Trust Model 

The common structure of the trust model is shown in Figure 29. 

 

Figure 29: Illustration of trust model 

One main component of this structure is the integration of different facets of trustworthiness [104] 

and combining these facets to one trust value [83], [84]. Trustworthiness facets considered in the 

project ñSmart Nordò are: 

Credibility represents the former behaviour of an agent.  

Reliability forms a prediction value of technical data from the plant for the product delivery 

performance. This facet was examined in WP 2.2. 

Information security assesses realized security measures of the agent/plant system. 

Figure 29 shows an illustration of the trust model. Besides the described facets, there are different 

ones that will not be considered in the project ñSmart Nordò but can still affect trustworthiness. 

Generally, the facets are distinguished into trust building a priori and at runtime. Additionally, the 

trust value of an agent ὃ from the viewpoint of ὃ always refers to a context and is also time-

dependent.  

The different facets of trustworthiness are used in combination or as single value as trust building 

factor for the decision making in the coalition formation process. The considered facets in this 

work package ï credibility and information security ï are described in the following paragraphs. 

5.1 Credibility  

Credibility [105] is one trustworthiness facet and was considered in detail in this work package. By 

[104] it is defined as: ñThe belief in the ability and willingness of a cooperation partner to 

participate in an interaction in a desirable manner. Also, the ability of a system to communicate 

with a user consistently and transparently.ò 

In this project this facet credibility represents the former behaviour of a particular agent in previous 

coalition formation processes the agent took part in. The credibility value is structured into four 

parts. First there is the singular credibility which describes the credibility of an agent after a 

coalition formation process. Then there is the direct overall credibility which describes the direct 



Smart Nord Final Report  

82 

experiences (of singular credibility) in a relationship between one agent and another developed 

over a time period. The third part is the indirect overall credibility which describes 

recommendations of other agent to another agent over a time period. Finally, the overall credibility 

comprises the direct and indirect relationships and calculated an overall credibility value for an 

agent. In the following enumeration the different parts of the credibility value are described: 

Singular Credibility:  Singular credibility depends on the percentage contribution in a coalition 

formation process ï a higher percentage contribution means higher credibility ï and the estimated 

reliability ï a higher estimated reliability means a lower credibility. For the singular credibility 

between two agents the following formula is assumed: ( )( )))1((,1),( yxxMINyxfz -+Ö== . 

As result, the value 0 means a minimal credibility and the value 1 means a maximum credibility. 

Direct credibility:  Direct credibility of one agent Ai to another agent Aj over a number of coalition 

formations is built on own experiences. The formula for direct credibility is applied as follows:
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=  which means a mean value over all direct experiences agent Ai has 

about Aj. Figure 30 shows the development of the value over a time period in four different use 

cases.  

 

 

Figure 30: Example of direct overall credibility 

Indirect credibility: The indirect credibility is built on recommendations from other agents. This 

value can be used if an agent has no direct experiences with another agent with whom the agent 

wants to form a coalition with or if the agents wants to improve the own value. The formula for the 

indirect overall credibility ï where the agents Ajós recommendation of Ak is weighted by the direct 

trust relationship between Ai and Aj ï is applied as follows: 
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Figure 31 shows how the agents are interrelated for the direct and indirect trust relationships. 
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Figure 31: Direct and indirect relationship 

Overall credibility:  The overall credibility combines the direct and indirect overall credibility. The 

combined formula (1) is applied as follows: 
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(1) 

This formula shows if an agent has a certain number x of direct experiences with agent Aj the agent 

can use only the direct credibility, if the agent has no direct experiences he can use only the indirect 

credibility and if he has some direct experiences but wants to improve this value by 

recommendations the agent can use a combination of both ï direct and indirect ï credibility. 

Figure 32 shows an example of the overall credibility of an agent with the use case aimed attack 

from the view of another agent compared to the agentôs direct credibility. This shows that the usage 

of recommendations by others can help getting a more precise value. 

 

 

Figure 32: Example of overall credibility 

5.2 Information Security 

Information security [106] is one of the previous described trustworthiness facets which were 

examined in particular in this WP. This facet takes into account that the more security measures a 

system of an agent applies, the higher is the assumed trustworthiness of the agent. Additionally, for 

this information security facet it is expected that if an agent realizes its security measures in a 

standard-based way, the agent is considered more trustworthy. Information security as 

trustworthiness facet can be used as trust building a priori or as a factor for the initial trust. In the 

following two sections the concept of the security assessment is described. 

Basic security assessment model 

In Figure 33 an overview of the basic security assessment model as ontology is depicted. 
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Figure 33: Assessment of implemented information security measures 

The solid lines represent hierarchical relationships between the concepts shown in blue and red-

striped boxes and the dashed lines are object-property relationships, which can be reasoned. The 

green oval shows the security value which is calculated by the security assessment model and 

which represents the result of the assessment phase. 

The basic security assessment model in Figure 33 is segmented into four parts. Part (A) shows 

different security attacks while part (B) shows several security requirements. Part (C) shows 

security measures which are related with the appropriate security standards depicted in part (D). 

Even in part (C) ï the most relevant concept for this assessment ï the security assessment model 

concept is associated with the security measure concept over the object property assesses. Finally, 

this security assessment model concept with its assessment functions realizes the overall security 

value. A more detailed description of this model can be found in [106]. 

Security value assessment method 

Security assessment consists of assumptions because there are always different requirements and 

every user has to decide by oneself which security requirements are the most important for his 

particular use case. The security assessment method is based on a regular risk analysis [91], [92] 

with the assumption that the more security requirements are covered the more trustworthiness can 

be expected. Thus, the security assessment per agent consists of three parts: The assessment per 

security requirement ὃ, the consideration of security standards Ὓὸ and a weighting factor ὖὶὭέ. For 

the final security assessment per agent ὛὩὧὃὫὩὲὸ a weighted average with the single assessment 

per security requirement ὃὭ, the assessment of standard-based realization per security 

requirement ὛὸὭ, and the priority per security requirement ὖὶὭέὭ can be built which can be seen 

in formula (2). ΠίὩὧὶὩή implies in this case the number of security requirements. 


