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Abstract

:

Renewable energy sources generated locally are becoming increasingly popular in order to achieve carbon neutrality in the near future. Some of these sources are being used in neighbourhood (local, or energy communities) grids to achieve high levels of self-sufficiency. However, the objectives of the local grid and the distribution grid to which it is connected are different and can sometimes conflict with each other. Although the distribution grid allows access to all variable resources, in certain circumstances, such as when its infrastructure is overloaded, redispatch measures need to be implemented. The complexity and uncertainties associated with current and future energy systems make this a challenging bi-level multi-criteria optimisation problem, with the distribution grid representing the upper level and the neighbourhood grid representing the lower level. Solving these problems numerically is not an easy task. However, there are new opportunities to solve these problems with less computational costs if we decompose the flexibility in the lower lever. Therefore, this paper presents a mathematical approach to optimise grid management systems by aggregating flexibility from neighbourhood grids. This mathematical approach can be implemented with centralised or decentralised algorithms to solve congestion problems in distribution grids.
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1. Introduction


During the past few decades, the number of actors (e.g., producers, flexible consumers, storage facilities) in power grids has increased exponentially [1,2]. This has led to complex problems in power grids which is further aggravated due to decentralisation and local decision-making processes [1,3]. As a possible solution, decentralised structures for coordination and optimisation have been proposed. They have advantages in terms of scalability, communication effort, robustness and flexibility [4,5,6].



These decentralised structures are often referred to as neighbourhood grids (NG), local grids, energy communities or microgrids. Modelling these grids is a challenge due to the unpredictability of the actors involved. Typically, power grids are modelled using a complex set of static equations that neglect dynamic effects and are solved using iterative methods such as Newton–Raphson, Fast-Decoupled, or Gauss–Seidel [7]. However, accounting for dynamic effects in the modelling of electrical networks is necessary to achieve more accurate control and decision-making, which is crucial for meeting the objectives of neighbourhood grids. This has been emphasised by studies such as [8,9,10]. Nevertheless, the distribution grid (or the interconnected network) is considered as a static model and the transient behaviours are often neglected [11].



The characteristics of the static modelling of a distribution grid (DG) and the dynamic behaviour of neighbourhood grids can be viewed as a bi-level optimisation problem where decisions are made on two levels, which influence each other [12]. These problems are essentially formed by the fact that the allowable set of the upper (leader) problem is represented by the solution set of the lower (follower) problem. Some aspects to the bi-level optimisation can be found at [13]. Further, theoretical and applied work is presented in [14,15]. To our best knowledge, little research has been conducted on multi-objective, bi-level problems because of the computational needs and decision making complexities that such problems pose [16].



In addition to that, distribution grid operators have objectives such as minimising real power losses, minimising   C  O 2    costs, minimising redispatch costs, etc., and the neighbourhood grids have objectives such as maximising self-consumption, minimising   C  O 2    emissions, etc. This is essentially a multi-objective optimisation problem. In multi-objective optimisation, problems with multiple, conflicting target functions are investigated. The peculiarity of these problems is that there are generally an infinite number of minimal solutions with an optimal trade-off of the target functions [17,18,19]. If there are only a few objective functions, there are well-established solution methods available. These methods often involve reformulating the problem as parametric single-objective optimisation problems and using a suitable parameter control. Some examples of such methods are discussed in literature for nonlinear optimisation problems [20,21].



This paper provides a case study of the integration of a neighbourhood grid to the distribution grid as a bi-level, multi-objective optimisation problem where each individual grid has its own boundaries and optimisation functions. In order to test the proposed optimisation method, we present a scenario of a neighbourhood grid that has the ability to supply its energy needs. Furthermore, it has the ability to offer a flexible demand (deliver or consume to/from the distribution grid) in order to support balancing of the distribution grid and avoid distribution grid congestions. This concept is similar to the one implemented with the Redispatch 2.0 measure for distributed energy resources in October 2021 in the European Union [22,23], but with the added consideration that neighbourhood grids can participate in the measurement. It is worth noting that our approach does not consider reactive power compensation nor the coupling between active/reactive power as an optimisation goal. The applicability of this concept is investigated using a neighbourhood grid from a related research project (Energetisches Nachbarquartier Fliegerhorst Oldenburg, ENaQ) [24] that is connected to a model of a real distribution grid provided by a local distribution grid company.



This papers’ primary contributions can be summed up as follows:




	
Modelling of the neighbourhood grid according to the scenario.



	
Modelling of the distribution grid according to the scenario.



	
Combination of the neighbourhood grid and the distribution grid as a bi-level multi-objective optimisation problem.



	
Proposing two methods to solve this problem using centralised and decentralised approach.



	
Assessing the policy implications and design of experiments to test the approach experimentally.








The rest of the paper is organised as follows. Section 2, presents an overview about related works and the background. Section 3 explains the bi-level optimisation problem (the distribution grid (upper-level) and neighbourhood grid (lower-level)) in detail and Section 4 discusses how our formulation considers the decision-making process in the upper and lower-level based on a centralised approach and a decentralised approach of the information related to the components involved. Policy implications are given in Section 5 and concluding remarks and future works are given in Section 6.




2. Related Works


In Germany, to support the implementation of the Energy Industry Act (EnWG) and the Network Expansion Acceleration Act (NABEG), redispatch measures are considered at the transmission and distribution grid level to avoid grid congestions. For this reason, the German Federal Network Agency, in its regulation No. BK6-20-060, implemented a coordination concept to avoid line congestions while at the same time supporting the integration of renewable energy sources, called Redispatch. The Redispatch 2.0 process started on the 1 October 2022, and it considers that every distributed energy resource (DER) with an installed capacity bigger than 100 kwh are obligated to participate in the measures. However, it is of research interest to see if neighbourhood grids could also participate in solving grid congestion by offering flexible generation or consumption [25].



Multi-objective optimisation problems have been implemented in distribution networks for planning purposes, for example, to increase the line’s capacity [26], for solving facility location problems [27] and also for redispatch strategies of renewable energy under extreme conditions [28]. Different types of multi-objective approaches have also been applied for solving the demand response strategy [29] and for integrating grid-connected networks [30], in which they apply master-slave methodologies. However, in those cases, only one level of optimisation is considered, either from the demand side or from the grid side.



Furthermore, to support the integration between neighbourhood grids and distribution grid, different optimisation techniques have been implemented. For example, Ref. [31] proposed a linearised two-stage-stochastic optimisation algorithm for dispatch coordination. However, this approach implemented a ZIP linearisation and does not consider any multi-objective criteria for neighbourhood grids. A three-stage model to handle energy communities was proposed in [32,33] to provide flexibility services to the distribution grid. However, the implementation of two-stage or three-stage optimisation (also known as hierarchical strategy), differs from the objective of determining a bi-level optimisation approach, to consider the impacts between the grids [34].



A bi-level multistage framework was proposed in [35], in which residential participation is optimised to support distribution grid planning. However, it only implements one optimisation function. Researchers have also implemented bi-level multi-objective optimisation models for microgrids in [36], and for emission reductions in the energy sector in [37]. In addition, Ref. [38], proposes an approach for bi-level multi-objective optimisation problems for energy systems considering a fuzzy approach and specific heuristics by implementing first scatter search and then a mixed integer linear programming. Other researchers have also implemented bi-level multi-objective optimisation problems for designing subsidies, considering artificial neural networks [39]. A multi-follower bi-level optimisation for the operation of microgrids connected to distribution systems, in which the non-linear bi-level problem is converted to a single-level problem is proposed in [40]. Similarly, Ref. [41], implemented bi-level multi-objective optimisation approach for modelling the coordination between the distribution grid and neighbourhood grids, using particle swarm optimisation.




3. Problem Formulation


The following section describes the optimisation problem related to the distribution grid (upper-level) and the neighbourhood grid (lower-level). The symbols of the components connected to the power grids under study are shown in Figure 1. Before describing the two optimisation problems, the scenario used in this study is explained in detail for clarity.



3.1. Scenario Description


The distribution grid (DG) represents the infrastructure with consumers, generators (G), and distributed energy resources (DERs). It is connected to several neighbourhood grids composed of DER units, loads, and electric vehicle charging stations. The neighbourhood grids (NG) and the distribution grid are connected through a dedicated transformer for each neighbourhood grid. In this study, the higher voltage bus bar of the transformer is the connection point between both grids, as shown in Figure 2. This connection point is used by the neighbourhood grid to deliver surplus energy to the distribution grid or to receive energy in case their resources are unavailable due to weather conditions or equipment constraints. Further, at this connection point, the aggregated flexibility resulting from the optimisation process in the lower-level is forecasted and offered to the distribution grid operator (upper-level).



In addition to that, in order to comply with the current Redispatch 2.0 regulations, the DER units with a capacity > 100 kW, connected to the distribution grid, must submit their forecasted power production. The power production forecast is considered a flexibility offer since the Redispatch 2.0 supports curtailment decisions of that power, and it is assumed that each DER unit is willing to supply as much as it has available. Flexibility is forecasted for every time step (t) of a time frame T. The distribution grid operator uses all forecasted flexibility offers (from DER and/or from neighbourhood grids) to optimise its power grid. If a possible line congestion appears, in that time frame, the operator would optimise its grid and sets a maximum consumption or feed-in value in kW (  P  s e t   ) to the components that could contribute to avoid the grid congestion problem.



The distribution grid operator is considered to be the upper-level since the power grid optimisation decisions must be followed by the lower-level (neighbourhood grid). The upper-level optimisation problem is the leader’s problem (upper-level decision maker), and the lower-level optimisation problem is the follower’s problem (lower-level decision maker). Any decision taken by the distribution grid operator (upper-level) alters the internal decisions in the neighbourhood grid (lower-level). In addition to that at any given instance the lower-levels internal objectives must be fulfilled.



In our setting, the two optimisation problems are combined to form a bi-level, multi-objective optimisation problem where uncertainties are evident. Interactions between the distribution grid (upper-level) and the neighbourhood grid (lower-level) during operation are shown in Figure 3. The arrows represent the information flow among different processes. The DERs connected to the distribution grid (DG) send a forecast and a flexibility offer to the DG operation center. The neighbourhood grid (NG) does an internal negotiation and optimises the resources based on the capacities of the units and the state of the components (e.g., battery, CHP). The result of this internal negotiation is the flexibility offer to the DG operation center. The DG operation center receives all forecasts and flexibility offers, collects them and performs a load flow calculation of its power grid. In case of a grid congestion scenario, a grid optimisation and redispatch analysis is performed. The results of this load flow calculation provide optimal   P  s e t    values for the specific DERs and/or neighbourhood grid, based on a sensitivity analysis. This local sensitivity analysis assesses the effect of a single parameter   P  s e t    value at a time t while holding all other parameters constant (the results of the load flow). Note that the present study only considers a single neighbourhood grid connected to the distribution grid.




3.2. Distribution Grid


The distribution grid used to represent the upper-level is a section of a real distribution grid topology composed of 13 substations connected with a total of 34 main feeders between them. One substation is selected in which 2 transformers reduce the voltage from an external feed into a medium voltage level (110 kV/22 kV) at 55 MVA and 50 Hz. A load flow calculation is performed on this grid considering an external grid that is able to provide or receive the power in the selected substation. During maximum demand, the external grid delivers 37.2 MW and 2.4 MVar to our selected substation, and under maximum generation, the external grid delivers −91.6 MW and 6.1 MVar to the same selected substation. This means that for the maximum generation cases, the high voltage level (external grid) is receiving power. The neighbourhood grid is connected to one of the feeders in the medium voltage (22 kV) in the selected substation, in which other DER units and loads are connected. In this paper, it is assumed that all DER units as well as the neighbourhood grid are subject to redispatch measures.



In the following sections, the mathematical formulation of the upper-level problem is provided. This formulation is the foundation to apply bi-level optimisation algorithms to the described problem where the design of the model for the distribution grid is represented in terms of model parameters, decision variables, objectives, and constraints.



3.2.1. Model Parameters


Following model parameters are considered for the distribution grid modelling.



	(i)

	
t∈ N : is defined as the time step. The time step is usually 15 min. This parameter is the same also for the neighbourhood grid.




	(ii)

	
T∈ N : is defined as the period of time for the entire calculation. The redispatch process runs for a duration T,   T = 32.5   h (this is the same for the neighbourhood grid [22,23]).




	(iii)

	
  N  g r i d , t   ∈ N : is defined as the number of generators that have to comply with a redispatch measurement at time t for every   t = 1 , … , T  .




	(iv)

	
  N  L i n e s   ∈ N : represents the number of lines.




	(v)

	
  R i  ∈ R : is a parameter that represents the resistance of the line.




	(vi)

	
  N  N R   ∈ N : represents the number of non-renewable generators.




	(vii)

	
  C  CO 2   ∈ R : is the cost of   C  O 2   .




	(viii)

	
  C  R e d i s p a t c h  i  ∈ R : is the Redispatch cost for the ith generator.








3.2.2. Decision Variables


The decision variable under consideration for the distribution grid are:




	(i)

	
  P  G  i  ∈ R : is defined as the power generated by the ith generator that could be subject to redispatch measures at time t for   i = 1 , … ,  N  g r i d    , where   N  g r i d    represents the number of generators as defined in Section 3.2.1.




	(ii)

	
  P  L o s s  i  ∈ R : represents the power loss in the ith line, for every time t. This is a calculation based on the results of the power flow.




	(iii)

	
  E  N R  i  ∈ R : represents the energy generated by the ith non-renewable energy source.










3.2.3. Objectives


The distribution grid in this study is optimised considering the following three objectives:




	(i)

	
Minimise real power losses.


     min O b  j 1 U  =  ∑  i = 1   N  L i n e s     P  L o s s  i      



(1)




where   N  L i n e s   ∈ N  represents number of lines and   P  L o s s  i  ∈ R , represents the loss in the ith line. The   P  L o s s  i   is calculated using Ohm’s law as follows:


      P  L o s s  i  =  I  i  2   ( t )  ×  R i      



(2)




where   R i  ∈ R  is the resistance of the line, which is a property of the type of cable or conductor used for every ith line.




	(ii)

	
Minimise CO   2   cost.


     min O b  j 2 U  =  ∑  i = 1   N  N R    C  O 2 i  ×  E  N R  i      



(3)




  C  O 2   ∈ R , is the cost of   C  O 2    for the generation of a unit of real power of each non-renewable generator and   E  N R  i  ∈ R , represents the energy generated by the ith non-renewable energy source. It is considered that the energy produced externally (generated by the slack bus) is provided from non-renewable sources for   i = 1 , … ,  N  N R    .




	(iii)

	
Minimise Redispatch costs.


     min O b  j 3 U  =  ∑  i = 1   N  g r i d     C  R e d i s p a t c h  i  ×  P  G − r e d i s p a t c h  i      



(4)




where   N  g r i d   ∈ N , represents the number of generators,   C  R e d i s p a t c h  i  ∈ R  is the Redispatch cost for the ith generator. The Redispatch cost is non-time dependent. Note that it is possible to to change Redispatch cost to dynamic values.   P  G − r e d i s p a t c h  i  ∈ R , represents the power that could not be generated due to Redispatch measures. It is defined as followed:


      ∑  i = 1   N  g r i d     P  G − r e d i s p a t c h  i  =  P  G − o f f e r e d  i  −  P  G  i      



(5)




where   P  G − o f f e r e d  i  ∈ R  represents the real power offered by every generator, connected to the distribution grid operator.   P  G − o f f e r e d  i   is a function of the resources for each DER at time t for   t = 1 , … , T  . For example, for photovoltaic systems   P  G − o f f e r e d  i   is a function of the solar irradiance and for wind turbines, it is a function of the wind speed. For other non-weather dependent generators,   P  G − o f f e r e d  i   represents the maximum capacity of the unit for   t = 1 , … , T  , when the other unit constrains are satisfied, which is described further in Section 3.3. Note that For the neighbourhood grids,   P  G − o f f e r e d  i   is a result of the lower-level optimisation.   P  G  i  ∈ R , represents the real power generated by the ith generator at time t for   t = 1 , … , T  .










3.2.4. Constraints


The upper-level optimisation problem is constrained under two types of constraints which are represented as follows:




	(i)

	
Equality constraints


      ∑  i = 1   N G    P G i  +  ∑  j = 1   N L    P L j  +  P S      = 0     



(6)






      ∑  i = 1   N G    Q G i  +  ∑  j = 1   N L    Q L j  +  Q S      = 0     



(7)




where    P G i  ≥ 0   and    Q G i  ≥ 0  , respectively, denote the active and reactive power generated by the ith generator,    P L j  ≤ 0   and    Q L j  ≤ 0  , respectively, denote the active and reactive power consumed by the jth load and    P S  ∈ R   and    Q S  ∈ R   denote the active and reactive power generated/consumed by the slack bus.




	(ii)

	
Inequality constraints


     P  G , M i n  i     ≤  P G i  ≤  P  G , M a x  i      



(8)






     Q  G , M i n  i     ≤  Q G i  ≤  Q  G , M a x  i      



(9)






     V  M i n  i     ≤  V i  ≤  V  M a x  i      



(10)






     T  j   M i n      ≤  T j  ≤  T  j   M a x       



(11)






     L  F k      ≤ L  F  k   M a x       



(12)













where   P  G , M i n  i  ,   P  G , M a x  i  ,   Q  G , M i n  i  ,   Q  G , M a x  i  , respectively, denote the minimum and the maximum active and reactive power limits of the ith generator,   V i  ,   V  M i n  i  ,   V  M a x  i  , respectively, denote the voltage of the ith node and its minimum and maximum limits,   T j  ,   T  j   M i n   ,   T  j   M a x   , respectively, denote the tap setting of the jth transformer and its minimum and maximum limits and   L  F k   ,   L  F  k   M a x    , respectively, denote the line flow of the kth line and its maximum limit.





3.3. Neighbourhood Grid


For the neighbourhood grid, it is assumed that energy generated from all renewable sources is generated at a zero cost. The decision between whether to store energy in a battery, to produce energy using a combined heat and power (CHP) unit, or to shift load from the e-vehicles charging station is taken based on the results of the optimisation. In order to adhere to Redispatch 2.0, resource optimisation is also considered an objective. Further, a sensitivity analysis is carried out to find out the in-feed location which determines the degree of flexibility that the distribution grid can use from the neighbourhood grid or from any other DER unit connected to it.



This smart neighbourhood was built to supply thermal, electricity, and mobility needs with its own resources for 230 households in 13,000 m   2  . The testing scenario considered in this study is composed of a photovoltaic (PV) plant, a wind turbine and battery storage to cater for the electrical demand. In addition to that, a CHP unit which has a thermal storage tank is incorporated to supply thermal demand and 20 electric charging stations are incorporated to supply the e-mobility demand.



In the following sections, the mathematical formulation of the lower-level problem is provided. This formulation is the foundation to apply bi-level optimisation algorithms to the described problem where the design of the model for the neighbourhood grid is represented in terms of model parameters, decision variables, objectives, and constraints.



3.3.1. Model Parameters


Following model parameters are considered for the neighbourhood grid modelling.



	(i)

	
  n L  ∈ N : number of household loads.




	(ii)

	
  n  P V   ∈ N : number of photovoltaic generators.




	(iii)

	
  n  W i n d   ∈ N : number of wind generators.




	(iv)

	
  p  L , t  i  ∈ R ,    p  L , t  i  ≤ 0   power of the ith load at time t on households.




	(v)

	
  p  P V , t  i  ∈ R ,    p  P V , t  i  ≥ 0   PV power of ith PV at time t.




	(vi)

	
  p  W i n d , t  i  ∈ R ,    p  W i n d , t  i  ≥ 0 :   power of the wind generator at time t.




	(vii)

	
  C  C  O 2    ∈ R  is the cost of   C  O 2    emission to generate unit energy.




	(viii)

	
  α ∈ ( 0 , 1 ) :   minimum state of charge allowed.




	(ix)

	
  β ∈ ( 0 , 1 ) :   maximum state of charge allowed (  α < β  ).




	(x)

	
  M  C H P   ∈ R : maximum energy generated by the CHP unit.




	(xi)

	
  Δ > 0 :   sampling time (or time step).




	(xii)

	
  F o r e c a s  t  E m o b , t    ∈ R ,   F o r e c a s  t  E m o b , t   ≤ 0 :   Forecast of the energy for the electric vehicles needed at time t.




	(xiii)

	
  S o C ( t )  ∈ R : state of charge of the battery at time t.




	(xiv)

	
   E  C h p    ( t )   ∈ R : energy produced by the CHP unit at time t.








3.3.2. Decision Variables


The decision variable under consideration for the neighbourhood grid are:




	(i)

	
  F  C h p , t   ∈ R : flexibility power offer from CHP at time t.




	(ii)

	
  F  B a t , t   ∈ R : flexibility power offer from Battery at time t.




	(iii)

	
  F  E m o b , t   ∈ R : flexibility power offer from e-mobility at time t.










3.3.3. Objectives


The neighbourhood grid considered in this study has the following objectives:




	(i)

	
Maximise self-consumption/minimise energy supply from the distribution grid.


     O b  j 1 L      = min  max  t = 1 , … , T     ∑  i = 0   n L    p  L , t  i  −  ∑  i = 0   n  P V     p  P V , t  i  −  ∑  j = 0   n  W i n d     p  W i n d , t  j  −  (  F  C h p , t   +  F  B a t , t   +  F  E m o b , t   )       



(13)




where   n L   and   n G  , respectively, denote the number of loads and generators,   p L i   denotes the power of the ith load,   p  W i n d , t  j   and   p  P V , t  i  , respectively, denote the power generated by ith PV plant and jth wind power plant. Further,   F  C h p , t   ,   F  B a t , t   , and   F  E m o b , t   , denote the flexibilities that are offered to the distribution grid by the neighbourhood grid using the CHP unit, battery storage and electric vehicle (EV) charging, respectively.




	(ii)

	
Maximise flexibility offers for Redispatch 2.0.


     O b  j 2 L  = max  ∑  t = 1  T   (  F  C h p , t   +  F  B a t , t   +  F  E m o b , t   )      



(14)




where   F t   denotes the flexibility offered at time t and T denotes the Redispatch 2.0 time horizon which is usually   32.5   h.




	(iii)

	
Minimise   C  O 2    emissions.


     O b  j 3 L  = min  C  C  O 2     ∑  t = 1  T   F  C h p , t       



(15)













Note that the only source of   C  O 2    emissions is the CHP unit. Hence it is assumed that the cost of   C  O 2    is proportional to the use of the CHP unit to offer flexibility.




3.3.4. Constraints


The lower-level optimisation problem is constrained as follows:




	(i)

	
Energy produced by the CHP unit is fed into the neighbourhood grid.


     0 ≤  F  C h p , t   ≤  M  C H P     ∀  t = 1 , … , T .     



(16)




where   M  C H P    is the maximum power generated by the CHP. The dynamics of the CHP can be represented as:


      E  C h p    ( t + 1 )  = F  (  E  C h p    ( t )  ,  F  C h p , t   )      



(17)




where   E  C h p    represents the energy produced by the CHP unit.




	(ii)

	
The e-mobility flexibilities are considered as load shifting, therefore the aggregated flexibility offered over the entire period is 0 so that the load equals the forecast by the end of the period T.


      ∑  t = 1  T   F  E m o b , t   = 0     



(18)








	(iii)

	
Energy supplied/consumed by battery storage.


     ∀  t = 1 , … , T : α M     ≤ S o C  ( t )  × M − t ×  F  B a t , t   ≤ β M  &  α ≤ S o C  ( t )  ≤ β     



(19)






     S o C ( t + 1 )     = S o C  ( t )  −   F  B a t , t   M  Δ     



(20)




where M is the capacity of the battery,   S o C ( t )   is the state of charge of the battery,  α  and  β  are minimum and maximum state of charge (SoC) limits and   t ×  F  B a t , t     represents the energy offer as a flexibility for that time period.









Further,   F  C H P , t    and   F  B a t , t    are modelled as dynamical systems and are represented using ordinary differential equations (ODEs). It is worth noting that the ODEs of the CHP and battery storage are also constraints for the neighbourhood grid (lower-level) optimisation problem.






4. Solution Approach


In the previous section, the problem was formulated. In this section, the two selected solution approaches are explained. First, the centralised approach with a performance-optimised software package to solve bi-level optimisation problems is presented. After that, a decentralised multi-agent based approach is discussed.



4.1. Centralised Approach


The main goal of the centralised approach is to model the distribution grid (DG) and neighbourhood grid (NG) as a multi-objective bi-level optimisation problem and to solve it using sequential quadratic programming (SQP) procedures. During the modelling process, the distribution grid and the neighbourhood grid are considered separately. Note that for the distribution grid, effects such as changes in voltage with respect to change of loads are negligible and thus modelled as a static network using single-phase equivalent circuit diagrams. This is a fair assumption given the size and capacity of the distribution grid. The static equations that represent the distribution grid are transformed into constraints of an optimisation problem to make it possible to optimise individual variables in the network. Reformulation of the complex-valued system of equations into the real-valued constraints, and automatic calculation of the derivatives and their structures are implemented.



However, in the neighbourhood grid, many temporal processes such as combined heat and power (CHP) units, and battery storage that constitute importance in optimisation, are present. In contrast to the distribution grid, the dynamic effects during consumption and generation are also considered on the basis of a time series. A dynamic model that is capable of mapping these processes is developed. It serves as a basis for an optimal control problem (OCP). Algorithms are then developed to establish the mathematical model descriptions for the neighbourhood network. Different model approaches for the different components of a neighbourhood network is used (e.g., simplified difference models for dynamic storage, data-based models for generators such as PV systems). Besides the basic modelling approaches, the focus is also on the automated creation of models. Then a simplified illustration of a neighbourhood network is first created where all interrelations, especially the flexibility, are represented as continuous decision variables. However, for some components such as components that can only be switched binary (e.g., either on or off) this simplification is not realistic and leads to a mixed-integer problem. These models require a much higher computational effort to solve the optimisation problems. Therefore, the number of such components that is needed for a realistic model has to be further investigated.



These static and dynamic models are combined into one large optimisation problem where the overall model forms a differential-algebraic system and the different objectives of the respective grids form a multi-objective optimisation problem. Hence, the resulting optimisation problem contains two levels, the upper-level is the distribution grid and the lower-level is the neighbourhood grid. The distribution grid operator has the possibility to control the behaviour of the distribution level, but not the internal decisions in the lower-level (neighbourhood grid), thus this becomes a bi-level optimisation problem. The two algorithms for both levels can be different approaches. It is expected that this is numerically more efficient, but the use of the Karush–Kuhn–Tucker (KKT) conditions to replace the lower-level has theoretical disadvantages, since they are only necessary optimality conditions. This problem does not occur with this approach. However, it is numerically very complex, especially for higher-dimensional problems. Therefore, an iterative combination of both algorithms is investigated in order to combine the respective advantages to a heuristic algorithm.



In order to solve this software package WORHP (https://worhp.de) developed by the Center for Industrial Mathematics, University of Bremen is used. WORHP is capable of solving high-dimensional, nonlinear optimisation problems using a KKT approach [42]. For this purpose, the bi-level problem is transformed into a KKT formulation and thus formulated as a continuous non-linear optimisation problem and is solved using WORHP. In order to increase efficiency, methods of structure utilisation (at the derivation level) and parallelisation strategies are also being investigated and results must be analysed with regard to solution quality, robustness and efficiency. One of the few existing numerical methods of multi-criteria (multi-objective), bi-level optimisation uses the description of the allowable set as a solution set for a new multi-criteria optimisation problem [43]. The latter is then solved by scalarisation approaches, but an enormous number of sub-problems have to be solved. Therefore, clever parallelisation strategies have to be developed. Next, using parametric sensitivity analysis and the WORHP Zen tool [44], the sensitivities of the individual disturbance variables can be automatically calculated. By also considering or estimating the possible ranges of interference for each variable, approximate corrections can be calculated using the parametric sensitivities. On this basis, an algorithm is implemented to automatically minimise the effects of uncertainties.




4.2. Decentralised Approach


The decentralised approach focuses on the neighbourhood grid and involves optimising an aggregated schedule for it. The previously set objectives are taken into account for this. The optimisation is implemented by the combinatorial optimisation heuristic for distributed agents (COHDA) (https://github.com/ambimanus/cohda), so that an operational management concept is possible that combines the advantages of multi-objective optimisation and a multi-agent approach. COHDA can be used to solve distributed combinatorial problems, e.g., to achieve a global target given individual local constraints. Thus, it can be used for a group of DERs pursuing a global target, with each unit choosing its own mode of operation to best achieve the global target [45]. For the present concept proposal, COHDA is implemented in a multi-agent system, which represents the neighbourhood grid. Each unit in the neighbourhood model is controlled by an agent. The agent knows the local constraints of the unit and can take them into account during the optimisation process. First, the agent creates a forecast for the power of its unit. Considering this forecast and the local constraints of the unit, it can then determine the flexibility that forms the basis for the optimisation. Then the agents inside the neighbourhood grid share their flexibility and their needs (load agents), determining the amount of flexibility that they could offer to the distribution grid agent for the following time period.



Due to the decentralised approach and the representation of each unit by an agent, individual unit constraints and local network constraints can be taken into account when implementing the overall objectives for the neighborhood grid. During optimisation, the agents consider the global objective and local penalties [45]. The current best solution from each agent’s point of view is communicated among other agents. Whenever an agent receives new information from others, it updates its own configuration and decides whether a better configuration can be found. For this decision, it takes its own local parameters into consideration as well. When an improvement is found concerning the global target, it informs the other agents about it by sharing its current configuration [45].



The described heuristic was extended to a multi-objective approach for the neighbourhood grid in order to take into account the objectives described in Section 3.3.3. For this multi-objective variant of COHDA, the principle of COHDA is combined with the S-metric selection evolutionary multi-objective algorithm (SMS-EMOA) to create a fully decentralised multi-objective algorithm, with which agents approximate a Pareto front. The implementation is based on [46].



For the simulation of different agents and their interactions, the co-simulation framework mosaik is used [47,48]. It offers various advantages including the integration of different models such as the distribution grid model and different components (agents) in the neighbourhood grid such as models for the wind power plant, the PV plant, household consumption and so on. The distribution grid model is provided in Power Factory from DigSilent. The optimisation within the neighbourhood grid is performed with COHDA and the agent system is implemented with mango (https://gitlab.com/mango-agents/mango). Whenever the agents found their operation schedule, it is communicated with the possible flexibility for the neighbourhood grid to the distribution grid operator model. This tool furthermore receives the planned power values and the possible flexibility from other plants of the distribution grid. Thus, it runs the load flow calculations for the distribution grid and determines, how the given power values could be adjusted according to the possible flexibility to avoid congestions. This information will be forwarded to the neighbourhood grid, where the agents responsible for the respective units make their adaptions.




4.3. Evaluation


This section proposes a method to evaluate the performance of the centralised and decentralised bi-level multi-criteria optimisation problems solving approaches. In particular, the solutions between multi-agent systems using the COHDA algorithm versus centralised solution obtained using WORHP. We select five Key Performance Indicators (KPIs) to evaluate the outcomes of the two approaches which are summerised in Table 1. These KPIs are selected to analyse the congestion solving capacity achieved by both approaches. In addition, it is of interest to investigate if the neighbourhood grid is self-sufficient or if it needs to curtail its production to support the upper level (distribution grid). Nevertheless, due to our multi-objective criteria in the neighbourhood grid, it is expected that any curtailment is chosen such that non-renewable sources such as the CHP units and the battery system are utilised first.



In addition, to evaluate the effectiveness of the solution, the internal optimisation of the lower-level (neighbourhood grid) needs to be able to comply with the maximum (  P  s e t   ) value from the upper-level. It is of particular interest to evaluate the extreme condition scenarios in this respect: maximum in-feed (power production) coming from DERs and the neighbourhood grids and maximum load condition in the distribution grid.



Another interesting aspect for future work will be evaluating the communication signals between the agents. How fast and accurate the communication between the real components can be, and how to avoid latency problems. For that, two scenarios can be considered: normal situations, i.e., perfect communication and extreme scenarios, i.e., poor communication bandwidth with high data loss.



Further, it would be interesting to investigate the possibility of incorporating dynamic pricing for the flexibility offers. The objective of maximising flexibility offer presented in Section 3.3.3 can be replaced by an economic goal in which the neighbourhood grid seeks to maximise profits by offering flexibility. One possible way of achieving this is by implementing flexibility markets where the price for the redispatch offer is decided dynamically based on the results of the internal optimisation.





5. Policy Implications


Grid operators seek to reduce losses and investment costs, while neighbourhood grid (NG) actors seek to maximise its profits. Neighbourhood grid can only achieve this by either consuming its own energy, or offering it as a flexibility service, as discussed in this paper. Nevertheless, the willingness of the neighbourhood grid actor to maximise its flexibility offer, can be different if a market mechanism is implemented.



Policy makers must decide if the flexibility offers should be paid based on costs or based on a market mechanisms. If a market mechanism for flexibilities is implemented, neighbourhood grid actor will need to consider a forecasted price for the flexibility offer. This introduces another objective to the lower-level problem.


     O b  j 4 L  = max  ∑  t = 1  T   (  F t  ∗  P  f , t   )      



(21)




where   F t   denotes the flexibility offered at time t; T denotes the Redispatch 2.0 time horizon which is usually   32.5   h, and   P  f , t    is the forecasted price at time t.




6. Conclusions


This paper presented the integration of neighbourhood grids to the German distribution grid as a bi-level, multi-objective optimisation problem that can be implemented to tackle congestion-related issues in distribution grids by using the flexibility of local resources. It is also discussed in this paper how to manage the resources in the neighbourhood grid to solve the problems associated with the fluctuating energy generation from renewable energy sources, which leads to less computational costs. In addition, the paper also proposed a set of objective functions for the bi-level optimisation problem (upper-level and lower-level) and two different approaches to solve them; the centralised approach and the decentralised approach.



In addition, we propose an extension of the redispatch measures to integrate locally optimised neighbourhood grids into the power grid in such a way that the optimisation goals of both grids are satisfied. The equations presented focus on the possibility that the aggregated flexibility coming from the neighbourhood grid can contribute to solve grid congestions in the distribution grid while fulfilling its own objectives.



Concerning optimisation solutions, the centralised approach requires knowing all the information of the components, including the ones in the neighbourhood grid. However, the operational status of the DER units inside the neighbourhood grid is usually unknown to the distribution grid operator. For this reason, the decentralised approach is probably closer to reality. Further work is to test these methods in real-time conditions. Another interesting topic for future research would be to investigate the uncertainty related to each DER unit and neighbourhood grid as a whole, due to weather dependencies. Furthermore, for the evaluation and comparison between both approaches, KPIs are implemented. The overall objective is to determine the effectiveness of the solution provide by the centralised and decentralised approaches. However, these performance metrics can be incorporated with metrics related to operational performance behaviour such as computational time for finding the solution space to asses the effectiveness of the proposed two algorithms.
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Nomenclature




	Abbreviation
	Meaning



	COHDA
	Combinatorial Optimisation Heuristic for Distributed Agents



	CHP
	Combined Heat and Power



	DERs
	Distributed Energy Resources



	DG
	Distribution Grid



	DSO
	Distributed System Operator



	F
	Flexibility



	G
	Generators



	KPIs
	Key Performance Indicators



	NG
	Neighbourhood Grid



	OCP
	Optimal Control Problem



	PV
	Photovoltaic



	SQP
	Sequential Quadratic Programming



	SoC
	State of Charge
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Figure 1. Consumers, and distributed energy resources (DERs). 
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Figure 2. Representation of a distribution grid, with loads, generators (G) and DERs and neighbourhood grids. 
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Figure 3. Integration and interaction between the neighbourhood grid and the distribution grid. 
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Table 1. Key Performance Indicators.






Table 1. Key Performance Indicators.





	Key Performance Indicator
	Meaning
	Source





	Activation rate of Redispatch to avoid grid congestions from the DGs perspective
	Amount of activations needed to avoid grid congestions
	Present Paper



	Congestion solving capability
	Performance in using distributed system operator (DSO) assets, DER’s and neighbourhood grids to execute congestion solving and percentage reduction of overloaded lines using the flexibility
	[49]



	Community self-sufficiency
	Percentage of electricity demanded by the local community agents that is produced within the community
	[50]



	Demand flexibility
	The amount of load that can be shifted temporally at each time step
	[51]



	Degree of curtailment
	Percentage of curtailment from the generation
	[52]
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
LWL
e
—————
1 1

LWL
7 [ 1
1 1\

SRR

Tulily





nav.xhtml


  energies-16-04319


  
    		
      energies-16-04319
    


  




  





media/file0.png





media/file2.png
Consumers

PV Plants

oy

Wind Plants

p-w-u

Battery Storages

@ 8

EV-Charging CHP Units

(2

Other Generators






media/file5.jpg





media/file6.png
Neighbourhood Grid (NG)

Distribution Grid (DG)

Optimisation and Negotiation

1
II
II
II
II
II
II
II
II
II
II
Unit capacity 1ING forecast and
. ! flexibility offer.
4 " -
II
II
II
II
II
II
II
II
II
II
II
II
1
:: Redispatch
11 measure with
4 P ::power set points
~ Power set - "
1
point i
control ::
"
II
II
II
II
II
1
NG Internal ::
"
II

Sensitivity
analysis
results

Forecast and
flexibility offer of each
DER unit

DG Operation Center

Acknowledgment or
redispatch measure

for each unit l

DERSs connected to the DG

Forecast and flexibility offers

Collect all forecasted values and flexibility offers

Planning information

Grid Optimisation and redispatch analysis






media/file3.jpg





media/file1.jpg
o m + @ @@

Consumers  PVPlanis  Wind Plants Battory Storages EV-Charging CHP Units  Other Generators.





