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Abstract

:

In recent years, local energy markets (LEMs) have been introduced to empower end-customers within energy communities at the distribution level of the power system, in order to be able to trade their energy locally in a competitive and fair environment. However, there is still some challenge with regard to the most efficient approach in organising the LEMs for the electricity exchange between consumers and prosumers while ensuring that they are responsible for their electricity-related choices, and concerning which LEM model is suitable for which prosumer or consumer type. This paper presents a hierarchical model for the organisation of agent-based local energy markets. According to the proposed model, prosumers and consumers are enabled to transact electricity within the local energy community and with the grid in a coordinated manner to ensure technical and economic benefits for the LEM’s agents. The model is implemented in a software tool called Grid Singularity Exchange (GSyE), and it is verified in a real German energy community case study. The simulation results demonstrate that trading electricity within the LEM offers economic and technical benefits compared to transacting with the up-stream grid. This can further lead to the decarbonization of the power system sector. Furthermore, we propose two models for LEMs consisting of multi-layer and single-layer hierarchical agent-based structures. According to our study, the multi-layer hierarchical model is more profitable for household prosumers as compared to trading within the single-layer hierarchical LEM. However, the single-layer LEM is more be beneficial for industrial prosumers.
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1. Introduction


1.1. Motivation and Literature Review


Electricity markets aim to manage the increasingly complex power system and ensure that all the electricity generated within the electricity grid is accounted and paid for by the consumers. In recent years, the fast growth of distributed energy resources (DER), while supporting the energy transition, also added a high level of complexity in maintaining the power grid’s reliability and stability. This daunting challenge cannot be resolved by the conventional top-down, centralized energy management approach due to the system complexity and variable nature of renewable generation [1]. As a solution, local energy markets (LEMs) have been introduced as new trading structures for the exchange of energy between prosumers and consumers at the distribution level of the power system, thus keeping the system cost and customer electricity prices relatively feasible and ensuring that electricity is consumed close to where it is produced. Authors in [2] defined LEMs as platforms for trading among prosumers and consumers within a geographic and social neighbourhood, in which the security of supply is ensured by superimposing the LEM into the up-stream grid. In addition, LEMs provide an enabling platform for energy participants to trade their services such as electricity, flexibility, and heat at the distribution level in a competitive and economically efficient way [3]. In the literature, several structures have been proposed for energy trading and sharing in LEMs, such as the peer-to-peer (P2P), community-based or pool market, and hybrid frameworks [4,5,6,7], which are explained in the following.



In the P2P framework, a prosumer has the opportunity to choose the energy product by assigning attributes of the actors whom they are willing to sell their energy production to or buy their demand from. In a situation where prosumers are unable to provide the attributes of their proposed trading partners, they are randomly matched [8]. Additionally, the concept of federated power plants based on self-organised P2P incentives for organising the DER through a bottom-up grid approach was proposed by [9]. The proposed concept promised to reduce the economic, social, and institutional challenges facing the traditional top-down power system approach. Authors of [10] proposed a multi-agent architecture for P2P electricity trading within micro-grids (MGs) that is based on blockchain technology. In [11], the authors proposed a P2P energy market platform based on a multi-class energy management system for coordinating energy trading between prosumers, distribution grid and in the wholesale market. The multi-class model added financial, social, philanthropic, and environmental values by accounting for the individual prosumer’s preferences for their generated electricity. The P2P electricity trading platform for matching producer and consumer agents based on a two-sided market matching theory was proposed by [12]. The proposed platform was profitable and most suitable for aggregators managing prosumers with different degrees of willingness to buy or sell electricity. The authors of [13] proposed an agent-based simulation framework and evaluation index to compare the performance of P2P sharing market mechanisms.



On the other hand, a community-based local trading framework is generally defined as a centralized platform responsible for matching energy producers and consumers in the LEM with the use of an agreed market matching mechanism [5]. Optimization models (such as linear programming, mixed-integer linear programming, nonlinear programming, and mixed-integer nonlinear programming), mathematical methods (such as simplex method, branch-and-bound technique, quadratic programming, interior-point method, game theory, point estimate method, and fuzzy logic), and heuristic methods (e.g., particle swarm optimization algorithm and genetic algorithm) are used in the literature to organise trades in a community-based LEM [14,15,16,17]. The authors of [18] proposed an iterative algorithm for energy transactions between distribution network operators and the LEM’s participants in order to provide additional profit to all participants. The authors of [19] implemented the uniform pricing, pay-as-bid, generalized second-price, and Vickrey–Clark–Groves clearing methods and evaluated the benefits and the efficiencies of the mechanisms. In [20], the authors suggested that the bidding strategy of the LEM participants have more impact on the performance of community-based LEMs as compared to increasing the production-to-consumption ratio of the local community. In [21], the authors proposed the advantages of a hierarchical approach for energy and flexibility trading in the LEM considering distribution network constraints and the offering/bidding strategies of prosumers.



According to [7], a hybrid LEM is a type of market that combines the attributes of both P2P and community-based trading frameworks. In their work, the authors of [5] derived the mathematical formulation of a hybrid market framework as a combination of the P2P and community-based market frameworks. A hybrid market framework based on a decentralized blockchain was proposed by [22] for exchanging energy among local electricity traders within a distribution grid. Decentralized energy management offers a wide range of options for prosumers to exchange their electricity product/demand and can also provide a higher level of transparency. Apart from the proposed LEM models found in the literature, there are also software tools supporting the operation and implementation of LEMs. Most of these tools are still in the research and development stage but are approaching market readiness [4,5,23].




1.2. Contributions and Organisation


Whilst there are several studies proposing different structures and models for LEMs, there is still a gap in the literature concerning the organisation of community-based LEMs by prosumers and consumers. This includes questions on which LEM models are suitable for different consumer and prosumer types and an analysis of the models’ behaviour using varied market-clearing mechanisms. Consequently, in this paper, we focus on the following research question: which market structure and clearing mechanisms are most suitable for local electricity markets? In order to answer this, we propose mathematical models for the multi-layer and single-layer hierarchical organisation of agent-based local energy markets implemented on an interface and open-source code base of the Grid Singularity Exchange (GSyE, previously termed D3A) in order to model, simulate, and optimize energy trading in local communities. Furthermore, we evaluate the model using key performance indicators such as self-sufficiency, self-consumption ratio, share of market savings, and share of individual savings to analyse the model that is suitable for different types of consumers and prosumers. The prosumers and consumers are classified as household consumers, industrial consumers, commercial consumers, household prosumers, commercial prosumers, and industrial prosumers. Notably, this paper is an extended version of [24], where authors compared different market clearing mechanisms such as the one-sided pay-as-offer, the two-sided pay-as-bid, and the two-sided pay-as-clear market clearing mechanisms, and then showed the advantages of each clearing mechanism in a single-layer local electricity market. All in all, the main contributions of the paper can be summarized as follows:




	
We propose a mathematical model for the hierarchical organisation of agent-based local energy markets.



	
We implement the proposed hierarchical model in the Grid Singularity Exchange as an open-source code base software tool and show how it can be used for local electricity exchange.



	
We analyse the benefits of electricity trading in hierarchical local energy markets with the use of key performance indicators for different market structures, market-clearing mechanisms, and different consumer and prosumer types.








The remaining sections of this work are structured as follows. The proposed LEM architecture, exchange agent, and bidding strategies are described in Section 2. The LEM data, community setup, and price components are discussed in Section 3. Section 4 presents the results of our case studies and discusses the findings in details. Finally, the paper is concluded in Section 5.





2. Proposed Hierarchical, Community-Based Local Energy Market Structure


In this section, the proposed community-based LEM structure, its actors, the mathematical model as well as the offering/bidding and matching strategies are explained. In our proposed model, the smart grid architecture’s function layer is used to evaluate the market trading infrastructure of the proposed LEM design based on [25]. Furthermore, the distribution grid constraints are not considered in our proposed LEM structure because of the lack of real data for the studied local energy community.



2.1. Agents


The agents of the proposed LEM design can be classified into physical and virtual agents. The physical agents can be the distribution system operator (DSO) and the LEM’s participants consisting of consumers, prosumers, and producers. The virtual agents include the exchange agent. Moreover, the LEM consists of external agents, the so-called retailer and grid agent, to enable transactions between the local community and the up-stream grid in case the LEM participants cannot transact electricity with the local community. The functions of the LEM’s agents are explained in the following:




	
The Local Market Operator (LMO) determines the market clearing (one-sided pay-as-offer, two-sided pay-as-bid, and two sided pay-as-clear) mechanism of the LEM and provides access to the LEM’s individual participants. The LMO is responsible for maintaining the LEM exchange agent. The LMO is also in charge of providing market clearing results and market statistics to the DSO, retailer, and the LEM participants.



	
LEM participants, also known as local electricity traders (LETs), are local agents who own loads, distributed energy resources, and energy storage systems that are empowered to transact in the LEM.



	
The DSO is in charge of maintaining the distribution grid and ensuring grid stability. Moreover, the DSO expresses the state of the distribution grid (e.g., grid-connected and islanded modes based on the interaction between the distribution network and the up-stream grid) as well as assigns static and dynamic grid charges per kWh for electricity traded between LEM participants. Moreover, the grid charges are the cost of maintaining the distribution grid, which is paid per kWh of electricity transacted within the local community; this is incorporated in the process of clearing bids and offers.



	
Retailers have a contract with LETs to provide them with continuous energy if they are unable to trade electricity with the LEM.



	
The grid agent or the up-stream grid agent acts as an external agent of the LEM, and the local community is able to trade electricity with that in the case of extra local production or consumption. Moreover, the grid agent is modelled as an infinite bus on the distribution grid.



	
The exchange agent is an open-source code based on Python and other programming tools; it was developed by Grid Singularity and is called the Grid Singularity Exchange [26]. The exchange agent is responsible for receiving bids and offers, matching the orders, and sending the matched results to LETs, retailers, and the DSO. In the exchange agent, physical agents are defined as those who serve as digital twins for electricity assets such as PVs, electrical loads, and energy storage systems. In addition to electricity asset agents, there are grid and virtual organisation-based agents, including the household, block, sub-community, and community agents in the hierarchy. Thus, the virtual community agents are responsible for energy transactions and forwarding unmatched bids and offers from a lower level to a higher level in the hierarchy. Finally, the grid agent provides the LEM with the external retail electricity price for allowing energy transaction with the up-stream grid.









2.2. Hierarchical Structure for Electricity Trading in the LEM


Figure 1 shows a simple hierarchical structure of agents within the multi-agent framework. To describe the mathematical model for the physical and virtual agents, we consider load, PV, and storage devices in a local community k that participate in local electricity trading. The load, PV, and storage agents can be represented by (  L k  ), (  P k  ), and (  E k  ), respectively. If   H k   represents the agent of the community k, then we have the following:


         {  P k  ∪  L k  ∪  E k  }  ⊂  H k  .     



(1)







If community k is a sub-community of community i with a set of other sub-communities, and the total number of sub-communities of community i is N, then we have:


         {  H 1  ∪  H 2  ∪ … ∪  H N  }  ⊂  A i  ,     



(2)




where   A i   represents the agent of community i, and   H 1  ,   H 2  , …,   H N   represent the agents of sub-communities 1 to N, respectively. Furthermore, if community i is a sub-community of community j, and there exist other sub-communities within community j and an energy storage device belonging to community j, the total number of sub-communities belonging to community j is M, and the ESS agent of the community j storage system is represented by (  E j  ). Then, we have the following:


         {  E j  ∪  A 1  ∪  A 2  ∪ … ∪  A M  }  ⊂  R j  ,     



(3)




where   R j   is the agent of community i. Finally, from (3), a community agent is defined as a virtual agent that can consist of other agents of communities or sub-communities, and agents representing physical assets within the community. This way, the community agent creates a hierarchical organisation of agents belonging to its own local area. Section 2.3 describes the setup of the hierarchical model, and how bids and offers are forwarded by the community agents.




2.3. Hierarchical Bids and Offers Forwarding


In this paper, the analysed market clearing mechanisms in the exchange agent are the two-sided pay-as-bid (TPB) and the two-sided pay-as-clear (TPC) mechanisms. The LEM serving as a case study is a real-time market, set to 15 min time slots. Agents submit their bids and offers within the 15 min interval before the energy exchange time. Each time slot,   T  s l o t   , is divided into 15 s tick lengths,   T  t i c k   , as represented by (4):


   N  t i c k   =   T  s l o t    T  t i c k    ,  



(4)




where   N  t i c k    is the number of ticks per time slot. Depending on the type of market clearing mechanism, the tick length is the time before market clearing is triggered within the platform. According to the proposed LEM design, physical agents first submit their bids and offers directly to a local community in the first hierarchy. The first local community hierarchy level of the studied model is a block, the next level is a zone, and the final level is a community called the higher community. Assuming that the area of the first local community hierarchy is i, the set of bids in the community i from different physical agents at tick t is represented by   B  i , t   , and the set of offers of physical agents from the same community at tick t is represented by   S  i , t   . As the market has   N  t i c k    number of ticks, physical agents are able to submit their bids and offers at any tick. The set of bids submitted to community i at tick t is represented by the following:


      B  i , t   =  {  b  i , 1 , t   ,  b  i , 2 , t   , … ,  b  i , n , t   }  , ∀ t <  N  t i c k   ,     



(5)




where n is the total number of bids (physical agents) in community i at tick t. In other words, physical agent n is allowed to submit only one bid to the local community at tick t.   b  i , n , t    is bid n of the bids in community i at tick t. Each bid (  b  i , n , t   ) contains the quantity of energy (  q  i , n , t  b  ) that the agent wishes to buy and the maximum price (  p  i , n , t  b  ) per kWh of electricity that the agent is willing to pay for, as shown in (6):


      b  i , n , t   =  (  q  i , n , t  b  ,  p  i , n , t  b  )  , ∀ t <  N  t i c k   ,     



(6)







In the same way, the set of offers submitted to community i at tick t is represented by the following:


      S  i , t   =  {  s  i , 1 , t   ,  s  i , 2 , t   , … ,  s  i , m , t   }  , ∀ t <  N  t i c k   ,     



(7)




where m is the total number of offers (physical agents) in community i at tick t. Physical agent m is allowed to submit only one offer to the local community at tick t.   s  i , m , t    is the offer m in community i at tick t. Each offer contains the quantity of energy (  q  i , m , t  s  ) that the agent wishes to sell and the minimum price (  p  i , m , t  s  ) per kWh of electricity that the agent is willing to receive, as represented by (8):


      s  i , m , t   =  (  q  i , m , t  s  ,  p  i , m , t  s  )  , ∀ t <  N  t i c k   .     



(8)







The set of all bids and offers submitted to community i at tick t is the union of the set of bids and offers from (5) and (7), respectively. This is presented by the following equation:


         {  B  i , t   ∪  S  i , t   }   = {   (  q  i , 1 , t  b  ,  p  i , 1 , t  b  )  ,  (  q  i , 1 , t  s  ,  p  i , 1 , t  s  )  ,  (  q  i , 2 , t  b  ,  p  i , 2 , t  b  )  ,  (  q  i , 2 , t  s  ,  p  i , 2 , t  s  )  , … ,        (  q  i , n , t  b  ,  p  i , n , t  b  )  ,  (  q  i , m , t  s  ,  p  i , m , t  s  )   }         



(9)







Thus, Equation (9) can be simplified into (10).


      {  B  i , t   ∪  S  i , t   }  =  {  O  i , 1 , t   ,  O  i , 2 , t   , … ,  O  i , ( m + n ) , t   }  ,     



(10)




where   O  i , ( m + n ) , t    is defined as the   ( m + n )  th order submitted to community i at tick t. This order can be a bid or an offer to buy or sell a defined quantity of energy at a maximum/minimum price limit in ct/kWh. The LEM is cleared at the end of every tick. Hence, the matched bids and offers at the end of tick t is represented in the following equation:


      {  B  i , t   Π  S  i , t   }  =  {   O ̲   i , 1 , t   ,   O ̲   i , 2 , t   , … ,   O ̲   i , y , t   }  , y ≤  n , m  ,     



(11)




where    O ̲   i , y , t    is the yth match order at tick t containing the match quantity (   q ̲   i , y , t   ), price (   p ̲   i , y , t   ), identity of buyer (  I b  ), and identity of seller (  I s  ), as represented by (12):


       O ̲   i , y , t   =  (   q ̲   i , y , t   ,   p ̲   i , y , t   ,   I  b  ,   I  s  )  , y ≤  n , m  .     



(12)







At same time, the unmatched bids and offers are represented by the set containing the difference between all submitted orders and the matched orders, as expressed in (13):


      {   B ¯   i , t   ∪   S ¯   i , t   }  =  {  (  B  i , t   ∪  S  i , t   )  −  (  B  i , t   Π  S  i , t   )  }      



(13)







Equation (14) expresses the unmatched orders for d number of orders.


      {   B ¯   i , t   ∪   S ¯   i , t   }  =  {   O ¯   i , 1 , t   ,   O ¯   i , 2 , t   , … ,   O ¯   i , d , t   }  , d ≤  ( n + m ) − y  .     



(14)







Similar to Equation (9), for an f number of unmatched bids and an h number of unmatched offers, Equation (14) can be re-expressed in terms of bid and offer quantities and prices, as presented in (15):


         {   B ¯   i , t   ∪   S ¯   i , t   }   = {   (   q ¯   i , 1 , t  b  ,   p ¯   i , 1 , t  b  )  ,  (   q ¯   i , 1 , t  s  ,   p ¯   i , 1 , t  s  )  ,  (   q ¯   i , 2 , t  b  ,   p ¯   i , 2 , t  b  )  ,  (   q ¯   i , 2 , t  s  ,   p ¯   i , 2 , t  s  )  , … ,        (   q ¯   i , f , t  b  ,   p ¯   i , f , t  b  )  ,  (   q ¯   i , h , t  s  ,   p ¯   i , h , t  s  )   } , d =  f + h  .         



(15)







Suppose community i is a sub-community of community j. The market is modelled such that the agent of community i (  A i  ) will forward the unmatched bids and offers of community i to community j after two ticks. Similar to (9), the bids and offers of community j for n and m numbers of bids and offers, respectively, at the (  t + 2  )th tick is given by the following equation:


         {  B  j , ( t + 2 )   ∪  S  j , ( t + 2 )   }   = {   (  q  j , 1 , ( t + 2 )  b  ,  p  j , 1 , ( t + 2 )  b  )  ,  (  q  j , 1 , ( t + 2 )  s  ,  p  j , 1 , ( t + 2 )  s  )  ,  (  q  j , 2 , ( t + 2 )  b  ,  p  j , 2 , ( t + 2 )  b  )  ,        (  q  j , 2 , ( t + 2 )  s  ,  p  j , 2 , ( t + 2 )  s  )  , … ,  (  q  j , n , ( t + 2 )  b  ,  p  j , n , ( t + 2 )  b  )  ,  (  q  j , m , ( t + 2 )  s  ,  p  j , m , ( t + 2 )  s  )   } , ∀   ( t + 2 )  <  N  t i c k   .        



(16)







Since community j is a large community with many other sub-communities, (16) can be expressed in terms of the orders from different sub-communities. If there are w sub-communities in community j, (16) can be expressed as follows:


      {  B  j , ( t + 2 )   ∪  S  j , ( t + 2 )   }  =  {  (  B  1 , ( t + 2 )   ∪  S  1 , ( t + 2 )   )  ,  (  B  2 , ( t + 2 )   ∪  S  2 , ( t + 2 )   )  , … ,  (  B  w , ( t + 2 )   ∪  S  w , ( t + 2 )   )  }      



(17)




where   (  B  w , ( t + 2 )   ∪  S  w , ( t + 2 )   )   is a set containing the bids and offers submitted to community j by the agent of community w,   A w   at tick   ( t + 2 )  . Since i is a sub-community within community j, we have the following equation:


      {  B  i , ( t + 2 )   ∪  S  i , ( t + 2 )   }  ⊂  {  (  B  1 , ( t + 2 )   ∪  S  1 , ( t + 2 )   )  ,  (  B  2 , ( t + 2 )   ∪  S  2 , ( t + 2 )   )  , … ,  (  B  w , ( t + 2 )   ∪  S  w , ( t + 2 )   )  }  .     



(18)







Hence, the orders submitted to community j by virtual agent (  A i  ), which represent the sub-community i that exists in community j at the (  t + 2  )th tick is as follows:


         {  B  i , ( t + 2 )   ∪  S  i , ( t + 2 )   }   = {   (   q ¯   i , 1 , t  b  ,   p ¯   i , 1 , t  b  −  G j  )  ,  (   q ¯   i , 1 , t  s  ,   p ¯   i , 1 , t  s  )  ,  (   q ¯   i , 2 , t  b  ,   p ¯   i , 2 , t  b  −  G j  )  ,  (   q ¯   i , 2 , t  s  ,   p ¯   i , 2 , t  s  )  , … ,        (   q ¯   i , f , t  b  ,   p ¯   i , f , t  b  −  G j  )  ,  (   q ¯   i , h , t  s  ,   p ¯   i , h , t  s  )   } ,         



(19)




where   G j   is the grid fee for local community j at the simulation time slot. Comparing Equations (15), (16), and (19), we obtain the following:


         {   B ¯   i , t   ∪   S ¯   i , t   }  ⊂  {  B  j , ( t + 2 )   ∪  S  j , ( t + 2 )   }  , ∀  L i  ⊂  L j  .        



(20)







In this way, bids and offers are forwarded from a lower community or area hierarchy to a higher one. This forwarding of bids from lower to higher hierarchies happens as far as t <   N  t i c k    and for all lower communities whose local area (  L i  ) is contained in the local area of the higher community (  L j  ). At t =   N  t i c k   , the remaining electricity quantity is traded with the up-stream grid at the grid price. Hence, for our case study, where we have three community hierarchies (blocks, zones, and higher communities), the reason for the 15 s tick length is to ensure that even the bids/offers submitted at the last minute of the 15 min market slot is forwarded in order to reach the up-stream grid agent if not traded within the LEM.




2.4. Trading Strategies for Physical Agents


The update interval is defined as how often an agent updates its bid and offer prices using the interval trading strategy. In the exchange agent, an interval-based trading strategy is defined for each physical agent, which is described in the following section.



2.4.1. EL Agents


The consumer defines the minimum and maximum rate at which they are willing to buy electricity. Equation (21) defines the algorithm for the load interval bidding strategy.


  Δ  r b  =   (  r  b , f   −  r  b , i   )   (  T s  −  T i  )   ×  T i  ,  



(21)







The final and initial buying rate are   r  s , f    and   r  s , i   , respectively.   T s   and   T i   represent the slot length and the update interval. The EL agent tries to buy electricity first at the lowest rate defined by the consumer. After a defined simulation update interval, the buying rate is increased by  Δ   r b   if the trade is unsuccessful or partially successful. As represented in (21), the buy price is increased continuously after every update interval until all the electricity demands are provided, or until the defined maximum rate is reached, as shown in Figure 2a.




2.4.2. EP Agents


Just as the EL agent, the initial and final trade rates are defined for the EP agents. However, the EP agents first try to sell their electricity at the maximum rate. This maximum rate is known as the initial selling rate. After every update interval, the selling rate is reduced by  Δ   r s   based on Equation (22) if the energy quantity produced by the EP is not matched or just partially matched.


  Δ  r s  =   (  r  s , i   −  r  s , f   )   (  T s  −  T i  )   ×  T i  ,  



(22)




where   r  s , i    and   r  s , f    represent the initial and final selling rates of the EP, respectively. The reduction in the EP’s selling rate continues until all the EP electricity generation is sold or the defined minimum rate is reached, as shown in Figure 2b.




2.4.3. ESS Agents


The ESS agent trading strategy is a combination of the EL and EP trading strategies, with a defined boundary for the entire range of electricity rates, as shown in Figure 2c. Hence, the ESS agent trading rate is split into the upper and lower price ranges. The upper and lower price ranges are the selling and buying price ranges, respectively. ESS agents submit two orders to the exchange at each market slot that contain a bid and an offer. The bid price is determined using the lower price range and the load bidding strategy after each update interval. Simultaneously, the offer price is determined using the upper price range. This simple strategy is used by the ESS to buy energy at a cheaper rate and sell to the community at a higher one. However, in the local community, the cost of buying electricity from the ESS is always cheaper compared to buying it from the up-stream grid.





2.5. Performance Indicators


LEM performance indicators are parameters used to access the performance of an LEM. The LEM key performance indicators we used to evaluate our model are the share of individual savings, community self-sufficiency, and the self-consumption ratio. An additional performance indicator, known as the P2P closeness index, was also used to analyse our model. The performance indicators are defined as follows:



Share of individual savings: The share of individual savings (SIS) is the percentage of savings made by an individual prosumer or consumer for trading in the LEM as compared to trading without the LEM [20]. SIS is presented in (23), where   Π  j , t    and   Π  j , t  *   are the net costs for trading electricity without and with the LEM, respectively, for agent j at time t.


  S I  S j  =    ∑ t   (  Π  j , t   −  Π  j , t  *  )     ∑ t   Π  j , t     × 100 ,  



(23)







Community self-sufficiency: Community self-sufficiency (SS) is the percentage of electricity demanded by the local community agents that is produced within the community, as defined in [27]. The community SS is expressed by (24), where   E  j , i , t    is the amount of energy traded between EP agent j and EL agent i at time t.


  S S =    ∑  j ( j ≠ i ) , i , t    (   E  j , i , t    + |   L  j t   −  P  j t   e p    | )     ∑  j , t    L  j t     × 100  



(24)







Community share of market savings: Community share of market savings (SMS) is the sum of the shares of individual savings made by each local agent for trading within the LEM as compared to trading without the LEM [27]. The community SMS is represented in (25).


  S M S =    ∑  j , t    (  Π  j , t   −  Π  j , t  *  )     ∑  j , t    Π  j , t     × 100 ,  



(25)







P2P closeness index: The P2P closeness index is defined for the first time in this paper and provides information on how the total electricity exchanged within a community is geographically close, from the source of production to the point of consumption. It gives information on how close the electricity consumer is to the producer within a community where both actors exchange electricity. Equation (26) represents the P2P closeness index (  C I  ):


  C I =    ∑  j ( j ≠ i ) , i , t    E  j , i , t   ×  R f     ∑  j ( j ≠ i ) , i , t    E  j , i , t     × 100 ,  



(26)




where   R f   is the trade index and is in the range of [0, 1] (  0 ≤  R f  ≤ 1  ), depending on how far the prosumer is from the consumer. This means that the closer the prosumer is to the consumer, the higher the trade index. Table 1 displays the trade index for different combinations of the buyers and sellers’ geographic location.





3. Simulation Setup


In this paper, several simulation scenarios are considered through different market clearing mechanisms by varying the community production-to-consumption ratio (PtC) and the number of hierarchies per local electricity market setup. To assess the performance of the hierarchical market model, we analysed the impact of different market models on an LEM. In this way, single-layer and multi-layer, hierarchical, agent-based local energy markets are studied utilising market key performance indicators to determine the most beneficial model for the LEM. The data and price components of the different simulation scenarios are described in the following sections.



3.1. Data Description


The LEM was simulated during a period of one week, with 120 LETs consisting of 68 household consumers, 4 commercial consumers, 7 commercial prosumers, 6 industrial prosumers, and 35 household prosumers in 28 simulation scenarios created by changing the combination of market clearing mechanisms, the number of hierarchy levels, and the annual PtC ratio. The load profile was a combination of profiles from [28], LoadProfile-Generator [29,30], and standard load profiles [31,32]. The varying factors, while using the LoadProfileGenerator software, were the number of occupants in each apartment, the work schedule of the occupants, types of household appliances, and age group of the occupants. The Stuttgart region was used for all the profiles. The commercial and industrial profiles used are standard load profiles from StromNetz Berlin for the year 2019 [31]. The annual consumption of the commercial profiles was between 25,000 kWh and 30,000 kWh, while for the industrial profiles, it was between 49,000 kWh and 54,500 kWh. A random error in the range of 5–30% was added to each time step of every commercial and industrial profile to ensure the uniqueness of the data for each LET. The PV production profiles were based on Ref. [33] using Renewables Ninja [34] for the Stuttgart region. The losses of the PV systems were varied between 5% and 15%. All the profiles were generated with a tilt angle of 35   ∘   of the PV. In the setup file, 14 households and one commercial prosumer were equipped with battery storage, with capacities ranging between 7.5 kWh and 13.5 kWh and maximum absolute power between 3.5 kW and 5.25 kW. Additionally, two community storage systems with a capacity of 140 kWh and 120 kWh and a maximum power of 40 kW were included in the local community. All storage systems had a minimum allowed state of charge of 10%.




3.2. Price Components


Two community configurations, namely single and multi-layer, hierarchical, agent-based local communities, were evaluated using different market clearing mechanisms. For both community models, the large community (higher community) was classified into sub-communities called zones. The zones were further classified into blocks. Table 2 shows the hierarchical arrangement of the large community, sub-communities, zones, and blocks. The prosumer and consumer types consist of household (HH), commercial (CM), and industrial (IND) types. The HHS and CMS are household and commercial prosumers with storage systems, respectively. In addition, the households were randomly assigned to different blocks, and the blocks were randomly assigned to different zones. Moreover, blocks were considered as households in the same building, and none of the blocks had more than one commercial prosumer. Since industrial prosumers and consumers have higher capacities, they were also classified separately under the zones. Thus, none of the blocks had any industrial consumers/prosumers. As zones contain LETs that are close to each other, local grid fees for trades within a zone were half of the community local grid fee. Consequently, blocks contained LETs that belong to a building block (e.g., an apartment) and could trade electricity without using the external grid. For trades within a block (blk), consumers only paid for the metering fees and VAT in addition to the energy cost.



The price component for both LEM models is shown in Table 3. The price components for trading within the local community include the energy price of the electricity producer, metering fee, local grid fee, and a 19% value-added tax (VAT) [35]. The energy price is the amount of money (cents/kWh) that a producer will receive for feeding electricity into the LEM. The metering and the local grid fees are surcharges paid for maintaining the metering infrastructure and the local distribution grid, respectively. The value-added tax (VAT) is the 19% paid for buying electricity from the local community. This is usually 19% of the sum of the energy price, metering, local, and up-stream grid fees. An additional surcharge known as the up-stream fee is added if the electricity is traded with the up-stream grid.



The total energy price was capped at 31.5 cents/kWh, which was based on the average electricity cost in Germany [36]. For the single-layer community model, there were no sub-community agents, and therefore the local agents (device agents) were able to trade electricity directly in the local community based on the market clearing mechanism, as shown in Figure 3. The higher-community agent was responsible for coordinating this market, and the electricity not traded within the community was bought/sold from/to the external up-stream grid agent by the higher-community agent. However, for the multi-layer community model, each sub-community had its own sub-community agent responsible for coordinating the trade within the sub-community, as shown in Figure 4. Electricity not traded within the sub-community was forwarded to the higher hierarchy by the sub-community agent.





4. Results and Discussion


4.1. Energy Exchange per Community Block


In this section, the impact of different market models on local electricity trading is assessed. Figure 5a shows the energy exchange for selected community blocks with single-layer and multi-layer community setups using the two-sided, pay-as-bid market clearing mechanism. Internal trade is the energy traded between the device agents within a sub-community block. Total import is the total energy imported to a sub-community from the higher sub-communities, communities, and the up-stream grid. The sum of the energy exported to the higher sub-communities, communities, and up-stream grid from a sub-community is the total export of the sub-community. Comparing the higher and lower graphs of Figure 5a, it is evident that for all community blocks, internal trade is higher for the multi-layer as compared to the single-layer community. Furthermore, the total import and total export of the blocks are higher for the single-layer community as compared to the multi-layer community. Since the multi-layer community organises the market in a greater hierarchical form than the single-layer model, it ensures that local agents first trade electricity at the lowest sub-community level and forward only untraded energy to the higher communities. This results in higher levels of internal trade and in lower total import and total export for the multi-layer community as compared to the single-layer community.




4.2. Energy Exchange per Community Zone and Higher Community


Figure 5b displays the energy exchange of all the zones and higher communities with the single-layer and multi-layer community setups using the two-sided, pay-as-bid market clearing mechanism. The internal trade of a zone is the energy traded between the blocks and the device agents within a zone at the zonal level. In the same way, the internal trade of the higher community is the energy traded between the blocks, zones, and device agents within the higher community at the higher-community level. The total import of a zone is the total energy imported to the zone from the higher community and the up-stream grid. The total import of the higher community is the total energy imported to higher community from the up-stream grid. Moreover, the total export of a zone is the total energy exported to the higher community and the up-stream grid from the zone. The total export of the higher community is the total energy exported to the up-stream grid from the higher community. It is important to mention that all zones (from Zone-A to Zone-E) are sub-communities of the higher community.



The internal trade of all zones are higher for the multi-layer community compared to the single-layer community. Moreover, the total export and total import of each zone for the multi-layer community are lower compared to those of the single-layer community. Thus, it is evident that the multi-layer community coordinates the market trades better than the single-layer community. Furthermore, the total import of the higher community for the single-layer and the multi-layer communities is the same. This shows that both models only import energy that cannot be produced within the higher community from the up-stream grid. However, the internal trades of the higher community for the single-layer community is greater compared to the multi-layer community. Since the single-layer community is not coordinated, most of its trades take place at the higher-community level. This further results in higher internal trades and total export for the higher community within the single-layer community as compared to those of the multi-layer community.



Figure 6 shows further information on the electricity exchange for selected blocks and all the zones, including the higher community of the single-layer community. The external trades (external import and external export) of a community or sub-community are energy traded from the higher communities within the hierarchy and not from the up-stream grid. The external trades of the sub-community blocks and zones are higher compared to the internal trades. Hence, most of the trades for the single-layer community take place externally because the trades are not coordinated and thus happen randomly. The external trade of the higher community is zero because the higher community is the highest hierarchy of the LEM. Hence, any trade which is not made within the higher community is exchanged with the up-stream grid. Furthermore, the total import of the higher community is equal to its import from the grid (Imp4mGrid), and the total export of the higher community is equal to its export to the grid (Exp2grid).




4.3. Comparison of Single-Layer and Multi-Layer, Hierarchical Local Energy Market Models


In this section, the market models for singe-layer and multi-layer hierarchical LEMs are compared in terms of the share of individual savings, share of market savings, community self-sufficiency, self-consumption ratio, and average trade rate with varying market clearing mechanisms.



4.3.1. Share of Individual Savings


Figure 7a shows the SIS for selected households (  C 50  ,   C 36  ,   C 17  , and   C 0  ) and commercial (  C 10  ,   C 13  ,   C 12  , and   C 9  ) consumers for different market models. The SLEM + TPB is defined as a market model with a single-layer hierarchical model for local energy trading based on the two-sided, pay-as-bid (TPB) market clearing mechanism. In the same way, the MLEM + TPC represents a market model with a multi-layer hierarchical structure of the local transaction based on the two-sided, pay-as-clear (TPC) market clearing mechanism. The single-layer and multi-layer market models are described in Section 3.2. From Figure 7a, it is evident that the multi-layer model creates more SIS for both household and commercial consumers of the TPC and TPB market clearing mechanisms as compared to the single-layer model. This is because the multi-layer community provides an opportunity for the consumers to buy their electricity from prosumers in their neighbourhood at a cheaper price and thus avoid a certain percentage of grid fees, which provides opportunity for the consumers to save more as compared to trading with prosumers outside their neighbourhood. However, the SIS of the commercial consumers is higher compared to that of the household consumers. Since the commercial consumers trade a higher amount of electricity as compared to household consumers, their SIS is higher than that of the household consumers.



The SIS for selected industrial prosumers (  P 15  ,   P 11  , and   P 19  ), household prosumers (  P 32  ,   P 21  , and   P 41  ), and commercial prosumers (  P 6   and   P 35  ) is displayed in Figure 7b for different market models. As seen in Figure 7b, changing from the single to the multi-layer community model increases the SIS of commercial and household prosumers. Similar to the case of consumers, trading with the multi-layer community provides the opportunity for the household and commercial prosumers to sell their electricity at a more beneficial price, which in turn creates additional SIS for the prosumers. On the other hand, changing from the single-layer to the mutli-layer LEM model decrease the SIS of the industrial prosumers (  P 15  ,   P 11  , and   P 19  ), as shown in Figure 7b. This is because the industrial prosumers are not located within blocks, and most industrial prosumers are located in a separate zone due to their large capacity; hence, they are unable to take advantage of the multi-layer community. In other words, they are unable to benefit from selling their electricity at a rate that is better for consumers who are located in another zone. Furthermore, with a single-layer LEM model, all the local electricity traders compete directly with each other to trade electricity at the same hierarchical level. This provides the industrial prosumers with the opportunity to trade more of their electricity with consumers and prosumers who are not located within their zone at a more beneficial rate. This external electricity bought/sold from/to outside of the industrial prosumers’ zone (Zone-E) but not from the upstream-grid is known as external import/export (Figure 6). Thus, unlike the household and industrial prosumers, a single-layer LEM model is more beneficial to industrial prosumers as compared to the multi-layer LEM model.




4.3.2. Community Self-Sufficiency


Figure 8a displays the community SS for increasing the production-to-consumption (PtC) ratio of the community under the four different market models. While the SS increases with an increasing PtC ratio, the market model types do not impact the community SS because the quantity of electricity imported from the up-stream grid is the same for the four models described, as seen in Figure 5b. This is because the cost of trading with the up-stream grid is higher for all the models. Hence, trading with the up-stream grid is the last option for the local agents since they have the same trading strategy.




4.3.3. Community Self-Consumption


The variation in the self-consumption (SC) ratio of communities with varying PtC ratios is shown in Figure 8b. The SC is constant with the increase of the PtC ratio from 0.2 to 0.4 for all the models, as shown Figure 8b. However, increasing the PtC ratio results in a decrease in the SC of the community for all the models with a PtC ≥ 0.4. Furthermore, the reduction rate of the SC is higher for the single-layer market models (SLEM + TPB and SLEM + TPC) as compared to the multi-layer LEM models. In other words, increasing the PtC ratio means producing more electricity within the local grid. Since less (low PtC ratio) electricity is produced within the community with a PtC ratio less than 0.4, all the electricity produced within the community is consumed inside the community. This results in a constant 100% SC ratio, with PtC ratios from 0.2 to 0.4. Moreover, increasing the PtC ratio to higher than 0.4 causes some of the electricity produced within the local community to be exported to the up-stream grid. However, the export quantity is higher for the single-layer communities as compared to the multi-layer communities, as illustrated in Figure 5b. The increase in the export quantity to the up-stream grid resulting from uncoordinated single-layer communities is in line with the decrease in the SC ratio of single-layer communities compared to the increasing PtC ratio of multi-layer communities.




4.3.4. Community Share of Market Savings


Figure 8c displays the community SMS with varying PtC ratios for the different market models. Increasing the PtC ratio increases the community SMS for all the models. However, the multi-layer community model creates an additional SMS compared to single-layer communities with an increasing PtC ratio. This is due to the fact that using the multi-layer community model reduces the quantity of electricity exported to the up-stream grid as a result of the multi-layer community coordination strategy. This provides additional revenue to the local market players, which then increases the SMS of the community.




4.3.5. Community Average Trade Price


The average trade price of the TPB market clearing mechanism with the single and multi-layer LEM models of a community is shown in Figure 9. For both models, the average trade price is between 5.5 and 31.5 ct/kWh. During the day, the average trade price is from 15 to 5.5 ct/kWh, while the average trade price is between 23.5 and 31.5 ct/kWh during the night. The lower average electricity price during the day is because of the high trade volume that results from the renewable energy generated during the day within the community. Additionally, the average trade price of the multi-layer community during the day is higher than the average trade price of the single-layer community. Furthermore, there are more benefits for the local community when the absolute value of the difference between the average trade price and the median trade price is less. Hence, the higher average trade price of the multi-layer community during the day is an evidence that it is more beneficial to trade electricity with the multi-layer community compared to trading with the single-layer community.




4.3.6. P2P Closeness Index


Figure 10 illustrates the P2P closeness index for the four market models evaluated. It demonstrates how the P2P closeness is not affected by the LEM clearing mechanism. However, the market model has an impact on the closeness index of the LEM. The multi-layer community creates an additional closeness index as compared to the single-layer community because of its ability to coordinate the LEM; it also ensures that the energy generated within the LEM is consumed by consumers that are closer to the producers.





4.4. Comparison of Sub-Community Average Trade Price


Figure 11 displays the average trade price for all the sub-communities and communities with the mutli-layer community model and the TPB clearing mechanism.



For all the communities (sub-communities), the average trade price of the lowest sub-communities (blocks) are closer to the average of the minimum and maximum trade prices. Furthermore, the average trade prices of the zones are between the average trade price of the blocks and that of the higher community. This shows that it is more beneficial to trade electricity at the lowest sub-community hierarchy within an LEM than trading within the higher community (sub-community) hierarchy. Hence, the higher the community hierarchical is from a device agent, the less beneficial it is for the agent to trade electricity within the community level. The average trade price of zone-B decreases to a level below the community trade price during the day time because of the large community and household storage systems in zone-B. Since there is no intelligent trading strategy for moving energy stored in the storage systems to when less electricity is generated in the LEM, this results in a drastic reduction of the average trade price for Zone-B.




4.5. Time Complexity


Table 4 shows the average computational time per market slot while running the simulation on a PC with 16.0 GB of RAM installed, an Intel (R) Core(TM) i7 2.90 GHz processor, and an Ubuntu operating system. Comparing the models reveals that the single-layer communities take about twice the time required by the multi-layer community to complete their computation for each market slot. Additionally, the TPB market clearing mechanism requires more time to complete their computation as compared to the TPC clearing mechanism. Hence, notwithstanding all other advantages of the multi-layer community over the single-layer community models, multi-layer community models still take less computational time per time slot as compared to single-layer community models. This technical benefit of multi-layer community models and other economic benefits they have over single-layer community models makes it advantageous to adopt a multi-layer community model for LEM implementation, especially for household and commercial consumers and prosumers.




4.6. Discussion


The proposed hierarchical, agent-based model framework organises bids and offers based on the location of the agents and considering local grid fees. The device agents compete with each other directly from the house level until the up-stream grid level, thereby ensuring a competitive and efficient market. Bids/offers which are not matched at sub-community levels are forwarded to higher sub-communities or communities that consider grid fees. This approach does not require a third part such as an aggregator to exchange its electricity with the up-stream grid as the local agents organise their electricity by themselves. In some of hierarchical models developed in the literature, there is only the presence of an aggregator responsible for aggregating the trade from different microgrids and buying/selling the deficit/excess from the up-stream grids [37,38]. However, in our proposed model, the device agents are responsible for making their bids/offers and even for interacting with the up-stream grid without a third party. This creates competitive markets among the local device agents as they are responsible for their bids/offers. Furthermore, the major advantage of our proposed model is to save more for the local electricity traders and give them more power to have control over their local generation and demands. However, the local participants also have to take up the risk or losses that may come up from such markets. The local market trader may incur some loss from the market if they do not use intelligent agents for the bidding/offering. Additionally, comparing our key findings in this paper with a previous work [20] that has similar data and bidding/offering strategy, our proposed model shows better performance indicators, especially with the SMS and the SS.





5. Conclusions


This paper presents a mathematical model for a hierarchical, agent-based local electricity market framework. The proposed model shows how bid/offers are forwarded from one community to others within a hierarchy considering grid fees. The model was implemented on the open-source Grid Singularity Exchange to show its applicability in local electricity exchange. The simulations were performed in a German case study, analysing multiple scenarios to compare different market-clearing mechanisms and market models for the LEM. The simulation results revealed that by comparing the multi-layer and single-layer hierarchical models for LEMs, the multi-layer model is able to coordinate trades within the LEM and ensure that electricity is consumed closer to where it is generated. Furthermore, the multi-layer LEM community model reduces the total energy export from the LEM to the up-stream grid, increases the internal energy exchange in the LEM, increases the individual savings of the households, and increases the self-consumption and market savings of the local community as compared to the single-layer LEM community model. Moreover, the multi-layer community models resulted in a closer P2P index, lower average trade rate, and decreased the computational time of the LEM. However, for an industrial prosumer wishing to participate in LEM trading for individual economic benefits, the single-layer community model is more profitable as compared to the multi-layer LEM models.



It is worth noting that the distribution network constraints and the administrative costs were not considered in this paper, which will be addressed in our future research. We will also explore the administrative cost in comparison with simpler systems, additional local market-clearing mechanisms based on user attributes, clustering algorithms, and intelligent bidding strategies for local electricity trading.
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Figure 1. Multi-agent framework and hierarchical structure of LEMs based on the GSyE. 
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Figure 2. Trading strategy for (a) Load, (b) PV, and (c) battery agent. 






Figure 2. Trading strategy for (a) Load, (b) PV, and (c) battery agent.



[image: Energies 15 03575 g002]







[image: Energies 15 03575 g003 550] 





Figure 3. Single-layer, hierarchical, agent-based LEM. 
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Figure 4. Hierarchical community as a multi-layer, hierarchical, agent-based LEM. 
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Figure 5. Energy exchange per (a) block, (b) zone, and higher community for the single-layer (lower graph) and multi-layer (upper graph) models. 
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Figure 6. Energy exchange per block (upper graph) and zone (lower graph) for a single-layer community. 
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Figure 7. Share of individual savings for selected (a) consumers and (b) prosumers. 
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Figure 8. (a) Community self-sufficiency, (b) self-consumption, and (c) share of market savings for varying PtC ratios. 
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Figure 9. Community average trade price with the TPB clearing mechanism for one week. 
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Figure 10. P2P closeness index for different market models. 
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Figure 11. Community (sub-community) average trade price of Zone-A, Zone-B, Zone-C and Zone-D in multi-layer community model for a single day. 
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Table 1. Trade index for different prosumer–consumer combinations.






Table 1. Trade index for different prosumer–consumer combinations.





	Location of Buyer and Seller
	Trade Index





	Same block
	0.8



	Different blocks but same zone
	0.6



	Different zones but same community
	0.4



	Different communities
	0.2
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Table 2. Hierarchical arrangement of local traders.
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	Community
	No. of Pros [Type]
	No. of Cons [Type]
	Sub-Communities
	Community Storage





	Blk-1
	3 [HH]
	4 [HH]
	-
	-



	Blk-2
	2 [HH]
	4 [HH]
	-
	-



	Blk-3
	4 [HH]
	5 [HH]
	-
	-



	Blk-4
	-
	4 [HH]
	-
	-



	Blk-5
	1 [HH], 1 [HHS]
	3 [HH]
	-
	-



	Blk-6
	1 [HH], 1 [HHS], 1 [CMS]
	4 [HH]
	-
	-



	Blk-7
	2 [HHS]
	3 [HH]
	-
	-



	Blk-8
	1 [HH], 1[HHS]
	4 [HH]
	-
	-



	Blk-9
	2 [HHS]
	4 [HH]
	-
	-



	Blk-10
	2 [HH]
	3 [HH]
	-
	-



	Blk-11
	2 [HH]
	3 [HH]
	-
	-



	Blk-12
	2 [HH], 1 [CM]
	4 [HH]
	-
	-



	Blk-13
	2 [HH]
	4 [HH]
	-
	-



	Blk-14
	2 [HHS]
	3 [HH]
	-
	-



	Blk-15
	2 [HHS]
	3 [HH]
	-
	-



	Blk-16
	1 [HH], 2 [HHS]
	4 [HH]
	-
	-



	Blk-17
	1 [HHS]
	4 [HH]
	-
	-



	Blk-18
	-
	4 [HH]
	-
	-



	Zone-A
	2 [CM]
	1 [CM]
	[Blk-1, Blk-4]
	1



	Zone-B
	2 [CM]
	-
	[Blk-5, Blk-9]
	1



	Zone-C
	1 [CM]
	2 [CM]
	[Blk-10, Blk-13]
	-



	Zone-D
	2 [IND]
	1 [CM]
	[Blk-14, Blk-18]
	-



	Zone-E
	4 [IND]
	-
	-
	-



	Community
	-
	-
	[Zone-A, Zone-E]
	-
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Table 3. Price components for hierarchical community and with the up-stream grid.
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Components

	
Block

	
Zonal

	
Community

	
Up-Stream Grid




	
Trades

	
Trades

	
Trades

	
Trades






	
Energy price (ct/kWh)

	
[0 24.50]

	
[0 23.50]

	
[0 22.50]

	
[0 17.75]




	
Metering fee (ct/kWh)

	
0.32

	
0.32

	
0.32

	
0.32




	
Local grid fee (ct/kWh)

	
-

	
1.61

	
3.33

	
3.33




	
Up-stream grid fee (ct/kWh)

	
-

	
-

	
-

	
4.75




	
Value-added-tax (VAT) (ct/kWh)

	
[0.06 4.72]

	
[0.37 4.83]

	
[0.85 4.96]

	
[1.60 5.35]




	
Total (ct/kWh)

	
[0.38 29.54]

	
[2.30 30.26]

	
[4.50 31.11]

	
[10.00 31.50]
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Table 4. Average computational time per time slot for in different local market models.
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	Market Model
	Average Computation Time per Slot (s)





	SLEM + TPB
	185.41



	SLEM + TPC
	181.55



	MLEM + TPB
	83.36



	MLEM + TPC
	81.55
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