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En aquel Imperio, el Arte de la Cartografía logró tal Perfección que el mapa de una sola 

Provincia ocupaba toda una Ciudad, y el mapa del Imperio, toda una Provincia. Con el 

tiempo, estos Mapas Desmesurados no satisficieron y los Colegios de Cartógrafos 

levantaron un Mapa del Imperio, que tenía el tamaño del Imperio y coincidía 
puntualmente con él. 

Menos Adictas al Estudio de la Cartografía, las Generaciones Siguientes entendieron que 

ese dilatado Mapa era Inútil y no sin Impiedad lo entregaron a las Inclemencias del Sol y 

los Inviernos. En los desiertos del Oeste perduran despedazadas Ruinas del Mapa, 

habitadas por Animales y por Mendigos; en todo el País no hay otra reliquia de las 
Disciplinas Geográficas. 

Del Rigor en la Ciencia, Jorge Luis Borges. 

... 

Economic models are relevant and teach us about the world because they are simple. 

Relevance does not require complexity, and complexity may impede relevance. Simple 

models -in the plural- are indispensable. Models are never true, but there is truth in 
models. We can understand the world only by simplifying it. 

Economics rules: The rights and wrongs of the dismal science, Dani Rodrik.  
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Abstract 
Global warming triggered many countries to set ambitious climate targets for the past, 
current and upcoming years. For the European Union (EU), the targets set in 2007 in the 
climate & energy package aimed at 20% of the energy in the EU coming from renewable 
energies [1], a share that was increased to a minimum share of 32% for 2030 [2]. These 
renewable energy targets come together with reductions in greenhouse gas (GHG) 
emissions and energy efficiency targets, and are materialised in an important 
investment from the EU to impulse the energy transition. With a more concerned 
population than ever before towards the problematic of climate change, the installation 
of distributed energy resources (DERs) such as wind and solar photovoltaic (PV) is 
increasing rapidly. At the same time, the electrification of sectors like transport, with 
electric vehicles (EVs), or heating, with heat pumps (HPs), leaves the possibility to 
reduce the dependence from fossil fuels a feasible reality in a near future. DERs are 
moving the distribution systems from the traditional unidirectional centralised system 
to a bi-directional decentralised system that increases the complexity of the grid and 
brings urgent challenges, such as limiting the curtailment of renewables and preventing 
a grid that is over-sized. 

This work looks at how an energy community can participate in the market-based 
procurement of flexibility through a self-organised scheme, with the objective to 
quantify the economic and environmental benefits of this participation. Before any 
entity joins a local flexibility market (LFM), the first step is to quantify the potential 
benefits from the operation.  This project presents a tool that helps to quantify the gains 
of participating in LFMs and of doing load shifting. With the low revenues coming from 
participating in such markets as an entry barrier for new innovations in this field, a 
simple and universal tool can help to illustrate the current detachment between, for 
example, the costs of grid reinforcement and the alternative cost of a robust demand 
side management (DSM) mechanism. Such mechanism would also call for the need of 
more available data regarding historical flexibility activation prices to estimate the 
revenues coming from LFMs. Increasing market liquidity in LFMs is key to increase 
competition and ensure that market buyers can rely on the LFMs to solve technical grid 
constraints. In order to increase accessibility to the market and transparency, it is 
important that historical flexibility activation prices are public -as many other relevant 
electricity prices (e.g. day-ahead, intraday)- and can be shown in webpages such as the 
Transparency Platform from ENTSO-e [3], together with prices from other electricity 
markets. Today, the lack of available information and clarity on possible revenues 
coming from flexibility markets in Europe prevents possible flexibility service providers 
(FSPs) from entering the market and the creation of new LFMs. 

Through an exhaustive literature research on different aspects of flexibility, the present 
work looks at the current challenges to become a flexibility service provider for a large 
majority of the total addressable market. Finally, it confirms, with a simple tool, that the 
revenues coming from participating in LFMs are still a barrier, and proposes the most 
beneficial scheme to offer flexibility among a number of use cases. 
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Chapter 1 – Introduction and project scope 
1.1 Introduction 
While the energy transition starts to see a path, new challenges appear on the way. The 
rapid penetration of renewable energies and their higher uncertainty with respect to 
traditional electric systems bring new technical constraints for system operators. This 
rapid trend and the increased demand of electricity exceed the limits of a grid that was 
sized many years ago. The uncertainty of the output coming from renewable energy 
calls for corrective actions close to real-time, that the -almost- deterministic 
dispatchability of traditional power plants did not entail [4].  

 

Figure 1. Diagram of transformations of modern electric systems [5] 

At the same time, new proposals appear to work on a better optimisation that allows to 
integrate energy systems that have been traditionally decoupled: gas, electricity, and 
heating networks. Technologies like combined cycle gas turbines (CCGT), combined 
heat and power units (CHPs), power to gas (P2G) equipment, heat pumps and HVACs 
[6] link these systems at different levels (Figure 1), facilitating flexibility of a multi-
energy system analysis if an optimisation of the system as a whole is carried out. For 
example, a building manager participating in the SthlmFlex LFM project can choose to 
warm up a building in the centre of Stockholm with the building’s heat pump or with 
district heating. Then, when the electricity prices rise and turning on the heat pump 
becomes more expensive (or polluting if peak power plants are working at that time), 
the building manager can decide to heat the building from the district heating network 
for environomical reasons.  

It is a societal duty now to adapt to the changes towards a modern energy system and 
bring up the solutions to continue the current momentum towards the goal of clean 
energy for all. DERs can either be part of the congestion problem -reason why licenses 
to install PV systems are being denied in several areas in the Netherlands and other 
countries-; or become part of the solution, through active management and aiming at 
the lowest possible curtailment of these clean sources. Gradually, consumers seek a 
higher empowerment, and follow the high electricity market prices more than ever 
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before. The current scenario gives the floor to the possibility of becoming an active 
consumer or prosumer, and enabling DSM as a solution to solve some of the grid 
technical constraints. Seeking this empowerment, the concepts of Citizen Energy 
Communities (CECs) and Renewable Energy Communities (RECs) are becoming more 
popular with the economical support from the EU and local governments. With Europe’s 
high dependency on Russian gas, the need to build a solid and resilient energy system is 
imminent. CECs and RECs can improve the reliability and resiliency of the electrical and 
energy system and, at the same time, help societies in achieving connectivity, 
decoupling of demographical growth from energy consumption, and zero-carbon goals. 
For many of these concepts, national regulations are not yet ready. However, through 
the Clean Energy Package [7], the EU calls for distribution system operators (DSOs) to 
procure the necessary services through “transparent, non-discriminatory and market-
based procedures” when grid constraints allow it (Article 32, [7]).  

1.2 The Congestion Problem and the Flexibility Solution 
Energy alone is responsible for 73,2% of global GHG emissions [8]. National Dutch 
targets aim to reduce CO2 emissions by at least 55%-60% by 2030 (with respect to the 
1990 levels), by 70% in 2035 and by 80% in 2040 [9]. Replacing technologies using 
fossil fuels with low carbon resources and electricity-based technologies is a crucial 
step in mitigating the effects of climate change [10]. In parallel, the growing use of 
electricity increases the pressure on the grid and its limited capacity. One way to 
increase the capacity of the grid is to simply expand it. This is a complex, expensive and 
long-term option and therefore often undesirable [11]. Another option is to investigate 
the possibilities of a smart grid, including storage systems and improved coordination 
systems at all levels that can release the pressure on the grid. Both options are 
confronted and compared in [12]. 

The increased complexity coming from the latest changes in the power and energy 
sector affect a number of grid operators at different levels (transmission, distribution) 
and balance responsible parties (BRPs), that need innovative solutions to deal with the 
problematic in a sustainable, optimised and efficient way. On the transmission system 
operator (TSO) side, the uncertainty linked to the dependency of renewable energies on 
weather conditions, and the little controllability -through curtailment- brings challenges 
in ensuring balancing and frequency control [5]. For the DSO, decentralisation is 
increasing rapidly. The spread of energy generation could be an opportunity when 
actively managed, but brings additional complexity through bi-directional systems that 
can cause reverse power flows, voltage limit violations, congestion and line losses [5]. 
Congestion can come in the form of thermal overloading of power limit of the 
transformer, thermal overloading of current limit of the cable, and of under -or over- 
voltage at different voltage levels [13]. Congestion problems occur in the local power 
system as well as transmission and distribution grid. With an increase of electrification 
of assets at the distribution level, together with potential generation connected to it, it is 
a matter of time that the existing distribution grids reach their capacity limit and cannot 
provide the energy demanded safely and reliably. 

The need to provide additional services for the electrical network brings a number of 
products that are parallel markets to the common energy trading one; for example, 
several energy reserve markets, reactive power injection or markets for data. Capacity 
products can often be defined next to the energy ones. An example of the list of products 
offered within the European project CoordiNet is shown in Table 1 [14]: 
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Table 1. Products for grid services defined within Deliverable 1.3 of the CoordiNet project 

 

Grid congestion is an issue in many countries, and has a strong dependency to the 
geographical location, the installed grid infrastructure, the energy share, and the local 
weather, including seasonality. Using the Swedish example, around 47% of the national 
electricity is generated by renewable sources (IEA, 2020), of which 10% comes from 
wind power. Sweden is also a country with rough winters, a time when temperatures 
can go below zero degrees on average and sunshine duration is the shortest in the year. 
These conditions cause a sharp increase in energy consumption due to the high heating 
needs. The fluctuation in energy consumption leads to a big problem in installed 
capacity because new plants are not economically viable if they only generate electricity 
to meet demand in specific periods. The insufficient installed capacity materialises in 
the balancing and congestion problems.  

Many are the possible approaches to mitigate the balancing and congestion problems 
within this new scenario. However, the latest Energy Union Regulations and Directives 
and the liberalization of the power system started in 1996 point towards coping with 
these problems with the creation of flexibility markets enabled through DSM. Flexibility 
in electrical power systems is defined according to the Council of European Energy 
Regulators (CEER) as “The modification of generation injection and/or consumption 
patterns in reaction to an external signal (price signal or activation) to provide a service 
within the energy system.” [15]. Locally reducing the power consumption in the 
distribution line, reducing the line’s overall load or injecting generation at specific 
points along the distribution line can solve congestions. 

 

Figure 2. Share of the demand for flexibility in the 
upcoming years [16] 

 

Figure 3. Impacts of demand elasticity on wholesale 
price [17]

According to the panellists in [16], the demand for flexibility increases in (Figure 2): (1) 
Wholesale markets, (2) balancing and (3) congestion management. These three 
domains are strongly interlinked. The low price elasticity of the demand reveals how 
little prone it is the quantity in the demand to change with a changing price. According 
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to the author in [18], higher elasticity demand would lead to lower market power of 
producers and thus to a lower electricity price. During the California energy crisis of 
2000-2001, a demand reduction of 5% in the peak prices could have reduced electricity 
prices by 50%. Congestion management involves: first, the need to facilitate users the 
access to offering flexibility to increase the liquidity of flexibility markets; second, a way 
to manage congestion that is in line with the existing market models, and third, the need 
to build an effective tool to ensure DSO-TSO cooperation. Figure 4, coming from a study 
in Germany [19], illustrates the relation between the amount of flexibility that allows 
not to curtail a percentage of energy, to the percentage of savings in grid investment. 
For example, with flexibility that allows not to curtail 3% of the PV investments, a 40% 
of grid investment is saved. 

 

Figure 4. Illustration of the flexibility market use case 

The options for managing congestion are therefore [16]: 

1. Investments in grid strengthening and re-configuration. 

2. Enhanced grid connection agreements (between DSO and customers) and tariff 
structures (such as feed-in tariff, bandwidth model, dynamic network tariffs, 
price for highest peak...). 

3. Market-based redispatch (e.g. day-ahead/ intra-day/ real-time using long term 
contracts, or a bidding ladder), both on a voluntary basis and by legal obligation. 

4. Direct curtailment or switching off of routes. 

5. Non-market based redispatch (such as dynamic capacity capaciteit, temporary 
transport restrictions, emergency power pool...). 

Out of the many approaches, the CEER agrees with many respondents that market-
based procurement is the preferred option. This includes flexibility procured through 
bilateral contracts or in a short-term market, “given there is enough liquidity and 
arrangements for the market-based procurement  that do not unduly distort markets 
and comply with unbundling rules” [15]. According to the Clean Energy Package 
directive, the order to solve congestion problems and that will lead to a new energy law 
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in the Netherlands is: First, the use of tariff instruments, followed by grid reinforcement, 
by market based redispatch, then denying grid access, and finally, non-market based 
redispatch [13]. 

                                            

Figure 5. Summary of studies on solving congestion and voltage level violations of the distribution systems due to 
high penetration of DERs [5] 

The authors in [5] categorise the methods for solving congestion and voltage level 
violations of the distribution systems coming from the high DER penetration into two 
streams: market-based methods and control-based methods (Figure 5). Market-based 
methods mainly include LFMs and local energy markets (LEMs). Control-based methods 
mainly include virtual power plants (VPPs), active network management (ANM) -e.g., 
feeder reconfiguration, reactive power control and active power control, etc.-, price-
based control, and Transactive Energy (TE) systems.  

In Article 32 of the Clean Energy Package [7], the Directive states that Member States 
shall provide the regulatory framework to incentivise DSOs to procure flexibility 
services, alleviating with this the need of grid upgrades or replacing electricity capacity. 

1.2.1 Congestion Management in the Netherlands and GOPACS 
The different DSOs have maps indicating the congested areas for which they are 
responsible. In the webpage available on [20], an updated national picture can be 
extracted. Transparent market communication is crucial for a timely market response, 
since a significant amount of experienced resources will be needed to upgrade the 
existing network in the following years if no activation mechanisms appear on time. 
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Figure 6. "Capaciteitskaart afname 
elektriciteitsnet" or Power demand grid capacity 
map. "Afname" or Decrease [20] 

 

Figure 7. "Capaciteitskaart invoeding 
elektriciteitsnet" or Power supply grid capacity map. 
"Invoeding" or Infeed [20] 

In the Netherlands, the Grid Operators Platform for Congestion Solutions (GOPACS) is 
an already-working market intermediary platform owned and operated by the Dutch-
German TSO (TenneT) and four DSOs (Stedin, Liander, Enexis Groep and Westland) 
[21]. GOPACS enables a framework where the TSO and DSOs can notify their interest to 
solve congestion in a specific area, by issuing bids. The bulk of these bids comes from 
the intraday market that is operated by Energy Trading Platform Amsterdam (ETPA), to 
which FSPs have previously submitted the information related to their assets.  
Information related to the location and nature of the congestion (upregulation or 
downregulation) will allow GOPACS to match buy and sell orders based on price, 
volume, and effectiveness of the resource to solve the congestion problem. At the same 
time, an opposite (buy or sell) order is procured outside the congested area in order to 
ensure that the activation does not cause balancing problems.  

The price difference between the buy and sell orders is called an Intraday Congestion 
Spread (IDCONS), and is paid by the network operator who initiated the request. New 
market platforms like TROEF could enter to compete in the same position as ETPA takes 
within the schematic shown in Figure 8. In March 2021, over 90 GWh of flexibility had 
been procured via GOPACS by TenneT (since January 2019) with a further 110 MWh 
procured by Liander (since September 2020), giving an annual figure of 45 GWh [16]. 
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Figure 8. Schematic of GOPACS 

1.3 Research Questions 
After an exhaustive literature research, and the previous experience in several projects, 
it was decided that the present work would aim to develop a way to give visibility, 
through mathematical equations, to the existing challenges and barriers that keep 
flexibility away from the mass market. With this idea in mind, the following research 
questions were developed:  

Research question 1 

• How can energy communities quantify the benefits from offering flexibility to 

self-organise the assets in the community in a way that they contribute to 
congestion management in the Netherlands? 

Research question 2 

• What mechanisms are available to create a robust, scalable and transparent 
market functioning and activation mechanism? How can we test with a simple 
indicator the most profitable tariffing structure, market and flexibility offer 
scheme? 

1.4 Aim and Research Goals 
In order to answer the research questions aforementioned, the work breakdown 
structure was composed of the following steps: 

• Doing literature research to have an updated general understanding of LFMs and 
the main parties involved. 

• Understanding the Dutch electricity market and the approaches towards 
achieving a smart electrical network. 

• Investigating the current state of the industry in coordination and activation 
mechanisms for flexibility markets.  
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• Programming an indicator based on mathematical optimisation that can help to 
quantify the potential revenues coming from any flexibility market, from doing 
load shifting, or from both.  

• Testing the algorithm in different use cases: under different tariffing schemes 
and different LFMs. 

• Programming an agent-based model that takes the previous indicator as an 
input, and applying it to a predefined scenario to conclude on results that can 
help to withdraw conclusions that allow to select the most profitable schemes for 
flexibility. 

1.5 Scope and Research Approach 
The present project looks at how an energy community can participate in the market-
based procurement of flexibility through a self-organised scheme. The point of view 
taken remains on the consumer side -rather than on the market side-, and aims to be 
consumer-centred, with the goal to have benefits of economic, social, and 
environmental -through the accounting of CO2 emissions- character. 

The scope of the project can be divided into 2 bigger parts. An exhaustive literature 
research and updated state of industry that can guide a flexibility project in upcoming 
decisions; and the second, a simulation part that uses accessible data to illustrate with 
numbers the economical barriers of flexibility and propose the most beneficial schemes. 
On the programming side, the project proposes a simple tool to help quantify the gains 
of participating in flexibility markets and is developed to include load shifting and to 
account for various tariff schemes that the consumer or prosumer may have contracted. 
The creation of a new indicator, the Levelised Income From Flexibility (LIFF) aims to 
contribute to the research community with a new concept that can be further developed 
and complemented with more complex ideas. At its core, the LIFF tries to assist in the 
quantification of future projects at their conception stage, imitating the same simplicity 
of the well-known Levelised Cost Of Electricity (LCOE).   

The project leaves out of the scope -although a part of the TROEF project- detailed 
building simulation models (already carried out for the offices of BAM in Bunnik in 
[22]), as well as the definition of a baseline to participate in LFMs, and a full analysis on 
current European projects related to flexibility (done in [23]). 

1.6 Report Structure 
The rest of this report is presented in four additional chapters:  

• Chapter 2 - Comprehensive Analysis of Flexibility: Literature Review: This chapter 

is a state of the art, mostly focused in Europe, and in The Netherlands as 

particular case. It includes basic concepts such as energy communities, 

congestion management, or local flexibility markets; followed by a part on 

coordination mechanisms that inspired the models proposed in Chapter 3. 

• Chapter 3 - Methodology: A new very simple indicator, abbreviated as LIFF, is 

proposed. The aim of this indicator is the creation of a tool that helps to quantify 

the environomical benefits of doing flexibility. One of its applications is shown in 

the second part of this chapter, an agent-based model that creates the bid curves 

of different assets from an exercise using the LIFF indicator. 
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• Chapter 4 - Discussions: The main observations that are relevant to address the 

research questions are discussed in this section. 

• Chapter 5 – Conclusions and Future Work: The author’s conclusions from the 

work carried out are summarized in this chapter, together with proposals for 
future work. 
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Chapter 2 - Comprehensive Analysis of Flexibility: Literature 
Review 
2.1 Background and Main Concepts on Energy Communities and Flexibility 

2.1.1 Energy Communities 
Under the low emissions trend, the concept of the energy community was officially 
nominated in 2019. The European Union introduced the concept of Renewable Energy 
Community (REC) in the “Clean Energy for all Europeans Package” [7]. In parallel, the 
recast Renewable Energy Directive (RED II) gives a consistent legal basis that includes 
new provisions that empower RECs to participate in the energy market. A REC is a legal 
entity that groups members of different nature with the objective to generate 
environmental, economic, and social benefits to the community rather than financial 
gain. A twin concept of the REC concept is defined in the recast Internal Market for 
Electricity and Amending Directive (IEMD): Citizen Energy Communities (CECs). CECs 
operate within the electricity sector, but include both renewable and fossil-fuel energy 
sources. Unlike RECs, CECs do not require that participants are in the proximity of the 
energy projects of the community. 

Energy communities can produce, consume, store, share or sell energy. This new form 
of producing and consuming energy empowers consumers and local actors, giving them 
a chance to take part in the energy transition. DERs and self-consumption within 
communities bring economic benefits for households and enhance energy security for 
vulnerable areas. Residences can obtain fair and easy access to local renewable energy 
sources and other energy services while benefiting from the investment and reinvesting 
the benefits. This way, dependency on conventional electricity suppliers could be 
reduced, and competitiveness in the electricity market improved. Social benefits are 
guaranteed by providing, for example, local employment opportunities. Participation of 
citizens in the energy sector is crucial for changing and reinforcing their role in the 
sector and for ensuring energy access. 

Nevertheless, challenges exist in developing energy communities. On the one hand, it is 
hard to collect financial sources from citizens or local authorities before building the 
community. The lack of a detailed regulatory framework also hinders the 
implementation of innovative business models. These barriers coexist with those of 
social nature, since democratic governance over the energy community requires 
complex managing strategies due to the -often- reliance on volunteer work and the lack 
of motivation of community members. 

Supportive rules for energy communities can be found in relevant regulations released 
by the EU, such as the Clean Energy Package [7], Fit for 55 [24], IEMD [25], and RED II 
[26]. Based on the guidelines given by the EU, the current regulation may vary at 
national level, adapting to the local situation of each country. Throughout 2021, most 
EU Member States introduced or updated applicable legislation on energy communities. 
In addition, considerable investment is backed up by the increasing interest among 
European countries in developing the energy sector. The EU-funded projects such as 
Horizon 2020 and plans at national level contribute significantly to promoting energy 
communities. 
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2.1.2 Key Concepts of Flexibility and Smart Energy Management 
Eurelectric defines flexibility as the possibility of adjusting patterns of generation and 
consumption in reaction to a signal (price or activation signals) to contribute to 
different services [27]. Flexibility can be of different duration with, for example, 
seasonal flexibility being one big challenge still to be solved; Figure 9 proposes different 
technologies that can offer flexibility in different ranges of duration. 

 

Figure 9. Flexibility services provided by various technologies [28] 

In this project, the concept of flexibility is limited to the services or commodities to be 
traded in LFMs in response to the requirements of the grid that were introduced in 
Section 1.2. Flexibility can be defined by several  attributes/ characteristics (Figure 10): 

 

Figure 10. Important characteristics of flexibility resources [29] 

Other attributes are: mode of activation, location, divisibility, aggregation, product 

symmetry [14], controllability, predictably, or time availability [30]. These attributes 

can give product differentiation among sellers; in market terms, favouring the activation 

of a certain asset over another if, for example, the asset contributes more effectively to 

solving congestion or if it does it with less CO2 emissions than another.  
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The Smart Energy Demand Coalition (SEDC) commonly differentiates between explicit 
and implicit demand-side flexibility [31]. The former, also known as “incentive-driven”, 
is committed, dispatchable flexibility that can be traded -similar to generation 
flexibility- on energy markets such as wholesale, balancing, system support and 
reserves markets, and is commonly facilitated through an aggregator. The latter is 
commonly known as “price-based” because it corresponds to the consumer’s reaction to 
price signals through a changing behaviour, usually to save on the electricity bill. 

 

Figure 11. Smart Energy Management Matrix 

The Smart Energy Management Matrix [32] locates these concepts in a bigger picture, 
shown in Figure 11 and detailed in Table 2, depending on whether issues are solved 
locally or centrally, and on the communication flow. 

Table 2. Smart Energy Management categories [32] 

 Direct Control 
Central 

Optimisation 
Price Reaction 

Transactive Energy 
(or explicit 

demand response)1 

Main features 

- Top-down switching 
of devices on/ off 

remotely 
- No local information 

considered 
- A centralized system 

makes decisions 
and transmits the 

results, such as optimal 
scheduling outcomes 

 

- Optimisation and 
control from a central 

point 
- Relevant local 

information must be 
communicated to 

central point 
- Demand-side 

customers transmit 
their information 

to a high-performance 
central optimiser unit, 

and the optimised 
output data is 

transmitted back to 
customers 

- Prices signalled to 
customers and/or their 

automated devices 
- No communication of 

local information 

- Automated devices 
engage in market 

interactions 
- Information exchange 

includes quantity 
(e.g., power, energy) 

and price 
- Demand-side 

customers provide a bid 
in a marketplace and 

perform energy 
transactions between 

each other in 
distribution level 

Example 

- Heating water boilers 
at night (Old Dutch 

Day-night tariff) 
- Bulk switching of air 

conditioners in 
California 

- Direct Load 
Control (DLC) 

 

- VPP 
- Dynamic Time of Use 

Tariff 
- LFMs 

 
1 More information on Transactive Energy can be found in [57] 
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Advantages  

- Full use of response 
potential 

- Predictable system 
reaction 

- Full use of response 
potential 

- Mitigates privacy 
issues 

- Full use of response 
potential 

- Predictable system 
reaction 

- Efficient market 
- Mitigates privacy 

issues 

Disadvantages 

- Partial use of response 
potential 

- Uncertain system 
reaction 

- Autonomy issues 

- Privacy & autonomy 
issues 

- Scalability issues 

- Uncertain system 
reaction 

- Market inefficiency 
- Computational power  

 

2.1.3 USEF: Universal Smart Energy Framework 
The problematic of coupling of the grid-oriented and the market-oriented use of 

flexibility is a key challenge for LFMs, and has motivated works like [33] to categorise 

the approaches in: (1) No coupling, (2) Conditional coupling and (3) Sequential 

coupling. The Universal Smart Energy Framework2 (USEF) and other existing 

frameworks such as the German Association of Energy and Water Industries 

(Bundesverband der Energieund Wasserwirtschaft or BDEW) would fall under 

conditional coupling, with the definition of several regimes depending on the grid state. 

In these cases, market-based coordination mechanisms run using flexibility optimally as 

long as the grid is in Green or Yellow regimes, without any additionally imposed 

restrictions. The yellow regime is a more recent mode in which flexibility on both 

demand and supply sides is activated, with the possibility of network congestion 

influencing market prices. Only when the grid enters into an Orange regime, the DSO 

can apply direct control over the resources that the DSO considers necessary, with the 

aim to avoid a power outage. It does so through prioritizing and protecting types of 

users who critically depend on energy.  

Table 3. The USEF operating regimes [34] 

 

 
2 The Universal Smart Energy Framework is a result of the work of the Smart Energy Collective (SEC); an 
alliance of national and international companies that agreed to collaborate on its development.  
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The USEF regimes are summarized in Table 3, where the complexity of the classic grid 

(on the left) configuration and regimes can be compared to that of the smart grid 

proposal. The aim of USEF is to provide a liquid market for trading flexibility, through 

setting the common standards needed. Its added value resides in establishing the basis 

of a clear and transparent framework, an example of a domain model for new flexibility 

markets, and a thorough discussion about the privacy vs. value creation trade-off [35]. 

2.1.4 The Smart Grids Architecture Model (SGAM) 
The SGAM framework is established by merging the concept of the interoperability 

layers defined in [36] with the previously introduced smart grid plane. This merge 

results in a model (see Figure 12) which spans through three dimensions: Domain, 

Interoperability (Layer), and Zone. The process of SGAM starts from taking a Use Case 

Analysis, followed by the development of the Component layer, then the development of 

the Business layer, of the Function layer, of the Information layer, and last, of the 

Communication layer. 

 

Figure 12. SGAM framework 

2.1.5 Local Flexibility Markets and Products of LFM 
Local Flexibility Markets (LFMs) are markets where DSOs acquire services from assets 
connected to their distribution system to ensure the operational safety of the 
distribution network [4]. In a hierarchical architecture, LEMs and LFMs can coexist. 
However, the better the coordination between some of the market parties (TSO-DSO, or 
BRP-DSO), the easier to ensure that what happens on one market does not affect 
negatively other markets or stakeholders. The schematic overview of a LFM, including 
communication and control flows is represented in Figure 13. 
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Figure 13. Schematic overview of a LFM [5] 

Depending on the products offered, the flexibility dispatched can be used to (1) Balance 
flexibility for the TSO at the transmission system (in intraday and reserve markets), (2) 
Balance flexibility for the TSO at the distribution system (provided by DERs that are 
located on the distribution system) or (3) for the DSO at the distribution level to control 
voltage levels, manage congestion, or reduce line losses [5]. From the side of the 
demand, flexibility products can be classified depending on whether the flexibility 
offered is an obligation -like in scheduled reprofiling- or a real option  -as it is in 
conditional reprofiling and in bi-directional conditional reprofiling-. When it is a real 
option, the aggregator must have the capacity, rather than the duty, to provide a 
specified power adjustment during a defined duration [37].  

2.1.6 Energy Markets in Europe and Pilot Projects 
Several are the papers that compare all existing platforms ( [38], [23]), with a concise 
summary table presented in [23]. Despite the fact that doing a review on existing energy 
markets in Europe is out of this work, it is worth commenting some of the existing cases, 
especially when they succeed at dealing with any of the challenges to be overcome by 
LFMs.  

One interesting case is Piclo Flex in Great Britain, where the concept of bidding per asset 
does not make any sense, since FSPs are awarded long term contracts. This allows the 
flexibility requestor to choose between, e.g. reinforcing the grid in a particular area, or 
contracting a long-term agreement with a group of FSPs that have a utilisation payment 
for offering flexibility within a command and control scheme. An example of this can be 
400 houses in London city centre that are obliged to offer flexibility during a number of 
hours of the next winter, between 19h and 21h. This scheme unlinks the risk of not 
being activated, and ensures that FSPs compete to solve the problem that needs to be 
solved, from a more economically-fair approach, and not underpaid. The FSP acquisition 
is then targeted to the specific area, and it is ensured that enough participants can 
provide such flexibility, diminishing the risk on the DSO side too [39]. 
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In the case of Enera, operated by power exchange, an intraday market operates TSO and 
DSOs redispatch with a locational component. One bidding zone does not have a single 
order book, but as many as for the different locations in the network, both at DSO and 
TSO level. NODES also integrates the TSO, DSOs and other market participants to create 
a reservations market where availability to offer flexibility is the main product. When 
flexibility is not used in the NODES market, offers are passed to the intraday and 
balancing markets to ensure a higher probability of activation (e.g. to the mFRR 
market). This is key to motivate the FSPs to maintain a higher level of liquidity. NODES 
was chosen by SthlmFlex in Sweden, a project launched by Svenska Kraftnät, Ellevio, 
and Vattenfall Eldistribution to test a regional flexibility market in the Stockholm area. 
It aims to bridge the capacity gap during the winter season, at times when electricity 
consumption is high, and so is the need for flexibility. Logically, the first flexibility 
service is up-regulation (increase in electricity production or a decrease in electricity 
consumption). 

In GOPACS (briefly described in Section 1.2.1), locational and no locational offers can be 
bought in the same market. TSOs and DSOs are not the only market buyers, and the 
interaction with ETPA is very strong. Another market solution for DSO congestion 
management through DER flexibility services is FLECH, in Denmark [40]. In Vandebron 
(The Netherlands), an online platform allows consumers to buy electricity directly from 
independent producers, such as farmers with wind turbines [41]. Similar to Piclo Flex, 
Vandebron acts as an energy supplier that provides incentive tariffs for consumers and 
generators to exchange energy. Prosumers who inject surplus have the right to re-buy 
at lower price compared to that of other suppliers, motivating the market’s liquidity. 

2.1.7 Challenges to Flexibility and the Importance of Smart meters 
Flexibility is still a recent concept that faces many challenges in its practical 
implementation, and is therefore at a very early stage in Roger’s innovation curve. Some 
of the general challenges to flexibility-based solutions come from the regulation side 
(e.g. the aggregator role not being properly defined yet in the Dutch legislation), and the 
lack of  standardised baseline methods for flexibility quantification or standardised 
protocols for asset communication. On the technical side, ensuring cybersecurity is of 
paramount importance for a technology that strongly relies on ICT. Additional 
challenges specific to flexibility solutions for congestion management are the following 
[13]:  

• Security of flexibility delivery: 

o The duality with other markets (e.g. between the BRP and the DSO). 

o The uncertainty linked to how prosumers will react to incentives from 
DSO or the LFM. 

• The possible congestion caused by the synchronization of rebound effects of 
several assets. 

• The value of flexibility offered by DSOs is too low. 

• The lack of flexibility in some congested areas.  

Other challenges to scale mentioned by panellists from epq, PowerLedger and 
CleanWatts during [42] and by representatives of Ngenic were: 
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• Access to data from the smart meters: Data being used has to be provided by the 
DSO.  The process with the corresponding DSO to make real time data available is 
lengthy and complex. The 15-minute readings of the previous month that are 
usually available are useless for flexibility activation verification, for example. 
Meaning that additional meters need to be installed in order to do load shifting 
or to offer flexibility services. 

• Access to funding/ capital: The way investors perceive the risk differs strongly 
from that of traditional investment projects. In this case, prosumers range from 
very small sizes (e.g. households) to very big (e.g. industrial prosumers from 
sectors that have energy-intensive production processes). 

• The right engagement with the community: Transferring complex information in 
a way that is easy to grasp and making the community believe that benefits are 
real are essential to a market that aims to be customer-centred and depends on 
consumer’s behaviour in order to be successful. 

• The numerous agreements needed for each new client (with the client itself, with 
its BRP, with other affected stakeholders) in order to become part of the FSP 
pool. 

Smart meters roll-out around Europe has started in order to exploit the full potential of 
flexibility. However, the costly experience in some countries leaves the duty to 
demonstrate that societal and personal benefits for prosumers outweigh the costs from 
smart meters [43]. 19 Member States committed to roll out up to 200 million smart 
meters by 2020, with a potential investment of around 40 billion euros [44] [33]. 

2.1.8 Innovation in Self-Organising Energy Communities 
The European Innovation Score Board is published every year by the European 

Commission, and provides a comparative analysis of innovation performance in EU 

countries, other European countries, and regional neighbours [45]. Two types of 

innovations are discussed hereafter in the context of energy communities: Social 

innovation, and technological innovation. 

The social innovation concept is defined as “the action of reconfiguring of social 

practices in response to societal challenges, with the aim of improving societal well-

being through the engagement of civil society actors”. The Joint Research Centre (JRC) 

report on energy communities [46], categorises these as a social innovation that can 

promote more socially fair models of energy prosumership, including citizens’ 

participation and the control over decision-making in renewable energy. Its social 

innovation potential also resides in increasing energy access amongst vulnerable 

consumers, and policies and structures to address possible regressive effects if any 

societal groups are victims of an inequality when not having the resources to invest in 

renewables projects. Local employment, the creation of a community network or the 

reinvestment of the benefits of the activity in the community, are social benefits that 

come hand in hand with a need to find new organisational structures that define the 
interactions of all stakeholders and in new models of collectively owned property. 
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On the technological side of innovation, digitalisation and big data can be the tools to 

drive proper energy management in energy communities. Metering and forecasting 

allow to estimate demand, and to match it with the generation, overcoming the 

transition to a demand-follows-generation regime versus the typical generation-follows-

demand one. New markets such as flexibility markets are the target of several pilot 

projects around Europe, for which energy communities are the ideal test bench. The 

digitalisation and smartening of the grid and of consumer’s appliances, as well as new 

storage systems, are of paramount importance to allow the best integration possible of 
intermittent renewable energies, as well as exchanges across borders. 

A well-known analytical framework to understand the transitions in complex 

relationships and processes in socio-technical systems is the Multi-level Perspective. It 

suggests that socio-technical transitions are non-linear processes that occur due to the 

interplay of changes at three levels: niches, socio-technical regime, and landscape [47]. 

The regime forms the meso-level (shared assumptions, dominant actors, and practices) 

and is impacted by the niches and landscape factors. Without going deeper in the 

theory, energy communities are niches. Niches develop in protected spaces that can be 

financial grants for pilot projects like Horizon2020. Over time, a niche may evolve and 

become promising enough to compete with the incumbent regime, resulting in a 

transition at the regime-level, especially if the landscape factors have created pressures 

that have caused cracks in the regime. 

In order to ensure that niches of the energy transition reach the regime, countries like 

Switzerland, the leader of the European Innovation Scoreboard, create institutions such 

as the Swiss Federal Office for Energy, that coordinates research and innovation in the 

energy sector along a large portion of the value chain [48]. Contemporary mega-

transitions (technological-digital, energy-environmental and demographic-social) 

represent an opportunity to change the existing model of urban development and 

promote social cohesion [49]. 

Other innovations mentioned in literature include: Incentives schemes for regulating 
DSOs [50], game theoretic approaches to analyse strategies in competitive situations 
where the outcome of a participant’s choice of action depends on the actions of other 
participants; and blockchain technology and smart contracts to operate decentralised 
microgrid energy markets [51] [52]. Finally, the must-have of flexibility entails: (1) 
updated and adequate ICT that can provide better computational times to manage the 
large amount of decentralised assets, (2) safe and secure technology, (3) advanced 
network control ICT operation through ICT, and (4) smart meters that enable the 
control of several assets that can offer flexibility [5]. 

2.2 Coordination and Optimisation Mechanisms: A Literature Review 
This section consists of a review of selected existing coordination and optimisation 
mechanisms. The literature research helped to inspire the methodology shown in 
Chapter 3 (Methodology). Before diving into the topic, it is worth clarifying some terms 
within the systemic framework that Tsaousoglou et al. aimed to build in [53], in the 
endeavour of classifying the abundant literature research on the topic, since the existing 
literature is often applicable for specific use cases and assumptions. The authors in [53] 
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define a market model as a mathematical approximation that allows the evaluation of 
economic criteria on a defined system, and is therefore composed of: 

• Market scope: The scope defines what type of participants can join, how the 
market operator will work, and the standardised products and/ or services 
offered within the market.   

• Market objectives, that can be: 

o Equilibrium discovery: The commonly used equilibrium is the Nash 
equilibrium, defined as the point from which no player intends to deviate 
unilaterally. 

o Efficiency maximization: Consisting on the determination of the best 
possible allocation that satisfies both local and global restrictions. It 
optimises social welfare and minimises system cost. 

o Fairness maximization: Defining what could be the optimum market 
mechanism that ensures fair compensation and distribution between 
participants. 

• Modelling assumptions: 

o Assumptions on the participants’ cost and/ or utility functions and local 
operational constraints. 

o Market behaviour. 

o Level of uncertainty.  

o Local/specific assumptions related to the country, people’s behaviour, 
temperature etc. 

o A special case is the copper-plate assumption, that holds that the grid is 
sufficiently over-provisioned so that network limitations (such as voltage 
limits) never need to be modelled and are never violated. Such an 
assumption may result in unworkable dispatch decisions that must be 
changed after the market has stabilised, rendering the re-dispatch 
ineffective. 

• System constraints: The supply-demand balance for all products (such as power 
and reserve), as well as several network restrictions. According to this indicator, 
energy markets that take place in the low voltage network normally take an AC 
power flow model, but markets that take place in the transmission network can 
be represented with a DC power flow model. The so-called Power Transfer 
Distribution Factors (PTDFs) model is another modelling option.  

It is important to note that many market designs use payments to provoke that 
participants disclose their private cost functions (sometimes indirectly). This makes 
it easier to find a solution to the cost minimization problem for the market operator 
that corresponds to the optimal allocation problem. Some research makes use of an 
approach where the participants' payments must match the market operator's cost 
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of overall allocation; this assumption is referred to as the strictly budget-balanced 
market). 

• Market mechanism: This entails communication, payment rules, and allocation 
rules. Lagrangian, Game-Theoretic, Data-driven, and Heuristic Market 
Mechanisms are the four groups that make up the majority of Market 
Mechanisms utilised in LEMs and LFMs. 

An alternative classification is presented in Figure 14 [5]: 

 

Figure 14. Summary of formulations of LFMs [4] 

In this case, game theory-based models aim to capture all player behaviours in a game 
where one player succeeds by making decisions that depend on others, whereas 
centralised optimisation models aim to discover the best market-clearing solution. 
Models based on auction theory simulate the local flexibility market as an auction 
market, where the flexibility allocations and market theorem price are determined by 
the auctioneer based on the players' bidding tactics. Finally, simulation models enable a 
group of intelligent agents to engage dynamically with one another, with each player in 
the local flexibility market being seen as an agent. 

Various benefits and drawbacks can be withdrawn for every formulation type. The 
market-clearing solution and decentralised optimisation models are often simple to 
implement; however, for large-scale systems, the scaling phase imposes communication 
and computational restrictions. The game theory-based models are scalable and may be 
used for markets with a large number of participants with sufficient representation; on 
the other hand, some assumptions are not realistic on many equilibriums that may 
occur when the model is solved. The models based on auction theory are likewise 
scalable and help buyers reach market equilibrium fast, although too much competition 
might occasionally produce unjustified and unfavourable pricing. Last but not least, 
simulation models are reliable and can represent a huge number of players; however, 
these benefits are computationally costly. They are also adaptable to handle agents with 
independent resources, private or public knowledge, and diverse tactics. 
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Designing market mechanisms that concurrently take into consideration non-convex 
participant models, strategic behaviour, uncertainty, and physical network restrictions 
for each of the listed market objectives is the way ahead from a research standpoint 
(social welfare maximization, profit maximization, fairness). The authors in [54] discuss 
relevant literature from the perspective of the different coordination frameworks (e.g. 
uncoordinated, distributed Optimal Power Flow, peer-to-peer trading etc.) 

The EU recommends that consumers are empowered and protected in the energy 
markets; LEMs, VPPs, and TE systems may make sure of this (see Figure 11 and Table 2 
from Section 2.1.2). On the other side, LFMs offer a competitive platform where both 
players, including the DSO and the prosumers, may gain. ANM and price-based control 
are created from the perspective of DSO.  

Once the different formulations for the local flexibility markets and the key concepts 
have been summarized, an analysis of two coordination and optimisation options 
available in the market is presented: PowerMatcher and Triana 

2.2.1 PowerMatcher 
A project of the Flexiblepower Alliance Network (FAN) is PowerMatcherSuite, which 
combines PowerMatcher with EF-Pi. The 2013 establishment of the FAN intends to offer 
open standards for enabling flexibility an open and just energy system. The use of open 
standards acts as a safety net to ensure the sustainability, accessibility, and affordability 
of energy supply in the future. To achieve its philosophy, FAN seeks to build a strong 
base of support across Europe collaborating with several parties [55]. 

In line with FAN's goals, PowerMatcher technology is an architecture and 
communication protocol for distributed energy systems that make it easier to construct 
scalable, standardised Smart Grids that can use both conventional and renewable 
energy sources. A large amount of additional value is produced in the electrical markets 
because of the logical clustering of tiny power generating or consuming units. To 
improve the overall match between power production and consumption, the 
PowerMatcher technology maximises the capacity for aggregated individual units to 
modify their generating and consuming operation [56]. 

PowerMatcher is a multilevel agent-based optimisation model. An agent can control any 
asset in the house. This agent provides a bid (amount of demand/generation and a 
price) to the agent one level above (house agent). The house agent then aggregates all 
bids and sends the aggregated bids one level higher; the process repeats until the root 
agent determines the market-clearing price, based on the bids and the objective. This 
price is communicated, and each agent is aware of what to do depending on its offer and 
the market-clearing price communicated. Predictions can be used by agents connected 
to a device to optimise their bidding approach. Figure 15 shows the architecture of the 
model. 
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Figure 15. PowerMatcher Agent Topology [18] 

Some of the features and advantages of PowerMatcher are: 

• The consumer/prosumer retains control and decides when the device's 
flexibility is available. There is no centrally mandated signal to remotely 
switch off users’ agents. 

• It is highly scalable (in theory, agent technology is infinitely scalable). 

• It is cost-effective for lower voltage levels (low voltage grid); it does not need 
complex models of each device running in a centralised application. This 
enables a significant increase in addressable market, since the majority of the 
flexibility available presently is gathered in bigger industrial systems. 

• Local congestion management (with an increasing number of EVs and HPs, 
most congestion issues are expected locally). 

• Uses prediction and planning at the device level. 

• Considers network capacities. 

• Business agents can be used to achieve specific goals. 

On the contrary, the disadvantages of PowerMatcher that might turn into possible risks 
are:  

• Prediction and planning at the device level are used to increase the agent's 
profit. 

• The bidding system's stability and dependability, which is frequently 
simulated. 

PowerMatcher has shown its applicability in real life, where different projects and pilots 
utilised PowerMatcher concepts and models. In [57], the authors tested its optimisation 
algorithm in a project of houses that were equipped with smart devices and a local 
controller. Additionally, an agent-based control system may be integrated with the 
simulation methodologies, as demonstrated by the authors in [58]. In this research, 
assuming information availability and a competitive market, the suggested market-
based optimisation yields the same outcomes as a centralised optimisation. A field 
experiment with five installations in the Netherlands is used to evaluate the agent-



33 | P a g e  
 
 

based coordination of a "Distributed Balancing Service," and a business case study is 
performed. Another successful case is IntelliGator [59], a command & control system 
that is based on PowerMatcher. It is now being independently developed at the Flemish 
Institute for Technological Research (VITO). The system is intended for real-time 
operation, and prediction and planning were being considered for their implementation 
in 2014 [60]. 

2.2.2 Triana 
Triana is a Smart Grid control system that includes forecasting, planning, and real-time 
control. The purpose of this energy control system is to manage the energy profiles of 
individual assets in buildings to enable the transition to a sustainable energy supply 
chain. In 2012, Triana was created as a Doctoral thesis at the University of Twente. 

Triana is composed of two phases. The first is forecasting, which determines a device's 
scheduling freedom (flexibility). This scheduling freedom depends on the type of device, 
device-specific limits, and the device's surroundings. The scheduling freedom of a smart 
freezer, for example, is determined by the state of the freezer (current temperature and 
the allowed temperature range); the insulation quality, the freezing modes, and the 
interactions with residents, among other factors. A forecast is created for each device 
since the asset’s specific information and limits must be understood to regulate the 
device. This forecast is conducted for each device by a local controller located in the 
building due to the huge number of devices in the grid, each with its information, 
constraints, and environment. As a result, the system is scalable, since both the 
computer power required for forecasting and the information are decentralized. 

In the second phase of Triana, a planner attempts to use the freedom of the devices 
defined in the previous step to achieve its goal. The planner's goal might be to have a 
flat profile or to just utilise power during specific hours of the day. Using this data, the 
planner creates a desired profile for a series of buildings by creating a plan for each 
building or each device separately, in a hierarchical structure. A scalable system is 
created by splitting the main planning problem into smaller subproblems that are 
tackled at lower levels. The information upwards is limited thanks to its aggregating at 
lower levels. The building controllers construct a strategy for each asset based on the 
cost functions of the device, the steering signals, and the locally generated predictions 
using steering signals. Individual home profiles are moulded by repeatedly modifying 
the steering signals to achieve the overall goal [61]. 

Some of the features and advantages of the Triana proposal are: 

• The PowerMatcher bidding system might be incorporated in Triana, which 
implies that the optimisation technique attempts to achieve a global goal for the 
whole group, as opposed to an agent-based approach in which each strives to 
maximise their profit. 

• Uses variable steering signals rather than the same value for every user, and has 
a longer planning horizon than other mechanisms, ranging up to one day.  

• Focuses on system control and the influence of that control system on the entire 
system rather than creating a virtual market to assess who can generate or 
consume energy and at what price. 
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• A common objective is to produce a flat aggregated energy consumption profile 
for a number of devices. 

Some of the disadvantages of implementing Triana that might turn into risks are: 

• It is subject to many local variables, and thus requires measurements that could 
be impractical and would require a lot of work to make it scalable.  

• It has an expensive implementation. 

• It is more likely to be implemented in new buildings rather than existing ones 
with old technology, which complicates scalability. 

The authors in [60] make a very interesting comparison between Intelligator and 

Triana, with the objective of doing peak shaving in order to save on infrastructure costs 

within the same energy community model. The so-called Flex Street model is developed, 

based on forecasts for the residential Dutch landscape for 2050. 

2.3 An introduction to Market Principles to Self-Organise an Energy 
Community 

The last part of this graduation project is dedicated to an ongoing project in the field. 
The aim is to understand the current state of industry to guide the project’s decision 
makers in the next steps of defining the market platform characteristics. 

2.3.1 Market Conception 
[51] derives seven market components as a framework for building efficient microgrid 
energy markets (Figure 16): Microgrid setup (C1); Grid connection (C2); Information 
system (C3); Market mechanism (C4); Pricing mechanism (C5); Energy management 
trading system (EMTS) (C6); and Regulation (C7). 

 

Figure 16. Components of microgrid energy markets 
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A few requirements for market participants include: (1) a framework that is compatible 
with the current market model and operational procedures; (2) transparent and 
effective pricing for the value of flexibility through competitive markets; (3) low entry 
barriers through simple access via existing market platforms; and (4) uniform interface 
to all grid operators. 

System operators must, however, (1) coordinate their efforts to manage congestion 
while preserving system stability and neutrality, (2) leverage existing liquidity pools, 
(3) invite as many market platforms (such as ETPA in the GOPACS case) to participate, 
and (4) aim to standardize asset prequalification among grid operators. According to 
[62], the six market operator tasks are the shown in Table 4. 

Table 4. The six market operator tasks according to [62] 

Coordination 

Coordinating platform tasks 
Facilitating data flows 
Harmonisation of standards and principles 
Alignment with external platforms and markets 
Conflict avoidance 

Flexibility Procurement 

Attracting flexibility providers and purchasers to the 
market 
Communicating requirements and availability 
Matching providers and purchasers 

Dispatch and Control 
Sending signals to dispatch assets 
Notification of asset dispatch 
Verification of asset dispatch 

Platform Transaction Settlement 
Verification of service against transaction 
Settlement of transactions 

Platforms Market Services 
Credit checking 
Asset pre-qualification 

Analytics and Feedback 
Network analytics, response times etc. 
Counterparty scoring and review 
Identification of market faults 

 

2.3.2 Assets Classification: Device Agent Types and Strategies 
In order to assess the flexibility potential of a community or a group of FSPs, it is useful 
to breakdown the different assets in sub-categories depending on their controllability 
[63]: 

• Stochastic operation devices: devices such as solar and wind energy systems for 
which the output power cannot be controlled unless curtailment is used. The 
device agent for stochastic operation devices must accept any market price. 

• Shiftable operation devices: those that can be shifted within scheduling or 
physical constraints, such as drying machines (both industrial and residential). 
The total demand and the run-time are often fixed for the full operation period. 

• External buffering devices: devices that produce a resource that can be easily 
stored in a form different to electricity, such as the heat pump buffer that 
maintains the house temperature within certain temperature limits (on the 
consumer side), or combined generation of heat and power (CHP) (on the 
generation side). 

• Electricity storage devices: conventional batteries, flywheels and super-
capacitors coupled to the grid via a bi-directional connection.  
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• Freely-controllable devices: e.g. diesel generators. 

• User-action devices: devices dependent on user behaviour, such as lighting 
devices that detect presence in a room. 

In general, devices that can be found at low voltage grid level are: Household appliances, 
EVs, PV panels, household batteries, heat pumps... At low voltage or medium voltage 
level, devices such as bigger power generators, large storage facilities or flexible 
appliances in other industries (CHP units in glass horticulture, electric busses, cooling 
facilities or pumping stations) can be found. 

When participating with assets in LFMs, the bid strategy has to take into account the 

cost of offering flexibility in a particular location, and the opportunity loss (coming for 

example from participating in other markets when participation in the former is 

restrictive). A bidding strategy spectrum per asset was provided by the PowerMatcher 

concept [32]. 

 

Figure 17. Bid strategy spectrum [32]  

2.3.3 Historic Flexibility Market Price  
Increasing market liquidity in LFMs is key to increase competition and ensure that 

market buyers can rely on the system. In order to increase accessibility to the market 

and transparency, historical flexibility activation prices can be made public, and 

displayed in webpages such as the Transparency Platform from ENTSO-e (ENTSO-E, 

2022), together with prices from other electricity markets. Today, the lack of available 

information and clarity on possible revenues coming from flexibility markets in Europe 

prevents possible FSPs from entering the market, and complicates the estimation of the 

market size and the creation of new LFMs. 

For the present work, many LFMs were contacted from all around Europe, including 

market platforms from EU-funded research projects. The only data found (far from 

hourly activation prices), comes from the Swedish demo of the CoordiNet project and is 

shown in Table 5. Table 6 shows the prices of the competitive option to buying 

flexibility, which is subscribing to the so-called Temporary Agreements. When the 

maximum of these agreements is about to be surpassed, the DSOs charge penalizations, 

that BRPs aim to avoid by participating in LFMs. 

Future work is likely to go in the direction of forecasting flexibility prices, taking into 

account grid models, in order to make bids according to estimated congestion areas and 
times.  



 

Table 5. Price of flexibility from FSPs [SEK/ 
MW*hour] 

Week 

Volume 
weighted 
average 

price 

Min Max 

2 - - - 
3 - - - 
4 849.97 200.00 842.00 
5 876.90 200.00 5000.00 
6 457.14 200.00 2000.00 
7 - - - 
8 - - - 
9 - - - 

10 300 300 300 
11 - - - 

 

Table 6. Price of temporary transmission connection 
capacity subscription [SEK/ MW*hour] 

Week 

Volume 
weighted 
average 

price 

Min Max 

2 244.09 242.00 246.00 
3 242.00 242.00 242.00 
4 243.78 242.00 246.00 
5 244.07 242.00 246.00 
6 244.19 242.00 246.00 
7 - - - 
8 - - - 
9 - - - 

10 - - - 
11 - - - 

2.3.4 Constraints and Mechanisms defined by the Market Operator 
Some parameters that will have an impact on the liquidity of a future market and on the 

entry barriers for participants are: 

• The minimum bid size: e.g. in the case of GOPACS, it is 100kW [16]. The more 

participants that can enter a LFM, the higher the computational effort needed to 

process the amount of offers coming from smaller aggregated loads. 

• Pay as bid vs. pay as cleared: The way to compensate the selected bids needs to 

be defined to avoid gambling or market abuse. The clearing solutions should be 

selected according to the market formulations. 

• Baseline definition to participate in LFM: In many ongoing projects, discussions 

on how the baseline of each flexibility service provider should be built are taking 

place (e.g. based on historical prices, regressions, new forecasts provided by the 

FSP...). Another open question is whether, if a prosumer that will participate in 

LFMs gets a battery, the baseline should be provided with consumption data pre 

or post battery. There is, in addition, the fact that when a FSP starts offering 

flexibility regularly at a certain time, this might become a new “updated” 

baseline, and that flexibility might stop being paid (term sometimes called 

cannibalization of the baseline). Real-time markets can avoid these issues; and 

the LIFF methodology proposed is independent from how the baseline is defined. 

Another solution is that the baseline considered for a FSP depends actually on 

what the BRP and/ or the DSO provides to the TSO ex-ante/ prognosis. This 

could make sense, since it is the deviation from that ex-ante information/ 

prognosis what will be used by the BRP/ DSO to estimate the imbalance or the 

congestion (respectively) that each has to “solve” through flexibility. However, 

BRPs or DSOs make estimations not per asset or FSP, but per big areas that do 

not have more granular estimated data. 
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• Merit order criteria: The volume, price and effectivity to solve congestion are 

parts of the clearing market mechanism, in order to ensure a coherent market 

mechanism that solves the congestion problem in the target area. 

The CoordiNet project has addressed some of these discussions and worked on different 

options to build baselines. The results were added on Figure 36 and Table 12 of the 

Appendix. 
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Chapter 3 - Methodology 
This project looks at the different methods to self-organise an energy community. The 
problem can be solved by finding the optimum energy dispatch matrix that maximizes 
the revenue produced through participating in LFMs. The optimal energy dispatch to 
participate in LFMs is a function of the amount of flexibility that can be produced by 
certain assets and the related costs that are incurred in their operation to offer the 
provided flexibility. Table 7 and Figure 18 aim to illustrate the concept with an example 
of Heat Pump income (HPi) and Heat Pump cost (HPc). Qflex represents the units of 
energy of flexibility offered, Pflex the price of that flexibility, Qreheat the energy needed 
to restore the initial state of the asset (before offering flexibility) and Pgrid the price 
offered by the grid at which the asset pays the recharge (supposing in this case that 
there is no self-generation). The revenues are then calculated per day, for the amount of 
hours that results as convenient to offer flexibility within one day, according to the 
calculations computed. 

Table 7. Graphical representation of the income, costs and revenues of a hypothetical heat pump, from 
participating in LFMs 

HPi HPc 
 

Timestep Qflex Pflex Timestep Qreheat Pgrid Revenue 

00:00 0 0 00:00 34 6 -204 

01:00 0 0 01:00 0 6 0 

02:00 0 0 02:00 0 6 0 

03:00 0 0 03:00 0 8 0 

04:00 0 0 04:00 0 8 0 

05:00 0 0 05:00 0 8 0 

06:00 0 0 06:00 0 9 0 

07:00 0 0 07:00 0 9 0 

08:00 0 0 08:00 0 9 0 

09:00 0 0 09:00 0 9 0 

10:00 0 0 10:00 0 9 0 

11:00 10 5 11:00 0 10 50 

12:00 10 5 12:00 0 15 50 

13:00 15 8 13:00 0 20 120 

14:00 15 8 14:00 0 20 120 

15:00 20 10 15:00 0 25 200 

16:00 20 10 16:00 0 30 200 

17:00 20 10 17:00 0 30 200 

18:00 15 8 18:00 0 25 120 

19:00 10 5 19:00 0 6 50 

20:00 0 0 20:00 0 6 0 

21:00 0 0 21:00 34 5 -170 

22:00 0 0 22:00 34 5 -170 

23:00 0 0 23:00 34 5 -170 

- - - - - - Total 

- - - - - - 396 
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The representation of Table 7 is shown in Figure 18. The area above the x-axis 
represents the revenue coming from offering Qflex flexibility at price of Pflex. The area 
below the x-axis represents the costs of restoring the state of the asset (a heat pump in 
this case) after offering flexibility, i.e. Qreheat amount of energy at the price of Pgrid: 

 

Figure 18. Graphical representation of the revenue (income minus costs) from operating a hypothetical asset 

The cost functions of the flexibility assets rely on the physical equations and constraints 
of the system. Some of these constraints are defined by the users, or by local or specific 
applications, e.g. type of asset, brand etc. 

3.1 Levelised Income From Flexibility model  
The price-based optimisation model uses a forecast of market data to define the most 
profitable hours to offer flexibility compared with the cost that would be incurred from 
offering such flexibility; with this, a calculation estimates then the revenue. The 
assessment of different flexibility sources contains a lot of local constraints generating 
specific cases that could be only applicable to a given asset brand, country, or 
regulation. By complying with the energy conservation law and the second law of 
thermodynamics, a per unit kWh-based general asset can be used as a comparative tool 
between different market methodologies, optimal utilisation of different flexibility 
sources, and the maximisation of well-being, among others. Similar to LCOE, a simple 
comparison model can work as a powerful tool to help the gestation of new flexibility 
markets, ease the understanding of LFMs for FSPs, and maximise the potential of new 
energy technologies in an energy community. The model has three main components: 
the market data, the energy balance layer, and the bid layer.  

The forecast of market data consists of a collection of hourly information from different 
variables that is used to calculate the optimal bid hours to offer flexibility within the 
day; the price comes from the market (the model considers a price-taking scheme)3 [4]. 
The variables used are described in Table 8: 

 

 
3 The perfect competition paradigm, also known as the price-taking assumption, assumes that because of 
their small size, lack of information, and/or computing limitations, participants cannot unilaterally 
influence the outcome of the market.  
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Table 8. Variables taken into account in the discrete optimisation model 

Variable Description 
Flexibility Price (Pflex) The price that the LFM will pay for each kWh of 

energy dispatched 
Bill Price (Pbill) The price that the user will pay for consuming 

energy. Utility price 
Irradiance Activation function of the photovoltaic energy 
Probability of activation A probability function that simulates the market 

calling for flexibility or not 

 

An example of the values behind these parameters is shown in Table 9. Flexibility is not 
needed at all times, as we can observe in the column Pflex, and its price varies over the 
day; similar to the price of electricity that the consumer pays for each hour. Irradiance is 
more relevant at certain hours of the day, when the generation coming from the PV 
panels is higher. The probability of activation randomises the hours for which the asset 
will be selected to offer flexibility (see column Prob_activation); in the case shown 
below the probability is of 50%. This variable can be changed in the code to represent 
different markets: 

Table 9. Pbill column updated for the "Flat tariff" case 

Index Pflex Pbill Irradiance Prob_activation 

1 0 0.291 0 0 

2 0 0.273 0 0 

3 0.15333 0.269 0 1 

4 0 0.271 0 0 

5 0.15219 0.267 0 1 

6 0.15561 0.273 0 1 

7 0.15447 0.271 0 1 

8 0 0.264 0 0 

9 0.13509 0.237 0 1 

10 0 0.217 0 0 

11 0 0.186 0.02905 0 

12 0.12084 0.167 0.03994 1 

13 0.12027 0.145 0.04448 1 

14 0.12027 0.144 0.0472 1 

15 0.11913 0.178 0.04539 1 

16 0 0.193 0.02632 0 

17 0 0.2 0 1 

18 0.11799 0.207 0 0 

19 0.1197 0.21 0 0 

20 0.12312 0.216 0 1 

21 0.14592 0.256 0 1 

22 0 0.296 0 0 

23 0 0.299 0 1 

24 0.16473 0.289 0 1 
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To calculate the revenue, several parameters must be defined, depending on the type of 
asset, the existence of photovoltaic panels, or the billing scheme. The type of asset here 
is categorised in two groups: (1) Assets with 0 costs of load energy relocation; these 
assets can offer flexibility without incurring any (monetary) cost. Examples are 
dishwashers, irons, stoves, laundry machines, etc. (2) Assets with an extra cost 
associated to the provision of flexibility. These types of assets follow an energy balance 
principle where irreversibilities that are explained by the second law of 
thermodynamics oblige a consumption after offering flexibility that exceeds the amount 
of energy delivered when offering flexibility. Examples of this type are heat pumps, 
batteries (depending on the operation mode, batteries could also fit the first group), 
water heaters, etc. The type of asset is used to calculate the roundtrip efficiency of the 
asset, giving Equation 1: 

Equation 1 

𝐴𝑠𝑠𝑒𝑡 𝑡𝑦𝑝𝑒         {
1                                                𝑒𝑓𝑓 = 1
2             𝑒𝑓𝑓 = 2 − 𝑖𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦

 

The irreversibility represents how much extra energy is consumed to restore the initial 

state (before providing flexibility). Typical values for different types of assets can be 

found in literature (Table 10). These values are very relevant for the LIFF model, since 

the roundtrip efficiency will determine whether and how much the energy consumption 

will increase if the asset offers flexibility. The values for some common household assets 

are shown below: 

Table 10. Typical roundtrip efficiency values for different assets 

Asset Efficiency Source 

Household Batteries 
Roundtrip efficiency is 
approximately of 80% 

[64] 
 

Heat Pumps 
Depending on the insulation and 

compression efficiency, it  can 
be about 70-90% 

[65] 
 

Water tanks 
The efficiency of the heat 

exchanger is around 85-90% 
[66] 

 

 

3.1.1 Assumptions 
In order to define the constraints of the model, certain assumptions were taken and are 

listed hereafter. Some of these can be changed on the code if constraints that are 

dependent on the geographical location of the market and on the assets (for example) 

apply. 

• As only 1 kWh can be offered, it is assumed that the solar panels are able to 

generate at least 1 kWh during all the solar hours. 

• The cost of using the PV panels is 0 from the point of view of the prosumer.4 

 
4 i.e. it considers that the installation of the panels is done, not taking into account the LCOE as cost of PV 
(done in previous versions) because the main decision driver for prosumers to install PV panels is not 
participating in LFMs. 
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• The flexibility demand is always higher than the offer. This is possible given that 

a common value of minimum bid is 100 kWh, this model works on a per-unit 

kWh basis. 

• A minimum of 0 and a maximum of 8 hours can be used to offer flexibility each 

day. 

• The energy balance ensures that the energy provided is equal to the energy 

required demanded (Equation 2): 

Equation 2 

�̇�𝑜𝑢𝑡 = �̇�𝑖𝑛 ∗ 𝑒𝑓𝑓 

 

The logic behind this formula follows that for each kWh that a flexible asset stops 

consuming, there is at least another kWh that must be consumed (due to the roundtrip 

efficiency) to fulfil the task that the given asset should perform. For instance, if a battery 

offers 1 kWh of flexibility, recharging the same kWh would demand extra energy due to 

the irreversibilities of the energy system. 

• The activation function is calculated as a random value following the binomial 

distribution, i.e. 1: activated, 0: not activated. The probability of activation is 

assumed to be 60%. This parameter that can be adjusted to fit every flexibility 
market. 

• The degradation of the asset is not considered on the model. However, it can be 

considered as an extra penalty on the efficiency. 

• Assumes assets are fully charged on day a of the simulation.  

• Every day there is a full energy balance. 

• Yearly basis analysis, 8760 hours.  

• No baseline is taken into account; the model considers that it is always possible 
to reduce 1kWh. 

As for every model, there is a number of limitations and future improvements. For 
example, factors such as investment costs of the required ICT infrastructure have not 
been incorporated in the model; these are necessary for a full analysis of costs and 
benefits. At the same time, benefits from e.g. the reduced network investments in 
reinforcing the low voltage, medium voltage or high voltage lines are not quantified 
either [60]. The model is, in general, a simple tool that can be run in low computational 
time and allows to guide the conception of projects. Once the project gets approval for 
implementation, other market tools will take over the optimisation, possibly including 
the grid configuration and visualisation of flows or congestion. 

3.1.2 Objectives 
After looking at the most common tariff schemes in Europe and the possibilities to make 
savings through exploiting the flexibility potential of the assets in common buildings, 
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the following case studies were selected to understand which structure can yield better 
results under the same market: (1) Only load shifting, (2) Load shifting and flexibility 
and (3) Flat tariff. 

1. Load shifting makes an optimisation using Pbill data (PVPC5 from Spain data 
used as Pbill) 

2. Load shifting + Flexibility optimises using the price of flexibility (data provided 
by BAM). 

3. Flat tariff uses a variable cost calculated with the Dutch taxes. 

3.1.3 Characteristics 
While developing the model, certain goals were kept in mind as must-haves of the 
proposal, to ensure its usefulness and applicability. The model fulfils the following 
characteristics: 

• It is scalable and robust. 

• It can be applied to any energy community, anywhere, regardless of the type of 
asset, model of the asset etc. 

• The model is simple but fulfils all physical constraints to determine an 
approximate value, and new add-ons can make it more complex and case-
specific. 

• A demo can be run with the numbers from the offices of the TROEF project 
located in BAM Bunnik (and with all other specific cases as long as the necessary 
data described in Table 8 is available). 

3.1.4 Logic 
The logic of the LIFF model is graphically explained in Figure 19. The step by step 
explanation of the code, with the most relevant lines of code are added in Appendix A. 
The logic starts by defining the input parameters and creating the temporal data frame 
for optimisation. After this, a loop is run 8 times over the 8760 hours of the year. The 
algorithm optimises the maximum number of hours per day that offering flexibility 
would be beneficial. In the next step, the algorithm cleans the data frame to replace the 
calculation with the optimal number of flexibility provision hours. This allows to 
recalculate the revenue, and a summary of the results is given by the program 
including: The costs of providing flexibility, the savings from doing load shifting while 
offering flexibility, the income from offering flexibility, the total energy provided, and 
the levelised income from providing flexibility.  

Next to the flexibility model, a load shifting model is developed for comparison purposes. 
The difference between both methods is that the flexibility model optimises the 
maximum provision hours with the flexibility tariff, while the load shifting model 
optimises with the utility price values. 

 
5 To be noted that the numbers taken are recent (2022), with the past year being a period of particularly 
high prices. 



45 | P a g e  
 
 

 

Figure 19. Flowchart explaining the logic behind the LIFF model 
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3.1.5 Simulations 
Two main scenarios are defined: (1) Flat tariff and (2) Time of Use (ToU) Tariff. The flat 

tariff is obtained from the Dutch Taxes and ODE (Opslag Duurzame Energie, a 

sustainable energy surcharge) rate for a customer in Bunnik, the Netherlands [67]. 

Since this is fixed, the cost of consuming energy is constant and is only related to the tax. 

To take into account the fixed annual cost, the yearly tariff over 8760 hours is deducted 

from the final Levelised Income from Flexibility/ load shifting. 

The ToU tariff case uses the PVPC hourly tariffs from the Spanish market [68] given that 

for Bunnik there are no ToU tariffs available. For each Scenario, four different cases are 

presented, Flexibility Provision with PV panels, Load Shifting with PV panels, Flexibility 

Provision without PV panels, and Load Shifting without PV panels. The activation 

probability is set at 60% and the roundtrip efficiency to 80%. The results are presented 

in Figure 20: 

 

Figure 20. Simulation results for the defined use cases 
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Figure 21. Energy in kWh of flexibility (or kWh shifted) activated per case 

The maximum revenues obtained in this example come from the ToU tariff that offers 

flexibility and load shifting with PV panels, but it is only slightly higher than performing 

only load shifting. The main difference lies in the amount of energy that is provided to 

obtain such revenues, which is shown in Figure 21: on the flexibility provision case, the 

amount of energy offered is lower, and thus the availability of the asset can be higher. 

What is relevant from this comparison is that only by participating in the flexibility 

market, owners can increase their revenue by up to 15-20% and improve the utilisation 

of their assets. It is important to mention that the model could not find a positive 

solution for offering flexibility on a ToU tariff without PV panels. This is given that the 

utility cost is too high compared to the price offered for flexibility provision. In general 

terms, this can be explained by understanding that flexibility is a supplement to 

generation, and thus, paid similarly to generation cost. On the other hand, the utility bill 

contains transmission, distribution, commercialization costs, taxes, etc. However, a 

solution is found for only load shifting but the cost of shifting the load is too high, 

therefore the revenues are very low and probably considered minor in comparison to 

other schemes. Hence, load shifting only (excluding the consideration of providing 

flexibility) without PV panels can be useful only for assets with efficiencies closer to 1.   

On the other hand, the flat tariff shows very different results. At first instance, load 

shifting is useless in a flat tariff scheme, as it is shown on the only load shifting and no 

PV case, but it can also represent a good income to the prosumer. Flexibility provision 

with PV panels focuses on reducing the taxes during the solar hours generating some 

savings; in addition, as the cost of consuming energy at any hour is the same, it gives 

complete freedom to the owner to offer flexibility anytime, capturing a significant 

income from flexibility sales. Finally, participating in a flexibility market makes it 

possible to obtain revenue even if there are no solar panels installed. This result differs 
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from the ToU tariff scheme, where no solution was found given that changing the hour 

of consumption will not affect the total cost of the bill.  

Secondly, the results from the CO2 emissions reduction are shown in the Figure 22: 

 

Figure 22. CO2 Emissions reduction per kWh 

With the given results, a comparison criterion named Levelised Income From 

Flexibility/Load Shifting is proposed, where the total income is divided by the amount 
of energy provided in a year per kWh (Equation 3): 

Equation 3 

𝐿𝐼𝐹𝐹 =
∑ 𝑅𝑒𝑣𝑒𝑛𝑢𝑒

∑ 𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑣𝑖𝑑𝑒𝑑
 

 

As the flat tariff includes an extra cost, the yearly tariff over 8760 hours is deducted 

from the final Levelised Income from Flexibility/Load Shifting as an equalising penalty 
(Equation 4): 

Equation 4 

𝐿𝐼𝐹𝐹𝑓𝑡 =
∑ 𝑅𝑒𝑣𝑒𝑛𝑢𝑒

∑ 𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑣𝑖𝑑𝑒𝑑
−

𝑦𝑒𝑎𝑟𝑙𝑦 𝑡𝑎𝑟𝑖𝑓𝑓

8760
 

 

The results are presented in Figure 23: 
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Figure 23. Levelised Income From Flexibility for the different use cases 

The income varies from 0.03 €/kWh to 0.35 €/kWh heavily depending on the utility 

tariff prices given that most of the income comes from the savings obtained from paying 

less at different hours. On a flat tariff scheme, the revenue obtained from flexibility 
provision can be up to 0.11 €/kWh plus an extra income from tax reduction.  

3.1.6 Advantages of the LIFF model proposed 
The potential and competitive advantages of the LIFF model in the aim to become a 
useful tool is summarized in the following points:  

• It provides a comparison method that can support the conception, design and 
legislation of local flexibility markets anywhere; e.g. quantify the revenues 
coming from a flexibility project before starting it (investing in smart meters 
etc). 

• The LIFF model assists to evidence that today flexibility is not priced in relation 
to the problem that it solves. 

• Help compare different flexibility markets, flexibility prices in different 
countries... etc. 

• Avoid issues related to, for example, what to take as a baseline for each FSP, 
which can differ a lot from one market to another (e.g. real time markets), as well 
as other specificities of the market design. 

3.2 Agent-based market mechanism 
The aim of this section is to create a tool that allows to bring the generic LIFF model 

presented into a specific use case that is created to show case the flexibility potential of 

a building, using a hypothetical case. The code is written on Python and the cases are 
plot in Excel.  
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A bid curve is the result of defining the willingness to sell an item depending on the 

market price. The higher the price of flexibility, the bigger the interest of the consumers 

to adapt their behaviour; for instance, decreasing the temperature thermostat in the 

house, doing laundry at a different time... etc, will contribute to a  higher flexibility 
potential.  

One important characteristic to bear in mind is that, while in industrial facilities, the 

offer of flexibility might be linked to stricter rules, once the constraints have been 

defined (e.g. minimum revenues, working schedule etc.), defining the times to offer 

flexibility might be more straightforward. On the other hand, offering flexibility for 

domestic users is very linked to consumer’s behaviour, each user’s profile (e.g. level of 

income, climate change awareness level, self-perception of the value of free-time etc.). 

The use case selected, a household, is at the moment purely economic-oriented. If the 

owner prefers to do laundry at 18h despite losing the cost of opportunity of flexibility, 

because that is the only time when he/ she is available, the flexibility level offered will 

be lowered down with respect to the modelled. Purely technical-based bid curves do not 
reflect this reality.   

In the optimisation process, the bid curve of each asset depends on the price at which 

flexibility is offered. This model focuses on defining the optimal energy offer (Figure 24) 

for a flexibility price given, i.e. it is a price-taking model. 

 

Figure 24. Variable definition 

 

Figure 25. Optimal bid

Therefore the optimal bid will be the intersection (Figure 25) between the cost of 

producing flexibility from each asset and the price of energy in the flexibility market. 

Offering flexibility is similar to offering energy from a generator, with the added value of 

having a locational component that can help to solve congestion in a specific area, or to 

solve balancing with less transport losses. FSPs will enter in a competitive market, and 

will set a minimum price for their flexibility. The higher the price offered, the higher the 

liquidity in the market and the quantity that will be offered by the available assets. No 

asset will offer energy below their marginal cost which, in the present case, is that of 

recharging the battery taking into account the roundtrip efficiency, or could be zero if it 

is a device such as a laundry machine, that will be run at a different time. Again, the loss 

in comfort or the value of time of the consumer is subject to each user and not taken 
into account in the present model. 
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In order to calculate the bid curve for the different assets, the Levelised Income From 

Flexibility is used. This is an example of an application of the LIFF model. The LIFF 

allows to run several simulations for assets with different efficiencies and calculate the 

cost of offering flexibility. Naturally, the lower the roundtrip efficiency of the assets, the 

higher the cost of offering flexibility, since recharging up to its full level will require 

more energy than the energy discharged. On the other hand, the model assumes that 

discharging takes place in hours when it is paid over a certain level, and charging is 

done in the hours when electricity is cheaper (including when the PV panels provide 

energy). The symmetric with respect to the x-axis of Figure 26 would be the bid curve of 

the different assets, indicating the price at which the asset should be turned off 
depending on its efficiency. More about bid curves is explained later in Section 3.2.4.   

 

Figure 26. Efficiency vs. Price of Activation coming from LIFF 

Since the most profitable case of offering flexibility according to the steps taken in the 

previous section resulted for the use case of offering flexibility and load shifting in an 

infrastructure equipped the PV panels, this is the case that has been considered for the 

simulation of the agent-based market mechanism. In those cases in which the efficiency 

of the asset is one (consuming that at one or another hour will not imply the 

consumption of additional energy), all possible flexibility is offered for that particular 
assets at that specific time. 

3.2.1 Assumptions 
Some relevant assumptions of the agent-based market mechanism applied are the 

following: 

• The flexibility demand is always higher than the offer. This is possible given that 

a common value of minimum bid is 100 kWh. The model works on a per-unit 

kWh basis. 
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• A minimum of 0 and a maximum of 8 hours can be used to offer flexibility each 

day. 

• The model supposes that each time that flexibility is offered, it will be activated 

(100% of the time). 

• The degradation of the assets is not considered in the model. 

• No baseline is taken into account. 

3.2.2 Objectives 
The models displayed during the simulation tried to maximise the revenues coming 

from load shifting and of participating in the LFM of data used in the LIFF method. 

Although initially both “household with PV” and “household without PV” were 

considered, the former case was the once selected, since the case was already the most 

successful one in Method 1, and ensures a positive revenue stream. 

If one wanted to model a full community, the DER penetration rates can be taken from 

the Flex Street Model (introduced in Section 2.2.2), and the assets data should be 

multiplied accordingly per number of houses in the community that include each 

specific asset. In the Flex Street Model, devices are modelled with forecasts for a 

neighbourhood of residential houses in the Netherlands in 2050, allocating batteries to 

houses with PV units only (as included in this model) and a non-controllable gas-fired 

heating system assumed for houses without an electric heating system. 

3.2.3 Characteristics 
Some characteristics that are inherent to this model and can be changed with further 

development if the case calls for such need are: 

• The model simulates a house. However, industrial facilities have a high 
flexibility potential and are not represented in the present case. 

• Parameters can be easily modified to generate an energy community based 

on other scenarios (number of houses, penetration of DERs, wind power in 

the community...). 

• The model follows the PowerMatcher concept of aggregated bid curves, and it 
is thus conceptually scalable. 

• User behaviour is not reflected here, but an economic analysis is carried out 

based on the output that can be withdrawn from the LIFF model proposed in 
this work. 

3.2.4 Logic 
Briefly explained, the logic behind the bid curves concept is very similar to that of 

PowerMatcher. The heat pump case is used again to illustrate how the model works. 

The heat pump acts as a local device agent in this case, that will submit auctioneer bids. 

Conceptually, the heat pump converts electrical energy into thermal energy. The 

thermal buffer attached in most cases is responsible for keeping the building’s 

temperature between certain limits. The gap in between is a buffer that can be used to 
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offer flexibility. The different modes are shown in Figure 27, supposing that this heat 

pump can only operate at maximum power, but not at intermediate levels (which can be 
the case). 

 

Figure 27. The fill levels of a heat pump 

Figure 28 shows an example of how bid curves from different assets look like. At any 

moment in time, the aggregated bid curve of all available assets will be matched to that 

of the flexibility demand. 

 

Figure 28. Aggregated bid curves at a random timestep of a MATLAB simulation with different assets 

3.2.5 Simulations 
The use case takes data from a household in Madrid (Spain). The typical daily load 
profiles for the different months of the year are shown in Figure 29. 
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Figure 29. Typical daily load profile for each of the months of the year 2020 

Since there are no meter readings per appliance available, the values provided in [69] 

were used to estimate the percentage of consumption per appliance over the total of the 

household for those assets for which participation in a flexibility market is feasible. In 
Figure 30, all other assets are grouped under “Others”, for one day (selected randomly). 

 

Figure 30. Adapted from data in [76]. Average hourly energy consumption of different appliances (per household) 
for working days 
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The consumption of the household that takes part in the given use case was classified 

per asset, and a proportion of consumption per asset was given for each hour of the day 

to adapt the behaviour of the house to that found in literature [69]. The new 

consumption profile, only for shiftable loads, corresponding to the household profile, is 
shown in Figure 31: 

 

Figure 31. Flexible load consumption of the use case over a day 

After running the model, the new profile per asset is shown in Figure 32, and the total, 

for one day pre and post flexibility can be seen on Figure 33: 

 

Figure 32. New consumption profile of the use case after offering flexibility 
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Figure 33. Shifted load for a day pre (blue) and post (orange) offering flexibility 

As can be seen on the graph, the model successes in shifting the load from the most 

expensive hours (22h, 23h...) to the hours at the afternoon with cheaper energy from 

the PV self-generation or from cheaper grid prices. The final results of the simulation 

are presented in Table 11 (note that consumption here excludes energy coming from 
the PV self-generation installed): 

Table 11. Final results 

Parameter Value Unit 

Total load consumption prior to flex  8337.683 kWh 

Total load consumption after flex  7802.388 kWh 

Total energy shifted in a year  535.295 kWh 

 

For reference, the average estimated daily generation profile of the PV panels per 

month, sized according to the house in the use case is shown in Figure 34. In Figure 35, 

the comparison between daily PV generation (grey) and the load profiles for selected 

months (brown) are shown, to reflect the importance of peak shaving and encourage a 

conscious shift to make generation meet demand and local level, avoiding congestion 
issues with an increasing number of houses adding PV panels on their rooftop.  
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Figure 34. Average estimated daily generation profile of the PV panels per month 

 

Figure 35. Comparison between daily PV generation (grey) and load profiles (brown) for some specific selected 
months 

3.2.6 Advantages of the agent-based market mechanism 
Some of the advantages that the model presented shows and that are worth noting are: 

• It allows to test the specific scenario objective of this research: maximising 

revenues generated from offering flexibility and doing load shifting. 

• It is little dependent on specific technical parameters such as heat pump size, 

capacity of the battery etc., that are simplified in an efficiency rate. 

Limitations:  

• Only one market scenario is represented here.  

• The dynamic Time of Use tariff was the selected here based on the outcome of 

LIFF. The model can be applied to other less profitable markets/ use cases. 
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• Does not consider externalities such as baseline.  

• Does not consider the activation rate. 
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Chapter 4 - Discussion 
In this section, a brief discussion addressing to the initial research questions proposed 

is presented. 

4.1 Research Question 1 
• How can energy communities quantify the benefits from offering flexibility to 

self-organise the assets in the community in a way that they contribute to 
congestion management in the Netherlands? 

The proposal of a Levelised Income From Flexibility targets this research question. The 
LIFF model proposed is non existent in literature, but aims to have a similar usefulness 
impact as that of the LCOE. A practical example is presented in a use case in this work, 
taking one of its applications as input: the creation of bid curves for the different assets 
that can provide flexibility, when the objective is purely economical (no user behaviour 
or psychology considered), ignoring all externalities of particularities of the different 
assets, except for the efficiency lost from offering flexibility and from the recovery of the 
initial asset state. 

4.2 Research Question 2 
• What mechanisms are available to create a robust, scalable and transparent 

market functioning and activation mechanism? How can we test with a simple 
indicator the most profitable tariffing structure, market and flexibility offer 
scheme?  

An extensive literature research is presented regarding this topic, with transactive 

energy resulting as today’s preferred technology given the current advancements on 

ICT technology. Transactive energy allows real-time, autonomous private and 

decentralised decision-making while maintaining transparency in the market platform.  

Some points need to be considered before implementing a transactive energy project, 

such as the reliability and affordability of technology like smart meters that allows the 

remote control of assets, the computational demand of any system with a high number 

of small devices, the resources needed to properly manage and maintain a safe and 

private operation of the system, and the need to motivate participants and pass the 

importance of participating in LFMs to users. According to the studies of [70] 

centralised optimisation models can be used to analyse the game theory-based models, 
the auction theory-based models and the multiagent-based models. 

Before proposing a one-best-tool for a specific project conceiving any new market, it is 

important to point one conclusion of this work: the market mechanism can  only be 

selected after the optimisation objective has been defined, since different tools can be 

more effective for e.g. maximizing self-consumption within a community, maximizing 

revenues from the right combination of participating in LEMs and LFMs... etc. 

The LIFF indicator allows to conclude on the most profiting scheme (with the data used) 

coming from participating in a dynamic time of use tariff, with a combination of 

flexibility and load shifting, in a scheme were self-generation from PV panels exists. 
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Chapter 5 – Conclusions and Future Work 
trial 

5.1    Conclusions 
The conclusions withdrawn after this work, and that are worth recapitulating, are: 

• Today, flexibility prices for congestion management do not reflect the savings 
from grid reinforcement or reinforcement deferral (except in cases like the UK 
flexibility market of Piclo Flex). 

• The lack of awareness of users towards the congestion problem will very likely 
not be, by itself, a motivation to enter the market, especially given the required 
ICT investments (smart meters). Unless there is a big push on the regulation side 
or incentives on the economical side are increased, the liquidity in LFMs will not 
increase. Alternatives such as pricing congestion implicitly in the energy market 
with, e.g. multiple bidding zones as done in Sweden to a certain extent or with 
nodal pricing in the US (congestion is priced at transmission level) can be 
replicated in Europe. 

• A reminder that flexibility markets are not the first-best solution, but rather a 
bids reservation and capacity allocation system that takes place during the Green 
state of the USEF framework presented.  

• Increasing market liquidity in LFMs is key to increase competition and ensure 
that market buyers can rely on the system. In order to increase accessibility to 
the market and transparency, historical flexibility activation prices should be 
public, and can be shown in webpages such as the Transparency Platform from 
ENTSO-e [3], together with prices from other electricity markets. Today, the lack 
of available information and clarity on possible revenues coming from flexibility 
markets in Europe prevents possible FSPs from entering the market and for the 
creation of new LFMs. 

• Many control methodologies create bid curves and other systems to simulate 
when to bid or not; however, the action of offering flexibility is so dependent on 
user behaviour, that one common function will not work for all users. The value 
of flexibility may be linked to the awareness of people of the congestion 
management problem, their budget, and other parameters that can hardly be 
included in models. 

• The LIFF model helps to maximise the consumption from self-generation (PV 
panels in this case), since this is the cheapest source of energy for the assets. 

From the point of view of the author, the present project aimed succeeded in fulfilling 
the following objectives: 

• Creating a new, simple and useful indicator for the flexibility community: the 
LIFF. 

• Providing the research community with a novel and simple tool that can serve as 
support in the promotion of energy communities, lowering entry barriers for 
small parties in LFMs and fostering low carbon energy technologies. 
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• Learning basic programming skills in Python and manipulating different types of 
data. 

• Updating personal knowledge on flexibility topic. 

5.2     Future Work 
Throughout this project, scope limitations had to be set in order to keep a focused and 

concise topic. Along its way, relevant challenges that could be subject of research by 

itself appeared as new ideas that can be materialised in further research. These are 

suggested as future work hereafter: 

• Data availability did not allow to give full realistic results. The flexibility 

activation prices are an important part of the LIFF model, but are not public for 

the market of study. 

• Further complexity could be added to the LIFF model, such as including new 

energy sources like wind, or implementing building-related parameters like U 

values (the amount of heat losses per unit area in a building wall). 

• The LIFF model can be expanded to multi-objective optimisation, improving 

significantly the usefulness of the indicator. 

• The behaviour of aggregated assets could be modelled at high level using the 

LIFF indicator and its application in the creation of bid curves.  

• Machine learning to create a forecast of historical prices of flexibility, or the 

probability of activation of a specific case could be applied in order to improve 

the accuracy of the LIFF model. 

• If the licenses are available, it would be interesting to simulate different 

optimisation objectives with Triana and PowerMatcher, and withdraw 

conclusions based on the results.  
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Appendix 
Appendix A 
Python Code logic of the LIFF model  

1) Imports the layer 1: Market Data, as a dataframe on Python: 

# -*- coding: utf-8 -*- 

import pandas as pd  

Market_Data = pd.read_csv("Market_Data.csv",header=0,dtype = float, 

encoding='ISO-8859-1') #importing database from excel 

 

2) Input parameters are defined, and the temporal dataframe for optimisation is 
created: 

rt_eff = 0.80 #roundtrip efficiency of the asset.  

offer = 1 #kWh 

flex_asset = pd.DataFrame() #temporary dataframe for optimisation 

calculation 

flex_asset['flexh_asset'] = [0,1,2,3,4,5,6,7,8] #The flexibilty offer can 

be from 1 to 8 hours. 

flex_asset['income'] = 0 #this will be the possible income obtained from 

offering from 1 to 8 hours. 

Market_Data.fillna(0, inplace=True) #erasing empty spaces. 

c=1 #counter 

i=0 #counter 

Market_Data['Savings'] = 0 

Market_Data['Flex_asset'] = 0 #defining the energy offer by the asset  

Market_Data['Recharge_asset'] = 0 # defining the amount of energy used to 

recharge the asset. 

 

3) Loop to run the simulation 8 times over the 8760 hours of the year: 

for l in range(0,len(Market_Data.index)): #loop to run over the whole 

dataset.   

    Market_Data.loc[l,'day'] = c #first step is identifying the day where 

the whole asset cycle will go. 

    if ((l+1) % 24)==0: #checking if the day is over to calculate the 

disharge and recharge. 

        for j in range(0,len(flex_asset.index)): #optimisation part, the 

income will be calculated supposing if 0,1..7 or 8 hours of flex were 

provided. 

 

 

4) Optimises the maximum number of hours per day that offering flexibility would 
be beneficial: 

Market_Data.loc[Market_Data[Market_Data['day'] == 

int(c)].nlargest(flex_asset.loc[j,'flexh_asset'], 'Pflex').index, 

'Flex_asset'] = offer #localizes the 0,1..7 or 8 most expensive values of 

the flexibilty market, and delivers the energy at a 1 kWh rate. 

            Market_Data.loc[Market_Data[Market_Data['day'] == 

int(c)].nsmallest(flex_asset.loc[j,'flexh_asset'], 'Pbill').index, 

'Recharge_asset'] = offer*(2-rt_eff) #localizes the 0,1..7 or 8 cheapest 
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values of the energy tariff, and recharges the asset at 1 kWh rate and 80% 

roundtrip efficiency. 

            Market_Data['Income'] 

=Market_Data['Flex_asset']*Market_Data['Pflex'] 

            Market_Data['costs'] = 

Market_Data['Recharge_asset']*Market_Data['Pbill'] 

            Market_Data['revenue'] = Market_Data['Income'] - 

Market_Data['costs'] 

            flex_asset.loc[j,'income'] = 

Market_Data.loc[i:l,'revenue'].sum() #calculates the daily income with 

0,1...7 or 8 hours of flexibility provision. 

maxindex = flex_asset['income'].idxmax() # here is when the optimisation 

happens, this line evaluates the index of the max value of income from the 

0,1..2 7 or 8 hours of flexibility provided.  

 

5) Cleans the dataframe to replace the calculation with the optimal number of 
flexibility provision hours: 

 Market_Data.loc[i:l,'Flex_asset'] = 0 #resets the original dataset 

        Market_Data.loc[i:l,'Recharge_asset'] = 0 #resets the original 

dataset 

        Market_Data.loc[i:l,'Income'] = 0 #resets the original dataset 

        Market_Data.loc[i:l,'Income'] = 0 #resets the original dataset 

        Market_Data.loc[i:l,'costs'] = 0 #resets the original dataset 

        Market_Data.loc[i:l,'revenue'] = 0 #resets the original dataset  

 

6) Recalculates the revenue: 

Market_Data.loc[Market_Data[Market_Data['day'] == 

int(c)].nlargest(maxindex, 'Pflex').index, 'Flex_asset'] = offer 

        Market_Data.loc[Market_Data[Market_Data['day'] == 

int(c)].nsmallest(maxindex, 'Pbill').index, 'Recharge_asset'] =offer*(2-

rt_eff) 

        Market_Data.loc[Market_Data[Market_Data['day'] == 

int(c)].nlargest(maxindex, 'Pflex').index, 'Savings'] = 

Market_Data['Flex_asset']*Market_Data['Pbill'] 

        Market_Data['Income'] = 

Market_Data['Flex_asset']*Market_Data['Pflex'] 

        Market_Data['costs'] = 

Market_Data['Recharge_asset']*Market_Data['Pbill'] 

        c=c+1 # to define a new day 

        i = i+24 #this is to select the every 24 hours batch 

 

7) Summarizes the results: 

income = Market_Data['Income'].sum() 

costs = Market_Data['costs'].sum() 

Load_shifting =  Market_Data['Savings'].sum() 

provision =  Market_Data['Flex_asset'].sum() 

print('Costs of providing Flexibility') 

print(costs) 

print('Savings from load shifting while offering Flexibility') 

print(Load_shifting) 
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print('Income from offering Flexibility') 

print(income) 

print('Total Energy Provided') 

print(provision) 

print('Levelised Income from Flexibility Provision') 

LIFP = (income+Load_shifting-costs)/provision 

print(LIFP) 

Market_Data.to_csv('Calculation_Asset1.csv',index=True) 

 

Besides the Flexibility model, a Load shifting model is developed for comparison 
purposes. The difference between both methods is that the flexibility model optimises 
the maximum provision hours with the flexibility tariff, while the load shifting model 
uses the utility price values for the optimisation. 

Market_Data.loc[Market_Data[Market_Data['day'] == 

int(c)].nlargest(flex_hp.loc[j,'flexh_asset'], 'Pbill').index, 

'Flex_asset'] = Qflex 

Market_Data.loc[Market_Data[Market_Data['day'] == 

int(c)].nsmallest(flex_hp.loc[j,'flexh_asset'], 'Pbill').index, 

'Recharge_asset'] = Qflex*eff 
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Appendix B 
Baseline proposals for different assets from the CoordiNet project  

 

Figure 36. Assets classification and verification methods considered in the CoordiNet project 

Table 12. Proposal for baseline options from deliverable 2.1 [14] 

FSP types participating in the demo run 2 in Sweden Possible baseline methods 

Demand 

Heat pumps 

Residential 
(aggregated) 

Regression 

Historic average: 
High X of Y with 
temperature 
adjustment 

Historic average: 
Rolling average 

Industrial 
District 

Buildings 
District Electric Boilers 

Request schedule 
Historic average: 
High X of Y 

 
Industry 

Refrigeration system - farm Regression 
Historic average: 
High X of Y 

Historic average: 
Rolling average 

Generation 

Waste incineration 
Cogeneration Request schedule 

Historic average: 
High X of Y with 
temperature 
adjustment 

 

Gas turbine  

Diesel generators 
Request schedule 

  
Hydro power   
Reserve Power Generation   

Energy storage 
Meter before/ 
meter after caped/ 
floored 

  

 

 

 

 


