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1 Introduction 
 

The INCREASE project aims to increase the penetration of distributed renewable energy sources 

(DRES) in the distribution grid and enable DRES and consumers to participate in the market and 

provide ancillary services. Several technologies and methodologies can be used to achieve this 

goal. In this report, Demand Response (DR) and Dynamic Line Rating (DLR) implemented by 

means of a Multi -Agent System (MAS) are being discussed.  

 

Dynamic Line Rating (DLR) helps the network operator to dynamically assess the capacity of 

individual power lines and cables, using this information to reduce the risk of line overloading 

during operation. On the other hand, Demand Response as a part of Demand Side Management 

(DSM) can influence the time of use of electricity, redistributing the peaks and lows in more 

desirable time slots. DR offers additional short-term flexibility to the DSO or the demand 

aggregator to balance its demand portfolio, or offer this flexibility as an ancillary service on the 

ancillary service market. In the long term, both DLR and DR can help system operators to avoid 

investments in networks for meeting peak demands.  

 

INCREASE envisions the use of flexibility offered by a combination of DSM, DLR and smart 

control of DRES. This report also explains the feasibility of integrating DR and DLR into the 

MAS. Input from the DLR module will be used in the MAS, in order to increase the penetration 

of DRES by allowing higher power flows in cables for shorter periods of time. 

 

This deliverable is structured as follows. Chapter 2 gives an overview of the agents and the MAS 

architecture for the electricity market. Chapters 3 & 5 describe what DLR and DSM can do to 

increase the potential integration of DRES into the distribution grid. In Chapters 4 and 6 the 

integration and cooperation between DLR and the MAS, and DSM and the MAS are addressed 

respectively. Chapter 7 gives an overview of the simulations and next steps. Chapter 8 concludes 

the work. 

 

2 Description of the Multi Agent System (MAS) 

2.1 Introduction of the Agents  

 

Increasing amounts of distributed, non-dispatchable, and fluctuating renewable sources reveal 

serious grid problems such as overloading, voltage excursions, and even instability. The classic 

control system is insufficient to response timely and adapt properly to the grid expansion and the  
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significant participation of DRES. Distributed intelligence becomes an important trend for 

control and operation at distribution network level to handle the consequences from uncertain 

and variable power supply and changing load demand.  

 

As an evolution from conventional artificial intelligence into the mainstream of distributed 

systems, distributed intelligence in the smart distribution grid is formed by pieces of software 

with communication capabilities (Wooldridge & Jennings, 1995). A so-called agent can simplify 

the way in which local entities interact with the power system because they can bring together 

reactive, proactive, and social behaviour (Li, Poulton, & James, 2010). An agent is able to 

autonomously react to changes in that environment. The agents can also learn from their 

previous actions, according to predefined learning rules and criteria functions.  

 

In the INCREASE project, the agent-based technology will be used as a coordination mechanism 

to optimize the control capability for DRES. Delegated control agents will be developed for 

handling network problems such as overvoltage or congestions. In the normal operation phase, 

such multi-agent system (MAS) has a strong correlation with energy markets to enable DSM/DR 

services. A market learning agent is therefore introduced apart from the delegated control agents. 

Sections 2.2 and 2.3 describe such market learning agents, which will be used for modelling an 

electricity retail market. Section 3.3 introduces the Multi Agent System (MAS) that will be 

implemented in INCREASE. 

 

2.2 Learning agent model 

2.2.1 Introduction  

Learning agents are capable of modelling the interactions of participants, their behaviour and 

their development. They act in response to the information received from environment and they 

can learn to adjust their action to suit optimal criteria. They are capable to take independent 

decisions and react based on previous observations, experience and built-in logic in the agent 

environment. When modelling the electricity market with agents, their actions are very similar to 

real participants in the market as they constantly change their actions and strategies in order to 

reach their set goals. 

 

Learning agents are also adaptive as they learn through time which leads to better outcomes. 

They are capable to adapt to short-term as well as long-term changes. Learning agents can be 

integrated in a multi agent system (MAS). In such a system, modelling goals and actions of  

 

 



 
D2.2 Recommendations on real-time line rating and demand-side management  

30.04.2014 Page 8 

 

 

other agents in the system is possible. Compared to a single-agent system, MAS can improve 

target efficiency of the individual agents and simulate geographical distribution of MAS 

elements. It also offers the possibility of extending the system, simpler programming, robustness 

to noise and also a possibility to model a changing environment including actions by other 

participants, also modelled by intelligent agents. 

  

In power systems learning agents are mostly used in error diagnostic, monitoring the state of 

system elements, recovery of energy systems after blackouts, in automation and in simulating 

various aspects of energy markets (McArthur et al., 2007). The structure of agents depends on 

the tasks the agent is designed for. A basic structure of a learning agent comprises several units, 

as shown in Tab. 2.1 (McArthur et al., 2007; Stone et al., 2000). 

Tab. 2.1 Basic structure of an intelligent agent 

Unit  Description 

Perception unit Reads data from the environment and sends them to the control unit. 

Control unit Takes decisions about which actions are necessary to achieve the set 

goals, based on the received data.  

Knowledge unit Is responsible for the knowledge of an agent, refreshing and 

updating it. It also contains information about the functionalities of 

other agents.   

Process unit Contains one or more goals and their interactions. Also contains 

information on goals of other agents. 

Data unit Defines mechanisms for access to individual data and submits 

relevant information to the computing unit. 

Action unit Consists of the task and actions the agent is capable of performing. 

Computational 

unit 

Contains the defined functions for selecting optimal operation. 

Based on all information and decisions of the control unit it 

quantifies actions that can be implemented to achieve the goal(s). 

Execution unit Executes the orders decided in the computational unit. 

 

2.2.2 Agent learning 

One of the most important properties of agents is their ability to learn on past results and actions 

and improve their future actions on based on their experience to achieve better  
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results. For agent modelling, machine learning techniques are used for learning tasks (e.g. 

artificial neural networks, genetic algorithms, inductive logic programming, and evolutionary 

learning, learning via regression trees, swarming and reinforcement learning).  

 

Agent learning belongs to reinforcement learning which is a cyclical process (Nilsson, 1998) and 

is shown in Fig. 2.1. The agent and his environment are interacting in all stages and in all time 

steps. In every step the agent finds itself in a state of environment st ÍS, where S is a set of all 

possible states, and chooses action at Í A (st), where A (st) is a set of all possible actions. For 

every action the agent gets a numerical reward rt and changes its state from st to st+1. 

 

 

Fig. 2.1 Reinforcement learning 

Q learning works on the basis of reinforcement learning (Nilsson, 1998; Watkins, 1992). The 

agent experiences are created from a set of discrete states. In time t, the agent observes state st 

and performs action at. If lower state yt is defined, the agent observes state yt, gets a reward rt and 

with the at refreshes value qt-1 using: 

 

 (1) 

 

Where Vn-1(yt) is the agentôs assumed best action that can be performed. If Vn-1(y) and lowered 

states are omitted we avoid a stochastic definition of the problem (Wang,2009). 

 

                                                               ὠ  ώ ¹ÍÁØή ώȟὦ            (2) 
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Starting Q values Q0(s,a) and starting actions are defined by the designer of the agent. The agent 

converges to correct Q values if the number of individual state visits is high enough for every 

action and state.  

 

The biggest advantages of Q-learning compared to other learning techniques are: 

¶ Q-learning consists of sequences of simple computational operations that enable a 

robust, quick and stable computer program (Watkins et al., 1992). 

¶ Q-learning does not need a specific environment due to the fact that agents learn about it 

in every learning phase (Ahmadabadi et al., 2002). 

¶ It is the most used agent model for electricity markets (Weidlich et al., 2008). 

¶ It is very effective when the environment consists of many parameters and complex 

relations between agents as is the case in electricity markets (Rahimiyan et al., 2010). 

 

To improve the Q-learning algorithm and enable gradual reduction of the amount of learning 

with the improved performance, the algorithm was enhanced with the concept associated with 

Simulated Annealing to the so-called SA-Q learning algorithm. It differs from the Q learning 

algorithm in using the Metropolis criterion, ensuring that the agents avoid searching for a local 

optimum, guaranteeing an improved learning performance. 

 

2.3 Agents in Electricity Markets  

 

In energy markets every participant or group of several participants can be presented as an 

intelligent agent (Kozan, 2011): 

¶ Market organizer agent 

¶ Energy producer agent 

¶ Energy consumer agent 

¶ Regulator agent 

¶ System operator agent 

¶ Supplier agent 

¶ Aggregator agent 

¶ Trader agent 

Two types of agents are the most interesting for INCREASE: the Energy consumer agent and the 

Supplier agent. The latter is usually modelled together with the Aggregator agent as they have 

complementary market goals. 
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The main goal of the Energy consumer agent is to purchase electricity at the lowest possible 

price. Usually one intelligent agent is modelled for a group of consumers which share common 

characteristics. Active consumers in the electricity markets are often integrated with Supplier 

agents. Compared to the modelling of producers, modelling the consumers with intelligent agents 

means dealing with serious issues, e.g. lack of knowledge about the curves that connect 

maximum price and the target level of consumption for consumers. A criterion that solves the 

above issues and adequately describes consumersô agentsô reactions is described in (Kladnik, 

2013). 

  

In the electricity market, the supplier is responsible to buy and sell electrical energy meanwhile 

the aggregator is responsible to aggregate consumerôs elasticity of demand and sell it to other 

energy market participants. Suppliers are buying electrical energy on the wholesale market and 

are selling it to customers. They have the ability to form different tariff systems to maximize 

their profit and also lower the cost of energy for the consumer. As the Supplier agentôs and the 

Aggregator agentôs goals are therefore complementary with those of the Consumer agent we 

have decided to integrate these agents into one single entity.  

 

2.4 Generic MAS architecture and its applications 

 

A collection of agents including learning agents interacting within the same environment 

comprises a multi-agent system. A general architectural overview of MAS is presented in Fig. 

2.2, which shows the relation between the physical system, control and market actors. The layers 

are called physical layer, middleware layer, and service layer respectively. The Physical layer 

comprises network components (e.g. transformers, cables, overhead lines, etc.), controllable and 

uncontrollable distribution generation and loads. DRES in the physical layer are equipped with 

local control, such as inverter droop control. Agents in the middleware layer, exploit the 

controllability of DRES and provide intelligence to DRES by their social behaviour, reactiveness 

and pro-activeness. Agents in the middleware layer provide coordinated control actions to the 

individual control systems of the units in the physical layer in order to achieve a global optimal 

operation. As a coordinator of such agents, the aggregator plays a crucial role to control the 

provision of possible ancillary services as well as to link different energy markets of the service 

layer with the physical system.  
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Fig. 2.2 General architectural overview of the INCREASE MAS 

 

In INCREASE, MAS units will be constructed from two control layers, slow control and fast 

local control, as defined in Chapter 2.4.2 of INCREASE deliverable D1.1. 

¶ Slow control acts with time constants in the order of hour(s) and is implemented using a 

supervisory agent controlling all the ólower levelô agents. Slow control is selecting the 

control strategy which optimizes the distribution grid operation according to certain 

criteria and constraints. The supervisory agent will also be in charge to forecast load and 

production, which will determine together with input from local agents new overall set 

points for the inverters.  

¶ Fast control acts in minutes for controlling active power according to signals generated 

by MAS. The agents will be located at the 3-phase inverters of DRES units and at the 

MV/LV transformers of the feeders and their inputs will be the measured electrical 

quantities at the PCC of the respective inverter. Communication between agents is used 

to control the active power output of each inverter and the MV/LV transformer OLTCs to 

avoid overvoltage and congestions. Settings must ensure a fair distribution of the burden 

among the inverters especially the active power curtailment. 
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The extensive investigation of MAS will be performed within Task 2.2 (Development of the 

agent-aggregator platform and its distributed algorithms) and explained in D2.5 Agent-

aggregator platform and its distributed algorithms (due in October 2014).  Chapter 2 of D1.1 

provides the outline of agent systems that will be employed for the retail electricity market 

design.  

 

3 Dynamic Line Rating on MV cables 
 

In this section the possibilities of the use of Dynamic Line Rating on underground electric 

conductors in a Distribution System Operator (DSO) MV network will be described. The 

insulation of underground cables is very sensitive to high temperatures and DLR could help to 

maintain this while allowing higher ampacity limits. Overhead lines do not have that sensitivity 

problem and are therefore not investigated however the whole methodology may be applied also 

to them.  

 

First we address what we mean by Dynamic Line Rating and why it could be used. The business 

case (BC) of Dynamic Line Rating compared to cable investments was made for the DSO. From 

this BC conclusions about the possibilities were drawn and further work was defined. 

 

3.1 What is Dynamic Line Rating? 

 

Each electric conductor has its own static ampacity limit. It denotes the maximum current that 

can flow in the conductor without exceeding its thermal limits. The ampacity of a conductor 

depends on its insulation temperature rating, on the electrical characteristics of the conductor, on 

the conductors physical arrangements and on the ambient conditions. Therefore, although typical 

values of the above parameters are used in the conductor dimensioning, its ampacity cannot be 

considered as fixed. Ampacity limits apply equally to both overhead and underground conductor, 

although cables are more sensitive to temperature changes.  

 

Dynamic Line Rating (DLR): The cable ampacity limit is considered to be a function of time 

based on the cableôs actual temperature.  
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In theory it is possible to define, for each time moment, different combinations of current loading 

and duration e.g. a limit of 300A for 2 hours before exceeding the cable insulation thermal limit 

or 200A for 6 hours before the thermal limit is reached.  

 

In short the use of Dynamic Line Rating could be referred to as: going from a static ampacity 

limit  to a dynamic one, defined for a limited time, or otherwise going from a fixed ampacity to a 

variable one based on the maximum cable temperature. 

 

3.2 Purpose of using DLR in a DSO network 

 

From the definition it is clear that DLR can temporarily expand the rated cable ampacity. As a 

result the question arises whether it is possible to use DLR to optimize the grid assets use and 

reduce investments.  

To investigate the performance of the DLR we selected a case of a wind farm as an application. 

The first reason is that wind power is very dynamic. To illustrate that Fig. 3.1 and Fig. 3.2 are 

included. The second reason is that a wind turbine (WT) produces only for a very short time its 

maximum power. That is illustrated in Fig. 3.3. The dynamic character and the short peak 

powers may be found in other profiles too (i.e. solar panels) and therefore DLR could be applied 

for other profiles as well. 

 

 

Fig. 3.1 Production profile of a wind turbine for the duration of one year 
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Fig. 3.2 Detailed production profile of the same wind turbine for one month 

 

 

 

 

Fig. 3.3 Duration curve of wind turbines 
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3.3 The Business Case: cable investments versus DLR 

3.3.1 Introduction  

When WTs are connected to the grid, traditionally the peak load of the WTs is calculated and 

from that the necessary cable cross section is derived. The peak output of the WT may not 

exceed the cable ampacity limits. Most often this implies that new cable investments are 

necessary to reinforce the distribution grid. From the duration curve in Fig. 3.3 it is clear that the 

investments made and the respective design of the grid is done only for a few moments in time. 

If the grid cannot accept the peak WT generation, curtailment of the wind power may be 

necessary.  

 

On the other hand we know that the cable ampacity is in fact a function of its temperature, where  

the boundaries are set by the insulation temperature, and this can be translated into a dynamic 

current limit that is a function of time (contrary to the static limit). DLR may be an option to  

 

avoid cable investments due to temporary óoverloadsô in the grid compared to its static load 

limits.  

 

Due to its nature of setting current limits for time periods, and due to the unpredictability of wind 

power, DLR always must be combined with the option of curtailing wind power. Of course, the 

curtailment of wind power will be less with DLR than without.  

 

Making a BC of the cable investments versus DLR thus compares the cost of installing new 

cables to expand the grid and to make it strong enough to accept the (peak) load of the WT, 

whether or not combined with curtailment, while for DLR the grid is only partially upgraded 

combined with the installation of devices that can calculate the cableôs dynamic limits and the 

curtailment of wind power. 

 

3.3.2 Technical assumptions for the BC 

To illustrate the benefits of DLR, we choose to make our study in a very simple grid. Below the 

parameters of the studied topology are described. 

 

To calculate the conductor temperature we used the program Cables2. Cables2 calculates the 

conductor temperature with a 15 minutes based current profile as input.  
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The topology study consists of a medium voltage XLPE-cable with an aluminium conductor with 

a cross section of 240mm². The length of the cable is 5 km. Also we assumed that there are no 

other loads connected to the cable. 

 

The production profile is derived from an existing wind turbine with 1.800 full load hours. 1.800 

full load hours is a capacity factor of a wind turbine and it is the result of the total year 

production divided by the nominal power of the wind turbine. Summary of the assumptions: 

¶ Software to calculate the conductor temperature: Cables2 

¶ Cable: XLPE240 

¶ Voltage: 15kV 

¶ Length: 5km 

¶ Autonomous connection (= no loads) 

¶ Existing wind profile 

¶ Wind profile from 1.800 full load hours 

 

3.3.3 Cost assumptions for the BC 

The BC compares costs. In every case it is necessary to derive the amount of lost energy. With 

the energy price, the first cost is defined. The other costs taken into account are investments in 

new cables and circuit breakers, the grid losses and our OPEX (Operational Expenses) cost and 

the installation of the DLR components. As a cost component for the DLR system the cost of a 

commercially available tool is taken (tool developed by KEMA). 

 

The grid losses are also considered variable because when the WT is curtailed, the current in the 

cable is reduced, leading to grid loss reductions.  

 

3.4 Case Studies 

 

To compare investments in DLR and investments in assets different cases have been defined. 

The following cases were compared: 

¶ Investments in new assets  

1. Two new XLPE 240 cables 

2. One new  XLPE 400 cable 

¶ Investments in DLR  

1. One existing XLPE 240 cable and curtailment of the wind power to the level allowed 

by the  static ampacity limit  of the cable 
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2. Complete DLR system on one existing XLPE 240 cable and curtailment based on a 

dynamic current as a function of time (simulation procedure is described in section 

3.4.3) 

3. One existing XLPE 240  cable and curtailment on the temperature limit 

 

In the different case studies defined for DLR, three ways of defining the cableôs dynamic limits 

are described: 

¶ Based on current measurement 

¶ Based on temperature measurement 

¶ Based on a complete DLR system that forecasts temporary allowable current limit as a 

function of time, based on the historical load of the cable  

 

The curtailed or lost energy is in every case defined as:  

Energy produced in the start profile ï energy produced in the adapted profile 

 

The adapted profiles are obtained as described in the following sections. 

 

3.4.1 Current measurement 

We measure the current and once it exceeds the cableôs static limit the actual produced current is 

limited to this static limit. The static limit is a safe boundary and we are sure the cable will never 

exceed its maximum allowable temperature.  

 

3.4.2 Temperature measurement 

We measure the temperature and curtail the production when the cableôs temperature reaches 

90°C. The current resulting from the WG generation is limited to the permanent static limit. This 

static limit may occur for 100% of the time and then the temperature of the cable is never above 

90ÁC. The limitation exists until the cableôs temperature is below 85ÁC. From that moment 

onwards the full load is accepted again.  

 

3.4.3 Simulation of the complete DLR system 

A complete DLR system monitors the load of the cable and defines (or measures) its 

temperature. Based on temperature and actual load, it calculates the actual (or real-time) cable 

limit  of the cable as a function of current and time. 
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3.5 Procedure to find the days with the highest cable load 

 

Wind profiles are very variable. Therefore only a few days in the year WTs produce their 

maximal load for time periods that may cause overloading beyond the ampacity limits. 

 

In order to find these days we used the following procedure with an hourly resolution:  

 

 Different current steps were analysed. The pattern in the temperature rise turned out to be 

independent of the current step. The result of this for a period of 24 hours can be seen in Tab. 

3.1. Fig. 3.4 shows the temperature rise due to a current step. 
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Fig. 3.4 Temperature rise due a current step rise 
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Tab. 3.1 Temperature rise due a current step rise 

To know the effect of overloading our cables compared to the present limits we had to create a 

maximum production profile. A power profile from an existing wind turbine was up-scaled to 

120% of the current static cable ampacity limit. Fig. 3.5 gives more detailed information about 

this. This figure is for the +20% case but we used the same method for 30%. The blue line 

depicts the original current output profile of the wind turbine. In the red curve, the Inom for this 

current output (Inom of the WT = max of the curve) is converted to the static ampacity limit  of the 

cable. Then the Inom is rescaled to 120% (green curve). This green curve is the current profile 

used for simulation.  

 

 
Fig. 3.5 Rescaling the WT- current output profile 
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The goal is to rearrange the ñdaysò in priority from maximal to minimal heating. 

 

To reach our goal we applied the values from Fig. 3.5 on each 96 consecutive quarters in the 

created current profile and calculated a weighted sum. Fig. 3.6 shows more detailed 

information. 

 

 
Fig. 3.6 Calculation of the dayôs priority 

 

1. Prioritize the days based on the obtained sum. 

2. Temperature calculation for the days on top of the list. This is done by the calculation 

program Cables2.  

3. In the case of a complete DLR system for each day where the temperature rises above 

90°C, the profile is adapted so that the cable temperature never exceeds this maximum. 

Simulation of the curtailment:  

a. We start curtailment when the temperature of the conductor reaches 90°C.  

b. We curtail just enough to stay below the 90°C, so in peak moments the conductor 

temperature is constant around 90°C.  

c. The full load is again allowed as soon as possible. 
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4. For the case where we measure the temperature we curtail the generated power when the 

cable temperature reaches 90°C. The current is limited to the permanent static limit. This 

static limit may occur for 100% of the time and then the temperature of the cable never 

exceeds 90ÁC. The limitation exists until the cableôs temperature is again below 85ÁC. 

From that moment full power generation is again accepted.  

5. Replace the adapted profiles in the original list. Because the profiles and the reduction of 

the currents are done for 96 consecutive quarters, it is possible that, once combined again, 

the total temperature of the cable still exceeds 90°C.  

6. Repeat step 2 ï 6 until the temperature is maximum 90°C for 100% of the time. 

 

3.6 Results of the BC 

 

We divided the results into two parts, the technical and the financial results. 

 

The technical results are illustrated in Fig. 3.7, Fig. 3.8, and Fig. 3.9. In Fig. 3.7 and Fig. 3.8, the 

yellow curve illustrates the 130% production profile for the duration of one year. The yellow 

curve is the profile when there is no curtailment, the red curve is the result when we curtailed 

power based on a temperature measurement. The green curve is the result when we use the 

simulation of a DLR system. The blue horizontal line is the present cable ampacity limit for 

connecting WT. The difference in surface between the curves shows the amount of power we 

have to curtail to stay under the limits.  

 

Fig. 3.9 shows the result as a duration curve. The difference in surface between every steering 

line and the 30% extra ï without steering case gives the amount of curtailment. The difference 

between the 0% extra line and the other lines show the amount of extra energy generated when 

the cable is not dimensioned to Inom of the wind profile, but instead overloaded and curtailment is 

accepted.  

The last figure with technical results is Fig. 3.10. There you find the produced and the lost 

energy for all the different study cases.  

 

Fig. 3.11 and Fig. 3.12 are the financial results for each study case. It compares the cost for green 

certificates (GSC) with the investment in assets and the cost for the curtailed energy in function 

of the NPV. The asset cost for new cables is obviously much higher than for existing cables. The 

asset cost for the existing cables is only the cost for the measurement systems.  
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Fig. 3.7 Year profile for XLPE240 cable with 130% wind production 

  

Detailed in figure 8 
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Fig. 3.8 Detail from figure 7 
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Fig. 3.9 Duration curve for 1 year 

 
Fig. 3.10 Produced energy ï Steering refers to curtailing 
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Fig. 3.11 Business case with 20% extra overloading of the cable compared to classic grid dimensioning rules 
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Fig. 3.12 Business case with 30% extra overloading of the cable compared to classic grid dimensioning rules 
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3.7 Conclusions 

 

We can conclude that DLR is only interesting for existing cables. When a grid reinforcement 

is necessary, it is better to invest in a larger cable cross-section. The higher investment in 

larger cables gives a fast return due to smaller grid losses. 

The results depicted show the BC for a medium voltage level of 15 kV. The BC for other 

voltage levels will be slightly different as for the same amount of power, different currents 

occur in other voltage levels, meaning more or less curtailment is possible.  

 

Besides current congestion there is also a possibility of over voltage. In that case it is not the 

current that causes congestion but the voltage which exceeds its limits. In this case DLR 

offers no solution. 

 

Presently there is no regulatory framework for power curtailment, so this cannot be 

considered as a business as usual scenario. In the future the legislation has to be completed. If 

it is the case that penalties for curtailment will be agreed and the DSO has to pay for 

curtailment, this changes the BCs and investment in a new cable could become more 

favourable. 

 

The lost energy between the complete and expensive commercially available DLR system and 

a cheaper system where the curtailment is based on a temperature measurement is very small. 

 

4 The use of DLR in a Multi Agent System 
 

Architecture of MAS and details of DLR are being reported in Chapters 2 and 3 of this report. 

Indeed, it is crucial to analyse the possibilities of integrating DLR in MAS platform. Chapter 

4 presents an overview of possible approaches that may facilitate integration of DLR and 

MAS.  

 

DLR aims at dynamically changing the current limit of the cables. It is based on current or 

temperature measurements in places of the network where congestion may occur. The 

integration of DLR in MAS is twofold:  

¶ On the one hand DLR acts as an extra agent (see further). 

¶ On the other hand the dynamically changing current limit is a dynamic input in the 

MAS and a dynamic constraint for the MAS in its techno-economic optimisation 

function. The latter means that DLR can influence the working objective of the MAS.  

For DLR: the measurements are to be interpreted and translated into actual cable limits and 

set points for the generators.  
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Since the MAS techno economically optimizes the grid use and the curtailment of the 

generators connected to it, DLR is one of the constraints to the optimization function. There 

are two possibilities: 

¶ The DLR is an additional smart agent that is installed on the line  where congestion 

may occur (Fig. 4.1 Approach 1: DLR as a separate agent) 

a. The DLR agent calculates the actual dynamic limit of the line and gives input 

to the MAS control agent concerning the overloading of the congested line and 

the total necessary curtailment.  

b. Optionally: DLR sends set points of the new ampacity limit to the circuit 

breaker for safety of the network. The DLR agent informs the super agent.  

c. The MAS translates the necessary total curtailment into individual curtailment 

set points for the controllable generators (DRES units) (by techno economic 

optimization). 

d. Receiving individual curtailment set points from the control (super) agent, 

each device agent sends curtailment set points to its represented controllable 

generators.  

¶ The DLR algorithm is included in the MAS super agent (Fig. 4.2 Approach 2: 

DLR as constraint in the MAS) 

a. On the line where congestion may occur only measurements are taken. 

b. These measurements are sent as input to the MAS super agent. 

c. The MAS super agent calculates the actual dynamic limit and defines the 

necessary curtailments and new set points for the generators and the circuit 

breakers using a DLR algorithm and a techno economic optimization. 
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Fig. 4.1 Approach 1: DLR as a separate agent 

 

Fig. 4.2 Approach 2: DLR as constraint in the MAS 

Approach 1 allows the MAS algorithm to be less complex as it receives direct input from 

DLR about the necessary curtailment and new cable ampacity limits. It keeps the MAS 

structure in such modularity to be flexible to integrate different functions for different goals. 

For each network area, e.g. a feeder, an extra DLR agent needs to be developed to 
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communicate with the superior agent of that area. However, scalability of the MAS still 

remains. Approach 2 allows the MAS to incorporate the constraints set by DLR in the 

optimization function for curtailment and to techno economically search for the most optimal 

solution for curtailment of all generators. Since approach 2 includes the DLR functionality 

and calculation algorithm in the MAS, expanding the network with more DLR solutions may 

be cheaper in terms of number of DLR devices, but can lead to more complex MAS 

algorithms. 

 

It should be noted that the integration of DLR into MAS control strategies requires on-line 

measurements to feed DLR with real-time information. Currently the study of DLR aims to 

highlight the potential benefit of the service only. Congestions and their solutions therefore 

will be implemented in a simulation environment with certain assumptions about the 

availability of measurements and data. Approach 1 would be recommended to be integrated 

into the MAS since it gives a certain independency level for such simulation purposes.  

 

4.1 Future work on DLR 

 

Use of DLR in the MV network will be implemented by Eandis, UGent IBCN and TU/e. 

Integration of DLR can be an effective approach when DLR is implemented as a separate 

agent. If the DLR module is implemented as an agent, its hierarchy level in the MAS 

environment needs to be investigated. As shown in Fig. 4.1, current research suggests that the 

DLR agent communicates with the aggregator level/super-agent for optimized dispatch of 

DRES. Since DLR provides a dynamically varying current limit of the cable, it may impact 

other objectives of optimization control strategies. The other conflicting objectives of slow 

control are the following ones:   

¶ Current congestion management 

¶ Overvoltage mitigation 

¶ Power loss in transmission 

¶ Curtailed green energy 

More results about integration of DLR in MV grid will be presented in Deliverable 2.3 

(Evaluation of potential of the combined exploitation of selected optimisation techniques) of 

Task 2.5 (Development of a generic distributed control system at the MV level).  

 

4.2 DLR in LV network  

 

DLR is not likely to be used in the LV network due to the following reasons:  

¶ Unavailability of measurements in LV network. 

¶  LV problems are mostly related with the voltage profiles. 
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5 Demand Side Management and Demand Response 

5.1 Introduction  

 

The electricity demand has been growing steadily through the years; hence its management is 

gaining importance. Demand Side Management (DSM) can influence the time of use of 

electricity, redistributing the peaks and lows in more desirable time slots. In this way, DSM 

can help system operators to avoid investments in networks for meeting peak demands. At the 

same time, DSM offers additional flexibility to the DSO or the demand aggregator to balance 

its demand portfolio, or offer this flexibility as an ancillary service on the ancillary service 

market. INCREASE envisions the use of flexibility offered by a combination of DSM and 

smart control of DRES. Chapter 5 explains the possible flexibilities that can be offered by 

DSM. 

 

There are several strategies for DSM, namely: 

¶ Demand response (DR), which includes such activities as Peak Clipping, Valley 

Filling, Load Shifting and Dynamic Energy Management, and 

¶ Energy efficiency. 

A comparison between them can be seen in Fig. 5.1. The implementation of DSM measures 

can have a big impact on the state of environment, stability of the power system, decongestion 

of distribution network, economic operation, introduction of new technologies, as well as 

enhancing awareness and well-being of society. 

 

The energy market participants can also benefit from DSM, as shown in Tab. 5.1.  

Tab. 5.1 Electricity market participants and their benefits from DSM 

Market participant  Benefits 

Regulator ¶ Improved system security 

¶ Improved market economic efficiency  

¶ Contribution to environment protection 

Market operator ¶ More stable energy market prices 

¶ Lower market power of big participators 

TSO ¶ Ancillary services 

¶ Managing unpredictable generation (RES) 

¶ Prevention of blackouts 

¶ Improvements in managing bottlenecks 

Balancing responsible 

Party 

¶ Effective means of balancing within balance Group 

DSO ¶ Increase in the quality of supply 

¶ Improvements in managing DRES 
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¶ Improvements in managing bottlenecks during peak 

load hours 

Traders, suppliers and 

retailers 

¶ Development of new business models 

¶ Development of new tools, packages and services for 

consumers 

¶ Benefits in risk management and hedging in electricity 

market 

Consumers ¶ Economic benefit 

¶ Improved adjustments to the tariff systems 

Industry ¶ Development and sale of new technology for DSM 
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Fig. 5.1 Demand side management strategies 

 

5.2 Demand Response (DR) Actions 

 

After the opening of electricity markets and according to restructuring of power industry, 

DSM activities tend to target DR and energy efficiency objectives rather than Strategic Load 

Growth. DR covers primarily load shaping and proposes different strategies in competitive 

markets on how to encourage consumers to participate in setting prices, clearing the market 

and in applying other DSM measures. Exposing consumers to actual market conditions 

stimulates them to shift their demand from peak hours to off-peak hours by reducing their 

load with energy efficient tactics or through self generation during peak hours. Consumers 

may also have a possibility to sell back their loads to the market. If many consumers utilize 

these DR actions the profile of demand in the market will be smoothed, load peaks clipped 

and market price lowered. 

 

5.3 Types of DR 

 

Consumers can be encouraged to participate in DR measures with price-based DR and with 

incentive-based DR. 

5.3.1 Price-based Demand Response 

In price-based DR the consumer is encouraged to respond to the price that they pay for 

electricity to the supplier on the retail market. The supplier purchases electricity on the 

wholesale market and sells it to the consumers on the retail market, thus assuming the risks of 

wholesale markets for a premium over wholesale market price that is factored in the retail 

market price. The supplier structures his offer to the consumers in a form of tariffs in order to 

stimulate the consumers to adjust their demand during the hours when electricity is cheaper 

on the wholesale market. 

 

These three tariff systems are the most common:  

¶ Time of use tariff: a number of different tariffs offered by the supplier to the 

consumers in one day is predefined. Usually there are at least two:  a low tariff and a 

high tariff.  

¶ Critical peak pricing : very similar to Time of use system. The difference is that 

electricity price for a high tariff is significantly above the price on the wholesale 

market.  The high tariff typically applies in peak hours of certain days, and reflects 

increased costs of purchasing electricity at the wholesale market. 
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¶ Real time pricing: the price of electricity for consumers is defined based on the price 

on wholesale day-ahead market, or based on consumerôs consumption profile.  

 

5.3.2 Incentive-based Demand Response 

Incentive-based DR is encouraged by DSOs, TSOs and distributors to decrease the 

consumption of electricity due to high price of electricity or high peak demand of energy. 

Consumers agree to decrease the demand voluntarily, for which they are financially rewarded. 

 

There are different ways how Incentive-based DR is carried out:  

¶ Direct load control system: operator can remotely control consumerôs appliances (air 

conditioners, electric water heaters, heat pumps, washing machines, tumble dryers, 

dish washers, other electric heaters). This is usually done for householdsô consumers 

and in order to have significant impact it must be done on a large scale.  

¶ Curtailable load service: integrated in the tariff system, it is in use only for small 

consumers. Frequency and scale of curtailment is predefined.  

¶ Interruptible load service: defined in the consumer contract and is usually done only 

for big consumers. The frequency, scale and duration of the curtailment is subject to 

further negotiation, as typically only price is fixed for the contracting period. 

¶ In the case of high prices for electricity on the wholesale market Demand Bidding is 

used. The supplier asks consumers not to use all the energy that was bought 

beforehand. The supplier can then sell unused energy back on the market and profit is 

then shared between consumer and distributor. Big consumers can sell energy back on 

the market by themselves.  

¶ Emergency Demand Response is used when there is a lack for system reserves. In 

that case the consumer can get an incentive in order to limit the energy use and 

therefore not to use all the energy.  

¶ In Capacity market programs consumers offer reduction in demand if they are 

reminded (one day ahead).  

¶ In Ancillary service market programs consumers offer the increase and decrease of 

consumption as an ancillary service. If their offer is accepted they must be ready all 

the time to offer their abilities for ancillary services. They must respond if needed 

otherwise they are fined based on the previously signed contract. For their readiness 

consumers receive remuneration.    

 

5.4 Demand elasticity 

 

Implementation of DSM will increase the flexibility of demand, which can be expressed in 

demand elasticity (DE). In general, the more flexible the demand, the more successful the 

DSM measures, so the success of DSM depends greatly on DE. According to DE, an 
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increase/decrease of the electricity price directly influences the  electrical energy demand 

through a coefficient Ů, and reflects the ability of the demand to respond to a price signal 

(Kladnik et al., 2013). We distinguish long term DE (observed over multiple years), short 

term DE (observed from one day up to one year) and real time DE (observed hourly changes). 

DE is defined with the equation below that says that DE is equal to the ratio of the relative 

change in the load quantity to the relative change in the electricity price: 
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ȹP ï change in demand quantity 

ȹC ï change in price around the ME (Market equilibrium) point 

P0(t) ï MCQ, the quantity component of the ME 

C0(t) ï MCP, the price component of the ME 

 

In Fig. 5.2 the difference between elastic and inelastic demand bid can be seen. Supply bid 1 

shows situations during peak hours and Supply bid 2 shows the situation during off-peak 

hours in a day. We can observe from the figure that intersections of the inelastic demand bid 

curve with both supply bid curves result in bigger load demand ȹP and bigger prices ȹC 

compared to intersection of elastic demand bid curve. The difference is especially big when 

we compare it for the supply bid 1 for peak hours, when there is the biggest potential for load 

and price reductions. In times of higher demand, relatively more-expensive power plants 

come into operation and cause very high prices during those hours.  

 

(1) 
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Fig. 5.2 Impact of the elastic demand bid on the load consumption and electricity price 

 

5.5 DSM in the MV grid  

5.5.1 Introduction  

This section will describe the possibilities of the use of Demand Side Management in the MV 

grid of a Distribution System Operator, comparable to Chapter 3 for Dynamic Line Rating. 

 

As mentioned in Section 3.3.1, WTs that are connected to the MV grid imply a new situation 

where the limits of the grid might be exceeded at certain points in time. A DSO has different 

ways to cope with these network congestions: 

¶ Invest in the grid (extra cables), in order to make sure the grid limits are not exceeded. 

¶ Do nothing (no specific measures) and curtail the WTs when the grid limits are 

exceeded. 

¶ Use Dynamic Line Rating, as described in Chapter 3.  

¶ Use Demand Side Management, to manage the energy demand in such a way that the 

network congestions are avoided. 

¶ Look at other options such as storage facilities which are out of scope for this project. 

 

Today the DSO will often choose to reinforce the grid by investing in underground cables. 

Nevertheless, it is important to also evaluate other options from a technical and economical 
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perspective as an alternative to grid investments, as they might be cheaper and thus could 

allow a faster integration of additional renewable energy sources into the grid. 

 

In the following paragraphs, the business case of demand side management will be presented. 

In this business case, the comparison is made between the ñDo nothingò scenario, where the 

WTs are curtailed when needed, and the scenario where DSM is used to avoid network 

congestion. 

 

As it is difficult at this moment to get a clear view at a realistic level of the incentive payment 

for participants in a DSM program, this business case is used to define the maximum 

incentive payment that still results in a profitable case for the DSO. 

 

5.5.2 Business Case assumptions 

For the business case, a part of the MV grid of Eandis is used as the reference grid. In this 

network in the Waaslandhaven 17 new WTs will be installed. 

 

Simulations over 1 year were performed for this network using the NEPLAN power 

simulator, and show network congestion over several periods on different feeders. In the ľ

Do NothingĿ scenario, 5 of the 17 newly introduced WTs would have to be curtailed. If we 

categorize these curtailment events according to duration (short: Ů 15min, medium: >15 min 

and Ů 1hour, long: > 1 hour) and curtailed power (low: Ů 0.5MW, medium: >0.5MW and 

Ů 2MW, high: > 2 MW), we see the following results: 

Tab. 5.2 Overview of the curtailment events in the studied network 

 
 

We can consider these curtailment events defining the level of required flexibility that needs 

to be offered by the demand side management program.  

 

To define the exact flexibility that needs to be offered by the DSM program, different 

assumptions are possible: 

Curtailed Power

DURATION Low Medium High Grand Total

Short Number 438 181 24 643

Percentage 25.3% 10.4% 1.4% 37.1%

Medium Number 243 282 114 639

Percentage 14.0% 16.3% 6.6% 36.9%

Long Number 93 93 266 452

Percentage 5.4% 5.4% 15.3% 26.1%

Grand TotalNumber 774 556 404 1734

Percentage 44.6% 32.1% 23.3% 100.0%
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¶ The assumption can be made that the exact required flexibility can be provided for 

each 15 min slot. Corresponding to the white area depicted in Fig 5.4 which shows an 

example of curtailed energy from a wind turbine. 

¶ Another approach could be to foresee a rounding of the needed flexibility, requesting 

the maximum required flexibility over the full flexibility period, corresponding to the 

rectangle area in Fig 5.4. In the reference network this represents a 33% increase of 

the required flexibility (a rounding factor of 0.75). 

¶ One could consider the option of varying the granularity of the flexibility rounding 

over e.g. 30 min, 1 hour.  

In the following, only the first 2 assumptions are considered. 

 

Fig. 5.3 Required flexibility - rounding effect 

The business case is studied from a DSO perspective, assuming that the cost for the 

equipment to be installed on the participantôs premises will also be covered by the DSO. 

 

The costs that are taken into account in the business case are: 

¶ Cost for DSM equipment and IT solution to support (one time). 

¶ DSM incentive payments (recurrent). 

¶ Maintenance cost (recurrent). 

The benefits of DSM that are considered compared to the ñDo Nothing/Curtailmentò scenario 

are the avoided compensations that would have to be paid to the WT owner in case of 

curtailment, both for the lost power revenues and the lost green power certificates. This 

avoided cost is assumed to be 117.60 ú/MWh.  

 

5.5.3 Business Case Results 

In the business case, several scenarios are studied: 

¶ Scenario 1: assumes 7.028 MWh curtailed energy per year, with a rounding factor of 

0.75, this gives a required flexibility of 9.364 MWh. Furthermore, 25% of the 

customers connected to the MV grid are assumed to be participating, making it 

possible to provide 100% of the required flexibility. 

¶ Scenario 2: same as scenario 1, with a 50% increase of the required flexibility. 

¶ Scenario 3: same as scenario 1, with a 50% decrease of the required flexibility. 

¶ Scenario 4: same as scenario 1, without rounding of the flexibility need. 


















