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1. Executive summary 

The Holisder framework will integrate and promote instances of explicit Demand 

Response (DR) strategies, which allow the unobtrusive participation of residential 

and commercial consumers to the energy markets, upon the establishment of the 

suitable market and regulatory conditions. 

To that extent, in this deliverable, the energy market structure in the European 

Union (EU) is explored and suitable Demand Response services are identified. One 

of the primary goals of the project is to ensure that occupant comfort is not 

affected by such participation. This is achieved through the construction of 

personalized comfort profiles, which are to be utilized to ensure that the offered 

flexibility does not surpasses the thresholds imposed by the comfort boundaries. 

The combination of identified services and comfort profiling comprises the basis 

towards the definition of the explicit DR strategies, their attributes, and 

subsequently the identification of suitable individual loads in buildings for a variety 

of services that ensure grid stability and security of supply. The overall goal of this 

deliverable is to provide a detailed characterization and association of such 

flexibility sources/loads to the different explicit DR services based on the identified 

service requirements.   
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2. Introduction 

2.1. Purpose of the document 

Τhe deliverable 3.3 reports the work performed in Task 3.3: Explicit Demand 

Response Strategies for Grid Stability. According to the task description, the goal 

is to utilize instances of the profiling models in order to deliver a bundle of 

appropriate and personalized explicit DR strategies to be applied at the building/ 

load level through the Local Demand Manager.  

The occupant profiles, as will be constructed in task 4.4, will incorporate all 

personalized and contextual (environmental, temporal) aspects of (energy related) 

behaviour, focusing on thermal and visual comfort preferences of consumers, 

hygienic and health boundaries that need to be applied in the indoor environment 

along with security and operational requirements.  

The flexibility profiles comprise the basis for the definition of automated DR 

strategies and signals addressing individual loads in buildings, by associating 

energy uses and loads with a variety of services that ensure grid stability and 

security of supply. In other words, flexibility sources/loads will be associated with 

different services based on their suitability-for-service, DR capacity, response time 

and duration of response, towards defining the optimized DR strategies that 

ensure stable grid operation, maximize benefits for all actors involved, while 

ensuring the preservation of occupants’ comfort and indoor environment quality. 

2.2. Links to other project tasks 

The work described in this deliverable is tightly associated to a number of other 

project tasks, namely: 

• T3.1 Legal, regulatory, socio-economic and Market design analysis in Pilot 

sites: The market analysis at the pilot sites will allow the identification of 

the appropriate services to be demonstrated. 

• T3.2 Implicit Demand Response Framework for Enhanced Consumer 

Engagement: The comfort models described in the associate deliverable 

constitute the basis for the computation of the available flexibility. 

• T3.4 Definition of new business models/roles for Demand Response: 

Identified DR services drive the identification of business models and roles. 

• T4.4 Advanced Demand Elasticity/ Flexibility Profiling Framework: The 

extraction of flexibility profiles is tied to the provision of human-centric DR 

services. 

• T5.2 Flexibility Forecasting, segmentation and aggregation Module: The 

module will provide the analysis tools to the aggregator for the 

implementation of the DR strategies. 
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• T5.5 HOLISDER Visualization Platform and End-user Toolkit: The module 

will provide the front-end user interface to the aggregator for the 

implementation of the DR strategies. 

• T5.6 Holistic Demand Response Optimization and Control Dispatch DSS 

(Local/ Global Demand Managers): The modules will allow the automated 

data recording and control signal propagation for the implementation of the 

DR strategies. 

• T8.3 Business Innovation Model and Plan: Similar to T3.4, the DR services 

will be utilized towards the identification of the business innovation model. 

2.3. Scope of the document 

The deliverable aims to provide an EU-centric analysis of the energy markets, 

explicit DR services and associated flexibility sources, such that it will capture the 

current and future potential of explicit DR, and additionally allow for the 

identification of the suitable scenarios to be demonstrated in the pilot sites. 

2.4. Structure of the document 

The deliverable is structured as follows: 

• Chapter 3 provides a detailed analysis on the energy markets and identifies 

services that show increased potential for explicit Demand Response. 

• Chapter 4 elaborates on the Demand Response status and further explores 

the attributes/requirements of the services. 

• Chapter 5 discusses the available flexibility sources/loads, ties these the 

services’ attributes and finally provides a suitability matrix between these 

devices and appropriate services. 

• Chapter 6 includes short details on the workflow for computing the comfort-

based flexibility. 

• Chapter 7 concludes the document. 
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3. Overview of Energy Markets 

Electric energy must be generated and consumed instantaneously, while a 

balancing area authority is responsible for ensuring that both generation and 

energy demand are balanced within strict margins. The main three pylons of any 

electricity market regulation are reliability, sustainability and affordability. An 

efficient balance between these three oftentimes conflicting targets is difficult to 

be found and it can only be achieved by accepting trade-offs. However, in practice 

the most important is reliability and maintaining the high level of security of 

supply reached in industrialized economies without restrictions. 

A reliable electricity system remains one of the main objectives of energy market 

regulators, whereas market participants are now responsible for investments in 

supply capacities. Furthermore, a reliable electricity system needs to be reached 

at reasonable costs for end consumers while at the same time greenhouse gases 

and other emissions are limited to a certain level. These features have emerged 

during the deployment and operation of different energy markets that will be 

presented in the following sections.  

The main electricity energy markets (Figure 1) are: 

• Capacity markets: Capacity markets were introduced as a means of 

ensuring that sufficient electricity capacity will be always available. In 

capacity markets forward contracts are traded to meet future capacity 

demands. These contracts act as incentives for investors to develop new 

energy plants and for producers to keep their assets online. 

• Wholesale energy markets: In wholesale electricity markets producers 

sell their generation of electric power to suppliers/retailers who have 

contracts with the consumers. Wholesale electricity markets are divided to 

day-ahead and intraday markets. In day-ahead market next day energy 

production is traded based on generation and demand forecasts while in the 

intraday market adaption of energy production to new forecasts may arise.  

• Balancing markets: In balancing markets generators provide additional 

power to keep balance between demand and supply by activating the 

ancillary services. 

• Retail energy markets: In retail energy markets, retailers attract 

consumers and deliver to them electric power based on their contract’s 

requirements.  

At present, electricity cannot be stored economically, therefore, production of 

electricity must match consumption on a real-time basis. As electricity demand 

increases in short-time periods (i.e. heat wave when everyone switches on 

their air conditioner), additional generation capacity must be brought online 

quickly but for relatively short periods of time. This results in some proportion 

of the capital stock (i.e. the existing generation fleet) being utilized for much 



 

D3.3. HOLISDER Explicit DR Framework and Integration into Holistic 
(Implicit-Explicit) DR Optimization Strategies 

 

12 

 

lower periods of time than in other industries. Based upon this unique feature 

of electricity markets, producers and energy stakeholders hold a variety of 

energy assets in their portfolio, while investors in new plant capacity consider 

the economics of the technology being developed against a backdrop of 

different growth trajectories across the various demand categories.  

 

Figure 1. Electricity energy markets. 

The scope of electricity energy markets operation is to enhance competition 

among producers and their portfolio assets culminating in reducing generation 

costs by resorting to the most appropriate generation scheme. Generation plants 

and energy resources can be divided to several categories mainly based on the 

capital and operating costs for producing energy, the necessary time for delivering 

the contracted power and their ability to supply power when requested. 

• Generation plants with relatively high capital costs but low operating 

costs. These generation plants are usually used to meet base load demand 

(demand that occurs for most of the time). Historically, nuclear and black/brown 

coal generation, which is slow to start or shut down, has been used to meet base 

load demand and such plant typically operates at a 75–90 per cent annual capacity 

factor. Resorting to these generation plants for short time periods is unprofitable.  

• Generation plants with medium capital and operating costs. These 

generation plants are usually used to meet intermediate demand (nominally the 

higher daytime demand) due to the medium operating costs and their flexible 

operating capacity (i.e. can be ramped up quickly). For example, a Combined 
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Cycle Gas Turbine (CCGT) plant can be used to meet intermediate demand and 

typically runs at an annual capacity factor of between 40 and 60 per cent. 

• Generation plants with relatively low capital costs but high operating 

costs. They are usually used to meet peak demand. Peak demands mainly occur 

on the hottest and coldest days of the year, or during power system contingency 

conditions such as unexpected plant outages. Hydropower generation and Open 

Cycle Gas Turbine (OCGT) plant are resources which can be ramped up very 

quickly is generally used to meet peak demand. They typically operate at annual 

capacity factors of between 5 and 30 per cent. 

• Renewable Energy Sources. Renewable Energy Plants have zero fuels costs 

and, depending on their energy source type, the capital and operating costs may 

vary from relatively low to medium. They are virtually inexhaustible in duration 

but limited in the amount of energy that is available per unit of time. The major 

types of renewable energy sources are wind, solar, biomass and geothermal.  

Renewable energy plays an important role in reducing greenhouse gas emissions 

by reducing the use of fossil fuels. 

3.1. Wholesale Energy Markets 

The price for wholesale electricity is most commonly set by organized wholesale 

markets. The organized wholesale market is where electricity is traded (bought 

and sold) before being delivered to end consumers (individuals, households or 

businesses) via the grid. It refers to the buying and selling of power between the 

generators and resellers/retailers. Resellers include electricity utility companies 

and competitive power providers. The auction process is designed to match 

electricity supply to demand at the lowest possible price point. The clearing price 

for electricity in these wholesale markets is determined by an auction in which 

generation resources offer in a price at which they can supply a specific number of 

megawatt-hours of power.  

Wholesale energy markets are forward markets and used to ensure that enough 

generation capacity is online and able to produce energy on a day-ahead (24-hour 

ahead) to one-hour-ahead basis. Market operator run two types of energy 

markets. The first, the “day-ahead market” is used to determine which generators 

are scheduled to operate during each hour of the following day (and at what level 

of output), based on a projection of electricity demand and renewable energy 

generation forecast of the following day. The second is the “intraday market” 

which supplements the “day-ahead market” and helps secure the necessary 

balance between supply and demand. The intraday market is becoming 

increasingly important as more renewable energy resources, mainly wind power 
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turbines, enters the grid. Wind power is unpredictable by nature, and imbalances 

between day-ahead contracts and produced volume often need to be offset.   

The operation of the wholesale electricity market is simple. A typical European 

wholesale market begins with generators, which, after securing the necessary 

approval, connect to the grid and generate electricity. The electricity produced by 

generators is bought by retailers that power to meet end-user demand. In some 

cases, utilities may own generation and sell directly to end-use customers. In daily 

base, generators bid the quantity of electricity they are willing to supply and the 

price they want to receive for each dispatch interval. The BRPs, which oversee the 

process, predicts the hourly demand. Generators are dispatched in price order 

from lowest to highest up to the level required to match demand. All dispatched 

generators receive the market-clearing price in their region, which is the price of 

the most expensive dispatched generator. If a resource submits a successful bid 

and will therefore be contributing its generation to meet demand, it is said to 

“clear” the market. The cheapest resource will “clear” the market first, followed by 

the next cheapest option and so forth until demand is met. When supply matches 

demand, the market is “cleared,” and the price of the last resource to offer in 

(plus other market operation charges) becomes the wholesale price of power. 

Each generator offers a specific amount of generation capacity (supply) into the 

market at specific prices. In theory, the offer prices are based on the cost to 

operate the facility.  

 

The aforementioned bids made by each generator are a combination of several 

factors including their short-run operating costs, capital costs, fuel costs and plant 

technology. Gas-fired generators are usually quick to start and flexible but fuel 

costs (gas) are more expensive than coal, whereas coal and nuclear plants have 

low operational costs but can’t perform a quick start. On the other hand, 

renewables have very low short-run marginal costs (i.e. the wind or sun is free) 

but they still can’t perform close to power capacity demands. Nevertheless, 

increasing the proportion of renewables in the energy mix reduces wholesale 

electricity prices and favors the consumers. 

Wholesale energy market is characterized by some basic concepts:  

• Spot price of electricity fluctuates based on supply and demand. 

• Surplus electricity production causes prices to fall, so electricity producers 

respond by dialing back electricity generation. 

• Excessive demand for electricity causes prices to rise, so electricity 

producers will try to produce as much electricity as possible. 

• Price fluctuations in this kind of system can be extreme. During an 

unusually hot summer, electricity demand from air conditioners can double 

or triple the price of electricity during peak hours. When demand for 

electricity is low, electricity is very cheap.  
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• As more capacity comes online to meet demand, prices fall. 

Energy wholesale markets should, in theory, provide the cheapest weighted 

average price of electricity because it is the least restricted or manipulated type of 

market. High demand causes high prices, and high prices cause lower demand, so 

the system is self-correcting. It is crucial that many different actors participate in 

electricity wholesale markets, mainly producers and suppliers, with different 

energy assets in their portfolio, in order to enhance competition and as a 

consequence reduce energy prices. Therefore, electricity wholesale markets 

usually extend their jurisdiction far from the national borders of a country to wider 

continent regions (European Commission - Market Observatory for Energy, 2018). 

Regional Wholesale Electricity Markets in Europe are: 

• Central Western Europe (Austria, Belgium, France, Germany, the 

Netherlands, Switzerland) 

• British Isles (UK, Ireland) 

• Northern Europe (Denmark, Estonia, Finland, Latvia, Lithuania, Norway, 

Sweden) 

• Apennine Peninsula (Italy) 

• Iberian Peninsula (Spain and Portugal) 

• Central Eastern Europe (Czech Republic, Hungary, Poland, Romania, 

Slovakia, Slovenia) 

• South Eastern Europe (Bulgaria, Croatia, Greece and Serbia). 

3.2. Balancing and Ancillary Services Markets 

Balance management is a power system operation service vital for ensuring 

security of supply through the continuous, real-time balancing of power demand 

and supply. At each point in time, total production must be equal to total 

consumption in order to stabilize system frequency; it is therefore also called 

frequency control or frequency regulation. If the system runs out of balance, 

power stability and quality will deteriorate, which may trigger the disconnection of 

system components, and ultimately, power blackouts. In vertically integrated 

electricity systems, it is relatively easy to maintain the system balance, but 

unbundling in European energy markets, which was initiated by Electricity 

Directive 96/92/EC, has separated the power transmission segment from power 

generation and supply. This has made balance management a much more difficult 

task, and necessitated the provision of incentives to ensure that electricity market 

participants schedule electricity production and consumption and stick to these 

schedules so that they provide balancing services to the System Operator (ADMIE, 

2017). Concluding, the balancing market is the institutional arrangement that 

establishes market-based balance management in an unbundled electricity 

market. 
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When the wholesale markets are at the end, then the TSO is responsible to 

maintain balance. This is done through ancillary services. In order to run ancillary 

services, it may have to apply to balancing or ancillary services markets for power 

resources. Ancillary services are all grid support services required by the 

transmission or distribution system operator to maintain the integrity and stability 

of the transmission or distribution system as well as the power quality.  

Ancillary services include the following categories: 

• Frequency Regulation 

• Voltage Control or Reactive Power 

• Black Starts and Reserves 

These Ancillary Services can be fulfilled by connected generators, controllable 

loads and/or network devices. The balancing market is used by the TSO to adjust 

which generators are scheduled to run on an hour-ahead basis. Supplies for this 

so-called real-time market are actually procured one day in advance (after 

supplies are procured through the day-ahead market) but there is always the 

necessity for adjustments. 

In order to operate a secure and reliable power system in an economic and 

efficient manner within the liberalized framework of competitive electricity 

markets, European electricity markets have developed different dispatch 

arrangements, which can be essentially divided into three high level categories: 

Central Dispatch, Self-Dispatch – Portfolio based and Self-Dispatch – Unit based 

models. These models vary by placing the balancing responsibilities on different 

entities.  

• Central Dispatch is based on a dispatch architecture where the TSO 

considers all balancing resources and the needs of the system overall, to 

determine an efficient operational schedule (central scheduling) and issue 

optimal dispatch instructions in real-time (central dispatch) directly to the 

available resources.  

• Self-Dispatch – Portfolio based means a scheduling and dispatching 

model where the aggregated generation schedules and consumption 

schedules as well as dispatching of power generating facilities and demand 

facilities are determined by the scheduling agents of those facilities.  

• Self-Dispatch – Unit based means a scheduling and dispatching model 

where power generating facilities and demand facilities follow their own 

generation schedules or consumption schedules (ENTSO-E, 2017). 

A well-designed Balancing and Ancillary Services Market is not only important to 

provide the TSO with sufficient Balancing Services at all times and at the right 

places in order to safeguard secure system operation, but is also essential to 

ensure an efficient functioning of the overall electricity market. In fact, the other 
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markets are all “forward markets” that trade derivative products maturing in real 

time (Reinier A.C., van der Veen*, Rudi A. Hakvoort, 2016). 

It’s worth mentioning that imbalances between generation and load not only occur 

because of unforeseen events like generation or transmission outages, but also 

because actual real-time deliveries may differ from market-based committed ones 

due to uncertainties like weather conditions or simply due to Participants’ trading 

behaviour. Given their potential implications to the power system, such deviations 

must be handled instantly. Imbalances are initially offset by the kinetic energy of 

the rotating generating sets and motors connected to the system. The more 

generators and motors are directly coupled to the transmission system, the more 

kinetic energy the system has and the larger the system’s inertia is. However, 

regardless of the size, the system’s inertia can only slow down frequency 

deviations and is not able to restore the power balance.   

Despite the need for further improvement and clarification of the final design 

features regarding the cross-border provision of Balancing Services in Europe, the 

fundamental design architecture of the internal (national) European Balancing and 

Ancillary Services Market has already been defined. This design architecture is 

expected to be adopted by all Member States, as a starting point to facilitate 

further integration in the future (ACER, 2012). 

The critical roles of the Balancing and Ancillary Services markets belong to the 

TSO and Balancing Service Providers (BSPs). TSO will be responsible for 

determining the balancing energy while the BSPs, as market participants, shall 

provide bids for balancing energy or balancing capacity. In order to ensure the 

widest possible range of BSPs, the European Network Code on Electricity 

Balancing does not refer to any specific technology type; the Balancing Services 

can be provided by a wide range of potential sources of Balancing (e.g., 

conventional thermal and hydro generating units, energy storage, Demand side 

response and renewable resources), something that also fosters competition and 

thus maximizes the social welfare gain. 

Important aspects of Ancillary Services that should be settled for every individual 

service among the different stakeholders of Balancing and Ancillary Services 

Markets (especially TSO and BSPs) are (ENTSO-E, 2017): 

• Procurement Scheme: Background of the offer which is closest to the real 

operation time. This can be materialized in two ways: 

o Generation connected to the market reserve an amount of capacity in 

order to meet  

o Contract or obligation for a grid user to participate and offer the 

reserve. 

• Product Resolution (in MW): It’s the minimum bid size into the balancing 

market. 
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• Product Resolution in time: It’s the maximum resolution for which the 

product can be bid into the market (for instance it is 1h in the case of a 24h 

auctions day ahead market for reserve provision). 

• Distance to real time of reserve products auctions: The time ahead 

from real time when auction/agreement for a specific balancing product 

takes place (for instance = 1 year in the case of a reserve agreement 

signed 1 year ahead of real time). 

• Provider: The group of energy market stakeholders that can provide 

capacity and energy for ancillary services. This group includes Generators, 

Load Participation through Demand Response, Batteries and Pump Storage 

that fulfill strict TSOs requirements. 

• Settlement Rule: The pricing rules for settlement. Providers could be 

compensated for the dispatched energy either in Marginal price or in a 

regulated price or even in their bid price.  

• Cost recovery scheme: From whom are the costs recovered (basically 

BRPs or Grid Users) 

• Monitoring: Refers to the type of monitoring in place by the system 

operator to ensure performance of plant. 

• Symmetrical product: If should be settled among stakeholders that 

Upward regulation volume and downward regulation volume have to be 

equal. 

• Transfer of BSPs obligation allowed or not: Refers to whether a BSP is 

able to delegate its balancing obligations to other parties. 

• In case transfer obligation is allowed and there is an organized 

secondary market:  If trading procedures between the BSPs are allowed 

(where at least one BSP has contract with the TSO) to ensure the 

prescribed reserve amount of the TSO, this is possible in a secondary 

market. 

 Frequency Regulation  

Controlling power system frequency requires the constant balancing of electricity 

supply and demand. Variances between the real power produced by generators 

and the real power required by the consumers will result in deviations of power 

system frequency. These frequency deviations are undesirable for a secure and 

reliable operation because power systems are designed to work at a nominal 

frequency (e.g. 50 Hz in Europe and 60 Hz in the U.S.). Hence, the frequency 

should be kept within certain limits, and frequency regulation or frequency control 

reserves are assigned to meet these deviations. Frequency control reserves are 

power reserves kept in participating power plants of BSPs. BSPs’ generators that 

participate in frequency regulation are willing to increase or decrease output by 

some amount in order to minimize frequency deviations.  

The payment for regulation has two components; capacity and energy. First, BSPs 

are paid for the capacity that they dedicate to providing regulation. This is also 
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called ‘Balancing Capacity’ and it is the Capacity Reserve that they are committed 

to produce based on their bid offer in Balancing and Ancillary Services markets. 

Second, when in real-time BSP is called on to increase or decrease output in 

response to a frequency deviation event, it is paid for the energy that is produced 

or not produced. This is called ‘Balancing Energy’.  

Frequency control maintains the frequency within the given margins by 

(continuous) modulation of active power. It has several time scales of operation 

that differ in their response times in different systems. According to the Network 

Code on Electricity Balancing, the different types of Reserve Capacity that shall be 

secured by the TSO as Balancing Capacity, namely, these that shall be procured in 

the Ancillary Services Market and maintained for real-time activation, are the 

following:  

a) Frequency Containment Reserve (FCR),  

b) Frequency Restoration Reserve with automatic activation (aFRR),  

c) Frequency Restoration Reserve with manual activation (mFRR),  

d) Replacement Reserve (RR).  

These Frequency Control Ancillary Services mainly differentiate in the volume of 

required balancing capacity and the activation time. In Figure 2, the sequence of 

Frequency Control Ancillary Services is presented, while oncoming subsections 

contain details for each of one them.  
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Figure 2. Frequency control Ancillary Services (ADMIE, 2017). 

 

• Frequency Containment Reserve (FCR)  
Frequency containment reserve (FCR) in the European Union Internal Electricity 

Balancing Market means operating reserves necessary for constant containment 

of frequency deviations (fluctuations) from nominal value in order to constantly 

maintain the power balance in the whole synchronously interconnected system. It 

is actually an operating service activated for stabilizing system frequency after an 

imbalance. Legal definition of the ‘frequency containment reserves’ is laid down by 

Article 3(2)(6) of the EU Network Code on System Operation where the FCR 

denotes "the active power reserves available to contain system frequency after 

the occurrence of an imbalance”. Frequency containment aims at the operational 

reliability of the synchronous area by stabilizing the system frequency in the time-

frame of seconds at an acceptable stationary value after a disturbance or incident. 

As a generation resource it is a fast-action, automatic and decentralized function 

e.g. of the turbine governor, that adjusts the power output as a consequence of 

the system frequency deviation. Operating reserves of this category are usually 

activated automatically and locally with the activation time up to 30 seconds. The 

automatic response to frequency changes released increasingly with time over a 

period of some seconds. 

https://www.emissions-euets.com/internal-electricity-market-glossary/630-frequency


 

D3.3. HOLISDER Explicit DR Framework and Integration into Holistic 
(Implicit-Explicit) DR Optimization Strategies 

 

21 

 

Frequency deviations from nominal value are the result of fluctuations between 

power production from the generators and power demand from the consumers. 

The ultimate solution is to instantly and constantly provide power from Reserve 

Capacity or withdraw the necessary power in order to balance supply and demand. 

Frequency containment reserves are supplied by reserve providers (generators, 

storage, demand response) and they are used by TSOs. The settlement between 

TSO and a balancing service provider (BSP) of energy from a FCR is left optional in 

the Network Code on Electricity Balancing (NC EB) due to potentially small 

volumes of capacity and activated energy and the possible difficulties for 

measurement associated to the FCR process. Furthermore, according to Article 46 

of the Commission Regulation, each TSO may calculate and settle the activated 

volume of balancing energy for the frequency containment process with balancing 

service providers. 

• Frequency Restoration Reserve (FRR) 
Frequency Restoration Reserves (FRR) are reserves activated to restore frequency 

to the nominal value after sudden system imbalance occurrence. Frequency 

restoration aims to restore the system frequency in the time frame defined within 

the synchronous area by releasing system wide activated frequency containment 

reserves. For large interconnected systems, where a decentralized frequency 

restoration control is implemented, frequency restoration also aims to restore the 

balance between generation and load for each TSO, and consequently restore 

power exchanges between TSOs to their set point. Activation of Frequency 

Restoration Reserve (FRR) modifies the active power set points/adjustments of 

reserve providing units in the time-frame of seconds up to typically 15 minutes 

after an incident. It is activated centrally and has automatically activated and 

manually activated parts. It is managed by each TSO and coordinated through the 

control of transits between TSO’s area of responsibility (Holttinen, 2012). 

 
Frequency Restoration Reserves are divided to: 
 

• Automatic Frequency Restoration Reserves (aFRR): In aFRR the automatic 

reserve will be delivered from spinning reserve in a time period less from 

2min. Spinning reserve means an increase or decrease of generation or 

reduction in consumption that can be provided at short notice by those 

generating units that are synchronously online, carried out by partially 

loaded generating units and interruptible consumers (loads). aFRR 

Balancing Energy is activated using the Automatic Generation Control 

(AGC) function of the Transmission System Operator for frequency control 

as defined in COMMISSION REGULATION (EU) 2017/1485 of 2 August 2017 

establishing a guideline on electricity transmission system operation. All 

Balancing Service Entities with aFRR awards in the latest Integrated 

Scheduling Process are activated almost simultaneously by the 

Transmission System Operator. 

https://www.emissions-euets.com/-balancing-service-provider-bsp
https://www.emissions-euets.com/internal-electricity-market-glossary/596-balancing-energy
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• Manual Frequency Restoration Reserves (mFRR): In mFRR the manual 

reserve can be delivered either from spinning or from standing reserves in 

a time period less from 15min. Standing reserve involves increase in 

generation or a reduction in consumption by those generating units that 

are not synchronously on-line, or by interruptible consumers (loads). 

 

• Replacement Reserve (RR) 
Replacement reserves are activated manually in a time period from 15 minutes to 

hours and centrally at the TSO control center in case of observed or expected 

sustained activation of FRR and in the absence of a market response. Reserves 

represent capacity that power grid operators keep as a backup in case of a loss of 

another power plant or if demand increases rapidly beyond what is expected.  

They can also be used to restore the required level of FRR to be prepared for 

further system imbalances. The use of reserves may be triggered if, for example, 

frequency regulation alone is not enough to bring system frequency back to 50 

Hertz and a power grid operator has to trigger RR frequency control.  

As part of frequency regulation, replacement reserves are often procured through 

an auction in areas that have undergone electricity restructuring (Penn State - 

education Institute, 2018). Unlike other regulations, RRs are only a service to 

increase power output (there is no "reserves down" like there is regulation down). 

Generators providing reserves are paid a capability price for those reserves and 

then paid the real time energy price if called upon. 

 Voltage Control  

Voltage control is an integral part of power system operation. Controlling voltages 

on the power system allows for the efficient transmission of power whilst 

respecting equipment limitations. In a power system voltage depends on load and 

reactive power induced by inductive devices.  

The voltage of the power system may vary with the change in load type. The 

voltage is normally high at light load and low at the heavy-load condition. For 

keeping the voltage of the system in limits, some additional equipment 

requires which increase the system voltage when it is low and reduces the 

voltage when it is too high. Power systems need also the voltage and current to 

be as close to being "in phase" as possible. If the voltage and current waves peak 

at exactly the same time, are said to be "in phase", while if they peak at exactly 

the same time then they are said to be "out of phase."  

If the only devices that were connected to power systems were simple resistors, 

then it would not be that difficult to keep the power system in phase. Some types 

of everyday devices, such as air conditioners, refrigerators, pool pumps or 

anything else that uses an electric motor, can actually knock the voltage and 

current out of phase. These devices are sometimes called "inductive loads" 

because they draw current but can reduce voltage, or they produce a weak 

https://circuitglobe.com/power-system.html
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electromagnetic field that can push the voltage out of phase with the current. if 

the voltage is out of phase with the current, this reduces the amount of power 

that can be delivered.  

Therefore, several voltage control methods are employed in power system to keep 

the voltage levels within the desirable limits: 

• Excitation control and voltage regulators at the generating stations. The 
generators have excitation and automatic voltage regulation systems (AVR) 
for: 

o Enabling sharing of reactive power. The reactive power shared by a 

generator depends upon its excitation level. 
o Controlling the load under steady state operating conditions for 

operating near steady state stability limit. 
o Regulating voltage under fault conditions (faults in the grid system 

beyond generator protection zone). 

• Use of tap changing transformers at sending end and receiving end of the 

transmission lines: 

o Off load tap changing voltage control. 

o On load tap changing voltage control. 

• Switching in shunt reactors during low loads or while energizing long EHV 

lines. 

• Switching in shunt capacitors during high loads or low power factor loads 

• Use of series capacitors in long EHV transmission lines and distribution lines 

in case of load fluctuations  

• Use of tap changing transformers in industries, substations, distribution 

substations. 

• Use of static shunt compensation having shunt capacitors and thyristorized 

control for step-less control of reactive power (Electrical Theory Articles , 

2017). 

• Use of synchronous condensers in receiving end substations for reactive 

power compensation. 

All the above methods are suitably applied at different parts of the power system 

to maintain the voltage levels within the limits. 

Potential providers for Voltage Control are: 

• Generators 

• DSOs through transformers of the distribution and transmission grid 

• Industrial consumers 

• Windfarm producers and Photovoltaic systems connected on the DSO 

• HVDC (High Voltage Direct Current) links 

• Reactive setpoints to power plants 

• Implicit/explicit DR offers from BSPs. 
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 Black Start 

Black start is used in the power system restoration phase, defined as a set of 

actions implemented after a disturbance with large-scale consequences in order to 

bring the electricity transmission system from emergency or blackout system state 

back to normal state. Black start is actually the procedure used to restore power 

in the event of a total or partial shutdown of the national system. A total or partial 

shutdown of a national or regional electricity transmission system is an unlikely 

event. However, if it happens, it is obligatory to make sure there are contingency 

arrangements in place to ensure electricity supplies can be restored in a timely 

and orderly way (NationalGridEso, 2017).  

The black start service is procured from power stations that have the capability to 

start main blocks of generation onsite, without reliance on external supplies. Black 

start capability is usually considered at plant design but not all power stations 

have, or are required to have, the capability to provide black start. During a black 

start event, the service requires the provider to start up its main generator(s), 

carry out initial energization of sections of the national electricity transmission 

system and distribution network, and support sufficient demand to create and 

control a stable ‘power island’. The black start generator may be required to 

provide start up supplies to other power stations as the system restoration 

progresses, and will eventually be required to synchronize to other power islands.  

System restoration consists of a very complex sequence of coordinated actions 

(ENTSO-E, 2015). The restoration process has several stages: re-energization 

from blackout, frequency management and resynchronization. 

The re-energization process can be implemented using two strategies: 

• Top-down reenergization using external voltage sources when the grid is 

reenergized from a neighboring TSO, starting from the tie-lines.  

• Bottom-up re-energization based on internal sources capabilities is done 

using units that provide the capability of controlling voltage and 

speed/frequency during supplied isolated operation and stable operation in 

an islanded network.  

Those units are referred to as having black start capabilities. In general, all power 

stations need an electrical supply to start up: under normal operation this supply 

would come from the transmission or distribution system; under emergency 

conditions black start stations receive this electrical supply from small auxiliary 

generating plant located on-site or in the case of pumped storage plants the 

power can be supplied from a smaller “auxiliary” turbine. 

In practice it has to be noted that during the restoration process TSOs have even 

higher demands for reliability and will avoid any components adding uncertainty 

such as energy resources from wind and solar. 
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 Imbalance Settlement 

The Imbalance Settlement function essentially allocates the balancing costs 

incurred to the TSO (when activating Balancing Energy in real-time) to the market 

(i.e. to the ones that caused the imbalances). In brief, and following standard 

European practices, Balance Responsible Parties (BRPs) with an uninstructed 

shortage shall pay the short imbalance price to the TSO, whereas BRPs with an 

uninstructed surplus shall receive the long imbalance price from the TSO. 

3.3. Capacity markets  

Capacity Markets are a mechanism introduced by certain countries as a means of 

ensuring that a sufficient amount of electricity capacity will be always available 

(ACER, 2013). The main objectives of the Capacity Markets are to achieve long-

term security of supply (both supply and demand side), encourage investment in 

future reliable capacity and deliver low-carbon energy while minimizing the cost to 

consumers.  

A capacity market is actually two markets in one: a market for providing capacity, 

or the ability to produce energy, and a market for the actual production and 

delivery of energy. A capacity market pays electricity generators for having the 

ability to reliably make power available regardless of how often they sell energy 

onto the grid. The purpose of the capacity market is to ensure that there will be 

an adequate supply of electricity to meet the costumers demand, especially, as 

more volatile and unpredictable renewable generation plants come on stream.  

Capacity markets do not substitute the electricity wholesales markets. On the 

contrary, they will operate along-side the current Energy Market supported by the 

Balancing Services Market. Countries and regions will be still relied upon real-time 

energy market for generating and delivering electricity. Most restructured 

electricity markets feature payments for capacity in addition to day-ahead/real-

time energy and ancillary services. These payments typically take the form of 

forward contracts that last between one and three years and are determined 

through an auction mechanism. These auctions usually take place once per year. 

Capacity payments can be substantial revenue sources for generators and are paid 

regardless of whether the power plant actually produces any electricity. This 

capacity needs to be available when providers are called upon by National Grid at 

any time during the contracted period. Therefore, generators and producers will 

participate in the capacity market to provide the capability to generate electricity 

in the future, and also participate in daily base in the energy market to provide 

energy.  

The purpose of the capacity market is to provide an additional revenue source to 

power plants, as an added incentive for plants to stay online. If it were not for the 

installed capacity margin requirement, price inelastic demand and wholesale price 
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caps, then capacity markets would probably not be needed. Nevertheless, 

Capacity markets are considered a reliable solution for ensuring that there is 

sufficient generation or load-management capacity in the system to cope with 

times of stress on the network when, for example, the wind stops blowing or there 

is a surge in demand. Capacity markets are important. As more intermittent 

renewable generation technologies come on stream, they will provide back-up 

generators and demand-side responders to help balance the network at times of 

stress.  

Moreover, they are the firing line for the electricity system of the future, because 

they direct and encourage investments in different kinds of assets—whether that 

is clean energy, fossil fuels, or demand side resources like efficiency and demand 

response. This is crucial, since power plants are expensive and take a long time to 

build; adding the additional risk that they may not even be used can obviously 

discourage investment.  Hopefully, these markets create long-term price signals 

for all resources. In these auctions, there is no functional difference between a 

megawatt of power from a power plant and a megawatt of reduced power from 

efficiency or demand response. Therefore, producers, generators and other energy 

stakeholders have the opportunity to experiment with different energy assets and 

invest in new technologies that deliver lower carbon emissions and reduce energy 

costs.   

But how capacity markets actually work. First, the Market Operator determines 

the installed capacity requirement for a period of one to three years ahead. This 

capacity is actually the amount of capacity needed to meet demand plus the 

capacity reserve margin. The capacity market runs as a uniform price auction for a 

forward capacity contract. Since it operates as a uniform price auction, the market 

clears the same way that the energy markets clear; suppliers submit capacity 

offers, offers are being ordered from smallest to largest, and it then uses a 

demand curve for new capacity to determine the market clearing point. Every 

energy resource bids into the auction at its total cost of operation.  
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Figure 3. How Capacity Markets work. 

In Figure 3, we present an example of how most of existing capacity markets 

deliver forward contracts. In our hypothetical auction, we have arranged the stack 

from lowest to highest cost bids based on table 1., and drawn a line at the point of 

required capacity demand. Wind generation plants are usually among the 

cheapest resources per MW due to the zero cost of fuels. The problem with the 

wind turbines is that they can’t produce enough power to reach the capacity 

demands. On the other hand, nuclear plants, gas and coal plants can produce 

larger quantities of power but in higher costs. For this reason, they are higher up 

the stack.  

Differences between similar energy resources is reasonable to exist. Power plants 

depreciate over time and, thus, bids can sometimes be very low if a plant has 

been around for a long time. This makes sense, since the capital investments in 

the plant have been paid off and the total cost of operations is mostly employees 

and fuel. New plants total cost of operation is higher at first, since it would include 

the capital costs plus the operational costs. Demand Response (DR) introduces 

new stakeholders in energy market. Load participation through aggregators in 

wholesales and capacity markets will be a new energy asset. 

 

Table 1. Capacity Market Auctions of Energy Resources. 

Energy Resources Power (in MW) Price (per MW) 

Wind Plant 1 30 30,00 € 
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Wind Plant 2 50 40,00 € 

DR 70 50,00 € 

Nuclear Plant 170 55,00 € 

Gas Plant 80 60,00 € 

Coal Plant 1 100 70,00 € 

Coal Plant 2 120 80,00 € 

 

In our example the cheapest resource is Wind Plant 1 bidding in 30 MW of 

capacity at 30€ per MW. Just because they bid in 30€ per MW does not mean that 

the turbine receives 30€ per MW. All it means is that the wind turbine is now 

committed to have 30 MW of power available in some years from now. So what 

compensation do they receive? In this example, all of the resources, including the 

wind turbine at the bottom, receive 70€ per MW. This is called the “clearing price,” 

and it is set by the most expensive unit needed to meet demand. In this case, that 

is the Coal Plant 1. In our example, if Gas Plant had not bid into the market, then 

demand would have been 80 MW higher and Coal Plant 2 would have to be called 

on to meet demand. Then the clearing price would have been 80€ per MW. 

Suppliers that clear the capacity market have an obligation to have their cleared 

amount of capacity on-line and ready to generate power in the future when they 

are contracted. In exchange, all capacity that clears the capacity market receives 

the clearing capacity price. Both existing power plants and planned new power 

plants that have taken place in the auctions are eligible for these payments. 

Participants will be paid a per MW rate for the capacity they offer to the market.  

The final conclusion is that in capacity markets, lower cost resources can have the 

effect of suppressing prices for all of the resources since they ensure that demand 

can be met at a lower cost. For utilities who own lots of expensive generation, this 

is bad for business. For a company who owns lower cost resources, it is good. 

Consumers always benefit from lower prices. 

3.4. Retail Energy Markets 

While the purchase and sale of electricity to resellers (retail electricity providers) is 

done in the wholesale market, the purchase and sale of electricity to consumers is 

done in the retail market. After electricity is bought by resell or “supply” entities in 

the wholesale market, it can be sold to end-users in the retail market. An end user 

in a residential building or a company which signs a contract and pay a retailer for 

the electricity that it uses each month. The purchase and sale of electricity in this 

instance is happening in the retail market. 

Many consumers have options for purchasing electricity. They can choose from a 

number of competitive retailers to find the service that best fits their needs. These 
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resellers purchase electricity though wholesale electricity markets before they sell 

it to consumers (and, if they are a regulated utility, resell electricity at retail rates 

set by state regulators).  

In the above we described the structure of the energy markets and provided the 

details of the various offered services. In the following, we concentrate on explicit 

Demand Response, and identify suitable services for offering flexibility-based 

products. 
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4. Demand response and market participation  

4.1. Demand Response  

In previous decades the electricity flow was mainly unidirectional, centralized 

fossil fueled power stations generating energy to meet the demand. This has 

created a linear system that is built for peaks in demand which for much of the 

time is under used. 

New technologies are changing the way we live and we use energy. The ability of 

the end user to connect and control devices remotely means we can develop a 

smarter grid, so that instead of altering supply to meet demand, demand adjusts 

flexibly to meet supply. This also creates a new perspective in the energy 

economy which is in line with the effort which is required to contribute towards the 

solution of the energy trilemma for an energy system that is cleaner, cheaper, 

more secure and more efficient. 

Bulk amounts of electricity cannot be stored economically, so at any throughout a 

day, electricity supply and demand -as an amount of energy units- must be equal. 

Every moment the TSO must ensure the maintenance of this vital balance. If 

supply exceeds demand, the frequency will rise above 50 Hz. If demand surpasses 

supply, it will fall below 50 Hz. Based on the EU Network Codes that are tailored to 

each EU country requirements, every TSO has a legal mandate to keep power 

balanced between specific boundaries.  

Demand Response is a time-based change in end-user’s energy consumption 

and/or generation due to a reaction to price signals or by other measure. System 

flexibility via Demand Response service can be provided by any type of sector, 

including but not limited to:  households, local municipalities, public sector and 

industry in the means of change in consumption local generation and storage.  

Demand Response is capable of increasing the system’s tolerability and reducing 

the need to invest in power plant to meet demand peaks by shifting consumption 

away from times of high energy need. It can also perform as a cost-effective 

enabler of RES integration. Demand Response facilitate this by providing 

consumers with either control signals or financial incentives to readjust their 

consumption at specific times as a result to electricity system needs.  

Demand Response can act as the enabler of new the way we see the electricity 

market electricity market. A market that reduces the dependency in conventional 

fossil fueled peaking power plants, a market that can integrate renewable energy 

efficiently and a market that gives consumers a way to interact by controlling how, 

when and from where they consume their energy. Demand Response programmes 

can be categorised into two groups: 
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 Explicit Demand Response 

In the Explicit DR concept (also called ‘incentive based’), demand competes 

directly with supply in the wholesale, balancing and ancillary services markets 

through the services of aggregators or single large consumers. This is achieved 

through the control of aggregated changes in load traded in electricity markets, 

providing a comparable resource to generation, and receiving comparable prices. 

Consumers receive direct payments to change their consumption upon request 

(i.e., consuming more or less). Consumers can earn from their flexibility in 

electricity consumption individually or by contracting with an aggregator. The 

latter can either be a third-party aggregator or the customer’s energy retailer. 

 Implicit Demand Response 

Implicit Demand Response (also called “price based”) refers to consumers 

choosing to be exposed to dynamic (i.e. time-varying) electricity prices and/or 

time-varying network tariffs. The reason behind this is the attempt to reduce the 

cost of electricity production and/or transmission/distribution in different time 

periods and react to those price differences depending on their preference without 

any commitment in place. These price structuring is part of the contract the end 

users have with their energy retailer. 

It is important to note that in this report a focus has been given on the explicit 

demand response as an attempt to map the existing regulatory status in EU and 

how explicit demand response can be integrated in all current organized energy 

markets as well as the markets that under consultation, (i.e. DSO flexibility).  

4.2. Demand Response Regulatory Framework   

Integrating demand response in the EU electricity market throughout the last 

decade is a constant key priority for the European Commission and the respective 

Member States. This is reflected in the 2020 and 2030 objectives, as well as the 

Third Energy Package, the Network Codes, the Energy Efficiency Directive, and 

most recently, the European Commission’s Clean Energy Package launched on 

November 30th, 2016 – this  includes also the Directive “on common rules for the 

internal market in electricity” - that stresses that the “cheapest”, “cleanest” and 

“most secure” energy “is the energy that is not used at all,” and proposes a 

redesign of the electricity market, which will further open the market to demand 

response, and put consumers at the heart of the energy transition. 

Concerning demand response, 2009/72/EC, did not directly enable demand 

response but did acknowledge that “energy efficiency/demand-side management” 

has a positive impact on the environment, security of supply, and reducing 

primary energy consumption and peak load. For example, Article 25.7 requires 

network operators to consider demand response and energy efficiency measures 
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when planning system upgrades, however does not detail how this will be 

implemented.  

The Energy Efficiency Directive (2012/27/EU) establishes the first significant step 

towards the development of Demand Response in European region. In this 

context, the Directive considers demand response to be “an important instrument 

to take action on consumption and billing information and thus provides a 

mechanism to reduce or shift consumption, resulting in energy savings in both 

final consumption and, through the more optimal use of networks and generation 

assets, in energy generation, transmission and distribution.” Also, the Directive 

ensures the pursuing of “Market integration and equal market entry opportunities 

for demand-side resources (supply and consumer loads) alongside generation”.   

The Energy Performance of Buildings Directive – 31/2010/EU sets the technical 

framework in which all new buildings in EU required to be nearly zero-energy 

buildings by the end of 2020, fully equipped with smart metering and smart 

control technologies. Despite the fact that demand response as concept is not 

mentioned in this Directive, it is evident that this directive provides the framework 

enabling buildings to become active units of demand response and flexibility by 

implementing smart metering techniques. 

Below there is a list from various existing EU policy documents that reflect the 

view of the EC regarding the position of the demand response. 

 

Table 2 Demand Response reference in EU policy documents 

Policy 
Document 

Context relevant to Explicit DR 

Electricity 
Directive – 
2009/72/EC 

Article 25.7  
 

 “When planning the development of the distribution network, 
energy efficiency/demand-side management measures or 
distributed generation that might supplant the need to upgrade 

or replace electricity capacity shall be considered by the 
distribution system operator.” 

Energy 
Efficiency 

Directive 
(2012/27/EU) 
Article 15.4  

 “Member States shall ensure the removal of those incentives in 
transmission and distribution tariffs that are detrimental to the 

overall efficiency (including energy efficiency) of the generation, 
transmission, distribution and supply of electricity or those that 
might hamper participation of demand response, in 

balancing markets and ancillary services procurement. 
Member States shall ensure that network operators are 

incentivized to improve efficiency in infrastructure design and 
operation, and, within the framework of Directive 2009/72/EC, 
that tariffs allow suppliers to improve consumer participation in 

system efficiency, including demand response, depending on 
national circumstances.” 

Energy 
Efficiency 

“Member States shall ensure that national energy regulatory 
authorities encourage demand side resources, such as 
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Directive 
(2012/27/EU) 

Article 15.8 

demand response, to participate alongside supply in 
wholesale and retail markets.” […] “Member States shall 

promote access to and participation of demand response 
in balancing, reserve and other system services markets, 

inter alia by requiring national energy regulatory authorities or, 
where their national regulatory systems so require, 

transmission system operators and distribution system 
operators in close cooperation with demand service providers 
and consumers, to define technical modalities for participation 

in these markets on the basis of the technical requirements of 
these markets and the capabilities of demand response. Such 

specifications shall include the participation of aggregators.” 

Energy 

Performance 
of Buildings 
Directive – 

31/2010/EU 
Article 8.2  

“Member States shall encourage the introduction of intelligent 

metering systems whenever a building is constructed or 
undergoes major renovation [..]” 

 

A new proposal in February 2017 for a “Directive on common rules for the internal 

market in electricity” strengthens the Electricity Directive’s language surrounding 

demand response and smart metering, systematically including demand response 

as a resource in the provisions for all organized electricity markets, alongside 

storage and generation. This proposal also requires that provisions for balancing 

and wholesale markets accommodate renewable energy sources and increase 

demand responsiveness. Table 2 reflects the key points of the proposal regarding 

the DR future view as part of the common rules for the internal electricity market 

in EU.  

Table 3 Demand Response reference in common rules for the internal market EC proposal 

Proposed Directive on common rules for the internal market in electricity 

(context relevant to Explicit & Implicit DR) 

“Member States to define frameworks for independent aggregators and for 

demand response along principles that enable their full participation in the 
market. It defines a framework for local energy communities which may engage in 

local energy generation, distribution, aggregation, storage, supply or energy 
efficiency services.” 

In order to secure competition and the supply of electricity at the most 
competitive price, Member States and national regulatory authorities should 
facilitate cross-border access for new suppliers of electricity from different energy 

sources as well as for new providers of power generation, storage and demand 
response. 

“Member States shall ensure that national regulatory authorities encourage final 
customers, including those offering demand response through aggregators, to 

participate alongside generators in a non-discriminatory manner in all organized 
markets” (Explicit DR) 
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“Member States shall ensure that transmission system operators and distribution 
system operators when procuring ancillary services, treat demand response 

providers, including independent aggregators, in a non-discriminatory manner, on 
the basis of their technical capabilities” (Explicit DR) 

“All consumers should be able to benefit from directly participating in the market, 
in particular by adjusting their consumption according to market signals and in 

return benefit from lower electricity prices or other incentive payments. The 
benefits of this active participation are likely to increase over time when electric 
vehicles, heat pumps and other flexible loads become more competitive. 

Consumers should be enabled to participate in all forms of demand response and 
therefore should have the possibility to opt for having a smart metering system 

and a dynamic electricity pricing contract. This should allow them to adjust their 
consumption according to real time price signals that reflect the value and cost of 

electricity or transportation in different time periods, while Member States should 
ensure a reasonable exposure of consumers to the wholesale price risk. Member 
States should also ensure that those consumers who choose not to actively 

engage in the market are not penalized but instead their informed decision 
making on the options available to them should be facilitated in the manner that is 

the most suitable for domestic market conditions.” (Implicit DR) 

“Products should be defined on all organized energy markets, including ancillary 

services and capacity markets so as to encourage the participation of demand 
response.” 

“Demand response will be pivotal to enable smart charging of electric vehicles and 

thereby enable the efficient integration of electric vehicles into the electricity grid 
which will be crucial for the decarbonization of transport 

Distribution system operators have to cost-efficiently integrate new electricity 
generation especially generating installations using renewable energy sources and 

new loads such as heat pumps and electric vehicles. For this purpose, distributions 
system operators should be enabled and incentivized to use services from 
distributed energy EN 36 EN resources such as demand response and energy 

storage, based on market procedures, in order to efficiently operate their 
networks and avoid costly network expansions. Member States should put in place 

appropriate measures such as national network codes and market rules, and 
incentivize distribution system operators through network tariffs which do not 

create obstacles to flexibility or to the improvement of energy efficiency in the 
grid. 

 

The Network Codes is a list of electricity network codes that form the legislative 

backbone as developed by European Network of Transmission System Operators 

for Electricity (ENTSO-E), in cooperation with the Agency for the Cooperation of 

Energy Regulators (ACER).  

The codes refer to the technical coordination needed to enable a fully harmonized 

and efficient Internal Electricity Market, and have been in development since the 

course of the Third Energy Package. Regulation (EC) 714/2009 sets out the areas 

where network codes will be developed and maps the process for their 

development. The Network Code on Demand Connection (Explicit Demand 

Response), which entered into force in 2016, includes the grid connection 
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requirements for demand facilities and closed distribution systems and establishes 

a common framework for connection agreements between the demand facility 

owner, the local DSO and the TSO. It sets out the procedures and overall technical 

requirements for the equipment intended to provide Demand Response (DR) 

services. It addresses active power control, reactive power control, transmission 

constraint management, system frequency control and very fast active control. It 

does not apply for demand response services other than those delivered to the 

transmission system operators.   

As part of the Network Code on Demand Connection – Article 27 (General 

Provisions):  

1. Demand response services provided to system operators (either the TSO and/or 

the DSO) shall be distinguished based on the following categories:  

 (a) remotely controlled:  

(i) demand response active power control;  

(ii) demand response reactive power control;  

(iii) demand response transmission constraint management.  

(b) autonomously controlled:  

(i) demand response system frequency control;  

(ii) demand response very fast active power control.  

2. Demand facilities and closed distribution systems may provide demand 

response services to relevant system operators and relevant TSOs. Demand 

response services can include, jointly or separately, upward or downward 

modification of demand.  

3. The categories referred to in paragraph 1 are not exclusive and this Regulation 

does not prevent other categories from being developed. This Regulation does not 

apply to demand response services provided to other entities than relevant system 

operators or relevant TSOs. 

Demand response as a concept has a value and can play a significant role in the 

energy market.  Demand response has different sources of value:  

• Energy value – By adapting load patterns to balance supply and demand 

• Capacity value – By avoiding large investments in generation to cover 

peak demand  

• Flexibility value – By providing flexible/reliable reserves for TSOs/DSOs to 

balance the power system 
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• Network value - By contributing to supply and demand balance locally to 

avoid congestion and consequently network reinforcement  

The services that DR may provide depend on their characteristics (flexibility, 

location, activation and response time, potential frequency of activation etc.). The 

next section describes the service requirements for the participation of any type of 

asset either stand alone or aggregated in the energy markets.  

4.3. Service Requirements 

Despite the fact that several Member States have started to review regulation in 

terms of general market access for Demand Response, fewer have started to 

address the issue of service requirements. The current status that accommodates 

restricted product requirements keeps blocking demand-side resources from 

participating in all organized markets. 

Based on the Smart Energy Demand Coalition view on this matter, the energy 

market is designed to reflect the capacities of bulk conventional generation units 

with slow ramp up times and long durations. This status prevents flexible loads 

and local small-scale generation from participating actively in the market.  

Markets should be designed in a granular manner, so as to enable the full range of 

resources to enter and compete. Product descriptions are historically oriented 

towards generation standards.  

The main service or product requirements along with their definition – as per 

ENTSO-E- have been determined below:   

• Full Activation Time (FAT)   
Full activation time means the period between the activation request by the 

connecting TSO in case of TSO-TSO model or by the contracting TSO in case of 

TSO-BSP model and the corresponding full delivery of the concerned product; 

• Minimum and maximum quantity 
Means the power (or change of power) which is offered in a bid by the BSP and 

which will be reached at the end of the full activation time. The minimum 

(maximum) quantity represents the minimum (maximum) amount of power for 

one bid. 

• Delivery period (Duration of event)  
Means the energy which is requested by the TSO divided by the maximum power 

quantity. Therefore, it gives the length in time of the TSO’s energy request.  

• Mode of Activation 
Mode of activation means the mode of activation of balancing energy bids, manual 

or automatic, depending on whether balancing energy is triggered manually by the 

TSO or automatically in a closed-loop manner. 
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 Capacity Market  

During the last two years there have been major developments in the 

development of Capacity Mechanisms. Several Member States (including Italy, 

Poland, France and Germany) have all recently agreed upon or are finalising the 

terms and conditions of Capacity Mechanisms that are to allow demand-side 

flexibility to compete with generation. In February 2018, the European 

Commission has approved under EU State aid rules specific alternations electricity 

capacity mechanisms in the abovementioned Member States. The Commission 

found that the measures will contribute to ensuring security of supply whilst 

preserving competition in the Single Market. Towards this direction DR can 

participate in several Member States’ established capacity markets in the form of 

aggregated load and by overcoming the previous barrier of the high voltage level 

connected assets.  

Table 4 summarizes the product requirements for participation in the capacity 

market.  

Table 4. Required DR service properties for capacity market participation. 

 Wholesale Market  

In countries where flexible loads are in principle allowed to participate in the 

wholesale markets, more specifically in France, and Switzerland, demand response 

services can act as shock absorbers, increasing the price during peak demand 

periods and enhancing grid reliability. Nevertheless, many barriers still reduce the 

full access to the market. In general, the access for independent aggregators to 

the wholesale market is prevalent across the majority of Member States. In most 

cases, the framework only allows for BRPs or retailers to aggregate and sell their 

Market Service Service Properties 

Full 

Activation 

Time (call 

time)  

 

 Minimum 

and 

maximum 

quantity 

 

Delivery 

period 

(Duration 

of event)  

 

Mode of 

Activation 

 

Frequency 

of 

Activation  

 

Capacity 

Market  

N/A From 1-4 

years 

before, up 

to 2 

months 

before the 

start of the 

delivery 

period as 

part of a 

contractual 

agreement 

Min. of 1MW 

aggregated 

load in 

0.1MW 

increments. 

Max. of 

100MW load 

and higher 

(non-

aggregated). 

Demand 

Variable - 

(from 50 

hours to 

seasonal 

and yearly 

time 

periods) 

Manual/ 

Scheduled 

Demand 

variable 
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own consumers’ flexibility. At best, some large consumers and Virtual Power 

Plants can sell their electricity directly on the market. This, alongside the further 

opening of the balancing market and ancillary services, needs to be addressed in 

order to allow for further competition between market actors in the electricity 

market. 

 

Table 5. Required DR service properties for wholesale market participation. 

 

   Balancing Market and Ancillary Services  

The FCR products are the first reserve type to secure controllable frequency 

deviations. These products are capable of frequency drop and/or increase 

stabilization almost immediately, the aFRR, mFRR and RR products can be 

activated to restore the frequency in the longer term (a few seconds to few 

hours). As the balancing products are important to counter the first deviations of 

the system as well as the longer ones, there are specifications in place by ENTSO-

E with regards to their requirements as illustrated in Table X. Obviously due to the 

lack of harmonization between EU countries there are deviations to the 

characteristics from country to country and the table illustrates the proposed 

values from ENTSO-E for the mFRR and RR products and the current situation in 

EU countries by emphasizing on the range of this deviation.   

Market Service Service Properties 

Full 

Activati

on Time 

(call 

time)  

 

 Minimum 

and 

maximum 

quantity 

(Bids) 

 

Delivery 

period 

(Duration 

of event)  

 

Mode of 

Activation 

 

Frequency 

of 

Activation  

Whole 

sale 

market 

Day 

Ahead 

Day 

before 

the 

operatio

n day.  

Minimum of 

0.1MW with 

no upper 

limit as 

time/deman

d variable.  

From half 

hour blocks 

to longer 

periods  

Manual/Sc

heduled 

Demand/pric

e variable  

 Intraday Continuo

us 

througho

ut the 24 

hours 

period 

with lead 

times 

from 5 

minutes 

to 60 

minutes.  

Minimum of 

0.1MW with 

no upper 

limit 

depended 

on the 

demand. 

From half 

hour blocks 

to longer 

periods 

Manual/Sc

heduled 

Demand/Pric

e Variable  
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Table 6. Required DR service properties for balancing market and ancillary services 

participation. 

4.4. Stakeholders in explicit DR 

The related stakeholders participating in energy markets and in explicit DR are 

listed below: 

 Producer 

Producer’s role in electricity energy market is to generate electricity and feed 

energy into the grid. The primary objective of the producer is to operate its assets 

at maximum efficiency. Electricity can be generated for a variety of assets. With 

regards to DR, its main role and responsibilities remain largely unchanged, 

Market Service 

[a]  

Device Properties 

Full 

Activation 

Time (call 

time)  

 

 Minimum 

and 

maximum 

quantity  

 

Delivery 

period 

(Duration 

of event)  

 

Mode of 

Activati

on 

 

Frequency 

of 

Activation  

Ancillary 

Services  

FCR 1 – 30 

seconds 

depends 

on product 

specific 

requireme

nts  

Min. of 1MW 

aggregated 

load in 

0.1MW 

increments. 

Max. is part 

of the TSO 

bilateral 

contract 

specific. 

Continuous 

throughout 

the 24h day 

period in 30 

seconds 

blocks or 

less if 

required.  

Automati

c  

Constant 

mFFR 

[z] 

15 minutes  

(although 

ENTSO-E 

proposes 5 

minutes 

FAT) 

Min. of 1MW 

aggregated 

load in 

0.1MW 

increments. 

Max. 

9999MW 

5 – 60 

minutes 

(depends 

on the 

product FAT 

specific 

values)  

Manual 

/not 

schedule

d 

Depends on 

network 

health 

(indicatively 

every hour) 

 aFFR 30 seconds  Min. of 1MW 

aggregated 

load in 

0.1MW 

increments. 

 Automati

c  

Constant 

 RR [x] 30 minutes  Min. of 1MW 

aggregated 

load in 

0.1MW 

increments. 

Max. 

9999MW 

-15 – 60 

minutes in 

15 minutes 

blocks  

Manual / 

not 

schedule

d  

Depends on 

network 

health (up 

to several 

times per 

day)  
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although its operating conditions can be significantly affected by the flexible 

supply/demand, as well as the introduction of renewable energy sources. 

 TSO 

The Transmission System Operator (TSO) is one of the main actors in the 

electricity market. TSO is the entity entrusted with transporting energy in the form 

of electrical power on a national or regional level, using fixed infrastructure. The 

term Transmission System Operator is defined by the European Commission and 

the certification procedure is listed in Article 10 of the Electricity Directives of 

2009. In electrical power business, a TSO is an operator that transmits electrical 

power from generation plant over the high voltage (>150KV) transmission grid to 

regional or local electricity distribution operators. Due to the cost of establishing a 

transmission infrastructure, such as main power lines  and associated connection 

points, a TSO is usually a natural monopoly, and as such is often subjected to 

regulations. 

 DSO 

Distribution System Operator (DSO) is responsible for operating, developing and 

ensuring the maintenance of the distribution network that delivers electric power 

from production and transmission lines to the end-users. The distribution network 

or distribution grid consists of the Medium Voltage (MV) and the Low Voltage (LV) 

network where most of the consumers and small producers are connected. The 

decentralization of energy production, driven mainly by Renewable Energy 

Sources which are connected directly to the distribution network, arise new 

demands for load management. DSOs could play a vital role in realizing new 

optimization mechanisms—orchestrating and optimizing platforms connecting 

participants and stakeholders in the energy system. DSOs are in a position to 

become effective platform operators, but they need new smart grid capabilities 

and start integrating flexibility options into network planning and operations in 

order to perform their tasks effectively. In that respect, DR can help the DSO by 

providing the means for peak load shedding of the system and ‘local’ flexibility. 

 BRP 

The Balancing Responsible Party (BRP) is a market participant or its chosen 

representative who has the obligation to balance his own position. For this reason, 

the BRP will forecast the consumption of the consumers in his portfolio and source 

the required amount of energy to match that consumption. This volume of energy 

could be produced by generation units in the portfolio of the BRP, but could also 

be imported or bought on the market. By balancing his own position, the BRP 

contributes to the balance of the electricity system. Therefore, a BRP has a 

fundamental and central role in the electricity market. As system adequacy is 

https://en.wikipedia.org/wiki/Infrastructure
https://en.wikipedia.org/wiki/Power_transmission_line
https://en.wikipedia.org/wiki/Natural_monopoly
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deteriorating, the role of the BRP’s is becoming even more important especially 

with the growing share of renewable energy resources in energy markets. 

 BSP 

Balancing Service Provider (BSP), as a market participant, shall qualify for 

providing bids for balancing energy or balancing capacity which are activated or 

procured by the connecting TSO. Each BSP provider shall submit to the connecting 

TSO its balancing capacity bids that affect one or more balance responsible 

parties. They have the right to update its balancing capacity bids before the gate 

closure time of the procurement process (EU - Directive, 2016). 

 Aggregator 

Aggregation entails grouping the energy consumption or generation of several 

consumers. When it comes to consumers, an aggregator can set up an agreement 

with several consumers, based on which he can temporarily reduce their electricity 

consumption when there is high demand for electricity. He then sells this flexibility 

i.e. the ‘avoided’ electricity consumption in electricity markets. An aggregator may 

also be operating the reverse action and could increase the consumption of an 

electricity consumer promoting for example self-consumption when excess energy 

is produced from renewable resources. Aggregation can be carried out by 

traditional energy businesses such as suppliers, or by new entrants such as 

independent aggregators. Independent aggregators are, thus, electricity service 

providers. In practice, when consumers engage with them, they have one contract 

with the supplier and a separate one with the aggregator. An aggregator can also 

operate on behalf of a group of consumers engaging in self-generation by selling 

their excess electricity.  

 Retailer/Supplier 

Retailers are the energy market stakeholders that buy electric power from 

producers in wholesale markets in order to supply and invoice their customers. 

Some retailers have their own power generation units, but even though they 

resort to wholesale markets for providing sufficient energy to balance their 

customers’ demand with purpose of minimizing total cost. In order to maintain 

balance, they should buy the same amount of energy for any given time period, as 

their customer’s will consume. This obligation though is delegated to a BRP. 

 Consumer 

In the premise of explicit DR and according to the specific program they 

participate in, consumers establish bilateral agreements with an aggregator based 

on incentives for allowing the automatic modification of their demand with specific 

time and frequency characteristics.  
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4.5. Summary 

While several Member States have started to review regulation in terms of general 

market access for Demand Response, fewer have started to address the issue of 

harmonized product requirements, especially on balancing market and ancillary 

where most of the barriers for demand response participation occurred. These 

barriers can be categorized into product, economic, technical and consumer 

barriers. An attempt has been made to map the current and the future (as 

expressed through consultation and proposal documents of relevant authorities, 

i.e. ENTSO-E and ACER) situation.  

Having established the details on DR and energy market services that flexibility 

can/has the potential to participate, in the following chapter we concentrate on 

characterizing different flexibility sources (loads, generation, storage devices) that 

can offer such flexibility to the aggregator.  
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5. Flexibility sources and DR suitability 

Flexibility sources can be categorized to load devices, storage devices and 

generators according to how they cope with electric power. Most of the electrical 

devices inside a building usually consume electric power and transform it to 

something else useful. This load of electric power, which is consumed or generated 

or even stored in battery devices, is the asset of demand response services.  

Every device could be considered as a potential source of demand response. 

However, their electric properties and their operational patterns will finally 

determine their capability on participating in demand response services. Active 

and consumable devices with the capability to shift or modify their energy 

consumption are considered to be the most appropriate for participating efficiently 

in demand response services. Therefore, heat pumps, water heaters and storage 

devices are among the most suitable devices for taken under consideration in 

demand response services. On the other hand, other devices, such as ovens, are 

devices with high consumption but cannot be shut down during their operational 

cycle and therefore cannot be curtailed, but their operation could be potentially 

shifted in time. 

Along with the consuming devices there are also devices that store or generate 

electricity. Batteries and small photovoltaic panels installed in residential or 

tertiary and commercial buildings are among them. These devices can participate 

in DR events where an increase from the baseline consumption is requested, or, in 

the case of a DR request for reduction of demand, as supplementary energy 

sources for loads, to reduce grid consumption.  

Finally, another significant source of flexibility is the actual building envelope, 

through its ability to store thermal energy. This property, termed in the premise of 

this project, as virtual energy thermal storage, is an important aspect that, in 

tandem with the optimization of the device operational status and user 

preferences, will eventually lead to the definition of the available flexibility values.  

Although load modification in every single building can’t be large enough, the 

aggregated modification of demand for several buildings, which are part of 

demand response services via their aggregator, can be significantly large for 

participating in electricity markets provided that necessary legislation and 

technical modalities exist. 

5.1. Device classification & description 

 Loads 

A device which taps electrical energy from the electric power system is called a 

load on the system and depending of the device properties and usage, it may 

transform electric power to light, heat, motion or provide power supply to useful 
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devices with a variety of applications such as computers, TVs and ovens. Electric 

devices and electric loads can be categorized in many ways mostly based on their 

usage profile, their appliances or their electric properties. 

On the power system there is a variety of load types concerning the usage profile. 

As a consequence, load types can be divided into the following categories: 

• Domestic load. Domestic load consists of lights, fans, refrigerators, 

heaters, television, small motors for pumping water etc. It is the type of 

electric load mainly corresponding in residential and tertiary buildings. Most 

of the residential load occurs only for some hours during the day (i.e., 24 

hours) e.g., lighting load occurs during night time and domestic appliance 

load occurs for only a few hours. For this reason, the load factor, calculated 

as the average load divided by the peak load over a period of time, usually 

a day or week, is low (10% to 12%). In tertiary buildings load profile is 

similar with the residential buildings but it is highly correlated with the 

working hours and days. As a result, load factor is higher compared to the 

residential domestic load. 

• Commercial load. Commercial load consists of large HVAC units, lighting 

for shops, fans and electric appliances used in restaurants, fridges and 

refrigerators for market shops, etc. This class of load is operational for more 

hours during the day as compared to the domestic load. The commercial 

load has seasonal variations due to the extensive use of air-conditioners 

and space heaters. 

• Industrial load. Industrial load consists of load demand by industries. The 

magnitude of industrial load depends upon the type of industry. Usually 

industrial load scales for a few hundred of KW to many MW for large scale 

industries. Industrial loads are generally not weather dependent. 

• Municipal load. Municipal load consists of street lighting, power required 

for water supply and drainage purposes. Street lighting load is practically 

constant throughout the hours of the night.  

• Irrigation load. This type of load is the electric power needed for pumps 

driven by motors to supply water to fields.  

• Traction load. This type of load includes tram cars, trolley buses, railways 

etc. This class of load has wide variation. During the morning hour, it 

reaches peak value because people have to go to their work place. After 

morning hours, the load starts decreasing and again rises during evening 

since the people start coming to their homes. 

This categorization is very general. Services that opt for the same results, such as 

demand response, may have to be implemented in different base due to the huge 

differentiation among the power loads both in scale and pattern.  

Therefore, in this task, we will mainly resort to domestic and commercial loads 

that appears to have several similarities and can be more appropriately 
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aggregated to common demand response service. Domestic loads are referred to 

residential and tertiary buildings. In these buildings, although there are different 

usage time patterns, electric devices tend to be almost the same. In tertiary 

buildings the power factor tends to be higher and the power loads enhanced 

compared to the residential buildings. 

A typical home (residential building) consists of dozens of electrical devices and 

equipment with different appliances. A partial list includes: 

• Heating, cooling, and climate control equipment such as a central air 

conditioner, window air conditioner, electric space heater, electric domestic 

water heater, dehumidifier, fan, air purifier; 

• Kitchen appliances such as an electric range, microwave, refrigerator, 

coffee maker, toaster, blender, dishwasher; 

• Laundry appliances such as a washing machine and dryer; 

• Lighting including incandescent and fluorescent lights; 

• Electronic devices such as a television, audio receiver, radio, battery 

charger, laptop and desktop computer, and gaming console, which can be 

found inside an office or a living room and 

• Other miscellaneous appliances such as a vacuum and carpet cleaner. 

In particular, all these devices can be divided depending on their electric 

properties of their internal circuits to resistive, inductive, capacitive, or non-linear 

based on how they draw current in relation to voltage, which in an AC system 

varies along a smooth sinusoidal pattern (Manisa Pipattanasomporn, 2014). It’s 

worth mentioning that most of electric devices contain a combination of the 

abovementioned categories. In the following sections we present these categories. 

• Resistive 

Loads consisting of any heating element are classified as resistive loads. These 

include incandescent lights, toasters, ovens, space heaters and coffee makers. A 

load that draws current in a sinusoidal waxing-and-waning pattern in concert with 

a sinusoidal variation in voltage – that is, the maximum, minimum and zero points 

of the voltage and current values over time line up – is a purely resistive one and 

includes no other elements. 

In resistive loads, there is net transfer of energy in one direction that is known 

as active power or real power. Resist current flow linearly and cause heat and light 

(potentially desirable or undesirable). Resistance is measured in ohms for resistive 

loads, and the active power is measured in watts.  

• Inductive 

Loads that power electrical motors are inductive loads. These are found in a 

variety of household items and devices with moving parts, including fans, vacuum 

cleaners, dishwashers, washing machines and the compressors in refrigerators 

and air conditioners. In contrast to resistive loads, in a purely inductive load, 
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current follows a sinusoidal pattern that peaks after the voltage sine wave peaks, 

so the maximum, minimum and zero points are out of phase. Inductance is 

measured in Henrys. Other inductive circuit components and devices are: 

inductors, transformers, electric motors, electric generators, various transducers, 

lamp starters and ballasts, wireless cell phone chargers, CRT deflectors and 

induction furnaces. 

The important thing about inductive loads is that they have two types of 

power, real power and reactive power. The real power is based on the work done 

by the device (such as what a motor is spinning). The reactive power is that which 

is drawn from the source to produce magnetic fields. The total power consumed is 

real and reactive power combined, which is measured in VAR (volts-amps-

reactive). 

For inductive load characterization, we usually resort to the power factor. In AC 

circuits, the power factor is the ratio of the real power that is used to do work and 

the apparent power that is supplied to the circuit. The power factor can get values 

in the range from 0 to 1. A power factor of less than one indicates the voltage and 

current are not in phase. When all the power is reactive power with no real power 

(usually inductive load) - the power factor is 0. Otherwise, when all the power is 

real with no reactive power (resistive load) - the power factor is 1. 

• Capacitive 

Capacitive loads are the dual of inductive loads. While many loads have capacitive 

elements, inductive and resistive characteristics dominate their overall behavior. 

Thus, there are no significant capacitive loads in buildings. Formally, if a load 

draws current along a sinusoidal pattern that peaks before the voltage sine wave, 

i.e., the current waveform leads the voltage waveform, then the load is purely 

capacitive. A capacitor is two conductive surfaces separated by an insulator, which 

store charge. When power is first applied, current is very high, but drops as the 

voltage of the charge reaches that of the applied voltage. Capacitance is measured 

in farads. Like inductive loads, capacitive loads also have reactive power, but it's 

opposite the polarity of an inductive load. Therefore, a capacitive load has a 

negative VAR. Capacitive loads are not very common, but things like a flashbulb or 

a heart defibrillator might be considered a capacitive load. 

• Non-linear 
Finally, any load that does not draw current along a sinusoidal pattern is called 

non-linear. Non-linear loads may also be resistive, inductive, or capacitive 

according to when their current waveform peaks. The most predominant non-

linear (and largely inductive) loads are electronic devices, including desktop 

computers and TVs. The non-linear nature of these loads is primarily due to the 

use of switched-mode power supplies (SMPS). Fluorescent lights are another 

example of a non-linear (inductive) load. Smaller electronic devices that convert 

AC to low-voltage DC, such as battery chargers for portable devices and digital 

clocks, are also non-linear (Sean Barker, 2013). 

https://www.rapidtables.com/electric/electric_power.html
https://www.rapidtables.com/electric/electric_power.html
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 Storage 

• Virtual Thermal Energy Storage 

Virtual thermal energy storage (VTES) – as proposed and examined in Holisder – 

is a term encompassing the thermal storage capabilities of existing domestic water 

heaters and building spaces (building thermal inertia). These are exploited in 

order to dispatch desired amounts of flexibility with minimized influence on 

occupant comfort, always satisfying specified upper and lower comfort limits and 

without disrupting to unacceptable levels the daily routines and operations.  

VTES is used to accomplish a goal, such as heating with renewable energy instead 

of fossil fuels, increasing the efficiency of a heating appliance, or providing energy 

security. One of the purposes of virtual energy storage is to smooth out a 

mismatch between supply and demand of energy making the use of RES for space 

heating practical. For instance, a buffer tank of water can be charged with a solar 

thermal system during the afternoon when heating is not typically needed, and 

store the heat for use at night and early morning. 

VTES is inextricably tied to the actual devices generating the heat energy, and are 

part of the holistic optimization approach for computing flexibility and 

subsequently satisfying requests, which will be detailed as part of the Deliverables 

5.2 and 5.3.  

• Electricity Storage 

Electric energy storage is the set of technologies capable of storing electricity 

generated at one time and for use at a later time. Energy storage technologies can 

be divided into two general categories based on the amount of energy stored 

(Greening the Grid , 2018):   

• Technologies providing operating reserves respond rapidly and discharge 

within seconds to minutes, making them well suited to provide regulating 

and contingency reserves. They typically can provide energy for 15 minutes 

to about 1 hour depending on the specific application. Common storage 

technologies for provision of operating reserves include flywheels (which 

store energy in a rotating mass), and certain battery technologies. 

• Technologies for energy management provide flexibility over longer 

timescales and require continuous discharge over several hours. These 

technologies also often provide operating reserves as well as firm system 

capacity. Storage technologies associated with energy management include 

mainly high-energy (long duration) batteries. Furthermore, pumped hydro 

storage, compressed air energy storage, and thermal energy storage can be 

used for electric energy storage 
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Storage shifts the timing of supply while Demand response shifts the timing of 

demand. Demand response and storage are tools that enhance power system 

flexibility by better aligning variable renewable energy (RE) supply with electricity 

demand patterns. Moreover, demand response typically involves voluntary and 

compensated programs that enable a power system to encourage or directly 

control load reduction as needed to maintain grid stability. 

 Generation 

Local generation involves the generation of electricity at a customer's site, close to 

where the power will be used. In the recast of the EU Directive on energy 

Performance of Buildings (EPBD) it is specified that by the end of 2020 all new 

buildings shall be “nearly zero energy buildings”. There is a conceptual 

understanding of zero energy buildings as an energy efficient building able to 

generate electricity, or other energy carriers, from renewable sources in order to 

compensate for its energy demand (Degefa, Lehtonen, McCulloch, & Nixon, 2016). 

A Net Zero Energy Building is also succinctly described as a grid-connected 

building that generates as much energy as it uses over a year mainly from 

renewable sources while only a small amount will be provided by the grid.  

Local generation (mainly from distributed, grid-connected solar photovoltaic 

applications) with the existence of storage devices, such as local batteries, have 

the potential to participate in upward demand response services or counterbalance 

the potential lack of load reduction in case of downward demand response. 

Moreover, with proper equipment and calibration, distributed PV systems can also 

mitigate reliability issues experienced by providing standby capacity during electric 

utility disturbances or outages.  

5.2. Device Characterization 

In this section, we will provide a different classification of devices based on their 

appliance type and with respect to their characteristics, which in term will lead to 

identifying their capability to be used for DR programs. Considering their 

operational cycle and the occupant’s comfort bounds, we resort to the following 

appliances: 

• Interruptible or Controllable Appliances:  It includes all flexible 

appliances whose power profile can be managed during the operation, 

either by interrupting it or controlling its power usage.  

• Deferrable or Shiftable Appliances: It includes all appliances whose 

starting time can be shifted across the day in response to demand response 

services or price variations. 

• Critical Appliances: The operations of this type of appliances are 

uncontrolled and have to be preserved without intervention. As a 

consequence, appliances that are non-interruptible and non-deferrable will 
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be considered to be critical and haven’t got any potential for participating in 

demand response services. 

As a consequence, every electrical device inside a building (residential, tertiary or 

commercial) can be characterized as interruptible, non-interruptible or controllable 

depending on the ability to interrupt (or not) their operation, or either control their 

power usage. Simultaneously, every electrical device will be also characterized as 

deferrable (or not) depending on the possibility of shifting or not their operation to 

a different time period in order to reduce or increase load consumption according 

to the demand response strategy. The period in which the deferrable appliance 

can be shifted or controlled is called the deferrable period. This time period is 

actually a subject of negotiation and should be configured in demand response 

services taking into account the occupant’s comfort bounds and daily habits. 

Finally, critical devices that need to be always in full operational mode are 

naturally considered to be non-interruptible and non-deferrable. 

From the aforementioned classification, it is obvious that a fire alarm and the 

fridge are critical appliances and we can’t interrupt their power supply while a 

washing machine or a dryer are deferrable but not interruptible (once they start, 

they have to fulfil their operation). On the other hand, lighting devices are 

controllable, always taking under consideration the occupant’s comfort bounds, 

whereas the charging rate of a plug-in electrical vehicle (PEV) can be both 

interruptible and deferrable for a specific period of time.  

In Table 7, we present a list of representative devices, used in daily base, with 

different appliances and consuming properties. From this table, crucial conclusions 

can be derived concerning the magnitude of the power supply that can be shifted 

or reduced in the potential participation on a demand response service.   

 

Table 7. Device Properties. 

Device Device 
Type 

Usage Device Properties 

Average 
Power 

Consumption 

Length of use Energy 
Consumption/ 

Year (KWh) 

Water Heater Resistive Heating/Cooling 4500W 48 weeks - 5hours/day 7538kWh 

Window Air 
Conditioner  

Inductive Heating/Cooling 900-3250W 48 weeks - 5hours/day 1508-5444kWh 

HVAC Central Inductive Heating/Cooling 3250-3800W 48 weeks - 5hours/day 5444-6365kWh 

Dishwasher Inductive Kitchen 1200W 48 weeks - 5x per week 288kWh 

Electric oven Inductive Kitchen 2000-2500W 48 weeks - 1.5 h/week 162kWh 

Combi fridge-freezer Inductive Kitchen 150-350W 365 days - continuously 200-500kWh 

Clothes dryer C Resistive Laundry 2500-3000W 32 weeks - 2 x per week 192kWh 

Washing machine 
A+++ 

Inductive Laundry 2500-3000 W  48 weeks - 4 x per week 
(0.9 - 1.35kWh/cycle) 

173-259kWh 
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LED TV Non-linear Electronics 20-60W 48 weeks - 4hours/day 54kWh 

Desktop Computer 
(Standard) 

Non-linear Electronics 200-500W 48 weeks - 4hours/day 270-675kWh 

CFL Bulb  40-100W 
Equivalent 

Capacitive Lighting 11-30W 48 weeks - 5hours/day 18-50kWh 

LED Bulb  40-100W 
Equivalent 

Resistive Lighting 10-23W 48 weeks - 5hours/day 17-39kWh 

Plug in Electrical 
Vehicle (EVs) 

Resistive Misc. 25-30kWh/ 
100miles 

52 weeks - 
200miles/week 

2600-3200kWh 

Vacuum cleaner Inductive Misc. 800-1000W 48 weeks - 2hours/week 77-92kWh 

 

In Table 8, devices of Table 7 are again presented but, this time, along with their 

control properties based on appliance classification. In Table 8, we explode and 

characterize device flexibility so that we characterize them according to their 

capability to participate in demand response services. The characterization of high, 

medium or low is derived as a conjunction of their different properties with the 

potential load reduction and flexibility they can provide.  

An extended table of various electrical devices with their consumption and control 

properties that can be found in a residential, tertiary or commercial building is 

presented in Appendix I.  Data in Appendix 1 have been retrieved from several 

individual resources and references such as (Energuide.be, 2018), (Wholesale 

Solar, 2018). 

Table 8.Device Control Properties. 

Device Device 
Type 

Usage Device Control Properties 

Interruption Deferral period  DR 
Potential 

Water Heater Resistive Heating/Cooling Controllable Up to 30 minutes High 

Window Air 
Conditioner  

Inductive Heating/Cooling Controllable Up to 30 minutes High 

HVAC Central  Inductive Heating/Cooling Controllable Up to 30 minutes High 

Dishwasher Inductive Kitchen Non-interruptible Deferrable - Up to 
several hours 

High  

Electric oven Inductive Kitchen Non-interruptible Non-deferrable Low 

Combi fridge-freezer Inductive Kitchen Non-interruptible Non-deferrable Low 

Clothes dryer C Resistive Laundry Non-interruptible Deferrable - Up to 
several hours 

High 

Washing machine 
A+++ 

Inductive Laundry Non-interruptible Deferrable - Up to 
several hours 

High 

LED TV Non-linear Electronics Non-interruptible Non-deferrable Low 

Desktop Computer 
(Standard) 

Non-linear Electronics Non-interruptible Non-deferrable Low 

CFL Bulb  40-100W 
Equivalent 

Capacitive Lighting Controllable Up to several hours Medium 

LED Bulb  40-100W 
Equivalent 

Resistive Lighting Controllable Up to several hours Medium 
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Plug in Electrical 
Vehicle (EVs) 

Resistive Misc. Interruptible Up to several hours High 

Vacuum cleaner Inductive Misc. Interruptible Non-deferrable High 

5.3. Demand Response – Flexibility Source Suitability Matrix 

To conclude this chapter, the scope of this section is to align demand response 

products and attributes with the device properties of the previous section in order 

to assess the capability of specific devices to participate in demand response 

services under an aggregation framework provided by aggregators. 

 Demand Response Products 

As already descripted previously, European Directives, concerning electricity 

markets, have strengthen the provision of including demand response as a 
resource in all organized electricity markets. In bibliography, different DR products 

have been considered with specific requirements in order to promote demand 
response and make it attractive for each electricity market. The DR products or 
services that DR resources can provide to the grid are: regulation, flexibility, 

contingency, energy and capacity. Regulation, flexibility and contingency are 
related with Ancillary Services and can participate in Ancillary Services and 

Balancing markets while energy and capacity are products that can participate in 
energy Wholesale markets and Capacity markets respectively. In Table 9 (Daniel 
Olsen, 2014), the under-consideration DR products with their requirements are 

presented. These products are intended to be representative of products in several 
service territories, and do not necessarily match any products exactly, but their 

requirements comply with the requirements of each electricity market. 

Table 9. DR products and their requirements for implementation 
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 Demand Response Attributes 

Demand response resources exhibit characteristic response patterns when called 

to participate in providing grid services. These characteristics, called from now on 

demand response attributes, can have significant impact on the capabilities of DR 

resources. This impact should be considered when scheduling DR participation in 

grid services. These attributes may constrain participation of DR resources, or 

describe the cost of enabling resources to participate. These seven DR attributes 

that characterize each one of the DR products and services are Response 

Frequency, Response Duration, Response Time, Resource Magnitude, Energy Re-

Charge/Pre-Charge Requirement, Cost of Enablement and Alignment of 

Availability. Figure 4 (Daniel Olsen, 2014), provides a schematic diagram of the 

modeling framework employed to characterize the response attributes of DR 

resources. 

 

Figure 4. Schematic diagram of demand response with DR attributes. 

 

• Response Frequency/Activation Frequency  

Response Frequency or Activation Frequency that we have already presented in 

the section 2 refers to the frequency of control signals to which a DR resource can 

respond. For the high response frequency, DR resources must either be capable of 

quickly modulating their energy consumption, or be a part of aggregated loads, 

where the aggregate load can respond more frequently than the individual loads. 

All other attributes being equal, resources capable of responding with higher 

frequency offer more flexibility to the grid, as they can participate in more 

products.  
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The product with the highest required response frequency is Regulation with DR 

signals generated every few seconds. The flexibility and energy products are 

called for continuously, but on different time-scales: every few minutes and every 

hour for the Flexibility and Energy products respectively. For Contingency or 

Capacity products, resources submit bids and receive setpoint signals infrequently 

and only during events. 

• Response Duration/Delivery period  

Response Duration or Delivery Period refers to the length of a load shed or shift 

before returning to normal operation. The maximum response duration   is related 

to assumed acceptable length of reduced service or the presence of integrated 

energy storage. Longer response durations may be achieved in an aggregation of 

DR resources. Furthermore, longer response durations enable resources to 

participate in more products, while shorter maximum response durations often 

restrict them to participating only in ancillary services. 

• Response Time/Full Activation Time  

The Response Time or Activation Time is time between issuing a request for load 

modification and the full response of the DR resources. Response time may consist 

of several components: advance notification, signal latency, control latency, and 

equipment response time, as shown in Figure 4. Advance notification is the time 

required between scheduling a DR event and actual event start. Signal latency is 

the time between sending and receiving signal by program participants. Control 

latency is the time between signal receipt by the participant and DR controlled 

equipment trigger. Finally, equipment response time is the time it takes for 

controlled equipment to achieve full response.  

   

• Resource Magnitude 

Resource magnitude refers to the magnitude of DR availability per individual 

control unit. As we have already mentioned in section 2, electricity markets define 

specific threshold for minimum and maximum quantities. Therefore, resources 

with low magnitude (small loads) may be excluded from participating individually 

in DR programs. However, low-magnitude resources still are capable of 

participating by signing up with an aggregator in exchange for a portion of the 

revenue earned during responses.  

   

• Energy Re-Charge/Pre-Charge Requirement 

For some DR resources, the primary strategy for reducing consumption during an 

event is to shift it to non-event times rather than shedding it outright. Load 
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shifting can be achieved either by re-scheduling equipment utilization to non-

event hours or by employment of storage devices. In case of resorting to a 

storage device as a flexibility source, then the resource must be re- or pre-

charged. The re-charge/pre-charge requirement is important to take into account, 

as there is usually a need to balance the total energy delivered with total energy 

received. 

• Enablement Cost 

Several components make up the cost of automating of DR resources to enable 

their participation in grid services. Enablement cost components on the customer 

side can include:   

• Control equipment: equipment and software for controlling energy 

consumption of DR resources. 

• Telemetry equipment: equipment measuring load consumption with high 

time granularity. This is needed for monitoring and calculation of 

baseline and modified demands, which are needed for demand response 

services. 

• Installation cost: cost of control and telemetry equipment installation per 

site.  

• Programmatic cost: cost of working with a third party such as an 

aggregator or DR provider to participate in electricity markets.  

 

• Alignment of Availability 

DR resources can only respond if they are available during an event. Their 

availability may also vary throughout the year due to weather conditions. 

Depending on the weather conditions, it is possible that electric heating or cooling 

is not in operation and, therefore, can’t participate as DR resource.  

 Devices as Demand Response Resources 

Through the analysis of each device’s consumption and control properties, and 

taken under consideration the characterization of DR resources based on the 

Demand Response Attributes, we observed a pattern in the capabilities of various 

resources. Three broad categories of capabilities emerged: 

1. Resources that can provide a quick, short response at high 

frequency, without the need for “charging”. Devices that their load is 

controllable and can be spontaneously reduced, such as lighting and 

HVACs, mainly correspond to this category. Lighting devices have a 

response time less than 30sec while HVACs have a response time less than 

1min and they both can provide high response frequency.  
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2. Resources that can provide a long response, but cannot respond 

quickly or frequently, and require energy recharge. Storage devices 

that need to be charged before they are available again as a DR resource 

belong to this category. Furthermore, load devices with long operation 

cycle that once started, they can’t be interrupted, also belong to this 

category.  

3. Resources that can provide a response with characteristics of 

Category 1 or a response with characteristics of Category 2. Devices 

that are not controllable but are interruptible and referrable, which means 

that their consumption can’t be reduced but their operation can be 

interrupted and shiffted to a non-event period of time, belong to this 

category.  

These three categories can aid in predicting how DR resources are provisioned 

among grid products: Category 1 resources are best suited for providing 

regulation and flexibility products, while Category 2 resources are best suited for 

providing contingency, energy and capacity DR products.  Category 3 resources 

have the potential to participate in all markets. Therefore, depending on the DR 

attributes of the aggregated load the DR provider must assess the most suitable 

market for participation. Resources may also be combined to a virtual resource to 

combine certain requirement, e.g. combine a quick and long response. 

In Table 10, we present different device types and their potential to be a demand 

response product and participate via an aggregated manner to specific electricity 

markets and their related services. 
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Table 10. Devices as DR Resources in Electricity Markets 

Device 
Classifi-
cation  

DR 
Potential 

DR Product 
Partipation in 

Electricity 
Markets 

 Services 

Batteries Storage High 
Contingency, Energy, 
Capacity 

All Markets 
RR, Voltage Control, 
Black Start, Intraday, Day 
Ahead 

PVs  Generation High 
Regulation, Flexibility, 
Contingency, Energy, 
Capacity 

All Markets 
FCR, FRR, RR, Voltage 
Control, Black Start, 
Intraday, Day Ahead 

Commercial 
Lighting 

Load  High Regulation, Flexibility 
Ancillary Services & 
Balancing Markets 

FCR, FRR, RR, Voltage 
Control 

Commercial 
Heating/Cooling 

Load  High Regulation, Flexibility 
Ancillary Services & 
Balancing Markets 

FCR, FRR, RR, Voltage 
Control 

Residential/Tertiary 
Lighting 

Load  Medium Regulation, Flexibility 
Ancillary Services & 
Balancing Markets 

FCR, FRR, RR, Voltage 
Control 

Residential/Tertiary 
HVAC Central 

Load  High Regulation, Flexibility  
Ancillary Services & 
Balancing Markets 

FCR, FRR, RR, Voltage 
Control 

Residential/Tertiary 
Window Air 
Conditioner   

Load  High Regulation, Flexibility 
Ancillary Services & 
Balancing Markets 

FCR, FRR, RR, Voltage 
Control 

Plug in Electrical 
Vehicle (EVs) 

Load  High 
Regulation, Flexibility, 
Contingency, Energy, 
Capacity 

All Markets 
FCR, FRR, RR, Voltage 
Control, Black Start, 
Intraday, Day ahead 

Water Heater Load  High 
Regulation, Flexibility, 
Contingency, Energy, 
Capacity 

All Markets 
FCR, FRR, RR, Voltage 
Control, Black Start, 
Intraday, Day ahead 

Dishwasher Load  High  Energy, Capacity 
Wholesale Markets, 
Capacity Markets 

Day ahead 

Clothes dryer C Load  High Energy, Capacity 
Wholesale Markets, 
Capacity Markets 

Day ahead 

Washing machine 
A+++ 

Load  High Energy, Capacity 
Wholesale Markets, 
Capacity Markets 

Day ahead 
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6. Holistic Explicit Demand Response Framework 

In the previous paragraphs, we presented an extended analysis of explicit DR 

services that can be offered through aggregators to the various energy markets, 

and performed an association with loads and devices that are the potential 

sources of flexibility for such services. Further, we will focus on the consumer-

side, in order to connect these services to  

• occupants’ comfort preferences,   

• modelling requirements, in terms of the building and device characteristics, 

and  

• the demand modification workflow to be applied to the building by the local 

demand manager. 

The comfort models presented here were developed as part of the Task 3.2, and 

are repeated here for completeness. The detailed framework will be developed 

within Task 4.4. 

6.1. Comfort Requirements and Profiling 

One of the main aims of the Behavioural Profiling in Holisder is to automatically 

identify and take into consideration the comfort preferences of the consumers, 

during flexibility estimation and control optimization. These comfort profiles are 

broken down further to thermal and visual models. In the following we present a 

condensed overview of how comfort is accounted for during flexibility estimation in 

each case. The details will be presented in the corresponding Deliverable 4.5. 

 Thermal Comfort Modelling 

Thermal comfort includes physiological and psychological aspects apart from the 

ambient characteristics themselves. Nowadays, the implications of thermal 

comfort in the human activities are increasingly considered in various energy 

management contexts, together with energy efficiency, environmental impact and 

economics.  

Indoor thermal comfort highly depends on the operation of controllable loads such 

as heating, ventilation and air conditioning, and the thermal characteristics of the 

building envelope. 

The methodology that will be followed for extracting the comfort preferences of 

the occupants is based on training a naïve Bayes classifier with indoor 

temperature as the feature (independent) variable and a discrete dependent 

variable declaring whether the occupant feels comfortable or not. 

The naïve Bayes thermal comfort model is given by 

yth = p(Yth = 0| xt, xh) = k p(Yth = 0)p(xt|Yth = 0)p(xh|Yth = 0) 
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The model response y𝑡ℎ is the probability of thermal user satisfaction Yth ∈

{0,1} being 0. xt and xh denote the temperature and humidity input variables 

respectively. Kernel density estimation is utilized to estimate the respective 

conditional probability density functions p(xt|Yth = 0) and p(xh|Yth = 0).  

The most critical aspect of the methodology is the extraction of the training events 

– pairs of temperature-classification values that allow us to learn the parameters 

of the system; means and standard deviations of the class distributions.  

The basis for the data extraction is the HVAC and occupancy information retrieved 

from the middleware. In particular, whenever an HVAC signal is recorded, 

meaning that the user has altered the systems operational status (either ON/OFF, 

change on setpoint temperature or heating mode) the algorithm classifies the 

current environmental conditions are uncomfortable for the user. Subsequently, 

the indoor temperature is monitored in small intervals (2 minutes). When the 

temperature reaches a stable value (less than 0.25 variation within the last 15 

minutes) and the user does not take any further actions, a comfort event is also 

generated.  This data is the utilized to learn the model parameters. Upon 

successful training, the model is employed to predict the probability of 

comfort/discomfort in an extended temperature range (10oC – 35oC). The 

personalized comfort boundaries are extracted as the minimum and maximum 

indoor temperature in which the probability of feeling comfortable exceeds the one 

of discomfort. It must be noted that in places where the zone is occupied by more 

than one people, the comfort profiles will correspond to the aggregated comfort 

preferences, as extracted by the accumulated actions on the equipment by the 

users. 

 It must be noted that the process also supports three classes of events – comfort, 

hot, cold – which is more accurate in modelling terms and allows a more detailed 

identification of the occupant preferences. Nevertheless, the simpler modelling 

approach is more robust to a small number of training samples. 

 

Figure 5. Example Thermal (Dis)Comfort Profile 

 Visual Comfort Modelling 

Visual comfort is a complex parameter related to receiving and processing 

messages, instead of referring to a state of neutral perception of the environment. 

Visual "comfort" must be interpreted as the, state, in which the clear and 
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unobstructed reception of visual messages from the visual environment is possible 

without affecting the person’s well-being or health. 

Visual comfort presents some specific challenges. An observer will receive visual 

information and perceive the interior in relation to the bounding surfaces 

subjected by their color, texture and brightness, the furniture and its 

arrangement, and interaction between the interior and exterior environment 

together with a host of other details. The stimulus of the information received, and 

its interpretation or impression of the interior, is regarded as the visual 

environment. 

Similar to the thermal, visual comfort modelling in Holisder aims at identifying 

through user actions and contextual information the perceived visual (dis)comfort. 

To this end, the comfort profiling mechanism will continuously and collectively 

process various asynchronous events captured in live information streams and 

analyzed by an intelligent infusion engine to generate dynamic occupant 

behavioural profiles. Occupant profiles are: 

• “context-aware”: they relate occupant actions or lack of actions 

representing his/her comfort under the specific environmental conditions, 

• “dynamic”: they continuously adapt to sensor information capturing 

seasonal patterns. They are continuously updated to reflect long-term 

behaviour shifts of occupants 

Occupant behavioural profiles constitute the point of reference, defining and 

quantifying in real-time the “boundaries” and “cost” of visual comfort. Three types 

of events are analyzed:  

• occupancy events: presence information 

• luminance events: variations in the room luminance and 

• control action events: triggered by occupants acting on the operational 

status of lighting. 

The Bayesian formalism can be expressed as follows: 

Pr(𝐷𝑖𝑠𝑐 |𝐸𝑛𝑣𝑖𝑟) =
𝑤 ∙ 𝑃𝑟(𝐸𝑛𝑣𝑖𝑟|𝐷𝑖𝑠𝑐)

𝑤 ∙ 𝑃𝑟(𝐸𝑛𝑣𝑖𝑟|𝐷𝑖𝑠𝑐) + (1 − 𝑤) ∙ 𝑤 ∙ 𝑃𝑟(𝐸𝑛𝑣𝑖𝑟|𝐶𝑜𝑚𝑓)
 

Where w is weight factor, while Pr(𝐷𝑖𝑠𝑐 |𝐸𝑛𝑣𝑖𝑟) is Discomfort level given the 

luminance conditions and 𝑃𝑟(𝐸𝑛𝑣𝑖𝑟|𝐷𝑖𝑠𝑐) the luminance state probability given the 

discomfort level as explicitly indicated by the occupant. Finally, 𝑃𝑟(𝐸𝑛𝑣𝑖𝑟|𝐶𝑜𝑚𝑓) 

denotes the illuminance state probability given the comfort level as explicitly and 

implicitly indicated by the occupant. 

The formula estimates the probability that the occupant feels uncomfortable in the 

current ambient conditions, given the probabilities of environmental conditions 

where he feels (dis)comfort. These probabilities are calculated either on-the-fly 
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upon system usage or from historical data. The former corresponds to a real 

deployment scenario; the latter to the experimental setup of this paper where 

luminance information is collected from user premises to monitor his light 

adjustment actions. 

6.2. Comfort-based Flexibility Estimation 

It is apparent that comfort, flexibility sources and building characteristics are the 

three main factors (along with occupancy which can be integrated within the 

comfort calculations) that lead to the estimation of the available flexibility, which 

can be offered by a building/asset to the aggregator. 

We now proceed to shortly describe the optimization strategies that are needed to 

be applied towards estimating flexibility that can be offered by each asset. First, 

we formulate a standard optimization framework, which will form the basis for the 

integration of the behavioural profiling for the extraction of context-aware demand 

flexibility profiles.  

The main objective of an optimization framework is to provide the required control 

inputs such that: 

• The benefits for the consumer are maximized, translating to a joint 
minimization of cost of energy from the various energy sources in addition 

to maximization of benefits from participation to DR services.   

• All constraints of the system must be satisfied. 

Based on the aforementioned targets, a model-predictive control (MPC) algorithm 

is used.  Model predictive control (MPC) is an advanced process control method, 

which makes use of a model of the dynamical system to predict its future 

evolution in order to optimize the control signals for a given time horizon in the 

future. The methodology makes use of future predictions regarding environmental 

conditions, occupancy, etc. so as to yield an optimum estimate while accounting 

for system operation constraints.  

When used for cost optimization, MPC takes the form of an open-loop finite 

horizon optimal control problem, which is solved at a certain time to compute a 

sequence of control inputs over a horizon, using the current state as the initial 

state of optimization. The solution horizon is defined as the number N of time 

steps of the finite horizon over which the open-loop optimal control problem is 

solved. The first step of the optimal control is then applied to the system. At the 

next time step, the horizon is shifted and a new optimal control problem is solved 

based on the new initial state of the system. 

For the purposes of participating in demand response, the MPC optimization is first 

performed with default comfort constraints to estimate the baseline consumption, 

and with loosened constraints so as to identify the available flexibility. These 
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timeseries are passed on to the aggregator and the system, subsequently, follows 

the baseline consumption curve, modified by the DR request, if such arrives.  

 

 

In the following we provide an illustrative example of how to estimate the 

available flexibility coming from the HVAC equipment. The approach is similar for 

the visual case, and both will be presented in detail within Deliverable 4.5. A 

simplified example thermal optimization process over a time horizon is shown 

below. Here, M thermal zones, each with its own thermal constraints are served 

by a central HVAC system. The optimization identified the optimal thermal energy 

required for each zone. Please note that further details on the building modelling 

details included in the formulations below will be discussed in more detail at a 

subsequent section: 

 

Where 𝐽𝑐(𝑡) is the cost function to be minimized in the time interval [𝑡𝑚𝑖𝑛, 𝑡𝑚𝑎𝑥]. 

𝑇𝑧
𝑖(𝑡) is the indoor temperature of the thermal zone i, which must be kept within 

certain boundaries so as to satisfy the comfort constraints, �̇�ℎ𝑣𝑎𝑐
𝑏  is the power 

(considered as the baseline as will be explained in the following section) supplied 

by the HVAC unit to the zone at time 𝑡, �̇�𝑙𝑜𝑠𝑠
𝑖   is the loss rate of the specific zone, 

and respectively �̇�𝑔𝑎𝑖𝑛
𝑖  is the thermal gain rate in the zone. The differential 

equation describes the thermal energy balance requirements in a zone, with 𝐶𝑧
𝑖 

being the zone’s thermal capacity. 𝑇𝑠𝑒𝑡
𝑖  is a setpoint temperature, which is defined 

typically as the target to maintain, in terms of indoor conditions, while 𝑇𝑏𝑎𝑛𝑑 is a 

small constant value, typically in the range of 0.5-1 degrees Celsius, which is 

included to allow some small variation in the temperature constraint. 
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It is important to remind that the specific optimization is a barebone framework, 

useful to delineate the overall approach. The optimal solution of the above 

problem provides us with the baseline consumption for the HVAC system. 

Before going into the modified temperature limits, we highlight the ability of the 

comfort profile to be used for the extraction of baseline setpoint temperatures, in 

cases where a setpoint is not known a-priori. The setpoint can be defined as the 

temperature where occupant comfort is maximized (e.g. conditional 

mean/average of the comfort profile or any other agreed point within the comfort 

boundaries of the user).  

Moving on to the modification of the temperature boundaries for comfort, we note 

that the relationship between comfort and temperature includes a stochastic 

component. The end-user is not able to perceive variations, as long as these are 

not dramatic enough. We quantify and exploit this uncertainty by utilizing a 

minimum acceptable comfort limit, which is usually in the range of 0.7-0.8. This 

selection leads to modified minimum and maximum boundaries, which are 

extracted automatically and can be dependent on time, occupancy and user 

personal preferences, since all these variables can be taken into consideration 

during profile learning. An example of modified minimum and maximum 

temperature boundaries is shown below. 

 

Figure 6. Extraction of indoor temperature limits by utilizing the comfort profile. 

 

In the specific indicative example shown in the figure, the integration of the 

modified limits to the optimization framework described above, in order to relax 

the temperature constrains, and thus allow a more efficient use of the heating 

/cooling equipment, it straightforward, in particular we have: 
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The only difference from the standard formulation is the use of the automatically 

computed indoor temperature thresholds 𝑇𝑚𝑖𝑛
𝑖 , 𝑇𝑚𝑎𝑥

𝑖 . This optimization provides an 

alternative reduced HVAC consumption, whose difference with the baseline defines 

the available flexibility from this asset, in terms of reducing its demand. 

An alternative formulation with the extended temperature limits, but reversing the 

optimization criterion leads to the estimation of available flexibility in terms of 

increasing the demand, again as the difference between the alternative and the 

baseline consumption: 

 

These timeseries of available flexibility are passed on to the aggregator. 

6.3. Device and Building Modelling 

In the previous section, we introduced a number of generic equations for the 

computation of available flexibility per asset. One main prerequisite, included 

there, is the necessity to model the dynamic behaviour of the building and 

devices. In the following we illustrate the modelling approach for the building 

envelope and the heat pump devices, while more information will be given in 

Deliverable 4.5 

 Building/Zone Thermal Model 

A thermal zone represents the thermal losses and gains of a building or a 

particular subarea/room of one. It contains a set of construction elements 
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describing how the heat is transferred from one area to other area (heat gain due 

to solar radiation, heat gain due to construction elements, heat gain due to 

ventilation/infiltrations). Also, the appliances and the occupants of the thermal 

Zone need to be considered since they act as heat producing elements. All these 

elements together with the desired temperature set point in the thermal zone 

define the required parameters to obtain the heat demand that will be used as 

input for the control optimization algorithms. 

In more detail, the thermal behaviour of a thermal zone is represented by a 

unique temperature value 𝑇𝑧𝑜𝑛𝑒, assumed to be constant in all locations/places 

within the zone. The heat balance equation is:  

𝐶 �̇�𝑟𝑜𝑜𝑚 = 𝑔 𝐼(𝑡) + �̇�ℎ𝑒𝑎𝑡/𝑐𝑜𝑜𝑙 + �̇�𝑃𝑒𝑟𝑠𝑜𝑛𝑠  + �̇�𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦  − 𝑅 (𝑇𝑟𝑜𝑜𝑚 − 𝑇𝑎𝑚𝑏) 

Where 𝑔 𝐼(𝑡) represents the solar gain component, �̇�ℎ𝑒𝑎𝑡/𝑐𝑜𝑜𝑙 is the sum of energy 

flow rates from the heating and/or cooling devices serving this zone,  �̇�𝑃𝑒𝑟𝑠𝑜𝑛𝑠   is 

the heat flow rate due to zone inhabitants and �̇�𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦   the flow rate due to 

electric appliances. 𝑅 denotes the thermal resistance (otherwise referred to as 

heat loss factor), of the zone, while 𝐶 is the zone thermal capacitance. Finally, 

𝑇𝑎𝑚𝑏 denotes the ambient outdoor temperature.  

It must be noted that certain terms in the above equation may be difficult to 

compute. In such cases, the simplest acceptable model is produced after forgoing 

with the effects of solar radiation, occupant and electric device heat generation, 

thus  

𝐶 �̇�𝑟𝑜𝑜𝑚 ≈ �̇�ℎ𝑒𝑎𝑡/𝑐𝑜𝑜𝑙  − 1/𝑅 (𝑇𝑟𝑜𝑜𝑚 − 𝑇𝑎𝑚𝑏). 

In the following we discuss shortly the various parameters of the model. 

Thermal Resistance (R): 

The thermal resistance (in units of W/K) includes a transmission part and a 

convection part. The transmission part includes the heat loss through areas of the 

zone envelope as characterised by their U-values (their thermal transmittances) 

and an allowance for thermal bridges using a coefficient expressed as an 

increment to U-values. The convection part includes the heat exchange by 

(intended) ventilation and (unintended) air leakage. 

𝑅 = 𝑈𝑤𝑎𝑙𝑙𝑠 ∙ 𝐴𝑤𝑎𝑙𝑙𝑠 + 𝑈𝑟𝑜𝑜𝑓 ∙ 𝐴𝑟𝑜𝑜𝑓 + 𝑈𝑓𝑙𝑜𝑜𝑟 ∙ 𝐴𝑓𝑙𝑜𝑜𝑟 + 𝑈𝑤𝑖𝑛𝑑𝑜𝑤𝑠 ∙ 𝐴𝑤𝑖𝑛𝑑𝑜𝑤𝑠 

+ Δ𝑈𝑡ℎ𝑒𝑟𝑚𝑎𝑙𝑏𝑟𝑖𝑑𝑔𝑒𝑠 ∙ (𝐴𝑤𝑎𝑙𝑙𝑠 + 𝐴𝑟𝑜𝑜𝑓 + 𝐴𝑓𝑙𝑜𝑜𝑟 + 𝐴𝑤𝑖𝑛𝑑𝑜𝑤𝑠) 

+ (𝑁𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛 + 𝑁𝑎𝑖𝑟𝑙𝑒𝑎𝑘𝑎𝑔𝑒) ∙ 𝑉 ∙ 𝜌𝑎𝑖𝑟 ∙ 𝑐𝑎𝑖𝑟 

The U-values, if not otherwise measured, can be adopted from a survey of the 

European building stock. The impact of thermal bridges is considered here based 
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on a simplified coefficient  Δ𝑈𝑡ℎ𝑒𝑟𝑚𝑎𝑙𝑏𝑟𝑖𝑑𝑔𝑒𝑠 that captures the average impact of all 

thermal bridges in the building.  

Thermal capacity (C): 

The thermal capacity (in units of J/K) is estimated using a simplified equation, 

considering the effective thermal capacity of both the external walls and the 

internal walls and slabs. 

𝐶 = 𝑐𝑤𝑎𝑙𝑙𝑠 ∙ 𝐴𝑤𝑎𝑙𝑙𝑠 + 𝑐𝑖𝑛𝑡 ∙ 𝐴𝑖𝑛𝑡 

Depending on the building’s characteristic the following default values for the 

specific heat capacities can be suggested:  

- Heavy weight construction: 105000 J/m²K 

- Medium weight construction: 65000 J/m²K 

- Lightweight construction: 25000 J/m²K 

Solar gain factor (g): 

The solar gain factor (in units of m²) represents the effective area of the building 

for the collection of solar irradiance. Four different factors are calculated (one for 

each orientation). 

𝑔𝑠𝑜𝑢𝑡ℎ = 𝑔𝑤𝑖𝑛𝑑𝑜𝑤𝑠 ∙ 𝐴𝑤𝑖𝑛𝑑𝑜𝑤𝑠,𝑠𝑜𝑢𝑡ℎ ∙ 𝐹𝑓𝑟𝑎𝑚𝑒 

𝑔𝑒𝑎𝑠𝑡 = 𝑔𝑤𝑖𝑛𝑑𝑜𝑤𝑠 ∙ 𝐴𝑤𝑖𝑛𝑑𝑜𝑤𝑠,𝑒𝑎𝑠𝑡 ∙ 𝐹𝑓𝑟𝑎𝑚𝑒 

𝑔𝑤𝑒𝑠𝑡 = 𝑔𝑤𝑖𝑛𝑑𝑜𝑤𝑠 ∙ 𝐴𝑤𝑖𝑛𝑑𝑜𝑤𝑠,𝑤𝑒𝑠𝑡 ∙ 𝐹𝑓𝑟𝑎𝑚𝑒 

𝑔𝑛𝑜𝑟𝑡ℎ = 𝑔𝑤𝑖𝑛𝑑𝑜𝑤𝑠 ∙ 𝐴𝑤𝑖𝑛𝑑𝑜𝑤𝑠,𝑛𝑜𝑟𝑡ℎ ∙ 𝐹𝑓𝑟𝑎𝑚𝑒 

Where 𝑔𝑤𝑖𝑛𝑑𝑜𝑤𝑠 is the solar conversion factor of the window, 𝐴𝑤𝑖𝑛𝑑𝑜𝑤𝑠,𝑋  is the area 

of the windows in direction X given a perfect North-South orientation of the 

building and 𝐹𝑓𝑟𝑎𝑚𝑒  is the frame factor. The areas of the windows for the 

respective sides are calculated based on the user’s input. For simplicity, a frame 

factor (ratio between transparent area and whole window area) of 𝐹𝑓𝑟𝑎𝑚𝑒 = 0.7 is 

assumed as a default value. To calculate the total solar contribution  

 
𝑔 ∙ 𝐼(𝑡) = 𝑔𝑠𝑜𝑢𝑡ℎ ∙ 𝐼𝑠𝑜𝑢𝑡ℎ(𝑡) + 𝑔𝑒𝑎𝑠𝑡 ∙ 𝐼𝑒𝑎𝑠𝑡(𝑡) + 𝑔𝑤𝑒𝑠𝑡 ∙ 𝐼𝑤𝑒𝑠𝑡(𝑡) + 𝑔𝑛𝑜𝑟𝑡ℎ ∙ 𝐼𝑛𝑜𝑟𝑡ℎ(𝑡) 

 

 Heat Pump Model 

Modelling of a heat pump concentrates around the estimation and relationship of 

consumed and released heat to the thermal zone. The instantaneous efficiency or 

coefficient of performance (COP) of the heat pump is defined as the ratio of heat 

transfer rate (�̇�ℎ𝑝) from the heat pump to the electrical power consumed (𝑃𝑒𝑙): 
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COP [
kWth

kWel
] =

Q̇hp[kWth]

Pel[kWel]
 

 

Where Q̇hp = heat rate supplied to the thermal zone from the heat pump and 

Pel = Electric power consumed by the heat pump. 

 

 

Figure 7. Heat Pump Model. 

The estimation of the COP enables the transformation between consumed and 

supplied energy by the device. A significant complication arises from the fact that, 

depending on the heat pump type, the supplied hear rate and COP depend on a 

multitude of parameters, e.g. the outlet medium temperature, the ambient 

temperature (for air/water sources) among other parameters. 

From an ideal point of view, using the efficiency definition from Carnot cycle, we 

have: 

Pel = Q̇hp − Q̇C 

COP =
Tsup

|Tsup − Tamb|
 

Where Q̇C = heat extracted from the environment at lower temperature 
Tsup = Temperature [°C] at which Q̇hp is provided to the hot side   

Tamb = Temperature [°C] at which Q̇C is extracted from the environment  
 

As shown above the COP is mainly a complex function of the supply temperature  

Tsup and environment temperature  Tamb. Secondary effects such as partial loads 

and humidity have a negligible effect on the COP variation with respect to the 

temperatures. Therefore, to obtain a realistic formulation of the COP, it should be 

COP (Tsup, Tamb).  

It is possible to get a very good approximation of the COP by fitting a third order 

polynomial function to the data: 
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COP = COP0 − a0Tsup + a1Tsup − a2Tsup
2 − a3TsupTamb + a4Tamb

2 − a5Tamb
3 − a6Tsup

3  

The COP0 is the reference value for the COP and ai are constant interpolating 

coefficients. The figure below presents a validation experiment on a reference heat 

pump. The figure shows the interpolated COP in green and the measured COP in 

red with respect to the supply temperature Tsup and the environment temperature 

Tsup. 

 

Figure 8. Example estimated vs. Actual COP of a reference heat pump using a third order 
polynomial to model the HP performance. In red is the Measured COP in green the 

interpolated COP on the z-axis. 

Unfortunately, this approach leads to a highly nonlinear formulation for the control 

optimization formulations. One further simplification can be considered by taking 

Tsup  to be constant within each optimization step and updated only at the 

beginning of a new iteration. As such, the COP becomes COP(Tsup
̅̅ ̅̅ ̅̅ , Tamb), where  

Tamb is known since it is the predicted environment temperature from the weather 

data. In this way the COP is a known vector with a value for each time step so 

that the Pel  may be computed as a linear function of �̇�ℎ𝑝 with fixed COP for each 

time interval. 

6.4. Explicit Demand Response through the Local Demand Manager 

The complete computational pipeline will be given in Deliverable 4.5. Here, having 

presented the general premise of the explicit DR framework, we now discuss the 

explicit DR workflow from the side of the consumer, whose primary functionalities 

will be implemented through the local demand manager. 

The steps, along with the responsible components and data involved are the 

following: 

1. The Local Demand Manager (LDM) queries the observational component 

(either directly or through the Cassandra database) for past indoor 
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temperature and humidity values, as well as user-initiated HCAV 

and lighting control actions. 

2. The LDM profiling subcomponent computes the thermal and visual comfort 

curves. 

3. The LDM retrieves from the Cassandra database forecasts of external 

temperature and irradiance. 

4. The LDM estimates the forecasted baseline consumption and available 

comfort-based flexibility that can be offered by the asset/building in the 

next time window (e.g. next 6 hours), in predefined time intervals (e.g. per 

15 minutes). 

5. The timeseries of flexibility is communicates to the Global Demand Manager 

(GDM) for utilization by the aggregator. 

6. The LDM listens for requests from the GDM for modification of demand. 

These requests should have the same granularity as the flexibility 

timeseries provided. 

7. If no request arrives, the LDM performs an automatic operation of the 

devices based on the baseline consumption curve. 

8. In case a request arrives from the GDM, the values are added/removed to 

the baseline consumption curve, and then the LDM operates the devices 

based on this modified pattern of demand. 

9. Real-time consumption data are passed on to the GDM, so that the 

aggregator can monitor the progress of the event. 

10.Upon completion, the steps are repeated. 

This workflow describes the explicit DR strategy from the point of view of the 

consumer. It must be highlighted that the logic within the LDM will need to 

account for the different device properties, when computing the operational status 

of the devices. For example, if a DR request involves a demand modification very 

shortly (within minutes from the signal receipt) then the LDM will have to identify 

the source of flexibility that is suited for this. The analysis of the various devices 

and their characteristics, as described in the previous sections, will lead to the 

development of this algorithmic procedure.  

6.5. Specifications of aggregator and consumer user interfaces 

As a final part of this chapter, we provide the specifications for the user interfaces 

that are oriented towards the main roles of the explicit DR services, the 

aggregator and the consumer.  

 General Architecture 

Both web applications will follow the architecture shown on Figure 9 Web 

applications architecture. The Client component will be the one rendering on the 

screen how the information is shown to the user, combining HTLM and Javascript 

programming languages for offering a dynamic interface. It must be highlighted 
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that this application will be developed following a responsive approach, which 

means that it doesn’t matter if the user uses it on a computer, laptop, tablet or 

smartphone, it will be adapted to the size of the screen for offering the 

information on a friendly and intuitive way. 

 

Figure 9 Web applications architecture 

The update of what is shown on the screen will be automatized thanks to the 

usage of a reactive environment, which means that both the Client and the Server 

can react to any change on the Data Base and render it without needing any 

interaction from the user. By following this approach, it is possible to offer to the 

user at every moment the most updated information, without creating too much 

overhead on the system by querying for any changes at every moment. 

But this component will not only interact with its own Data Base, it needs 

interaction with the other modules of the HOLISDER solution for retrieving the 

information to be displayed and for applying the orders done by the user through 

the application. The functionalities of all the other components will be offered as 

Cloud Services, mainly accessible directly interacting with the Middleware 

component. Those services will be invoiced from the Server part, which will also 

process the responses for the final visualization on the screen via the Client 

module. 

 Aggregator Monitoring and Optimization UI 

By interacting with the UI, Aggregator’s users will be able to perform all the 

functionalities according with this role. Those functionalities will mainly allow them 
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to interact with their portfolio for the realization, mainly, of analytics and 

monitoring operations. 

In terms of monitoring activities, the application will allow them to plot historical 

information about their customers at three levels: full portfolio, groups of 

customers, individual customers. For the full portfolio it will be possible to have an 

overview about the current status until now, treating all the users as a whole; at 

individual level it will be possible to plot their information, even to compare the 

users among them; finally, at group level it will be possible to see on a heat map 

their production or consumption (those groups will be created by following some 

criteria which is out of the scope of this section). 

Regarding the analytic functionalities, once all the users have been clustered (by 

automatic clustering algorithms or manually by the operator following some 

personal criteria), every user on each group can be compared against the average 

values of the group where he/she is in. 

This interface will allow the operators to manage the different triggered DR 

campaign that are taking place currently now, or the planned ones. 

Lastly but not least, it will offer the best tariff to be used by each customer. This 

can be calculated taking into account their consumption and the real prices of the 

energy.  

All this will be described with details on the D5.5 HOLISDER Visualization Platform. 

 Consumer Monitoring and Control UI 

On the other hand, the Consumer’s UI will be the tool used by the customer’s 

users to interact with the HOLISDER platform. 

The main functionalities of this application will allow the user to see interesting 

information plotted on charts, taking into account different periods of time and 

different levels of granularity. This can be useful for them to know at every 

moment their historical and actual behaviour in terms of energy, and even to have 

the possibility to compare themselves against the average values of the dwellings 

around them. 

Considering their behaviour, and in combination with the actual tariff of the 

consumer, it will be possible to estimate the final bill at the end of the month. It 

will also be possible to offer the amount of money they will pay by moving another 

tariff. 

Lastly, the users will have a personal treatment by receiving some advice and 

recommendations, and some suggestions about what to do if they want to still 

follow the desired strategies. 
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7. Conclusions 

In the above, the energy market structure in the European Union (EU) has been 

explored, and suitable Demand Response services were identified. These services 

were associated to a detailed ranked list of devices that can offer flexibility to such 

services. Subsequently, the explicit DR framework, from comfort profiling, to 

modelling and finally to flexibility estimation and demand modification was 

described, as well as, at the final stage, specifications on the UIs for the most 

related end-users were presented. 
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9. Appendix 

9.1. Extended table of various devices with their consumption and control properties.  

Device Device 
Type 

Usage Device Consumption Properties Device DR Potential Properties 

Average 
Power 

Consumption 

Length of use Energy 
Consumption/ 

Year (KWh) 

Interruption Deferral period  DR 
Potential 

                  

Box Fan Inductive Heating/Cooling 200W 48 weeks - 5hours/day 335kWh Controllable Up to 30 minutes High 

Ceiling Fan Inductive Heating/Cooling 120W 48 weeks - 5hours/day 201kWh Controllable Up to 30 minutes Medium 

Central Air Conditioner 
- 24,000 BTU 

Inductive Heating/Cooling 3800W 48 weeks - 5hours/day 6365kWh Controllable Up to 30 minutes High 

Central Air Conditioner 
- 10,000 BTU NA 

Inductive Heating/Cooling 3250W 48 weeks - 5hours/day 5444kWh Controllable Up to 30 minutes High 

Furnace Fan Blower Inductive Heating/Cooling 800W 48 weeks - 5hours/day 1340kWh Controllable Up to 30 minutes High 

Space Heater NA Resistive Heating/Cooling 1500W 48 weeks - 5hours/day 2513kWh Controllable Up to 30 minutes High 

Tankless Water Heater 
- Electric 

Resistive Heating/Cooling 18000W 48 weeks - 5hours/day 30150kWh Controllable Up to 30 minutes High 

Water Heater - Electric Resistive Heating/Cooling 4500W 48 weeks - 5hours/day 7538kWh Controllable Up to 30 minutes High 

Window Air 
Conditioner 10,000 
BTU NA 

Inductive Heating/Cooling 900W 48 weeks - 5hours/day 1508kWh Controllable Up to 30 minutes High 

Window Air 
Conditioner 12,000 
BTU NA 

Inductive Heating/Cooling 3250W 48 weeks - 5hours/day 5444kWh Controllable Up to 30 minutes High 

Well Pump - 1/3 1HP Inductive Heating/Cooling 750W 48 weeks - 5hours/day 1256kWh Controllable Up to 30 minutes High 

                  

Combi fridge-freezer 
A+ 

Inductive Kitchen 150-200W 365 days - continuously 200kWh Non-interruptible Non-deferrable Low 

Combi fridge-freezer C Inductive Kitchen 200-350W 365 days - continuously 500kWh Non-interruptible Non-deferrable Low 
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Dishwasher Inductive Kitchen 1200W 48 weeks - 5x per week 288kWh Non-interruptible Deferrable - Up to 
several hours 

High  

Coffee machine Resistive Kitchen 500-1000W 48 weeks - 10min/day 42kWh Non-interruptible Non-deferrable Low 

Cooker hood Resistive Kitchen 70-150 W 48 weeks - 40min/day 25kWh Interruptible Non-deferrable Low 

Microwave oven Inductive Kitchen 1000-1500W 48 weeks - 1.5hours/week 90kWh Non-interruptible Non-deferrable Low 

Conventional electric 
oven 

Resistive Kitchen 2000-2500W 48 weeks - 1.5hours/week 162kWh Non-interruptible Non-deferrable Low 

Blender Inductive Kitchen 500W 48 weeks - 0.5hours/week 12kWh Interruptible Non-deferrable Low 

Toaster Resistive Kitchen 850W 48 weeks - 0.5hours/week 20kWh Non-interruptible Non-deferrable Low 

Stand Mixer Inductive Kitchen 300W 48 weeks - 0.5hours/week 7kWh Interruptible Non-deferrable Low 

Kettle - Electric Resistive Kitchen 1200W 48 weeks - 0.5hours/week 28kWh Interruptible Non-deferrable Low 

                  

LCD TV Non-linear Electronics 90-250W 48 weeks - 4hours/day 241kWh Non-interruptible Non-deferrable Low 

Plasma TV Non-linear Electronics 200W 48 weeks - 4hours/day 402kWh Non-interruptible Non-deferrable Low 

old Plasma TV Non-linear Electronics 261-344W 48 weeks - 4hours/day 402kWh Non-interruptible Non-deferrable Low 

LED TV Non-linear Electronics 20-60W 48 weeks - 4hours/day 54kWh Non-interruptible Non-deferrable Low 

Game console Non-linear Electronics 20-180W 48 weeks - 1hours/day 7-60kWh Non-interruptible Non-deferrable Low 

TVD/ADSL decoder Non-linear Electronics 45W 365 days - continuously 395kWh Non-interruptible Non-deferrable Low 

Stereo Receiver Non-linear Electronics 450W 48 weeks - 4hours/week 86kWh Non-interruptible Non-deferrable Low 

Bluray/DVD Player Non-linear Electronics 15W 48 weeks - 4hours/week 3kWh Non-interruptible Non-deferrable Low 

Desktop Computer 
(Standard) 

Non-linear Electronics 200W 48 weeks - 4hours/day 268kWh Non-interruptible Non-deferrable Low 

Desktop Computer  
(Gaming) 

Non-linear Electronics 500W 48 weeks - 1hours/day 168kWh Non-interruptible Non-deferrable Low 

Laptop Non-linear Electronics 100W 48 weeks - 1hours/day 34kWh Non-interruptible Non-deferrable Low 

LCD Monitor Non-linear Electronics 100W 48 weeks - 5hours/day 168kWh Non-interruptible Non-deferrable Low 

Modem/Rooter Non-linear Electronics 7W 365 days - 6hours/day 15kWh Non-interruptible Non-deferrable Low 

Printer Non-linear Electronics 100W 48 weeks - 2hours/day 10kWh Non-interruptible Non-deferrable Low 

                  

Clothes dryer C Resistive Laundry 2500-3000W 32 weeks - 2x per week 192kWh Non-interruptible Deferrable - Up to 
several hours 

High 

Washing machine 
A+++ 

Inductive Laundry 2500-3000W  48 weeks - 4x per week 
(0.9 kWh/cycle) 

173kWh Non-interruptible Deferrable - Up to 
several hours 

High 
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Washing machine B Inductive Laundry 2500-3000W 48 weeks - 4x per week  
(1.35 kWh/cycle) 

259kWh Non-interruptible Deferrable - Up to 
several hours 

High 

Iron Resistive Laundry 750-1100W 48 weeks - 5hours/week 260kWh Interruptible Non-deferrable Low 

                  

Low-energy light bulbs Inductive Lighting 12W 48 weeks - 5hours/day 20kWh Controllable Up to several hours Medium 

Halogen lamps Inductive Lighting 300W 48 weeks - 5hours/day 503kWh Controllable Up to several hours Medium 

CFL Bulb - 40W   
Equivalent 

Capacitive Lighting 11W 48 weeks - 5hours/day 18kWh Controllable Up to several hours Medium 

CFL Bulb - 60W  
Equivalent 

Capacitive Lighting 18W 48 weeks - 5hours/day 30kWh Controllable Up to several hours Medium 

CFL Bulb - 75W  
Equivalent 

Capacitive Lighting 20W 48 weeks - 5hours/day 34kWh Controllable Up to several hours Medium 

CFL Bulb - 100W  
Equivalent 

Capacitive Lighting 30W 48 weeks - 5hours/day 50kWh Controllable Up to several hours Medium 

Halogen - 40W Inductive Lighting 40W 48 weeks - 5hours/day 67kWh Controllable Up to several hours Medium 

Incandescent 50W Resistive Lighting 50W 48 weeks - 5hours/day 84kWh Controllable Up to several hours Medium 

Incandescent 100W Resistive Lighting 100W 48 weeks - 5hours/day 168kWh Controllable Up to several hours Medium 

LED Bulb - 40W 
Equivalent 

Resistive Lighting 10W 48 weeks - 5hours/day 17kWh Controllable Up to several hours Medium 

LED Bulb - 60W 
Equivalent 

Resistive Lighting 13W 48 weeks - 5hours/day 22kWh Controllable Up to several hours Medium 

LED Bulb - 75W  
equivalent 

Resistive Lighting 18W 48 weeks - 5hours/day 30kWh Controllable Up to several hours Medium 

LED Bulb - 100W  
Equivalent 

Resistive Lighting 23W 48 weeks - 5hours/day 39kWh Controllable Up to several hours Medium 

                  

Plug in Electrical 
Vehicle (EVs) 

Resistive Misc. 25-30kWh/ 
100miles 

52 weeks - 200miles/week 2600-3200kWh Interruptible Up to several hours High 

Fire alarm Resistive Misc. 0,4W 365 days - continuously 3.5kWh Non-interruptible Non-deferrable Low 

Central Security alarm Resistive Misc. 4W 365 days - continuously 35kWh Non-interruptible Non-deferrable Low 

Vacuum cleaner Inductive Misc. 800-1000W 48 weeks - 2x per week 77-92kWh Interruptible Non-deferrable High 

Electric shaver Inductive Misc. 12W 48 weeks - 5 min/day 0.3kWh Non-interruptible Non-deferrable Low 

Hairdryer Resistive Misc. 300-600W 48 weeks - 30 min/day 50-100kWh Non-interruptible Non-deferrable Low 

Dehumidifier Resistive Misc. 280W 48 weeks - 30 min/day 47kWh Interruptible Up to several hours Medium 
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Electric Blanket Resistive Misc. 200W 48 weeks - 30 min/day 34kWh Interruptible Up to several hours Medium 

 

 


