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Executive Summary
The EcoGrid EU project was a research and demonstration project conducted from March 2011 to
August 2015. Its purpose was to demonstrate the operation of a power system with high penetration of renewable and variable energy resources.
The demonstration took place on the Danish island of Bornholm with more than 50% of the electricity consumption covered locally by renewable energy production. A real-time market concept for
activating small-scale DER and demand response was a cornerstone in the project. The market was
designed specifically to utilise small units down to household level installations in the balancing of
the power system. To that end, the market architecture utilises a bid-less structure, where prices
are published every 5 minutes for the participants’ voluntary response.
The demonstration period was about two and a half years from late 2012 to spring 2015. The setup
included approximately 2,000 installations, divided in different customer segments, including private homes and industrial applications. Some had automatic control equipment to control e.g. electric heating or heat pumps whereas others were to manually adapt their consumption to price signals.
Installation and tuning of the demonstration setup was an ongoing, iterative activity throughout
the entire period. Several issues were detected and addressed along the way, and eventually all
equipment performed to the satisfaction of project partners as well as of the involved customers.
The project partners gained important knowledge in this process.
Involving the participants was crucial to the success of the project. It took a large effort to fulfil the
target of attracting almost 10% of all residential electricity customers on Bornholm as well as to
identify and recruit industrial customers. On the whole, customers indicated that they were happy
with their participation in the project.
The demonstration has been evaluated according to several measures, including economic efficiency and its ability to activate demand response. The demonstration has shown that:
•
•
•

There is significant demand response to be obtained from electrically heated and heat
pump houses by means of automatic control equipment
A real-time price signal can be used to activate the potential
The response can be forecast - with some uncertainty – resulting in an overall improved efficiency of the system

The results also showed drawbacks of the market concept. It did not succeed in resolving distribution feeder congestion, and customers without automatic equipment did not exhibit demand response. We conclude that the market concept is a potentially efficient tool to activate the demand
side in the electricity market and particularly utilise it for power system balancing. Particular care
must be taken when designing the market algorithm, considering the real-time market’s interaction
with day-ahead, intra-day and balancing markets.
All in all we believe the EcoGrid EU project fulfilled its overall objectives and has created value to
the society as a whole as well as for the involved partners. The experience gained from the project
may prove very valuable for system/network operators and industrial parties in the future conversion of the energy system to mainly use renewable energy sources.
This project has received funding from the European Union´s Seventh Framework Programme for research, technological
development and demonstration under grant agreement No 268199.
The European Commission is not responsible for information presented in this report, nor does it represent the official EC policy
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1.

Introduction

The EcoGrid EU project was a research and demonstration project conducted from 2011 to 2015.
Its purpose was to demonstrate the operation of a power system with high penetration of renewable and variable energy resources. The demonstration took place on the Danish island of Bornholm
with more than 50 % of the electricity consumption covered by renewable energy production. A
real-time market concept for activating small-scale DER and demand response was a cornerstone
in the project.
This report is deliverable 6.7 from the EcoGrid EU project, summarising the evaluation and conclusion of the project. In order to provide an overview of the demonstration activities, leading to an
evaluation, the report contains overall description of the involved subsystems that took part of the
project.
With that in mind, the report first describes the project background and the market concept in section 2, followed by a description of how the market concept was converted to demonstration design
in section 3, and how this was eventually implemented in the real world in section 4.
The experiences gained are presented in several sections. Section 5 describes how the system was
operated and monitored and what lessons were learned from operating the system. Following this,
the demonstration is evaluated in terms of market concept, efficiency benefits and customer participation in section 6. Finally a conclusion and overall evaluation is given in section 7.
All evaluations are supported by project KPIs as described and evaluated in appendix A.
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2.

EcoGrid EU Project description

2.1

The objective of the Project

The objective of the project was to develop and demonstrate in large-scale a generally applicable
real-time market concept for smart electricity distribution networks with high penetration of renewable energy sources and active user participation. The concept is based on small and mediumsize Distributed Energy Resources (DER) and flexible demand response to real-time price signals.
The project covered:
•
•
•
•
•
•

2.2

Design and implementation of the EcoGrid EU concept covering all aspects from ICT, control systems and market concept to contract design and business cases.
Preparation of the demonstration by getting acceptance from all involved parties, recruiting
and training participants and installing and testing equipment.
Demonstration of the concept in large- scale with approximately 2000 participants over a
course of two heating seasons.
Establish a strategy for replication of the results from the specific demonstration site to
other regions.
Broad and consistent dissemination of major project results to stakeholders and decision
makers, both in the involved regions and on a Pan-European level.
Input for the standardisation process of architectures and interfaces for DER integration by
drawing on results from the implementation and demonstration.

The background

Firstly, increasing pressure from the European and international community as well as national
governments, to move towards a low carbon generating mix is substantial increasing the contribution from renewable (e.g. wind & PV) and more efficient energy sources (e.g. CHP). Unlike conventional generation, outputs of many of these sources follows weather conditions or demand for heat,
which at high levels of penetration pose a significant challenge associated with balancing of demand and supply.
Secondly, the demand side is positioned for a radical shift. Extensive roll-out of communication
systems and intelligent metering capabilities is expected all over Europe for the segment of small
consumers. This technology has the potential of enabling demand to respond to market signals,
interact with system operation and participate in the system balancing. This development makes it
possible to realise unprecedented levels of demand response from smaller customers that can assist balancing systems with high level of renewable energy sources and change the way power
systems are planned, developed and operated. Furthermore new direct and indirect storage technologies, e.g. electric vehicles, are under development, which also have the potential to dramatically change the system and enable an increased hosting capacity for renewable energy sources of
the system.
Traditional centralised system design, investment and operation is conducted on the basis that
demand is passive and uncontrollable and makes no active contribution to the operation of the
system or participates in the markets currently available. Over the last years there has been a
development towards more active market participation from large generation and consumption,
while the market solutions have not yet been developed and designed for small scale participants.
The focus in this project is therefore to enable smaller units to participate in the market and contribute to the system operation. This development will move traditional systems into a different
This project has received funding from the European Union´s Seventh Framework Programme for research, technological
development and demonstration under grant agreement No 268199.
The European Commission is not responsible for information presented in this report, nor does it represent the official EC policy
and viewpoints
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position for which the current system management tools, markets, regulation and commercial
structures were not developed. To enable an economic and reliable power system increasingly
based on renewable energy sources these physical changes in the system composition and function
have to be integrated into the system planning, development and operation.
In parallel with these changes to the physical system structure, the market and regulatory frameworks are under development. Numerous EU directives have laid the foundations for a liberalised
electricity supply industry across member states in Europe. This ongoing initiative is promoting a
structure based on competitive, accessible market places to procure and sell system services and
contracts for energy. To date, the principles of competition and market access have been focused
on operation at the transmission level with small numbers of large generators, but this approach
has yet to be devolved to distribution level, where it could facilitate access for thousands and potentially millions of smaller participants to a competitive market place, to offer energy and system
services.
However, these paradigm changes will only unfold the desired effects to a full extent, if the consumers / customers understand and accept this transformation and have means to adapt their
consumption behaviour accordingly. Therefore, active customer participation plays a key role, when
developing strategies for smart grids and smart metering implementation. To this date, the customer involvement in the energy market and the customer relations with the energy provider were
very low. For this reason, energy retailers know almost nothing about their customers. Apart from
a differentiation between residential, commercial and small industrial clients, it is of utmost importance, to define customer segments and to determine and exploit their needs, receptiveness
and incentive based motivation for active participation in a real time market in a Smart Grids system.

2.3

The scope of EcoGrid EU

To address the future needs and challenges, an efficient, market-based tool has been developed,
that brings the flexibility of DERs and flexible demand into the power system, whilst assuring a
transparency, simplicity and incentives (e.g. economical or ecological) that encourages active enduser participation. Therefore the EcoGrid EU project has demonstrated a market concept that from
the very beginning was designed for small-scale users by actively involving them in the whole process. The market concept was designed to incorporate small-scale distributed energy resources and
flexible demand into the existing power system markets, balancing tools, and operation procedures.
The concept intends to remove the barriers that DERs have previously been facing to enter the
present market structure, e.g. requirements on size and online monitoring, and a significant administrative burden including bidding in the markets, complying with schedules, and financial obligations.
Figure 1 illustrates how the EcoGrid EU market concept fits into the present structure. The cornerstone in the concept is the introduction of an accessible real-time market solution for small-scale
generation, storage, and flexible demand. This can be utilised for short-term, intra-hour balancing,
but equally important, also for day-ahead balancing. The markets are extended toward shorter
time-scales where the volatility increase, and thereby the possibility for the participants to obtain
an economic benefit.
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Figure 1:

Illustration of how the EcoGrid EU concept fits with existing markets and system operation.

The conceptual idea is explained in more detail in the following sections.

2.4

The EcoGrid EU Market Concept

The general concept is based on a real-time market approach that lets distributed energy resources
and flexible electricity demand receive and react on variable electricity prices. Soon after clearing,
the electricity price from the already well established day-ahead Elspot market is sent to the enduser. This price acts as a forecast of the real-time price and allows scheduling of assets that require
advance planning. In the course of the day the price signal is updated in real-time, i.e. every five
minutes, to reflect the need for up- or down regulation due to an imbalance in the power system. If
no imbalance exists, the real-time price will be equal to the day-ahead Elspot price. Sending a price
update every five minutes makes it possible to take advantage of flexible electricity demand and
DER. The concept provides a market-based platform and ICT infrastructure that extends the current electricity market to a shorter time horizon and to smaller assets.
By letting DERs receive and respond to real-time prices it is ensured that DERs can be better utilized in the market, and by using a simple and cost efficient market concept it is ensured that
small-scale DERs can take part of the market. Both these factors therefore imply a large potential
for improved system operation by utilizing resources that would otherwise have been left unused.
This concept constitutes an efficient supplement to the existing electricity markets and system
operation tools, facilitating further integration of wind, solar and other intermittent energy sources
in the electric power system. An overview of the concept architecture is shown in Figure 2.

This project has received funding from the European Union´s Seventh Framework Programme for research, technological
development and demonstration under grant agreement No 268199.
The European Commission is not responsible for information presented in this report, nor does it represent the official EC policy
and viewpoints
12-92

Balancing
market

Day-ahead
market

TSO

Prices (off-line, to be used
for settlements)

Real-time
market

Retailer

Real-time price
Price forecast

Settlement (e.g. monthly
or annual depending on
contract)
Meter
readings

DSO

Settings
Information
Smart controller

Meter Value
Data Base

SCADA
Control and
monitoring

SCADA

DER device
(Electric vehicle,
heat pump,
micro CHP)

Control

Non-smart
appliances

Meter
readings

Electricity
Smart meter

ELECTRICITY NETWORK

Figure 2:

EcoGrid EU concept architecture.

The real-time price is set by the Real-Time Market Operator (RTMO), which might be the TSO, on
the basis of the need for up- or down regulation due to occurring imbalance between production
and consumption and/or restrictions in the transmission/distribution system. If no imbalance exists, the real-time price will be equal to the day-ahead price. The continuous adjustment of the real
time price is related to the predicted price elasticity of the involved market participants. The price
is updated frequently, every 5 minutes, to utilise the potential for a dynamic response. The prices
are thereby not determined by the intersection of supply and demand curves, expressed by bids,
and consequently, there is no need for the market participants to submit bids.
This real-time market overlaps/ complements on the one hand the balancing market, which mainly
is addressing larger units (several MW bids), and on the other hand the automatically controlled
This project has received funding from the European Union´s Seventh Framework Programme for research, technological
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reserves. In the Nordic system, the balancing market (called the “regulating power market”) is
constituted by a common merit order list for up and down regulation available for the four national
TSOs. The list includes bids from producers, large consumers and aggregated smaller loads, and
the TSOs accept bids from the list continuously to keep the system balanced. The contribution from
the real time market demonstrated in this project will become an additional source of regulation
capacity for the TSOs in parallel with the regulating power market. Consequently, the transmitted
prices must be set in close coordination with the price development on the regulating power market. A conceptual illustration of the relation between price and quantity in these markets is given in
Figure 3. In the left part of the illustration, a certain quantity can be obtained by selecting bids,
and price is a result thereof. In contrast (in the right illustration) a price is set, which then results
in a certain quantity.

Price

Price

Quantity

Figure 3:

Quantity

Illustration of the Nordic regulating power market (left) and the proposed real-time
market (right).

The update interval of 5 minutes provides a good compromise between on the one hand, a fast
response for balancing purposes, and on the other hand the computational burden and complexity
in the settlement process. However, it requires that the meters and the metering data management systems can handle 5-minute interval readings for billing purposes only. If this is not considered feasible in a particular replication scenario, the fundamental concept and the infrastructure
works equally well with longer intervals, e.g. 15 minutes or 1 hour, though clearly the dynamic
response for balancing will be limited by the interval length. This allows the concept to be replicated in areas where e.g. smart meters with 15-minute/hourly readings have already been deployed,
and the concept can thereby be adapted to utilise such existing infrastructure.
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3.

Demonstration design

3.1

Introduction

EcoGrid EU started out with very ambitious targets for the demonstration. Developing all the involved sub-concepts and subsequently specifying, implementing and installing the necessary
equipment, before starting the demonstration would result in an unnecessarily long project period.
The approach used in the project was therefore an iterative approach where the path from concept
development over specification, implementation and installation to the actual demonstration was
not a sequential waterfall process but rather a cyclic recurring process, as illustrated in Figure 4.

Concept
development
Evaluation

Continuous
cycle

Specification

Implementation

Demonstration
Installation/
upgrade
Figure 4:

Illustration of the iterative development cycle through the demonstration.

This illustration should not be interpreted too rigidly. The whole system was not specified, implemented etc. from scratch for each iteration, but new concepts and demonstration experiences were
incorporated flexibly in the circle where and when it made sense. The key message is that all project partners anticipated and contributed to updates to the demonstration throughout the project.
Most hardware parts were locked for further updates in the first iteration, meaning that particular
focus was on flexibility and adaptability in the implemented solutions. This also implies that a close
interaction between concept development and implementation was necessary at an early stage.
Besides reaching more demonstration targets in shorter time, this approach also allowed for feedback from the demonstration to be used in improved concept development. Consequently the concepts developed were verified and adjusted throughout the project.

3.1.1

Concept iteration

As illustrated in Figure 5, the very fundamental idea of the EcoGrid EU market concept is to balance
the power system by repeatedly issuing a price signal for flexible resources to respond to. The
price signal is continuously updated to keep the power system balanced, by increasing the price
when there is a power deficit in the system, and vice versa.
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TSO

System
balance

Price signal

Distributed
Energy
Resources

ELECTRICITY NETWORK

Figure 5:

Illustration of the fundamental principle of the EcoGrid EU market concept. The TSO
issues a price signal to keep the power system balanced, using the overall system balance as feedback.

This setup is quite equivalent to the present use of Load-Frequency Control (LFC) systems in most
power systems, with the important difference that in an LFC system a control signal is sent to participating devices with a hard requirement to respond, in contrast to the price signal sent in the
EcoGrid EU setup where the response is voluntary.
However, the fundamental principle of operating the balancing system as a closed-loop control
system is the same. A very important question to answer for the demonstration was therefore:
•

Is it possible to balance the power system using prices as a control signal, and the system
balance as feedback?

A demonstration cannot fully answer this question, as the impact of the demonstration activities on
the overall system balance will be negligible. However, the concept can be adapted to a demonstration scenario, and still provide valuable information about the scalability.
The first feasible adaptation is to define a smaller system to balance, rather than the entire power
system. This could for example be the portfolio of the EcoGrid EU customers all together. The price
generation is still based on the closed-loop principle, and by measuring the feedback on a reasonable system it should be possible to demonstrate the feasibility of balancing a system with a price
signal. This is illustrated in Figure 6, with further details provided in section 3.2.2.
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Figure 6:

Illustration of the closed-loop pricing principle adapted to a demonstration scenario.
The feedback is no longer obtained for the overall power system.

To further simplify the concept, the feedback signal can be completely omitted. This is referred to
as open-loop pricing as illustrated in Figure 7, and further elaborated on in section 3.2.1.
This simplifies the concept to a degree where it is not representative for the fundamental idea (cf.
Figure 5), but such a setup is very useful to obtain first-hand knowledge about the response of
various customer/device types to varying price signals. This knowledge was crucial when developing the algorithms to be used for the closed-loop pricing implementation, and was considerably
simpler to implement than the closed-loop pricing.
In the demonstration, both the above adaptations were implemented. For a feasible implementation and demonstration process, the sequence was started with the simplest approach first (openloop pricing) which further evolved into the closed-loop pricing in the next iteration. The actual
mapping of concept evolutions to demonstration phases is described in the next section.
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Figure 7:

3.1.2

Illustration of the open-loop pricing principle. The feedback is now completely omitted, but the readings are collected for subsequent analyses of the response.

Demonstration phases

The concept of demonstration phases was applied, supporting the iterative approach by adding
functionality in distinct blocks when migrating to a new phase. When adding new functionality, the
functionality from previous phases was not discarded, and the phases were thus incremental to
each other.
The phases are briefly summarised as:
1: "Basic real-time pricing". This phase implemented and tested the most basic concept of flexible devices responding to a real-time price signal. The price was set open-loop based on external
inputs, mainly the prices in the Nordic system, wind power forecasts and measurements (elaborated in following section).
2: "Real-time market". In this phase the real-time pricing concept were expanded with closedloop price determination and the use of price response forecasts. It means that a novel EcoGrid EU
market engine were modifying the price to reach a certain objective, e.g. a balance position, and
the prices thus depended on the response to the prices, equivalent to the characteristics obtained
in a competitive market (elaborated in following section).
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3: "Smart distribution networks". In this phase the concept of locational pricing to provide
market-based congestion management were added. An extension of the EcoGrid EU market concept provided prices for a selected subset of participants, with the objective to keep their consumption (or production) within a predefined maximum line or feeder load (elaborated in following section).
The components and subsystems described for each phase were made ready for demonstration,
i.e. developed, implemented, installed and tested (where applicable), prior to the launch of the
phase in question. Consequently, the development period for a certain component or subsystem
took place during the previous phases, and/or in the initial demonstration preparation phase as
needed.

3.2

Demonstration program

3.2.1

Demonstration phase 1 – basic real-time pricing

Other data for
evaluation

Data warehouse
for evaluation

External inputs e.g.
power exchange prices

Price
calculation
engine

Price signal
+ forecast

Feedback
system

Test case
repository

Price signal
+ forecast

Price distribution hub / switchboard

”.lack box”
test object
Automatic
Meter
Reading
(AMR)

DEMS

Siemens
installations

Price agents /
PowerMatcher

IBM
installations

Manual

5-minute metering
ELECTRICITY NETWORK

Figure 8: Principal layout of phase 1 demonstration. The focus of the tests is to investigate the
response of automated and manual customers to external prices as well as test price
profiles. To that end, the tests and analyses will focus on the inputs (prices) and outputs
(meter readings) of the "test object" comprised of installations and automatic/manual
control.
The overall purpose of this demonstration phase was to get experience with the response of the
participating devices and customers to real-time price signals. The project team could use this
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phase to gain experience with customer installations, expectations, and price responsiveness. From
a test program perspective, this means that the test object (in principal a black box) is the combination of houses and control as indicated in Figure 8. The primary scope is therefore to define the
inputs for these (prices and forecasts), and record the outputs (meter readings).
The real-time price and forecasts were set according to external information e.g. wind speed and
the NordPool spot price. This open-loop approach provides knowledge about how the customer
portfolio responds to varying prices. This was done to provide knowledge about the potential for
flexibility available under different operating conditions, as well as provide input to the forecast
model of the system to be used for closed-loop price control in subsequent phases.
In addition to naturally varying prices, artificial price signals were designed as illustrated in Figure
9, which could be distributed to different customers in connection with the demonstration tests.

Legend:

a) Baseline test

Forecast

b) Expected price steps

Price

c) Unexpected price steps

Figure 9: Illustration of the principles in different test cases. The test cases consist of predefined
profiles (time series) for the real-time prices as well as for the price forecasts. The steps
are only illustrated as positive steps, but could also be negative.
Furthermore, baseline tests were planned to record the behaviour of the customers as it would be
without influence from the price control, i.e. a "price neutral" behaviour. A baseline test is conducted by providing forecasts as well as real-time prices where the price is a constant reference price
for the entire duration of the test (cf. Figure 9.a). Baseline tests can also be used to initialise or
reset the thermal capacities in the system prior to another test, i.e. bringing the system to a welldefined equilibrium.

3.2.2

Demonstration phase 2 – real-time market

In this phase, the market concept is expanded with closed-loop real-time price calculation, as principally described in section 3.1.1. It means that the price calculation engine needs to get feedback
about the response obtained for each update of the price signal, i.e. 5 minutes. This feedback is
used as input to the price calculation engine to constantly provide updated knowledge about the
systems state and aggregate demand response as indicated in Figure 10. Please note that in reallife scenario the information about the total imbalance would be obtained at the system level and
not through individual metering as indicated in Figure 5.
From a customer perspective, there is no notable difference in this change, except that the experienced price variations and patterns can be different than in phase 1. The feedback system, meter
reading collection and display, and the in-house installations remain unchanged.
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From the aggregate customer perspective, a fundamental change is that the actions of the participants (including the automatic response), affect the prices. If for example a power deficit occurs,
the price will be increased until the aggregate response is sufficient. The phase 2 demonstration
thus exhibits characteristics of a competitive market, in contrast to phase 1, where the prices are
unaffected by the participants' actions.
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engine

Feedback
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actual value) Price signal
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DEMS

Siemens
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Price agents /
PowerMatcher

IBM
installations

Manual

5-minute metering
ELECTRICITY NETWORK

Figure 10: Principal layout of phase 2 demonstration. The price calculation engine uses live feedback about the response on the present price, for the calculation of the next price. The
price calculation is part of the "test object" and its behaviour must be analysed and
evaluated. It will most likely need other external inputs not illustrated, e.g. weather data.

3.2.3

Demonstration phase 3 – smart distribution networks

Adding to phase 2, this demonstration phase was planned to demonstrate the use of locational
pricing to provide incentive-based congestion management. The setup was designed with the concept of a "virtual feeder" where a selected sub-set of the demonstration participants are arithmetically considered to be on the same feeder. The aggregate load (or production) of the sub-set must
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be within the virtual feeder capacity, imposed as a constraint on the maximum load (or production)
level for the sub-set.
Compared with phase 2, the setup is principally augmented with an additional price calculation
engine, interacting with the phase 2 price engine. The locational price signal is based on the overall
real-time price signal with a local correction to account for local constraints (emulated line overload) as indicated in Figure 11. This setup is equivalent to a scenario where the TSO sets a price
signal to balance the power system, and the DSO sets a locational correction to mitigate congestion
in a small area.
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Figure 11: Principal layout of phase 3 demonstration. A small sub-set of the participants is assigned
for local price control, receiving a localised price signal to emulate their position on a
constrained feeder.
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4.

Demonstration implementation

Before any demonstration activities could be initiated more prerequisites had to be fulfilled. The
major prerequisites were:
•

•

•

End user involvement
o Recruitment of 2000 pilot customers
o Training of pilot customers
System build-up:
o Development and implementation of the real-time market ICT-platform
o Development and implementation of control systems at pilot customer level capable
of reacting on real-time price signals
o Development and implementation of a structured data architecture, shared services
supporting the data management of the demonstration
Preparation of demonstration
o Development practical demonstration phases and activities
o Determination of roles and responsibilities between the involved consortium partners

In the next sections the fulfilment of the prerequisites are described in more details.

4.1

End user involvement and Customer sign-up activities

From the point of view of the end-users, the EcoGrid EU concept is simple. The current price of
electricity is always known, and the end-user can in principle at any time take actions according to
the electricity price, such as turning off or on selected appliances. Since the price can potentially
change every 5 minutes, it is expected to let automatic end-user equipment make the decision
based on the end-user’s more static preferences, and subsequently control the DER units and/or
smart appliances. In addition to this, the end-user can receive relevant information about the electricity production, consumption, and prices, which brings a whole new dimension into the user experience, in terms of energy awareness and commitment. End-user acceptance is crucial for deployment of the Smart Grids. In general people do not know about the electricity market and careful considerations must be made regarding end-user communication and involvement. Therefore
customer expectations and preferences and the capabilities to response to different prices are key
research elements driven by the demonstration needs.
The end-user must sign up for a contract with the supplier that in turn handles the final settlement
and the financial obligations and risks towards the markets. Only end-users that have signed up for
a real-time market contract are subject to the real-time price. In other words, end-users who prefer other retail pricing systems are free to make any other contract with a retailer of their own
choice. As with the present wholesale markets, competition between retailers will lead to a variety
of different contract types, and competition on the retailer’s cost for this service.
Recruiting customers for project participation was a delicate balance. On the one hand it was desirable to the project partners to recruit many customers early in the project because 1) we got insurance that it was in fact possible to recruit the planned number of pilot customers and 2) it was
easier to plan delivery and install equipment. The great disadvantage of recruiting early however is
that participants risk to lose interest because the enthusiasm when signing up early fades out when
nothing happens. And when first lost, it takes a lot of effort to raise the enthusiasm again. The
EcoGrid EU project is a long and even quite complex project. It is therefore very important for the
success of involving end consumers that their enthusiasm and interest in the project is kept alive
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throughout the project. It was therefore decided that recruitment of participants would not start
before the first shipments of equipment had arrived on Bornholm, ready to be installed.
In the autumn 2011 Østkraft Holding had bought a residential house to be used as demonstration
house for the project, the house was named Villa Smart. The house was arranged to display the
desired functions and then opened mid-February 2012 and at the same time the recruitment was
officially started with feature stories in local media. In summer 2012 two open house events was
held in Villa Smart to inform about the project and recruit more participants.
Bornholm has ~20.000 households, of which ~2.500 has electric heating or heat pumps to heat the
house. In addition there are ~2.500 holiday houses on the island, also heated by electricity. Buildings with electric heating are the most interesting for a project like the EcoGrid EU project, as they
hold the largest DR potential. Therefore the distribution of 1.900 residential participants for the
project was 1300-1400 with electric heating and 500-600 household participants with other heat
sources. This distribution of participants meant that it would be relatively easy to find the 500-600
participants not using electricity for heating, as they would only constitute ~3 % of the potential
population. This also meant that this type of participants was quickly recruited. Therefore the recruitment process changed character in autumn 2012. Instead of promoting general stories about
the project, Østkraft began direct mail campaigns towards potential participants registered with
electric heating to increase the uptake of participants with electric heating without at the same
time recruiting participants not having electric heating. Throughout 2012 and 2013 four direct mail
campaigns towards potential participants with electric heating were executed and subsequent reminder phone calls increased the number of recruited customers significantly.
Figure 12 below shows the number of recruited customers. As can be seen the number of recruited
customers is higher than the actual number of participants in the project. However some recruited
customers did not have a consumption profile that match the desired type of participants, in some
cases Østkraft could not install the equipment anyway, and in some cases the customers regretted
to have signed up for the project.

Figure 12: The graph shows the number of recruited residential pilot customers form June 2012 to
June 2014
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Besides residential participants there was also a desire to have commercial and industrial customer
participating in the project. From an early stage in the projects there was discussion how and with
what type of consumption industrial and commercial customers should participate. Østkraft therefore conducted site surveys to investigate what type of appliances and consumption patterns were
available, Siemens was later involved in these surveys. The results of the surveys were that the
companies in general had large willingness to participate in DR programs, however the potential
financial gain of participating in the project was to small compared to the effort that they typically
would have to take to upgrade their systems to be DR ready. Furthermore DR would introduce a
potential risk of damaged goods for the companies (cooling of food and other perishables) if the
local safety interlocking would fail. Finally the surveys revealed that no large industrial or commercial buildings with building automation systems installed could be found on the island of Bornholm.
It was therefore decided to focus only on a few processes, which was more or less standardized,
and as a consequence of these findings the number of industrial and commercial company participants was reduced from the original 100 to 20. Contrary to the recruitment of residential customers there was no public recruitment of company customers, they were instead recruited through
network contacts. The process of recruitment happened throughout 2014, at the same time as the
installations took place.
Due to the lack of commercial buildings (with building automation systems installed) suitable for
DR-control Siemens A/S offered to upgrade the BA-system at the ferry-terminal in Rønne and
make it available for the EcoGrid EU demonstration. This was accomplished during 2014.

4.2

Systems build-up activities

The EcoGrid EU real-time market has been implemented in a state-of-the-art ICT platform. One of
the key issues for the real-time market to be effective, and cover the scope expected in the project, was a seamless integration between markets, operational entities in the power system, the
system operators (transmission as well as distribution), and retailers. Consequently a large effort
was made in the project to establish appropriate information systems and communication interfaces. In addition a flexible and scalable infrastructure was ensured to enable the transmission and
communication of price signals to market participants, in due time. Common for all these interfaces
was requirements on security, and information integrity, as well as scalability and adaptability
through the use of standardised communication interfaces. This has enabled implementation of
information and communication systems from more than one supplier to be integrated into a coherent demonstration. The resulting architectures and interfaces were addressed as a preparation
of international standards.
In December 2011 an IBM Blade Center was installed. The Blade Centre hosts the different servers
needed to run the demonstration as well as a database collecting all relevant data, Shared Services. The Blade Centre therefore constitutes the backbone of the ICT infrastructure in the project.
When individual pilot customer signed up they were accessed based on their personal profile and
type of heating to decide which participant group would be most suitable for them. Subsequently
the customers were contacted to agree on a time where an Østkraft electrician could come by and
perform the installation of a Smart Meter, SM and a house energy management system, HEMS
suitable for Demand Response, DR based on price signals.
Installation of Landis+Gyr smart meters began in July 2012 and in August 2012 installation of
Home Energy Management Systems provided by IBM also began. By March 2013 the Siemens solution for residential participants was ready, and hereafter the installation of Siemens HEMS gathered
speed, whilst new IBM electric heating installations became scarcer. By June 2014 installation of
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HEMS was completed, while smart meters were still installed for reference group participants. At
the same time industrial and commercial installations also picked up, before all installations was
finalized by the year-end 2014. Figure 13 below show the progress of installations from September
2012 until end of 2014.

Figure 13:

The progress of the installations from September 2009 until end of 2014.

The final achieved installations end March 2015 is given in Table 1 below. The numbers in brackets
have been dismantled again during the project due to customers opting out of the project for various reasons. From the table it can be summarized that a total of 1948 Landis + Gyr (L+G) automated meters have been installed in private homes during the project.
Table 1:

Final number of installations achieved.
Vendor

Type

Number

IBM/GWR/L+G

Electric Heating

384 (38)

IBM/GWR/L+G

Heat Pump

270 (10)

Siemens/L+G

Electric Heating

444 (31)

Manual Control (L+G)

n/a

500 (20)

Reference Group (L+G)

n/a

350 (0)

Siemens

Industrial/Commercial

18 (0)

The 18 Siemens industrial/commercial installations are comprised of:
•
•
•
•

13 industry forklift chargers
3 farm manure mixers
1 commercial battery storage charger
1 commercial building (the Bornholm ferry terminal)
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4.2.1

Blade Centre

The Blade Centre hardware is delivered by IBM and installed at Østkraft in Rønne.
The Blade Centre for the EcoGrid EU pilot on Bornholm consists of 10 Blades, each with 2 highspeed HS22 Xeon 6C 2.54 GHz processors and 72 GB of RAM and 2 local 600 GB hard disks. Together, this is a total of 80 cores, 720 GB of memory (10 servers each with 72 GB) and 12 TB of
local disks. Along with a shared SAN Storage of an additional 10 TB of RAID-5 protected disk
space, this gives a rather comfortable hardware base for the demonstration.
The Blade Centre hosts all central software applications used for the system build up and demonstration operation e.g. the Siemens supplied Distributed Energy Management System, DEMS which
aggregates all pilot customers equipped with SyncoLiving HEMS. Figure 14 below shows an IBM
blade centre similar to the one used in the EcoGrid EU project.

Figure 14: The picture shows a Blade Centre similar to the one used by EcoGridEU EU.

4.2.2

Control systems at pilot customer level

The Home Energy Management Systems, HEMS equipment for the residential pilot customers were
delivered by IBM (GreenWaveReality - GWR) and Siemens (SyncoLiving) and installed at pilot customer level by Østkraft. The systems generally consist of a central unit, a control unit and some
censors as shown in the figures below. The HEMS-systems are connected to the DR-controllers
residing at the Blade Centre e.g. the Siemens DEMS. The DR-controllers send command signals to
the HEMS-systems to control the residential heating systems to get the required Demand response.
Photos of the installed hardware are found in Figure 15 and Figure 16 below.

This project has received funding from the European Union´s Seventh Framework Programme for research, technological
development and demonstration under grant agreement No 268199.
The European Commission is not responsible for information presented in this report, nor does it represent the official EC policy
and viewpoints
27-92

Figure 15: The figure shows the GreenWaveReality (GWR) HEMS equipment supplied by IBM

Figure 16:

4.2.3

The figure shows the SyncoLiving HEMS equipment supplied by Siemens

Smart Meters

The smart meters used in the project are delivered by Landis + Gyr and installed at pilot customer
level by Østkraft. The meters contain two separate registers, one for consumption and one generation from PV-systems or household wind turbines if relevant. All meters register consumption and
generation with a 5 minutes resolution.
The majority of the meters use GPRS based data-communication and the rest use fiber optic based
data-communication for the connection to the associated meter data handling database system.
Figure 17 below shows a Landis+Gyr Smart Meter similar to the meters used in the EcoGrid EU
project.

This project has received funding from the European Union´s Seventh Framework Programme for research, technological
development and demonstration under grant agreement No 268199.
The European Commission is not responsible for information presented in this report, nor does it represent the official EC policy
and viewpoints
28-92

Figure 17: The figure shows a Landis + Gyr Smart Meter similar to the meters used in the EcoGrid
EU project.

4.2.4

Pilot customer feedback system

The pilot customers were given access to the installed HEMS through a web page feedback system
(FBS), through which both temperature and flexibility settings (the customer preferences) could be
changed. The FBS has been based on a web site service and connects to the Shared Service database. The FBS gives the pilot customers several services such as on-line access to the real-time
price, price trend, actual and historical consumption and earning (bonus) due the demand response. Additionally GWR also offers an app, which offers monitoring of temperature and consumption.
Two snapshots from the FBS system are shown in Figure 18 and Figure 19 below.

Figure 18:

FBS-site showing electricity price (real-time price) and price trends.
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Figure 19:

4.2.5

FBS-site showing actual and historical consumption.

Data Architecture

A structured data architecture supports the demonstration activities and data collection. The data
architecture is build up around a central shared services database hosted at the Blade Centre. All
input and output data are sent to or from the shared services database as can be seen in Figure 20
below.

This project has received funding from the European Union´s Seventh Framework Programme for research, technological
development and demonstration under grant agreement No 268199.
The European Commission is not responsible for information presented in this report, nor does it represent the official EC policy
and viewpoints
30-92

Prices

9. Surveys
Various data

10. Registration form
Various data

NordPool spot Price
Regulating power price

11. SoNWIN
Customer test group

Weather
Outside temperature
Wind speed
EcoGrid price calculation engine

1. NordPool Prices

Price
Price RT forecast

2. Weather

Market Price (locational)
Price RT forecast (locational)
Pointer

Live consumption (Phase 2)

Evaluation
Task 6.4-6

Test case
repositoryprices
Price profiles

Shared services
(database)

4 AIMIA

LG

All houses
Consumption

IBM houses

My EcoGrid
5. Green Wave

Consumption HP
Ripple signal (on/off)
Room temperature
Comfort parameters

PM

Prices

6. PM signals
EcoHome

Siemens houses
7. Siemens ?

Smart house operational
Outside Temperature

DEMS

8. DEMS signals

Figure 20:

4.2.6

Schematic overview showing the data architecture of the EcoGrid EU demonstration
setup.[1]

Pilot customer groups

The pilot customers were grouped according to their heat system characteristics and controlled
equipment installed:
•

•
•

IBM electric heating customers equipped with a smart meter as well as a HEMS from GWR.
The HEMS controls the electric heating in the house. Any air/air heat pump or other heat
source is left uncontrolled.
IBM heat pump customers equipped with a smart meter as well as a HEMS from GWR. The
HEMS controls the heat pump, which is either an air/water or geothermal heat pump.
Siemens electric heating customers equipped with a smart meter and a Siemens HEMS.
The HEMS controls the electric heating in the house. Any air/air heat pump or other heat
source is left uncontrolled.
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•

•
•

Smart businesses equipped which a smart meter and an Energy Management System, EMS
from Siemens. The EMS controls a manure mixer, an electric forklift charger, a battery
storage unit or ventilation system depending on what is available at the respective smart
businesses.
Manual control customers equipped with a smart meter. Participants of this group are primarily participants with another heat source than electric heating or heat pump.
Statistical reference customers equipped which a smart meter. This group was initially intended to be a reference group for the consumption patterns and to verify demand response from the other groups (an approach that turned out to be unfeasible, leading to the
use of a model-based reference).
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5.

Demonstration operation, monitoring and lessons learned

The large-scale rollout of both EcoGrid EU hardware and software presented some practical challenges. This chapter describes how the EcoGrid EU system installed on Bornholm was monitored
and operated throughout the demonstration phases.
The demonstration phase was designed to bring the EcoGrid EU system from installation to evaluation, focusing on the major obstacles in that process. Some obstacles were known or imaginable,
some are not. The objective of the demonstration was to secure the basis of the evaluations of the
EcoGrid EU concept provided in this report.
To fulfil these tasks, the following subject are covered in this chapter
•
•
•
•

5.1

Overview of the EcoGrid EU system and data flows
System monitoring procedures during demonstration and tests
Implementation of test cases
Catalogue of accessible data in shared services

Installations and initial system testing

A household took part in the demonstration, when it was able to respond to the price signals. However, EcoGrid EU was the first project of its kind, where smart grid solutions had been rolled out to
a very large proportion of customers, initiated multiple real life challenges. EcoGrid EU was represented in areas with very poor internet connections, and embraced customers with very limited or
no computer experience. When evaluating the response potential of a fully implemented system,
these issues must be taken into consideration.
To get the most accurate results of the EcoGrid EU demonstration, the demonstration distinguished
between following dynamic levels of “activeness”:
Automatic response

Manuel response

Theoretical active:

Equipment installed, tested
and activated

Access to Feedback system,
knowledge of price fluctuations

Technically active:

All needed connections and
all installations are up and
running.

Actual price flexible options

Practically active:

User setting are correct, and
allow price flexibility

Has the ability and
knowledge to react.

Why the customers did not respond was, and still is, crucial for the further development of the
concepts. But for the long term perspective of an EcoGrid EU system, the response of the practically active customers is the most interesting part.

5.1.1

Test cases and preliminary evaluation

To ensure the accomplishment of the demonstration, objective test cases and preliminary evaluations was planned and conducted during the demonstration itself. This process was done to improve the quality and relevance of the test cases performed, since data error problems and inade-
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quate test case scenarios were dealt with in time. Without this continuous loop during the demonstration phase, the test cases could not have been adjusted to the needs of the evaluation teams.

5.2

System monitoring strategy

Conducting the demonstration required the implementation of a set of processes and instruments
enabling the operation and monitoring of the EcoGrid EU demonstration. These elements are collectively referred to as the system monitoring strategy.
In order for the demonstration to be successful, it was a requirement that all equipment worked
correctly during the different phases of the demonstration. With the focus on project evaluation, it
was particularly important to make sure that all data collected during the demonstration could be
logged and extracted correctly, even in case of equipment failure.
To avoid lengthy periods of undetected equipment failures, the demonstration was not relying on
customers to report malfunctioning devices. Instead the management systems of the provided
technology solutions provided status information on the availability and proper functioning of the
equipment. All throughout the demonstration monitoring of the provided equipment was upgraded.
In order for the demonstration to operate continuously, monitoring was found to be an essential
element. The failure of one component could quickly escalate and render the whole market platform incapacitated. The technically advanced setup with sophisticated components exchanging data
with each other through the complex ICT architecture is challenging to monitor in its entirety.
Hence the system monitoring was prioritized to focus on, but not limited to, key components, including:
•
•
•
•

The EcoGrid EU price calculation engine
The HEMS
The Landis+Gyr smart meters
Shared services

However complex the system of creating, moving and analysing the data was, the resulting dataflow in itself is relatively transparent. The overall dataflow of the EcoGrid EU system show the data
connections between the components, and where the data flows from and to. The data flow diagram is the central tool for the surveillance of the system during the demonstration and is presented in Figure 20.

5.2.1

Monitoring levels

From top level, and from many customers point of view, EcoGrid EU is one big “box”, basically the
FBS “My EcoGrid”, and some installed components. From this perspective, the inputs to EcoGrid EU
were the customer settings, the consumption habits and the prices. The output was the data in the
FBS, and the general insight in the opportunities of price flexibility.
A general participant would not –and should not - be aware of the many components, functions
and interactions required to make EcoGrid EU work. But in many cases, he or she would observe
the shadow of significant malfunctions in any of these underlying layers of EcoGrid EU. The customers reactions was a highly valuable input to system monitoring, but was also considered as a
last resort.
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Some errors will probably never be noticed by the customer. Among others these included:
•
•
•

Prices and price forecasts in the system
No or limited response to price fluctuations
Lack of data for evaluation

As described in section 5.1, preliminary evaluation is used to monitor the system as a whole.
Hence, the data processing code developed to evaluate the EcoGrid EU concept also served as
monitoring of the EcoGrid EU system, while at the same time used as validation of the data processing methods.
Hence, the monitoring approach was combining different levels of monitoring, defined as:
•
•

System top down monitoring of the overall EcoGrid EU system
Component monitoring

These were combined with:
•

Data flow validations

The top-down monitoring and the component monitoring was an ongoing process, where the interface tests were basically done initially and when required used as part of a troubleshooting process.
Data consistency checks:
Basically the monitoring was based on comparing actual outputs (possibly samples) with a reference set of data. The type of monitoring and type of data would influence on how this was
achieved. In the below sections are given an insight into the approaches to data constituency
checks followed by some actual examples from the project. Possible sources to data inconsistency
could be:
•
•
•
•

Data was missing on timeline
Data existed, but was incorrect
Action was not registered
System or algorithm did not react to a given data input as intended

The general approach to monitoring the system was to keep the general view of the system by
cross checking data, combined with specific controls on sample data. It was always first priority to
establish a system able to detect an initially unknown error somewhere in the system, rather than
check for specific errors. This equalled to check the sum of multiple calculations, combined with
checking a sample of the calculations.
All checkpoints needed a reference. In some cases the data could be followed directly through the
system, other checkpoints required parallel calculations or external inputs to be validated. How the
reference was determined depends on the data. Some references needs to be calculated, some are
directly accessible. Some references are unknown, and needs some effort to define.
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Direct references
-

NordPool prices

-

Weather data

-

Static information

-

A timeline (for missing
data)

5.2.2

Calculated references
-

Manually Calculated
EcoGrid prices

-

Cross-checks

Unknown references
-

Customer reactions

-

Equipment behavior

-

Inside temperatures

Top down monitoring

Monitoring EcoGrid EU from a top level perspective insured that errors not monitored through the
component monitoring are observed, and action was taken. Generally, the top-down monitoring
was mainly able to indicate that there might be a problem somewhere in the system, and further
analysis was needed to isolate the problem. Top-down monitoring proved essential to secure that
unforeseen errors were observed in time.
Top-down monitoring included:
•
•
•

5.2.3

Information received from EcoGrid EU customers
Monitoring of feedback system data
Preliminary evaluation of test cases

Component monitoring

Component monitoring constituted a huge part of all three demonstration phases and encompassed
numerous components, all of which were at a potential risk of failure. To describe them all here
would be incomprehensible; hence this section only gives some examples of component monitoring
principles, implemented by the developers, but should by no means be read as an exhaustive list of
all component monitoring undertaken prior to and during the demonstration phases.
The following sub-sections describe the conducted monitoring end-to-end by reading back from the
warehouse and enabled the actual system liveliness behaviour.
Price engine and market functions:
The market consists of the following major components: Implementation framework, data sources
importers, price calculation plug-ins for phase 1 and subsequent phases, the archiving of the computed prices and predictions via database connector, and the messaging Java Message Service
(JMS) connector that enables the communication between the market and the participants.
If the number of market messages sent pr. day changed significantly, or the data transmission
stopped altogether, this would be an indication of that the system was malfunctioning and a dedicated troubleshooting of the problem would be required to identify the problem. An example of the
monitoring of market messages is shown in Figure 21.
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Figure 21:

Snapshot from the monitoring of market messages per day

Meters and AIMIA, Landis+Gyr:
The Landis+Gyr AIMIA database system and the integration was monitored through a custom built
tool which monitored key platform and application points in the dataflow, to ensure high availability
of the Landis+Gyr smart meters in the project. A requirement for an efficient working market was
that a specified high no. of smart meters was reporting data to the price engine. Without this continuous flow of metering data, the EcoGrid EU market would be unable to compute. An example of
the monitoring of Landis+Gyr is shown in Figure 22 below.

Figure 22:

Snapshot from the Landis+Gyr activity monitoring
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Without a high number of operating Landis+Gyr smart meters, the EcoGrid EU market would not
receive the necessary data required to compute the forecasted price.
Whereas the availability of the Landis+Gyr smart meters was essential during the pilot-scale
demonstration of the EcoGrid EU concept described in this report, a full scale roll-out of the EcoGrid
EU concept would in contrast not be dependent on any closed loop data feed. The difference between test scale and full scale is described in more detail in section 3.1.1.
HEMS installations:
IBM developed an EcoGrid EU operator tool, which monitored the state of the system. This system
monitored the active GWR households, by measuring the release and throttling signals send by the
household agent to the heat pump and electric heating installations. A household would be considered practically active if and when a release or throttling signal was send from the agent to the
control unit. The lack of activity in a GWR household could be due to missing temperature data or
too strict user settings. An example of the monitoring of active GWR households is shown in Figure
23 below.

Figure 23:

Snapshot from IBM EcoGrid EU operator tool

The monitoring of the Siemens household was achieved by measuring the connection status and
data transmission between all Siemens devises and the centralized DEMS. Examples of lack of data
transmission could be due to poor internet connectivity or blown fuses in the Siemens hardware.

5.3

Demonstration practical design and lessons learned

This section is a descriptive introduction into the practical setup of the installed hardware and software in the EcoGrid EU project; the way it was designed and how the used components performed.
Additionally it is also documented what kind of challenges was faced during the demonstration of
the EcoGrid EU market platform.
The development of the EcoGrid EU concept implies the creation of a virtual reality that reflects
how the market concept – given optimal framework conditions – is expected to function in the future. This is illustrated on Figure 24 below.
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Figure 24:

Comparison of concept development between EcoGrid EU (Bornholm 2013) and the
future Power System

This abstraction is useful in order to fully understand the EcoGrid EU concept by focusing on future
possibilities rather than the current barriers for replication.
The next step was to demonstrate the concept on Bornholm in the context of the present Nordic
power market, while adapting the field test conditions as close as it was possible, to the “virtual
reality” of tomorrow´s EcoGrid EU real-time market.

5.3.1

Implementation and demonstration timeline

With the initiation of phase 1 where houses was activated for automated price response, only a few
household where actually installed, but the first data where logged in Shared Services. The phase 1
demonstration was initiated as scheduled, but was interrupted, as no price response could be proven from the first test cases.
Combined with the fact, that the project were receiving numerous complaints from customers experiencing cold rooms and cold water, it was decided to put the demonstration on hold, and instead perform intensive testing and tuning (TnT) on a small number of dedicated households.
Hence the original timeline, as shown in Figure 25 below, had to be abandoned as the testing and
tuning of the HEMS and EcoGrid EU market platform dragged on.
Instead the EcoGrid EU timeline of the three demonstration phase was extended to make up for the
time spent testing and tuning the entire system. The new timeline for the three phases including
testing and tuning is illustrated in Figure 26.
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Project
termination

2-year demonstration period
End-to-end tests and data collection
Ph. 1: Open-loop pricing
Ph. 2: Closed-loop
Ph. 3: Locational

Heat demand

Apr-15

Feb-15

Mar-15

Jan-15

Dec-14

Nov-14

Oct-14

Sep-14

Aug-14

Jul-14

Jun-14

May-14

Apr-14

Feb-14

Mar-14

Jan-14

Dec-13

Nov-13

Oct-13

Sep-13

Aug-13

Jul-13

Jun-13

May-13

Apr-13

Feb-13

Mar-13

Jan-13

Dec-12

Nov-12

Evaluation and reporting

Installations

Figure 25:

Original EcoGrid EU timeline of the three demonstration phases. The figure also indicates the Danish heating seasons in which the actual demonstration phases only can
be performed.

Figure 26:

Altered EcoGrid EU timeline of the three demonstration phases including the testing
and tuning (TnT) phase. Note that the extended demonstration period allows for a full
heating season 2014/15.
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5.4

Testing and tuning

In October and November 2013 active regulation of heat pumps and direct electric heating, connected to the HEMS installed as part of the EcoGrid EU project, was activated. The activation triggered a massive reaction from the included participants in terms of phone calls and emails to
Østkraft. The response was mainly induced by the regulation working differently than what had
been expected and to a lesser extent because the systems did not function properly. However the
customer feedback formed a good opportunity in the project to make an end-to-end test of the
installed systems and customer response. At the same time the developed FBS needed some updates to match the requirements of the project and the participants. Therefore, a taskforce was
formed, with the purpose of performing both an end-to-end test of the installed systems as well as
a potential tuning of the developed price agents. This was named the testing and tuning (TnT)
taskforce.
Causes for adverse behaviour of the control system:
There could be several reasons why a given HEMS does not provide any DR. Some were caused by
technical reasons while others were caused by the participant.
Of technical reasons missing temperature data and gateway connectivity to the server are the most
common. Originally all potential regulation of the GWR installations was stopped if it ever happened
that there were more than four hours between temperature measurements.
A later version of the IBM agents did allow for some regulation of the GWR households even without temperature measurement. The challenges with temperature measurements are discussed in
section 5.5.4.
Additionally the participant could also cause the household to be unavailable through too strict
temperature and/or flexibility settings; additionally they could of course always choose to opt out
altogether.
Plan for the TnT taskforce:
The test was performed on a small subset of customers in 5 different groups, namely:
•
•
•
•
•

5 customers with Siemens SyncoLiving and direct electric heating, responding to regulation
from aggregator system DEMS.
5 customers with direct electric heating controlled by HEMS from IBM, responding to regulation from the IBM price agent
5 customers with an uncontrolled air/air heat pump and direct electric heating controlled by
HEMS from IBM, responding to regulation from the IBM price agent
5 customers with water-based heat pump controlled by HEMS from IBM and responding to
regulation from the IBM price agent
5 (+15) customers with water-based heat pump controlled by HEMS from IBM and responding to regulation by PowerMatcher

Customers with wood stove or air-to-air heat pumps were not included in the tests, in order to
avoid supplemental heating systems interfering with the test (it was not possible to control air-toair heat pumps due to the lack of a suitable control interface).
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5.4.1

Test of the Siemens System

Siemens system setup:
Participants with the Siemens HEMS, called SyncoLiving, had direct electric heating. The house
was, if possible, divided in to more heat zones when the installation was made. This would give the
participant a higher comfort, but probably also a higher flexibility potential, as the individual zones
can be operated in the temperature range that fits the use of the zone, instead of having one temperature set point and a range to fit the use of different rooms of the same house. The latter will
tend to narrow the flexibility range, just as the set point will be set conservative, as it had to match
the entire house.
In the Siemens SyncoLiving system the participant defined a temperature set point including an
allowed deviation to each side to adapt to respectively low and high prices. By default the system
was set to 21±3 oC in the temperature program Comfort, which was typically the program used
during the day, when the house was in use. Participants could also locally interact and shift the
temperature set point and range up or down by 3 oC, this was done on the so called Room unit.
The Siemens DEMS then send incentive signals between ±0-100 depending on the price. When
prices were extreme the incentive is maxed to 100, meaning that the new temperature set point
for the electric heating went to the boundary of the customers’ initial setting. During the TnT test
the incentives was 100 as soon as the price deviated from the baseline, to be sure to measure as
large and clear response as possible in this end-to-end test.
The system setup for the Siemens automatic control can be seen in Figure 27, which also shows
the calculation of temperature set point. In the example showed in Figure 27 the incentive signal is
-50, meaning that the EcoGrid EU price is low. The customer had the standard set point of 21±3,
which meant that the new set point is 21 oC+50(%)*3 oC=22,5 oC. But in this example the customer had applied local control and lowered the temperature by 0,5 oC in the zone, by use of the
room unit. This meant that the set point ends at 22 oC.
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Figure 27:

System setup of the Siemens automation system used in the EcoGrid EU project. An
example of the resulting temperature set point related to user settings and incentive
signals send from Siemens DEMS is also shown.

The Siemens test program:
The actual test program was an eight day long test. In the first two days the price was kept at
baseline, meaning that no incentive values were send to the 5 houses included in the test. In the
six following days the price varied up and down in a very regular pattern, as can be seen in
Table 2.
Table 2:

Price program used for the Test and Tuning of the Siemens installations

Day

Baseline price

Incentive 100

Incentive -100

1

All day

No

No

2

All day

No

No

3

00:00-10:00; 16:00-00:00

10:00-16:00

No

4

00:00-10:00; 16:00-00:00

No

10:00-16:00

5

00:00-08:00; 18:00-00:00

12:00-18:00

08:00-12:00

6

00:00-08:00; 18:00-00:00

08:00-12:00

12:00-18:00

7

00:00-09:45; 10:15-15:00;
15:30-00:00

10:00-10:15; 15:00-15:15

09:45-10:00; 15:15-15:30

8

00:00-09:45; 10:15-15:00;
15:30-00:00

09:45-10:00; 15:15-15:30

10:00-10:15; 15:00-15:15
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5.4.2

Evaluation of the test and tuning of the Siemens installations

The evaluation of the test was done on the following parameters:
•
•
•

Customer experience
End-to-end test of the system
Proving demand response to variable prices

Customer experience:
The customers generally did not notice the test to a degree where they felt a need to change their
initial settings in the control unit. However, some of the participants did change some of the settings in one or two zones.
The use of the room unit to locally adjust the temperature during the test is an interesting finding
as this behaviour could have an impact on the potential flexibility offered by the house. One requirement of the project was that the customers were always certain of their own comfort level by
being able to manually overwrite the automation. Consequently the room unit was designed so the
user can quickly adapt the local temperature set point to match the desired comfort in a limited
range (+/- 3K). However, if the temperature were to be changed as part of a demand response,
the room unit suddenly offers the participant an easy way to work against a, from the system perspective, desired change. As the room unit adjustment is easily done as a routine act, this did present the risk that the participant could make the adjustment without even reflecting on his/hers
behaviour or on the fact that the temperature change/discomfort could be caused by changing
prices.
If for example the prices were high, and the set point was automatically adjusted downwards, then
the customer would risk increasing his electricity bill if he does not accept the discomfort but instead adjust the temperature set point up again using the room unit. Simultaneously the system
does not experience the expected reduction in consumption reflected by the high price.
It could be argued in such a case that the initial temperature range set by the customer is then
simply too wide and needs to be narrower or shifted to avoid customer discomfort and using the
room unit to readjust. Narrowing the temperature range, however, is undesirable from a system
point of view, because a narrow temperature range offers little of the desired flexibility in consumption. In summary, the users cost- and comfort awareness is an important factor for the flexibility potential of the whole system.
End-to-end test of the system:
The test showed that the system setup worked as designed and intended. Prices from the EcoGrid
EU market was feed into the Siemens DEMS, which in turn calculated incentive values and send the
control signal to the 5 participants in the test. The incentive signals from DEMS was received by
the local SyncoLiving systems, which changed the set point accordingly to user setting and
switched the included radiator panels on and off to reach the set temperature. The test hence
showed the system works end-to-end. But it also revealed some weaknesses as there was periods
with no open communication channels to the houses involved, just as there for some of the involved houses was many reconnects of the communication between DEMS and the locally installed
systems.
SyncoLiving is programmed so that it automatically makes the incentive neutral if communication
to DEMS is lost for more than 30 minutes, so there would be little or no risk of lost user comfort.
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able for the system as it means that system reserve, which the houses with SyncoLiving systems
should represent, would be reduced.
Proving demand response to variable prices:
Preliminary evaluation of the 5 Siemens installation during the test period showed demand response from the involved Siemens households compared to the baseline consumption.

5.4.3

Test of IBM system

IBM system setup:
The two types of IBM residential participants, heat pumps and electric heating, in the EcoGrid EU
project are both addressed in this section.
In both cases the heating of the house was regulated as one, which meant that there is mounted
one temperature sensor, which was used as the reference temperature for the house and the temperature after which the heating was regulated by the IBM price agent.
Similar to the Siemens installations any wood stove or air/air heat pump was not included in the
control. Additionally houses with more than one heat group, only one of the heat groups were initially controlled, as it there was insufficient hardware available to control every heat zone individually. This was later changed, when sufficient hard-ware became available.

Figure 28:

System setup for the IBM residential system used in the EcoGrid EU project

Figure 28 shows a schematic overview of the IBM system setup used in the EcoGrid EU project. At
the GWR user interface the participant could choose between three levels of flexibility as well as a
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lower temperature threshold, at which all regulation stopped regardless of the current electricity
price and the heat system was once again released for operation.
The IBM price agent was sending throttling signals to the installed relays/heating controllers according to chosen flexibility degree when the prices were high and the measured temperature is
above the threshold. When the lower threshold is met or when the chosen flexibility level is spend
a release signal is send to the installed system, allowing the heat system to start up again. The
upper temperature threshold was set by the participant on his heat pump/electric heating panels.
The IBM test program:
The IBM test program was not completed using artificial (designed) price curves but was performed
using the general EcoGrid EU price. The test was performed twice, as the first version of the price
agent showed little or no demand response.
Table 3:

Length of the period, where the heat pump/electric heating received an off signal and
maximum off-time per day for the two versions of the price agents used during the
test.
Flexibility level

Length of off-period

Low
IBM price agent v2.0

IBM price agent v2.1

Off-time per day

15 minutes

15 minutes

Medium

15-30 minutes

30 minutes

High

15-60 minutes

60 minutes

Low

30 minutes

180 minutes

Medium

30-60 minutes

360 minutes

High

60-90 minutes

450 minutes

In the IBM price agent v2.0 the total off-time per day was very little, which was the probable reason why the IBM price agent v2.0 did not show any demand response during the test. It was decided to tune the agent, so the time intervals were made longer. Additionally in IBM price agent
v2.1 the off signals could be applied between 5 and 6 times a day. The difference between the two
agent-versions is shown in Table 3.

5.4.4

Evaluation of the test and tuning of the IBM installations

Evaluation of the test was done on the following parameters:
•
•
•

Customer experience
End-to-end test of the system
Proving demand response to variable prices

Customer experience:
Similarly to the Siemens installations the user comfort was also a priority for the GWR households.
Hence the ability of the user to define temperature set points and to overwrite temperature changes were possible.
The testing of the GWR demonstrated that a couple of the participants had set the lower temperature threshold at or above the average temperature of the house, which means that there is no
demand response available. The fact that it was even possible to do this turned out to be not appropriate.
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End-to-end test of the system:
It is important to notice that the regulation signals from the IBM price agent can only be used to
regulate consumption down. There are two reasons for this; one is the system setup, where the
GWR user interface does not offer a possibility to set an upper temperature threshold. Therefore
the participant have to set the upper temperature on the radiator panel/heat pump, which means
that there is little likelihood that the heat actually starts when released by the system.
Furthermore heat pumps are optimised to run with as low inlet temperature and as long running
time as possible. This means that the flexibility potential for households is limited, as the heat
pump cannot be down regulated too much, as it, with the low inlet temperature, will have difficulties with catching up on the heat lag, if throttled too long. Finally the tests also revealed that there
is a potential delay in the response from the heat pump group, as many heat pumps, to protect
themselves, have a minimum running cycle of typically 20 minutes, which means that the heat
pump will continue to run for up to 20 minutes after receiving the down regulation signal.
Several of the GWR households participating in the test did never demonstrate demand response.
There are multiple reasons why demand response was never demonstrated:
•
•

At one of the participants there was no data input from the temperature sensor.
A couple of the participants had set the lower temperature threshold at or above the average temperature of the house, which means that there is no demand response available.

Yet the majority of the households not showing demand response did not experience problems with
data quality. The reason why they did not show any demand response was either because of nonregulated wood stoves, air/air heat pumps or because there were more than one fuse connecting
the electric heating, but only one of them was controlled by the GWR installations. This does not
necessarily eliminate any potential demand response from such installations. However, it was not
possible to demonstrate demand response from these households.
Proving demand response to variable prices:
As written in section 5.4 the IBM price agent initially failed to show any demand response during
the first test. Hence a second test of the IBM installations using the tuned IBM price agent revealed
that 7 of the 15 participants involved in the test were able to demonstrate demand response.

5.4.5

Test of PowerMatcher system

PowerMatcher system setup:
The PowerMatcher system used the same hardware setup as the IBM system, which also can be
seen in Figure 29 below. The major difference between the IBM and the PowerMatcher system is
that PowerMatcher only control air/water and geothermal heat pumps.
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Figure 29:

System setup for the PowerMatcher system utilizing the GWR automation system

PowerMatcher test program:
Participants connected to PowerMatcher could choose a minimum temperature threshold and a
flexibility degree. For the PowerMatcher agent the flexibility degree equals a temperature band
above the lower temperature threshold.
•
•
•

Low flexibility gives a temperature band of 1 degree
Medium flexibility gives a temperature band of 2 degrees
High flexibility gives a temperature band of 3 degrees

The PowerMatcher tests were performed using the general EcoGrid EU price and the PowerMatcher
agent.
Evaluation of the test and tuning of the PowerMatcher installations:
As in the case with IBM price agent it is important to notice that also the PowerMatcher agent can
only regulate consumption down by throttling the heat pump, but that the agent cannot turn the
heat pump back on, but only release it for operation.
From the preliminary evaluation it is evident that there is an effect of the regulation and that the
average consumption is lowered while regulation signal is applied.
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5.5

EcoGrid EU concept demonstration in operation

In the following section are presented highlights from the operation of the three demonstration
phases which proved significant to the performance of the installed hardware and software.

5.5.1

Smart meter readings and data roundtrip time

Prior to the testing and tuning all meters were only read once a day, but quick data feedback was
needed for some of the later demonstration (phase 2 and 3 demo). Therefore the reading frequency was increased to every 10 minutes before the initiation of phase 2. Increasing the reading frequency introduced challenges in the round-trip time for the data circulation in the data architecture.
This did naturally increase the amount of data and processing that had to be handled by the AIMIA
dramatically, which in turn also caused challenges for AIMIA, leading to the conclusion that sufficient computation power is essential in a project like EcoGrid EU.
The entire roundtrip time from consumption being read at the individual households, data being
stored in the warehouse and finally used in the market algorithm tod compute a new price proved
challenging to reduce. At the initiation of phase 2, the roundtrip time was in the range of 15 – 18
minutes with occasional and significant increases in total round-trip time. Although dedicated efforts were put into reducing the total roundtrip time all throughout the data architecture, it was not
until the launch of phase 3 that the roundtrip time was reduced to around 10 minutes.

5.5.2

EcoGrid EU load forecasting module and market platform (closing the loop)

The EcoGrid EU phase 2 and phase 3 markets computes a 5 minute real-time price given a measure of the imbalance of the grid. To advance from the first phase demonstration to the second
phase of the demonstration it was required to activate the market platform and the dynamic forecast module – only then could the loop be closed and the phase 2 and 3 demonstration be commenced.
The computation of the 5 min price updates involves the consecutive execution of different interdependent steps that can be divided into two groups: the load forecasting module and the real-time
price engine. Figure 30 provides an overview of the different components that make up the phase 2
and phase 3 markets. The load forecasting module consists of the components coloured in light
blue, whereas the real-time price engine consists of the red components.
The load forecasting module consists of an online and an offline component. The offline component
identifies the parameters of a time series model predicting the aggregate power consumption of a
group of loads. The parameter identification relies on historic measurement data of the aggregate
energy consumption, the spot price, and the outdoor temperature. One of the parameters identified
is the sensitivity of the aggregate load with regard to changes in the committed price.
The parameters are used in the load forecasting model that is run online in the market. The states
of the model are updated every 5 minutes taking into account the latest aggregate load measurement, the previous committed 5 minute real-time price, and the current outdoor temperature. Every 30 minutes, the load forecasting model computes a load forecast for the next 3 hours based on
forecasted outdoor temperature and day-ahead prices.
Essentially the load forecasting module predicts the price elasticity, which in turn is used by the
EcoGrid EU market to compute the balance price.
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Figure 30: Representation of the real time market implementation with emphasis on the real time
price and on the baseline model calculation. [2]
In parallel to the EcoGrid EU market, a base line market is operated. In the baseline market the
boundaries for the demand response is set to zero. This market is used in the evaluation as a reference market without any available demand response.
SINTEF was responsible for developing the EcoGrid EU demand response forecasting model. The
SINTEF model was developed as a self-learning model for providing demand response forecasts
referred to price based on price/volume data acquired over a long period of time and not for continuous price forecasting as turned out to be the requirement in phase 2 of the demonstration. The
attempt of using the model in the "price engine" was therefore failing and the model could not proThis project has received funding from the European Union´s Seventh Framework Programme for research, technological
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vide useful results. Consequently the SINTEF forecast module was replaced with a forecast module
developed for the defined purpose by DTU. This forecast module was deployed simultaneously to
the initiation of the phase 3 demonstration.

5.5.3

Weather forecasts

The weather forecast provided by the Danish Meteorological Institute (DMI) was used as an input
to the DTU online forecasting module. With the deployment of the DTU forecast module it was discovered that the provided weather forecasts was not always updated as required.
Consequently the market would stop computing when it had been without weather data for some
time. In the event that the real time market would seize to operate, the algorithm would revert to
using the spot price instead, ensuring that the HEMS would not seize.
As the weather forecasting itself was outside the scope of the project, monitoring of the dataflow
from the DMI weather service was deployed to ensure a quick response in the event of lacking
weather data.

5.5.4

GWR connectivity and temperature sensors

Throughout the project demonstration phases the GWR installations faced challenges with the connectivity to the agent gateway. For the most part installations which went offline remained so, but
in a few cases it was evident that the agent made many attempts to reconnect. Connectivity between the market and the agent gateway is a prerequisite for throttling the heat pumps and electric heating installations which in turn is a prerequisite for demonstrating demand response.
The reasons for the loss of connectivity were multiple and ranged from poor internet connection to
participants who had, intentionally or unintentionally, turned off the equipment. With many different reasons for the same problem, it was not possible to identify a simple solution.
Additionally the project was also facing challenges with the GWR temperature sensors which could
potentially seize to send temperature data to the agents.
Originally the IBM agent was designed to stop sending any throttling signals without temperature
data. However, as the demonstration phases continued the problem with missing temperature data
would expand.
Consequently IBM provided an additional update to their agent, enabling it to do some throttling
even without temperature data. Hence, installations without temperature readings were still being
throttled, but not as intensively as those with temperature readings.
Replacing batteries did solve some of the issue, but the project team discovered that dead batteries were unlikely to be the sole reason for missing temperature data. Despite a dedicated effort,
the reason for the failure of the temperature sensors was never discovered.
Prior to the launch of the third phase, GWR totalled 606 installations of which 485 had a connected
gateway, 314 were being actively controlled and 312 were online without temperature readings.

5.5.5

Communication between Siemens HEMS and DEMS

Since the testing and tuning Siemens installations had been experiencing losses of communication
between the HEMS and the DEMS. Some of the breakdown in the communication was clearly
caused by the internet connection in the houses to which SyncoLiving was connected.
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Other reasons for the lack of response from a household could be a blown fuse in the HEMS or
timeout from the router connecting the HEMS and the DEMS. Similarly to the connectivity issues
with the GWR gateway, the problem with offline local systems, downtime and many reconnect attempts do not seem to have one single cause, which complicated finding a solution to the problem.
Prior to the launch of the third phase, the Siemens installations totalled 413 residential installations
and 18 industrial installations of which 329 were online including industries.

5.5.6

Replacing the PowerMatcher agent

Although the initial evaluation of the PowerMatcher system during testing and tuning did suggest
that it was able to provide demand response, further analysis conducted during the resumed phase
1 demonstration were unable to confirm the PowerMatcher system’s ability to provide demand response in the EcoGrid EU demonstration. To implement and benefit from PowerMatcher’s control
loop the interfacing to the responsive devices must be rich enough. The interfacing to the responsive device must provide good visibility of the device’s operational state and a good controllability
of the device. For the heat pumps present at the IBM/GWR houses it was not possible to determine
the momentary on/off state of the HPs, for instance. Further, the controllability of the heat pumps
was limited as there was only the ability to turn of systems or block them from starting to run. This
prevented a proper operation of the PowerMatcher in the demonstration. Consequently it was decided by TNO, who provided the PowerMatcher system, to replace their PowerMatcher device agent
system with a simpler price-reactive agent (also referred to as the TNO price agent). Hence, although the full PowerMatcher ICT architecture has been deployed, the full potential of the
PowerMatcher has not been demonstrated in the project due to these restrictions to the heat pump
agents.
Consequently all of the data collected, analysed and evaluated from the TNO households as described in chapter 6 is based on the simpler TNO price agent rather than the PowerMatcher system
originally intended to be operated and tested by TNO as part of the EcoGrid EU project.

This project has received funding from the European Union´s Seventh Framework Programme for research, technological
development and demonstration under grant agreement No 268199.
The European Commission is not responsible for information presented in this report, nor does it represent the official EC policy
and viewpoints
52-92

6.

Demonstration results

In this section the demonstration is evaluated in terms of market/concept performance, efficiency
benefits, and customer participation. First a brief introduction to the principle of the EcoGrid EU
market is given to provide the fundament of the quantitative evaluations.

6.1

Evaluation fundament

The EcoGrid EU market operates on a five minute basis, which is a higher resolution than balancing
markets operate at today (typical balancing market time resolution is between 15 and 60 minutes
in a European context). Figure 30 gives a complete description of the implemented real-time market. The main objective, labelled step 2 in Figure 30, is to maintain system balance and maximise
social welfare by dispatching conventional balancing power along with real-time price signals for
the EcoGrid EU customers. That is, a series of decisions were taken in the day-ahead market and
now the EcoGrid EU market must provide balancing power, considering the starting points that the
day-ahead market dictates. These starting points are the day-ahead load and wind power forecast,
which will be different in real-time, giving rise to an imbalance. The starting points also include
conventional generator set-points and prices (i.e. up and down-regulating prices are spread around
the day-ahead price). In this way, the demonstration setup tries to emulate the existing market
setups in Europe today as much as possible.
The objective to maximise social welfare considers the change in customer utility and the change in
cost for generation, also including spinning reserves. Generation and spinning reserves are virtual,
which means the power they provide and the constraints they are bound by exist in software only.
However, we try and apply realistic ramp rates, minimum on times and prices to this virtual space,
so that the results have relevance in the real world.
The entire market is cleared once per hour, dispatching balancing power and preliminary real-time
prices. Subsequently, every five minutes, a five minute imbalance optimization is carried out (see
step 3 in Figure 30), which adjusts the real-time price to try and remedy any new imbalance that
has occurred since the hourly market clearing.
The evaluations are mainly based on the committed real-time prices, combined with each customer’s consumption recorded by 5 minute meters. The methods for evaluating these data depend on
the context and will be elaborated in the respective sections.

6.2

Evaluation of concept and market place

This section focuses on evaluating the EcoGrid EU market concept and its performance in the
EcoGrid EU demonstration. The evaluation can be seen as an overall evaluation of market concept’s
ability to integrate demand response in a market environment[2]. It complements other parts of
the evaluation performed, while it is especially tightly linked to the evaluation of the demand response actually obtained through the demonstration (cf. section 6.3).
To evaluate the benefits of the real time market, a duplicate of the real time phase 2 pricing engine
was made and operated in parallel with the existing real time market (see Figure 30). The priceelasticity in the duplicate market model was set to zero, simulating a market without demand response. The approach is similar to the one used in evaluating the responsiveness of the controller
using a customer base line (CBL). The main difference is, as the real time market is simulated, it
was more meaningful to compare it to a simulated market where basically the action of the demand response is deactivated rather than a CBL. The duplicated market model with a zero priceelasticity is referred to as the baseline market in the remainder of the document. The data generThis project has received funding from the European Union´s Seventh Framework Programme for research, technological
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ated by the baseline and real time markets were stored with the same temporal resolution and can
be directly compared. Such a comparison allow us to evaluate how much the market benefit from
demand response and then quantify benefits of a real time market with regards to different Key
Performance Indicators (KPIs).
The EcoGrid EU project lasted 4 years and a half. However during this period the real time market
(phase 2 and phase 3) which is the final output of the project was only fully functional and finetuned for the last 4 months (January-April 2015). Constant improvements and issues were faced
and solved to reach this goal. Last improvements were made in January-February 2015 which
leaves us March and April 2015 to collect data and evaluate the market performance. The KPIs are
then calculated on time-series covering the period from 24th of March 2015 to 30th of April 2015.
The data has a temporal resolution of 5 minutes. The period is long enough to evaluate if the real
time market is outperforming the baseline market. The markets use measured consumption data
provided by all available smart meters from the households recruited in the project which are approximately 1700.
The results of the evaluation are elaborated in more detail in the KPI evaluation section 8. Here we
state the overall results:
The evaluations performed have shown that the real time market has performed better than the
baseline market in the socio-economical KPIs. The RES share has been increased by 8.6% and the
social cost in the regulating market was reduced by 5.4%.
The technical measurement evaluating the performance in terms of volume (kWh) or evaluating
the stability of the market have also positive results. The wind power curtailment (virtually) was
reduced by almost 80%, and the use of (virtual) spinning reserves has been reduced by 5.5%. This
means that energy payments for spinning reserves would be cheaper and spinning reserve capacity
could also potentially be reduced.
The real time DR activation statistics have shown 100% success rate for the large down-regulation
DR requests, and an 80% success rate for the large up-regulation DR requests. Further modelling
and a larger population would increase the success rate for all DR activations. The absolute daily
average balancing power activation request was 54 kWh/h or 3% of the total load of the test sample (1900 households).
The market clearing rate was about 80% for the observed period. This is due to the nature of a
demonstration “mock-up” and in a widespread application it would most likely be possible to obtain
significantly higher market clearing rates. No structural or principal issues were detected that
would prevent achieving a theoretical 100% market clearing rate.
The overall results of the real-time market were positive and its value has been proven by the economical evaluation. It would have been interesting to evaluate the performance of the market in
the more stressful condition of the Danish winter (January-February) in order to assess the limitations of the market. Results in the following subsection provide more information on the consumer
side with the evaluation of the improvement in terms of DR and volume of consumption.

6.3

Evaluation of efficiency benefits

The two main ideas of the Ecogrid EU project are activating demand response, or load shifting, due
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tem in the form of an online platform which enables each and every participating household in the
project check their energy consumption in near real time while this is happening.
Showing that demand response is possible in a controllable way through issuing the real time price
to automation systems controlling the heating unit(s) of a building – in the Bornholm demo site
heat pumps (both air and ground source based) and electrical heating panels – was successfully
demonstrated in the heating season 2014/2015.
During the course of the evaluation [4], it became clear that a suitable control group for the demand response on this 5 minute scale was infeasible to use as a statistically viable reference.
Therefore all quantitative evaluation was done using statistical models for the energy consumption
and the reaction on pricing.
As comparisons of the reference group and the other have led to the conclusion, that the reference
group is not comparable to the other groups, a model based reference was used. Although there is
a model used for the market, parameters and results of this model cannot be mapped intuitively to
demand response, and due to the heavy nonlinearity, there is no sound statistical theory for an
analysis of the model itself, other than the fit to the data and the prediction performance. While
this is enough for the engineering task of running the market, for the overall analysis of the project
a separate model was created.
The model separates the power into a base load (plugs load etc.), load dependent on temperature
etc. and response to the price (RTP and DA), as well as some interaction terms.
It is a purely linear model, in the sense that the unknown parameters to be identified are only in a
linear relationship to each other (no multiplicative or other interaction between the unknown parameters).
The most important points about the model are:
•

•

•

In order to keep with the assumptions that allow for the statistical treatment of linear
models, it is a so-called differenced model, explaining the changes in 5 minute consumption data using the changes of the other parameters.
Components like price and temperature are not only taken into account for the five minute
price interval but for the whole period where they are supposed to influence the behaviour.
The whole day-ahead price signal for example influences each consumption value of the respective day, as the controllers implemented are known to react on this data.
Second order interaction terms, in other words products of two influencing variables (mostly between temperature and base load) were also added to catch the heating system dynamics, e.g. night setback, better.

Given the series of energy consumption, outside conditions and price information for the customer
groups, one arrives at an overdetermined system of linear equations with respect to the unknown
parameters quantifying the impact on the consumption of the different influencing factors, which
has a solution with least error. Solving this system gives the parameters for a group of customers
and a certain time period. Also the statistical significance of a parameter can be calculated, which
can be translated to how much the changes calculated can be trusted.
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The figure below show sample output of the software R:

Figure 31:

Sample output from the statistic modelling.[4]

The columns 2-6 show the values for the parameters for the parameters in the first column (in this
case the variables rt_lag1, rt_lag2 and rt_lag3 which are the real time prices 1, 2 and 3 intervals , before the measurement (which is 5, 10 and 15 minutes) with the statistical significance
shown by the number of stars. In the example shown, the first two columns are the reference
group and the manual customers, where response to RTP is not significant, while the other three
columns are automated houses which respond statistical significantly to the RTP.
The developed model was statistically analysed to ensure that the actual modelling approach was
sound and could actually be applied to the dataset. Applying Pearson’s and Spearman’s rho confirmed that the actual influence of the RTP was in the desired direction, in other words an increasing RTP on the average leads to a decrease in electric energy consumption. Furthermore, ten-fold
cross validation proofed that the approach was sound independent of the data used, while analytic
plots showed that the data was non-heteroscedastic, and results were not distorted by outliers. The
model therefore was accepted to be suitable.
Using the developed model with real data from the field trial period, the reaction of the energy
consumption of a group can be calculated. A sample variation of the total load of the group due to
the RTP is shown in Figure 32. This sample reaction of the differenced model calibrated for 279
houses with heat-pumps controlled by IBM during November 23rd 2014 demonstrates the dynamics. Starting with a given load, the change in load as determined by the difference model is applied
step by step to get to the total load curve.
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Sample load response to real time price of IBM heat-pumps is based on the differenced
model. [4]

As can be seen in the graph, the demand response is not linear to the RTP, although a purely linear
model was chosen. This is because the load is not only responding to the RTP issued five minutes
before the load is measured 1, but is influenced by a lot of interactions from the past:
•

•

•

Outside temperature and solar radiation in the last hours have influenced room temperature. Therefore the chance that the heating unit is running and therefore the potential for
demand response is influence by this.
Activation of demand response cannot be done indefinitely in the same direction. Once all
DR possible was activated by the RTP, a further change in price in the respective direction
will not have an effect any more.
Further change in price would even look like having an inverse effect due to the rebound
effect. Given the housing stock and heating units used in the test, a timeframe of 3 hours
(36 real-time prices) was deemed appropriate within the model.

Using the approach described above, the actual DR can be extracted from the model by calculating
only the parts caused by the RTP. This is elaborated in more detail in the KPI evaluation section 8.
Here we state the overall results.
The main goal, proving that an energy market using small customers and a very small time step
has a significant impact in terms of load distribution in time was achieved for all automated installations. All control strategies of the automated heating units worked as expected and delivered
enough demand response to satisfy targets set for the project by far, although the comfort settings
were chosen quite conservatively (or safely) with respect to room temperature and activation
times. At higher fluctuating prices, and therefore the chance of real savings, actual flexibility can
be expected to be much higher than demonstrated due to more flexible building energy systems.
1

As RTP price issuing and load measurement have the sampling time (every full five minutes) the effect of a given RTP signal
show up in the energy consumption measured 5 minutes after the RTP was issued.
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On the other hand, the manual customer group did not respond as desired, and showed very little
reaction to the varying prices. This is a contrast to reported results from other projects where customers where incentivised to generate DR on their own. The following points are all seen as the
most detrimental by the project team members involved in the field trial:
•
•
•
•
•

the high frequency of changes in price
the overall conditions of the experiment, with the premise that the customer will not pay
more than their usual costs anyway
faults with the feedback systems at the start
the times of the day with cheap and expensive energy
the intangibility of the complex systems of today’s electric grid, energy market and the
transition to RES.

This behaviour propagates to the project energy consumption reduction targets. As the overall
market and control concept was aimed at demand response based on the real time price, reduction
in consumption was not a function of the automation of the heating systems. All energy savings
would then have to come from other direct (manual) action from the participant households resulting in the actual saving potential being very low compared in the (non-thermal) comfort: the desire
to use white goods when it is convenient.
As the members of the households with automated heating units had even less reason to adjust or
reduce their consumption due to their justified trust in the automation itself, there was no significant contribution to energy reduction from this side as well.
The question how to quantify actual demand response was not fully answered in the project, but
the mathematical models and approaches developed provide a very good basis for later analysis in
case of a real time market for small customers. As with all price based systems, actual precise
quantification of DR on this level is not needed. The forecast models used for the market and the
analysis are reasonably forecasting the change in demand following a change in price, but their
structures makes a systematic mathematical analysis cumbersome to impossible. On the other
hand the linear models created for the quantification of the real demand response from datasets
are not as precise, but allow for a full statistical analysis of the method as well as the numerical
results, adding much confidence to the overall project results.

6.4

Evaluation of customer participation and acceptance

To test the EcoGrid EU concept, equipment was installed at a large number of households. Of the
28.000 customers on Bornholm, over 2000 residential and several industrial customers participated
with flexible demand response to real-time price signals. Customers were able to manually respond
to real-time prices, or received equipment that controlled their heating system to respond automatically to price signals.
As the active involvement of customers was crucial to the successful testing of the EcoGrid EU concept, customer participation was evaluated. The aim was to get insight into:
•
•
•
•
•
•

How customers experience the project
How customers experience possibilities for manual and automatic control
People’s willingness to change consumption
Self-reported change in consumption
Motivations to participate in the project
Barriers/Needs/Wishes of customers
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The evaluations were studied both quantitatively and qualitatively [3]. First of all, in three stages
of the project, surveys were send out to customers. The first survey was send out in the winter of
2012-2013 (925 respondents). At this stage of the project recruiting and group assignment was
not yet completed. Not all customers had received equipment yet, nor had they received training.
The second survey was held in the fall of 2014 (662 respondents). During this period most customers were recruited and equipment was placed and in most cases functioning as should. The third
survey was done in March-April 2015, at the end of the demonstration phase of the project (664
respondents). In addition a series of focus groups were held to obtain insight in customers’ experience with the project in May 2014. Both positive and negative experiences were asked, as well as
suggestions for improvement. In total, 8 focus groups were held with a maximum of 9 participants
per group; 2 focus groups consisted of customers from the manual response group, 4 groups consisted of electrical heating group customers, and 2 groups consisted of customers participating with
heat pumps. Each focus group was approximately 1,5 hours. Finally, in addition to these general
evaluations, a separate evaluation was done to test the potential of demand response by manual
response customers. This evaluation consisted of 4 short surveys and was done during the demonstration phase of the project in January – February 2015.
The customers who participated in the EcoGrid EU project were divided into 5 experimental groups
as shown in Table 4. One group of customers received a smart meter and access to the feedback
system; the manual response group. Customers who received equipment for automatic control of
their heating were divided in three different groups: customers who own a heat pump received
equipment to control their heat pump, customers who own electric heating panels received one of
two different systems to control their electric heating. All customers in the automated groups also
received access to the feedback system. One last group of customers received only a smart meter;
the reference group. These customers did not receive any information during project, no access to
the feedback system or equipment. Evaluation requests were not send to this reference group, as
this group did not receive any other treatment than normal.
Table 4:

Experimental groups.

Group

Reference

Smart meter

Manual response

Automatic
control,
electric heating 1

Automatic
control,
electric heating 2

Automatic
control,
heat pump

Feedback system
Information mailings
Automatic heating

6.4.1

Expectations about participation and the ability to obtain goals

Throughout the project, customers were asked about their reasons to participate in the EcoGrid
project, and the degree to which they felt the project enabled them to achieve these goals. At the
start of the project, expectations with regard to the project were twofold: customers expected to
learn more about their consumption patterns (and lowering consumption) and expected the project
to contribute to a better environment and a more positive image of Bornholm. Although both insight in and lowering own consumption was mentioned also later in the project, focus seems to
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switch more to societal goals, such as a better environment or island image. Half-way through the
project the three most important reasons for participating in the EcoGrid project were:
1. doing something good for the environment,
2. being part of a new and exciting project,
3. lowering energy consumption.
In the half-way project survey and final survey respondents were asked to indicate whether they
felt the project enabled them to achieve these goals. Results showed that customers felt able to
contribute to a better environment and more positive island image through their participation in
the project, but indicated that goals related to lowering energy consumption were achieved less.
Customers felt most enabled by the project to be part of a new and exciting project. Interestingly,
at the end of the project evaluations were higher overall as compared to half-way project, which
indicates that customers might have felt more able to reach goals in general.

6.4.2

Evaluation of automatic control of heating

Customers were moderately positive about automatic control of their heating; they indicated it was
convenient, not very noticeable, and a slight increase in comfort as compared to before the project.
The Siemens electric heating group is more positive about the automatic control, but also indicate
they ‘overrule’ this automatic control more frequently. As customers in this group have additional
means to adjust temperature settings, this might have increased perceptions of control which influence both the idea that they are more frequently ‘overruling’ the automatic control (while it is
not the case) and at the same time leads to more positive perception of convenience of the system. Indeed, the temperature control was also evaluated more positively in the Siemens electric
group than in the other groups. It thus seems that adding more options to set room temperatures
is perceived as a useful feature by customers. Overall, the equipment was perceived as neutral to
moderately positive.

6.4.3

Evaluation of feedback system

Half-way through the project, after customers had some experience with the online feedback system, 23% of the respondents said they visited the ”My EcoGrid” website regularly. Interestingly,
only 14% of the manual response customers visited the website regularly at this stage. Website
use is most important for this group of customers, because it provides the only available information on electricity prices and insight in consumption which is needed to adequately respond to
price signals. Focus groups results indicate that this low percentage might be explained by the fact
that customers who have looked at the price development have learned general patterns of when
prices are high (in the late afternoon/early evening) and low (at night). This implies that a website
is not the best strategy to inform people of real time pricing. Visits were more frequent for customers in the Siemens electric group, as these customers also had the opportunity to adjust temperature settings. Hence, they had another motive to visit the website. These advanced settings might
thus be a strategy to enhance the number of visits to a website.
By the end of the project website use increased slightly (29% vs. 23%). Interestingly, the manual
response group customers used the website more than before (33% vs. 14%), although this was
still only one third of the customers. This increase might be caused by the load shifting experiments performed in this group. Opinions from customers who used the website were moderately
positive. At the end of the project 54% of respondents who have used it think the feedback system
is useful. It seems that once customers are using the website, they are fairly content with it, but
overcoming the barrier to start using the website remains an important issue.
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6.4.4

Evaluation of project information and communication

Customers were asked to evaluate how they perceived the information and communication
throughout the project. In general, customers were satisfied with the frequency and amount of
information and were positive about the communication and service of Østkraft. They did however
feel that the time it took to get the project running (installations and training) was too long. With
regard to the equipment and the installation process respondents were moderately positive. In the
manual load shifting experiments the information and timing of emails was also positively evaluated, however respondents said the information did not change their consumption. By the end of the
project, customers were even more content with the service and communication of Østkraft than
they were half-way through the project, and were also happier with the installation process.
In the start-up phase of the project, several issues were encountered that delayed the rollout of
equipment to customers. An important lesson was that when doing a project with so many customers involved, it is crucial to reserve sufficient time to develop and test hardware and software even
before involving customers. Furthermore, once customers have signed up for a project, they should
continuously be updated on any developments in the project to keep them involved and interested.
Østkraft invested a lot of time and resources to solve the start-up issues that were encountered,
often by having personal contact with customers or sending installers to the homes to help customers solve issues. This has resulted in a positive evaluation of their communication and service.
However, for future projects that involve even more customers than in the EcoGrid EU project, or
include customers that are more widely spread than on the island of Bornholm, it is important to
realise this kind of customer support requires a lot of effort.

6.4.5

Changes in appliance use

Customers were asked to indicate to what degree they made changes in appliance use. In general,
more than one third of the respondents changed something in the way they used their appliances,
and seem to prefer changing time of use over frequency. Half-way through the project, more than
one third of the respondents (35%) said they changed something in the way they used their appliances. Customers were quite willing to change the time they turn on their appliances in response to
price changes (84% said they change timing), but were less willing to adjust the frequency of use
(27% said they change frequency). At the end of the project, more than half of the respondents
(58%) indicate that they changed something in the time they used appliances, the frequency of
which they used appliances, or invested in other energy efficient measures. Respondents again
indicate that they prefer to change the time they turn on their appliances in response to price
changes (43% said they change timing) over changing the frequency of use (7% said they change
frequency). Results of the load shifting experiments also showed that customers changed time of
use more than the intensity. Changes in intensity only increased when prices were low. This might
indicate that it is easier for customers to increase the frequency of which they use appliances than
it is to decrease it; people might be less willing to give up on what they are used to. Customers
who did not change anything in the way they used their appliances said the most important reasons were that is was impossible to change anything (for example, they might not have been home
at the time of the price changes) and that the incentive was too small. Thus, in order to realise
demand response by manual response to price signals, it is important to make sure that customers
know what to change and have sufficient incentive to change their consumption.

6.4.6

Overall customer evaluation of the project

Half-way in the project customers were moderately positive about the project. They said the project helped to become somewhat more aware of consumption, and said it is likely that they would
recommend participation in the project to others. After the load shifting experiment, manual response customers indicated that extreme prices were moderately helpful to become aware of own
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consumption. It also took a lot of talk about the project with members of the household. At the end
of the project, customers felt the project positively affected their energy consumption; 46% of the
respondents indicated that they have used less energy than they would have used when they
would not have participated in the EcoGrid EU project.
On the whole, customers seem to be happy with their participation in the project; they perceive it
as a positive experience, would like to participate in a project such as EcoGrid EU again, and also
say it is likely they would recommend others to participate as well. Customers were more positive
in the final survey than half-way project.
The final evaluation of the KPIs concerning customer participation and acceptance is mainly based
on the final survey as reported above. This is elaborated in more detail in the KPI evaluation section 8.
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7.

Conclusion and overall demonstration evaluation

To test the EcoGrid EU concept, equipment was installed at a large number of households. Of the
28.000 households on Bornholm, over 2.000 residential and 18 industrial customers participated
with flexible demand response to (near) real-time price signals. Customers were able to either
manually respond to real-time prices, or they received equipment that controlled their heating system to respond automatically to price signals.
The primary purpose of the demonstration was to investigate if it would be possible to utilise demand response in power system balancing by activating demand response with a real-time price
signal. The demonstration has showed that:
•
•
•

There is significant demand response to be obtained from electrically heated and heat pump
houses by means of automatic control equipment
A real-time price signal can be used to activate the potential
The response can be forecast - with some uncertainty – resulting in an overall improved efficiency of the system

The results also showed drawbacks of the market concept. It did not succeed in resolving distribution feeder congestion, but as this was conducted as the last experiment there was not much time
for improving and tuning the concept. We cannot rule out that the concept may be improved to
handle distribution feeder congestion; on the other hand we can firmly say that it did not succeed
in the EcoGrid EU context.
It was expected that the increased awareness of energy among the consumers would lead to an
overall energy consumption reduction. This was not the case. As the overall market and control
concept was aimed at demand response based on the (near) real time price, reduction in consumption was not a function of the automation of the heating systems. All energy saving would then
have to come from direct action from the participant households. As the members of the households with automated heating units had even less reason to adjust or reduce their consumption
due to their justified trust in the automation itself, there was no significant contribution to the reduction from this side as well.
In the end, the automated parts of the demand response system implemented within the EcoGrid
project worked reliably, with (thermal) comfort criteria being satisfied using the thermal inertia of
buildings. The manual contribution on the other hand was not statistically significant. The reasons
for this are varied, but can be reduced mostly to the correlation of price, time of day and desired
activities resulting in the actual saving potential being very low compared in the (non-thermal)
comfort: the desire to use white goods when it is convenient.
Involving the participants was key to the success of EcoGrid EU. It took a large communication
effort on the part of Østkraft to fulfil the ambitious target of attracting almost 10% of all residential
electricity customers on the island of Bornholm. Moreover, a big task was keeping the participants
involved throughout the project.
On the whole, customers seemed to be happy with their participation in the project; they perceived
it as a positive experience, would like to participate in a project such as EcoGrid EU again (78%),
and also say it is likely they would recommend others to participate as well (76%). Customers
were more positive in the final survey than half-way project. One final note, however, is that these
results only reflect the opinions of customers who were willing to participate in the surveys, which
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is around half of all EcoGrid EU customers. Also, it was not possible to get a clear insight in the
opinions of customers who decided to stop participating in the project (approximately 200 participants during the entire project, around 10% of all recruited participants).
At the end of the project, customers felt the project positively affected their energy consumption;
46% of the respondents indicated that they have used less energy than they would have used
when they would not have participated in the EcoGrid EU project.
Presently there does not exists off-the-shelves equipment that is specifically designed for automatically providing power system services to the TSO or DSO upon receiving an external control signal
of any kind (market or technical). Hence the project hardware and software providers all had to
develop laboratory prototype equipment utilizing existing home automation energy saving equipment with e.g. external communication and power supply add-ons. Furthermore most software in
the form of the so-called price-agents (energy management systems) for each individual house had
to be developed from scratch. Hence to facilitate a much more seamless functioning of the equipment the development of dedicated 2nd generation equipment is necessary.
Furthermore the present lack of proper standards dedicated to interconnect and control small scale
appliances is a major obstacle. Generally standardization is needed both for the full value chain and
for the full technical chain. Standard gateway platforms will be needed as well as “resource abstraction” for energy capabilities of connected devices.
The EcoGrid EU project and the solutions developed are core to the smart grid strategies of the
industrial project partners. EcoGrid EU led or will lead to new product features in existing control
products and software, according to Landis + Gyr, Siemens and TNO. EcoGrid EU also led to new
research tooling available to or already exploited in further R&D projects, according to IBM, Siemens and TNO.
All in all we believe the EcoGrid EU project fulfilled its overall objectives and has created value to
the European society as a whole as well as for the involved partners. The experience gained from
the project may prove very valuable for system/network operators and industrial parties in the
future conversion of the energy system to a RES based system.
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Appendix A. KPI evaluation and fulfilment
This section partly defines the Key Performance Indicators (KPIs) to be used in evaluation of the
EcoGrid EU project [2],[3],[4] and partly gives the details of the final evaluation.

Definition of project Key Performance Indicators
As the success of the project demonstration would be fully dependent on the final number of installations achieved and how much DR could be obtained from these, the basic KPIs for the demonstration were simply stated to reflect that. Subsequently, several additional KPIs were defined to
evaluate the market concept and efficiency, customer involvement and RES utilisation.
For several KPIs it was necessary to define a baseline consumption profile. The baseline was defined as the consumption profile as it would have been without influence of the price signal. By
comparing the metered consumption with the baseline it is possible to isolate the response to the
price signal, as illustrated in Figure 33. The baseline is generally determined using the baseline
market as shown in Figure 30. This market is used in the KPI evaluation as a reference market
without any available demand response.

Consumption

Baseline load

Metered load

Time
Figure 33: Illustration of the metered load and the calculated baseline. The baseline is calculated to
assess the impact of the price signal.

KPIs regarding installations and demand response
Table 5 below presents an overview of the targeted number of different installations regarding residential and industrial participants divided into the groups that they belong to, and into what type
of vendor equipment they have installed.
The semi-automated group consists of IBM houses with installation of the home energy management system (HEMS) supplied by Green Wave Reality. These houses are equipped with a solution
that includes simple instrumentation, i.e. using a single indoor temperature sensor per household,
and providing only indirect and potentially delayed throttling of the heating system.
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The fully automated group consists of Siemens houses with SyncoLiving HEMS (supplied by Siemens). These houses are equipped with a solution that includes sensors and actuators reaching out
to multiple heating zones and thermal valves.
The following KPIs concerning targeted numbers of final achieved installations were set up:
•
•
•
•
•

KPI
KPI
KPI
KPI
KPI

no.
no.
no.
no.
no.

1:
2:
3:
4:
5:

200 basic houses
500 demand manual houses
700 semi-automated houses
500 fully automated houses
20 partly automated industries

From these numbers the amount of expected movable peak load by changing market price signals
to be demonstrated and the resulting KPIs can be derived as shown in Table 5 below:
Table 5:

Basic assumptions and resulting KPIs

Basic assumptions
and resulting KPIs
Basic Houses

Movable
Number kW/house
200
0,00

Total
kW

Movable
kW/sum
0
0

KPI

Manual houses

500

0,50

250

63

63

Semi-automated houses

700

1,00

700

175

175

Fully-automated houses
Industries partly
automated
Sum

500

2,00

1.000

250

250

20
1.920

10,00

200
2.150

50
538

50
1,0

unit
kW peak load
reduction
kW peak load
reduction
kW peak load
reduction
kW peak load
reduction
% of peak load

In Table 5 above a maximum load on Bornholm of 55 MW and a load coincidence factor of 0,25
was used.
Based on this table we stated the following KPIs regarding peak load reduction:
•
•
•
•

KPI
KPI
KPI
KPI

no.
no.
no.
no.

6:
7:
8:
9:

60 kW total peak load reduction on 500 demand manual houses
175 kW total peak load reduction on 700 semi-automated houses
250 kW total peak load reduction on 500 fully automated houses
50 kW total peak load reduction on 20 partly automated industries

and the overall measure for the project demonstration:
•

KPI no. 10: 1 % reduction on measured total peak load on Bornholm during the demonstration.
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KPI regarding customer participation and acceptance
Several KPIs were defined to assess the active participation of customers as well as the customers’
acceptance of the EcoGrid EU demonstration:
•
•
•
•

KPI no. 11: At the end of the project, at least 70% of the participants are positive about
the project.
KPI no. 12: At least 50% of the participants are positive about real-time pricing.
KPI no. 13: At least 50% of the participants are positive about the way their appliances are
controlled either automatically or manually.
KPI no. 14: At least 50% of the participants are positive about the feedback system.

KPI regarding customer flexibility in congested grid operations
The purpose of the demonstration phase 3 was to test customer flexibility in optimal grid operations. The alleviation of congestion problems by means of localised price signals may become potentially very valuable in relation to distribution grid operation.
With the participation of for example heat pumps in the balancing of the power system, a consequence may be that the heat pump operation is concentrated (rescheduled) in time periods with
lower prices, leading to higher peak loads. In addition, the synchronisation of heat pumps according to the price signal reduces the statistical smoothing of individual heat pumps which may further
increase the aggregate peak load (increasing the load coincidence factor).
To mitigate this and avoid overloading local parts of the distribution grid, locational prices may be
used to affect the consumption in smaller areas as needed. In the demonstration it may not be
possible to find such an area, so it may be necessary to group suitable participants into a virtual
network area. Though not physically resolving any congestion this approach may be used to
demonstrate the applicability of price signals for congestion mitigation. To evaluate this, an additional KPI was defined as follows:
•

KPI no. 15: The peak load of a suitable sub-set of participants must not exceed the peak of
the baseline load for the same sub-set (as illustrated in
Figure 34 below). The subset must be selected with a high concentration of electric heating and heat pumps.
The selected sub-set of participants will receive a separate price signal that is set to constrain their aggregate load within the defined limit.
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Consumption

Load responding to
local price (metered
load)

Load if responding to
system price

Baseline load

Duration
Figure 34:

Illustration of the impact of locational pricing to limit the peak load of
a smaller group of customers that would otherwise exhibit an increased peak due to balancing market participation

The selected sub-set may be either:
1. Geographically defined, e.g. all the houses on a single low-voltage feeder.
If it is possible to identify a network area (feeder) with a high concentration of flexible
households, it will be possible to demonstrate peak load reduction (emulating congestion management) for this area, by using a current measurement physically installed in
the grid.
2. Defined by its composition, e.g. households with a heat pump (a virtual feeder).
If it is not possible (or feasible) to demonstrate physical congestion management as
described above, a "virtual feeder" could be created with a high share of e.g. heat
pumps. This would emulate a future scenario where an entire neighbourhood is converted from e.g. oil burners to heat pumps.
KPI concerning increased usage of renewable energy sources
When responding to the price signal, consumption will be moved from times with high prices to
times with lower prices. This may also affect the share of demand that is covered from renewable
energy sources (RES) as well as the CO2 emissions. To evaluate this, an additional KPI is defined as
follows:
•

KPI no. 16: The RES share should be 5% higher when comparing the metered consumption
of the project participants with the calculated baseline.
The KPI can be expressed as:

Where:
Cmetered,i is the metered consumption in time unit i
Cbaseline,i is the baseline consumption in time unit i
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RESi is the RES share in time unit i
N is the number of time units of the time period considered.
The RES share in a certain time unit is calculated by Energinet.dk for their annual reporting
on environmental impacts of the power system, and these values will be used when calculating this KPI. This also includes a method to assess the impact of import/export on the
RES share.
KPI concerning reduced electricity consumption
It is expected that the increased attention on energy and environmental impact will lead to lower
electricity consumption for the project participants. This is not a result of responding to price signals, as this will mainly lead to load shifting/rescheduling and not a reduction. However, it is likely
that the participation in the project will also lead to changes in human behaviour that reduce the
annual electricity consumption, e.g. switching off lights and appliances when they are not strictly
necessary, replacing old appliances with more energy efficient ones etc. Though not an explicitly
stated purpose of the project, the reduction of electricity consumption is a positive side effect of
increased energy awareness, and an essential instrument in obtaining the long run visions for a
sustainable energy system. To evaluate this, an additional KPI was defined as follows:
•

KPI no. 17: The electricity consumption must be reduced with 5% for the participants not
in the reference group.

When making the assessment, the consumption of the entire demonstration period must be scaled
to annual values, and compared with the last known annual consumption before the recruitment
activities were started. It is necessary to compare with values from before the recruitment was
initiated, since the recruitment process itself may have led to increased energy awareness.
Furthermore, the consumption values must be referenced (normalised) to the overall trends of
electricity consumption, considering year-to-year variations as well as seasonal variations (since
the demonstration period is not aligned with the calendar year). When doing this, data from "Elforbrugspanelerne" should be considered to provide trends for the relevant customer groups, e.g.
houses with electric heating.
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KPIs Evaluation
The total number of EcoGrid EU project KPIs, there description and fulfilment is shown in the following Table 6:
Table 6:
KPI No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

KPI description and fulfilment.
Description
200 basic houses installed

Result
350

Fulfilled
Yes

500 demand manual houses installed
700 semi-automated houses installed
500 fully automated houses installed
20 partly automated industries installed
60 kW total peak load reduction on 500 demand manual
houses
175 kW total peak load reduction on 700 semi-automated
houses
250 kW total peak load reduction on 500 fully automated
houses
50 kW total peak load reduction on 20 partly automated
industries
1 % reduction on measured total peak load on Bornholm
during the demonstration
70% of customers is positive about the project
50% of customers are positive about real time pricing
50% of customers are positive about how their appliances
are controlled
50% of customers are positive about the feedback system
The peak load of a suitable sub-set of participants must not
exceed the peak of the baseline load for the same sub-set
The RES share should be 5% higher when comparing the
metered consumption of the project participants with the
calculated baseline
The electricity consumption must be reduced with 5% for the
participants not in the reference group

500
654
444
18
29 kW

Yes
No
No
No
No

236 kW

Yes

347 kW

Yes

61 kW

Yes

1,2%

Yes

70%
47%
64%

Yes
No
Yes

54%
True 51%
of the time
8,6%

Yes
No

3%

No

Yes

In the following subsections the KPIs are evaluated.
KPIs no. 1, 2, 3, 4 and 5 concerning accomplished home installations
The basis for the evaluation of these KPIs uses the no. of totally accomplished installations at the
end of the demonstration (end April 2015). These are, along with the targets for each group, presented in Table 7.
Table 7:

Original target and accomplished installations in the EcoGrid EU project.
KPI no.

Description

Target

Installed

1

basic houses (reference group)

200

350

2

demand manual houses

500

500

3

IBM/GWR houses (semi-automated)

700

654

4

Siemens houses (fully automated houses)

500

444

5

Partly automated industries (by Siemens)

20

18
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Table 7 above shows also that KPI no. 1 and 2 were fulfilled, while KPI no. 3 – 5 were not fulfilled although all of them close to target. This is deemed a quite satisfactory installation record by the
project team.
KPIs no. 6, 7, and 8 concerning peak load reduction targets
Using the previously described model based approach (see section 6.1) the actual DR can be extracted from the model by calculating only the parts caused by the RTP. As the actual number of
participants is different from the targets, the KPI was normalized to a value per participant as
shown in Table 8:
Table 8:

Normalized KPI Targets.

Group

Envisioned Number

Defined KPI [kW]

Normalized KPI [kW]

Manual

500

Semi-Automated

700

60
175

0.12
0.25

Fully

500

250

0.5

While the KPI Target was only defined for load reduction, load increase (load forcing e.g. for unexpected peaks in wind power production) can also be calculated from falling RTP.
Table 9, the KPI targets where reached in both direction for the two automated groups, while there
was nearly no demand response from the manual customers.
Table 9:

Identified demand Response within the data.
Model Results

Target

Group

Maximum
negative DR
[kW]

Uncertainty
[kW]

Maximum
Positive DR
[kW]

Uncertainty
[kW]

Normalized
Target
[kW]

Manual

-0,06

-0,06

0,06

0,00

0.12

Semi-automated

-0,31

-0.05

0,44

0.05

0.25

Automated

-0,84

0,00

0,74

0,09

0.5

The above normalised results can be linearly up-scaled to check against the original KPIs by multiplying with the final number of installations still in the project in each group from Table 1. The result is show in Table 10 below:
Table 10:

Maximum achieved peak load reduction.

Group

Number of
installations

Maximum
achieved DR
[kW]

Final result
[kW]

Original KPI
target
[kW]

Manual

480

0,06

29

60

Semi-automated

606

0,39

236

175

Automated

413

0,84

347

250

Therefore the objective:
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KPI no. 6: 60 kW total peak load reduction on 500 demand manual houses
failed while:

KPI no. 7: 175 kW total peak load reduction on 700 semi-automated houses
KPI no. 8: 250 kW total peak load reduction on 500 fully automated houses
were reached.
It has to be stressed at this point that this information allows for no direct comparison of the quality of the technology deployed by the different industry partners. The difference in the group composition is much too large for this. For example the Siemens group had over 50 percent holiday
houses while the IBM groups had nearly no holiday houses at all, leading to quite different consumption characteristics. Also the level of control for the groups differs vastly. While the Siemens
control actually adjusts temperature set points depending on day ahead and RTP price, IBM and
TNO only could block or release the heating unit.
KPI no. 9: 50 kW total peak load reduction on 20 partly automated industries
Due to the small amount of actual different industrial customers, they were not treated statistically
but analysed individually. Out of the 13 industrial consumers metered, 11 had enough (>50 days)
data to get significant results. The consumption data measured by the applied clamp readers is
different from those coming from the smart meters, as only suitably delta changes in consumption
were actually recorded. Analysis of the data gathered along with the smart meter data available for
the customers suggest that the industrial consumption data can be trusted only on an hourly level.
Figure 35 shows a sample operation of the charging station for an electrical pallet jack, showing
the end of the operation at 15 hours sharp, and then 3 periods where the power is turned off during high prices.
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Sample operation of a pallet jack charging station.
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When not looking at the individual DR of installation, but at the consumption data of all the industrial installations together, the following overall peak load reduction of the industrial customers was
identified:
Max negative DR: -57,1 kW
Max positive DR: 61,1 kW
Hence KPI no. 9 was fulfilled.
KPI no. 10: 1% reduction on measured total peak load
According to Østkraft the overall peak load on Bornholm is 55 MW. This puts the 1% reduction to
be realized at 550 KW. When looking at the actual peak load reduction of the groups in Table 10
they add up to 612 kW. Adding 55 kW additional peak load reduction from the industrial installations gives a total achieved value of 667 kW or at least 1,2% peak load reduction so therefore KPI
no. 10 was reached.
Arithmetical adding up the peaks to arrive at KPI no. 10 can be done in this case, as they occurred
within a very small timeframe (within 20 minutes of each other). The 55 kW given at the industrial
customers is lower than the average DR of the industrial customers, but also occurred within the
hour of the simultaneous peak of the other two groups.
KPIs no. 11, 12, 13 and 14 concerning customer participation and acceptance
KPI no. 11: 70% of customers are positive about the project.
In the final customer survey it was asked what customers thought of the project overall (a positive
or negative experience, scale 1 to 7). 70.1% of respondents answered this question positively
(scores 5, 6, and 7), which means that the KPI was just met.
KPI no. 12: 50% of customers are positive about real time pricing.
At the project start, customers were moderately interested in variable pricing. By the end of the
project, when customers had experience with variable prices, they were asked to evaluate what
they would prefer in the future. Customers were positive about the concept of variable pricing;
almost half of the respondents (47%) indicate they would prefer variable prices over traditional
prices in the future, 19% tends to prefer traditional prices, and 34% is neutral on the matter. This
means that the KPI was not met (but almost).
KPI no. 13: 50% of customers are positive about how their appliances are controlled.
To check whether customers are positive about how their heating is automatically controlled, the
question of convenience of the automatic control in the final survey was further examined. Overall,
64% think automatic control is convenient (scores 5, 6 or 7). This means that the KPI was met. For
the IBM electric heating 48% think it is convenient, for the IBM heat pump group 63%, and the
highest score was for the Siemens electric group 77% (with 44% stating it is “very convenient”).
KPI no. 14: 50% of customers are positive about the feedback system.
When looking at the “usefulness of the feedback system” at the end of the project, 54% of respondents who have used it, think the feedback system is useful (scores 5, 6, and 7). This means
that the KPI was met.
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KPI no. 15: Peak load constraint on virtual feeder
As a basis for this KPI evaluation a model-based reference, based upon virtual feeder meter data,
prices received and weather conditions, were generated. An example day with prices for this virtual
feeder (during phase 3 of the demonstration) and the main group (as in phase 2 of the demonstration) for a day in March 2015, is shown in Figure 36. It also depicts the observed load as well as
the load according to the model if it received phase 3 pricing (if feeder congestion detected) or
phase 2 pricing (if normal operation) . The model appears to identify the price response, showing
lower consumption for the phase 3 model when phase 3 pricing is higher than phase 2 pricing.

Figure 36: Time-series of prices for phase 2 and phase 3 over a single day. Observed load, modelled load, and modelled load if the virtual feeder received phase 2 pricing, included on
bottom subplot..
However, summary statistics revealed that, when phase 3 pricing is higher than phase 2 pricing
(i.e., congestion is present), observed load is lower than the phase 2 model 51% of the time. We
believe this is a statistically insignificant result, and therefore this KPI is failed.
As the phase 3 demonstration was implemented using the virtual feeder and only 28 households,
the main reasons for failure with this KPI are identified to be the following:
•

Needs for more advanced market design, accounting for cross-elasticities (that is, accounting for the demand ramping and rebound effect explicitly in the market). The EcoGrid EU
market does not account for demand ramping and rebound effects, which means it regularly schedules a response that cannot be achieved in reality.
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•

•

•

Needs for better small-sample modelling and forecast performance (could be improved with
more time and better methods, though inherent higher uncertainty is to be expected for
such small sample cases). 28 houses is a very small population that requires advanced
modelling tools to assess success and advanced forecasting tools to estimate flexibility in
real-time. It is likely that the tools we developed were not sophisticated enough.
Needs for real-time measurements, since a half hour delay in observations (this was typically the smart meter delay) means congestion has often already happened after the system operator can take a control decision.
Needs for better house-level controller design, with less focus on price forecasts, since response to forecasts leads to less flexibility being available when an unforeseen congestion
occurs.

KPI no. 16: Renewable energy sources
To interpret the results related to KPI no. 16, histograms such as that shown in Figure 37 were
generated based on the 5-minute data obtained through the demonstration. A value of RES of 0.5
in Figure 37 means that the increase in RES penetration if compared to the baseline case of the
real time market represents 50% of the total wind power production at that time. Negative values
therefore translate to less wind power integrated in the power system (the so-called virtual wind
curtailment). There are many moments where the wind curtailment from both the baseline and real
time market are down to 0 which will artificially reduce the RES increase (as it cannot be increased
by definition). Then the values equal to 0 were removed from the pool of results (7763). The increase of RES share is then either null or positive in most of the cases and the average with the 0values is 0.6%. After removing all the 0-values, the increase of RES share is then 8.6% when using
the real time market compare to the baseline market. Therefore, the real time market performed
better than the baseline market at using the wind power when it is available. This value of 8.6%
increase of RES share validates KPI no. 16 where the threshold was fixed at 5%.

Figure 37: Histogram for the increase of the RES share thanks to the EcoGrid EU market concept,
as a percentage of the wind power generated at that time.
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KPI no. 17: The electricity consumption must be reduced with 5% for the participants
not in the reference group
Due to the fact that the electric energy consumption of the participants in the EcoGrid project is
strongly linked to their heating systems, heat-pumps and electric heating panels, the success of
KPI no. 17 cannot be quantified by simply comparing electrical consumption values. The varying
outdoor conditions and therefore the varying use of electrical energy for room heating has to be
taken into account to get a more exact view on this number, as changes in outdoor temperature
have a major effect on this consumption. To do this, data for the consumption of previous billing
periods was supplied by Øskraft for the customers involved in the trial.
The heat loss Qheat through a building envelope can be approximated as:

with U denoting the average thermal conductivity of the building surface, A the building surface
and Troom and Toutdoor the indoor and outdoor temperature. Assuming that there were no major refurbishment activities in Bornholm during and before the trial U and A are constant values, and the
energy consumption is linear with respect to the difference of indoor and outdoor conditions. The
best approximation of this temperature difference available is the amount of heating degree days
(HDD). One HDD is the equivalent to the outside temperature being 1 degree lower than the room
temperature while outside conditions are under 16°C (the temperature were people are supposed
to turn on their heating system.
Now given the HDDs and the average energy household electricity consumption, a simple linear
model can be formulated:

where Qel is the overall electric energy consumption, Qbase are the plug loads etc. and Qtherm is the
amount of energy actually used for heating. Qbase and Qtherm can be identified from the data for the
time before and during the trial. To make a valid statement whether those coefficients are different
on a statistically significant level, the statistical method analysis of covariance (ANCOVA) is use.
Given the two linear regression models, it will tell whether the regressions coefficients, the slope
and offset, are statistically different given the data from which these coefficients were identified 2.
Taking a look at the HDDs for the heating periods before and during the EcoGrid project
Table 11:

Heating Degree Days in Denmark in heating seasons 3

Heating Season

11/12

12/13

13/14

14/15

HDDs

2431

2852

2157

2229

(the years were electrical consumption data was provided by Øskraft) one sees that the HDDs of
the last heating season 2012/2013 before the EcoGrid EU field test has one third more heating
2

Doncaster, C. P. and Davey, A. J. H. (2007) Analysis of Variance and Covariance: How to Choose and Construct Models for

3

Source: http://hmn.naturgas.dk/kunde/kundeservice/pris/graddage/graddagehistorisk/ retrieved 25.5.2015 –note that values

the Life Sciences. Cambridge University Press, Cambridge 302 pp. ISBN-13: 9780521684477
in the source are higher by 1200 as those are taken into account for domestic hot water
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degree days than the ones during the field trial. Therefore a direct comparison between those periods would lead to a great bias towards the EcoGrid EU Project, as 25% less heat energy directly
translates towards energy savings of between 10% and 15% 4.
Furthermore before the EcoGrid EU project and the smart meters installed for the project, the customers had only yearly billing. As this yearly billing coincides with the contract conclusion between
the customer and Øskraft, the 12 months periods for which the power consumption is known vary
for the customers.
Table 12:

Heating Degree Days in Denmark in months

Year

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dez

2011

512

472

421

136

49

0

0

0

0

198

287

379

2012

446

482

327

263

26

0

0

0

21

222

307

497

2013

502

471

525

281

26

0

0

0

40

107

314

360

2014

467

357

322

164

40

0

0

0

0

82

246

422

2015

430

414

367

228

Therefore the monthly HDDs shown in Table 12 have to be used to compute the HDDs for each
time period from which data was available. The following other points were also taken into account:
•

•
•

Photovoltaic production: The customers with a photovoltaic installation were denoted in the
data and removed from the trial, as the electrical energy produced is subtracted from their
electric energy consumption. Detailed data about the efficiency of the installations, their
size and localized radiation data would have to be available to try to factor this in.
Only participant households were data was consistently available for 4 periods before the
trial were taken into account, but this affected only a handful of participants.
Business participants were of course also removed.

Still about 1550 participant households remained after this selection.
Using the data from above, two linear models using 48 different billing months and for years back
and 14 months with sufficient metering data were compared. Although there was a small decrease
in Qbase (3,0%) and a small increase in Qtherm (2.1%) the ANCOVA test resulted in no statistical significance.
To see whether some of the individual groups actually had response, the following sub groups were
also tested in this way:
•
•
•

4

Reference group: Here no changes should be seen. Actual behaviour also was unchanged.
Manual group: Results were consistent with the RTP related analyses. No changes in energy consumption.
Semi-automated Houses: due to the installed home automation instrumentation load forcing was not considered, a slightly lower increase in electric energy consumption for heating, but still not statistically significant.

Base on consumption statistics of energy for heating in households taken from “Energy Efficiency Policies and Measures in
Denmark Monitoring of Energy Efficiency in EU 27, Denmark (ODYSSEE-MURE)” by the Danish Energy Agency
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•

Automated houses: as both direction in terms of temperature and energy were considered,
also no energy savings from the automated side, and none from the participant themselves
as well.

In summing up KPI no. 17 was not fulfilled.
It also has to be stated here that the Siemens Industrial PC used for running the communication
connection to the whole EcoGrid EU system has an average power uptake of about 35W or 300
kWh per year, possibly counteracting actual energy savings in the respective Siemens households.
Furthermore a change in behavior or replacing equipment with more efficient types between the
start of the EcoGrid EU project and the start of the EcoGrid EU demonstration (about 2 years’ time)
also would not be detected in this analysis.

Complementary performance measures
Originally, it was thought that the EcoGrid EU concept and market place would be evaluated based
on 2 KPIs only (i.e., no. 15 and no. 16). However, the EcoGrid EU report D6.4 “Evaluation of Concept and Market Place” required that all data from the market place, interval meters and established measurements from the grid be collected and presented for analysis. To meet the goals of,
new performance measures were defined to reach a more comprehensive conclusion on success of
the market. Six complementary new performance measures of particular relevance were defined.
These are:
•
•
•
•
•
•

Real time demand response activation statistics,
Balancing power activated,
Virtual wind power curtailment (virtually, since physical wind power generation was not actually curtailed during the demonstration phases),
Virtual spinning reserves,
Cost/benefit to society (in terms of social welfare),
Market clearing rate.
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Table 13 below gives a basic definition of these complementary performance measures.
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Table 13:

Basic definition of complementary performance measures

Complementary performance
measure

Basic definition

Real time demand response
activation statistics

This describes how often the change in consumption requested in
the market was observed in the consumption data.

Balancing power activated

This is the amount of DR scheduled in the real-time market,
which provides a new source of balancing power in the power
system.

Virtual wind power curtailment

Real wind power forecasts and measurements were used by the
market, but the EcoGrid EU demonstration had no control over
generation on Bornholm. Virtual wind power curtailment is therefore the amount of curtailment that would have occurred if the
EcoGrid EU market had the responsibility and capability to forcibly reduce wind power generation.

Virtual spinning reserves

Real load forecasts and measurements were used by the market,
but the EcoGrid EU demonstration had no ability to cut off load in
emergency situations. Virtual load shedding is therefore the
amount of emergency load shedding that would have occurred if
the EcoGrid EU market had the responsibility and capability to
forcibly disconnect individual loads.
Virtual spinning reserves are a sum of virtual wind power curtailment and virtual load shedding. Spinning reserves are reserves that can ramp up faster than EcoGrid EU resources can (in
a few seconds). Virtual spinning reserves are modelled in all electricity markets to ensure feasible solutions can be found.

Cost/benefit to society

Cost/benefit to society is analogous to the value in Danish Kroner
of DR compared to a real-time market without DR. The value is
calculated virtually, since the prices and states in Nord Pool and
EcoGrid EU are different and EcoGrid EU participants did not receive the real-time price for settlement purposes.

Market clearing rate

The market clearing rate is a technical measure of the percentage of times the market successfully produced prices for supply
and demand. The EcoGrid EU market requires a complex mathematical solver to find correct pricing, which can fail for a number
of reasons. A failure means an hour without real-time pricing
(and instead the day-ahead price is sent to participants).

To understand how these complementary performance measures were analysed, measurements
from four example days will be presented, followed by a discussion of the indirect control concept
and the DR characteristics that each group exhibited. These DR characteristics were used in the
market place to assess the above performance measures. Finally the results are presented.
In Figure 38, an example day with large increase in total consumption due to reduced price is
shown. At 13:00, a decrease of 80 DKK/MWh occurs, resulting in the minimum day-time price.
Consumption rises by 200 kW in response to this price drop.
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Figure 38:

Example day 1 with dynamic pricing and resulting variation of the total load of all
measured groups.

In Figure 39, a price spike at 2:15 causes consumption to drop by 200 kW. The relatively high price
sustained after 9:30 for almost an hour causes consumption to drop by 270 kW.
In Figure 40, the high price at 7:10 that last for an hour causes consumption to drop by 300 kW.
In Figure 41, the highest price of the day occurs at 17:00, where consumption dropped by 250 kW.
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Figure 39:

Example day 2 with dynamic pricing and resulting variation of the total load of all
measured groups.
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Figure 40:

Example day 3 with dynamic pricing and resulting variation of the total load of all
measured groups.
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Figure 41:

Example day 4 with dynamic pricing and resulting variation of the total load of all
measured groups.

Using the above observations with additional data like weather information, the resulting DR timeseries for each group was identified. Such time-series can be seen in Figure 42. The first plot in
this figure is the price. The second plot is the DR activated for that day.
In the process of identifying the DR time-series, the DR characteristics for the different automated
groups are also found. These are shown in Figure 43. No DR was detected from the reference
group and the manual group, so these have been excluded. The plot shows the single biggest observed decrease in consumption, given a high price. It should be noted that any population of
houses can deliver both up and down regulation, regardless if they only have asymmetrical control.
I.e., if devices can only be turned on, not off, a well-designed indirect control mechanism can still
deliver a decrease in consumption by scheduling consumption in a smart way.
Figure 43 shows that the IBM heat pump group takes 30 minutes to deliver its peak DR. The IBM
electric heating group takes 15 minutes to deliver peak DR and the Siemens electric heating group
takes 10 minutes to deliver peak DR. These delays are functions of the IBM and Siemens hardware
and price agent software and can be computed from the developed statistical models. In the given
example, the peak DR is -167 kW, -211 kW and -286 kW respectively. The maximum energy delivered in one hour is -102 kWh, -148 kWh and -235 kWh respectively.
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Figure 42:

Time-series of DR extracted for all measured groups.

TNO houses exhibited no observable response until new TNO control algorithms were deployed at
the end of April 2015. The new control algorithms were deployed for two weeks, during which TNO
houses were observed to have delivered 2.8 kW peak DR. During this two week period, this level of
DR is similar to the amount of DR delivered by IBM heat pump and electric heating houses. This
level of DR is much lower than in Figure 43 due to the warmer spring weather at the time.
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DR characteristics for the main automated groups, showing the biggest observed consumption decrease, given a high price, according to a model based upon observations
from 22 September 2014 to 07 February 2015.

In the EcoGrid EU market model (cf. Figure 30) virtual wind curtailment happens when consumption cannot increase to match the positive wind power imbalance, while virtual load shedding happens when consumption cannot decrease and generation cannot ramp down fast enough for supply
to equal demand. Virtual spinning reserves are then the combination of wind curtailment and load
shedding. Figure 44 depicts a sample of EcoGrid EU load data and measured wind power for Bornholm that illustrate situations where virtual wind power curtailment will happen within the EcoGrid
EU market model.
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Figure 44.

Illustration of EcoGrid EU load (scaled up to Bornholm) and Bornholm wind power injected.

Each time the EcoGrid EU market model clears, it must match supply to demand. A load without
flexibility is rigid, while generation also has constraints such as minimum on- and off-times and
ramping considerations. As a result, there is usually a small amount of balancing power that is left
to faster moving reserves, like primary frequency reserves. A flexible load means that a better
solution can be found in the optimization problem, where less imbalance is left to virtual spinning
reserves. This is especially significant in the EcoGrid EU project, since the five minute intervals lie
somewhere between existing balancing markets and faster moving reserves (cf. Figure 1). A lower
value for virtual spinning reserves means that fewer spinning reserves are needed, and would likely
reduce capacity needs and availability payments.
Below we evaluate the above complementary new performance measures:
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Real time demand response activation statistics
How often does demand response follow the market request? This is actually difficult to assess in
view of the very nature of demand as a stochastic process with many sources of uncertainty. Figure 45 shows the change in electric demand indirectly requested through price variations versus
the change in load eventually observed. Such changes in load observed necessarily include changes
in load independent of the demand response action itself, for instance due to changes in the
weather, hence acting as additional noise. In spite of this, there is a clear correlation between the
direction of the market request and the direction of the demand response observed. Figure 45
shows that, for the largest down-regulation DR requests, with a mean consumption increase of
70kW (the boxplot on the far right side), down-regulation was observed 100% of the time. This is
because all observed values (y axis) are above zero. For the largest up-regulation DR requests,
with a mean consumption decrease of 70kW (the box plot on the far left side), up-regulation was
observed 80% of the time. This is because 80% of the observations lie below zero on the y-axis.
The boxplot figure shows outliers as red crosses, the whiskers (i.e. limits) of each bin, the median
as a red bar, and the blue box showing the center 50% of observations. As could be expected, the
volume of demand response obtained is on average less than would be hoped for.

Figure 45:

Boxplot of different levels of DR activation.

Balancing power activated
The balancing power activated represents the amount of load requested to be moved by the markets implemented (baseline and real-time). The balancing power activated could be either positive,
if the price decreased and should trigger the heating, or negative when the price increased and
should stop the heating. The mean amount of balancing power activated, according to the market,
was 54 kWh/h. It represents approximately 3% of total load of the test sample (1900 households).
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Virtual wind power curtailment
The wind power virtually curtailed (virtually, as no action has been implemented on the physical
system) is the amount of wind power which has been lost because the wind turbines could not be
operated to their optimal level according to the predicted wind power production. The wind power
virtually curtailed is then a performance measure displaying the largest difference between the
baseline and the real time markets. Figure 46 shows the cumulative sum of the wind power curtailment along the period. The final cumulated wind power curtailment obtained was 5 times larger
for the baseline market (5220 kWh or 6,21 kWh/h) than for the case of the real-time EcoGrid EU
market (1200 kWh or 1,43 kWh/h). It represents an average of 4,79 kWh/h decrease in virtual
wind curtailment over the demonstration test period. This represents a decrease of over 75% in
wind curtailment. The increase of the load (4.79 kWh/h) is relatively small and represents 0.3% of
the total load of the test sample (1700 kWh/h for 1900 households). However wind curtailment is
reduced by increasing the load during critical periods and may therefore reduce potential subsequent imbalance.

Figure 46:

Cumulative sum of the wind power curtailment with the baseline market and the real
time market.

Virtual spinning reserves
The spinning reserve type of service provided by demand response corresponds to the sum of the
wind curtailment and of the load shedding (both virtually, since no real curtailment or shedding
actions were performed on the physical system).The spinning reserves should be minimized without putting the market at risk, as the spinning reserves come with a cost. Figure 47 shows the
cumulative sum of the spinning reserves along the period. The final values reached at the end of
the demonstration period are 261 MWh for the baseline and 246 MWh for the real time market.
There again the real time market outperform the baseline by saving 14,3 MWh in a period of approximately 5 weeks with moderate weather condition. It represents an average reduction of 5.5%
or 17.0 kWh/h for the spinning reserves when using the real time market. The reduction of spin-
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ning reserves represents 1% of the total load of the test sample (1900 households). This raises the
prospects of large savings in primary frequency reserve procurement costs.
A reduced amount of spinning reserves are needed in the real-time market because DR can effective increase or decrease consumption as an alternative to spinning reserves during critical periods
when conventional generation in the regulating market cannot due to ramping and minimum onand off- constraints.

Figure 47:

Cumulative sum of the Spinning reserves with the baseline market and the real time
market. The plateau in the figure is caused by missing data.

Cost/benefit to society in terms of social welfare
The real time pricing market performed again better than the baseline market by a small margin on
this performance measure (Figure 48). The savings in the test period correspond to 5.4% of the
total cost with the real-time market compared to the baseline. The averaged regulating cost of the
real-time market is 310.6 DKK/hour against 327.3 DKK/hour for the baseline market, which
equates to a saving of 400 DKK/day for 1900 houses. This, in turn, equates to a saving of 38.4
DKK/year/house, assuming the results obtained are valid for a heating season of 6 months of the
year. This result (per house) is not the saving each individual customer will save in the electricity
bill. Rather, it is the cost benefit for society as a whole may expect – also including houses that do
not respond to prices. The cost benefit for society is spread across all market participants (also
inflexible demand) by way of lower prices for all. What this means is, if 10% of the population are
price responsive, the other, non-responsive 90% of the population also receive lower prices, since
peak and average market prices are reduces for all participants in an electricity market.
The results for social cost, wind curtailment and virtual spinning reserves are based upon several
assumptions. Assumptions include the shape of the merit order curve, which the EcoGrid EU
demonstration based upon data from Nord Pool spot rather than the NOIS list (Nordic Operational
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Information System) and most aspects of the bids are kept anonymous from all but the market
operator.
The above social cost figures likely significantly underestimate the true value of DR in the power
system for the following reasons:
•
•
•
•

•

Only costs for March-April were included, due to data quality issues. Cost savings will be
higher during periods with greater DR like the colder winter months.
DR leads to lower capacity costs in the long run; investment in additional generation and
distribution will be delayed or avoided altogether.
The figure presented here does not include the cost savings associated with spinning reserves; these may be higher than the cost savings in the regulating market.
At least half the houses in the demonstration did not respond to price, either because they
were a part of the reference group, or due to other reasons (communication problems, restrictive comfort settings and the TNO control issues we witnessed).
Response to day-ahead pricing means that there are additional cost savings in the dayahead market (not calculated in EcoGrid EU).

Figure 48:

Cumulative sum of the social welfare with the baseline market and the real time market.

Market clearing rate
The market clearing rate is a simple measure to evaluate how well the market run by itself. As
some issues have been encountered during the data collection period, the market was not expected to reach 100%. In Figure 49, the baseline is not the same as for the other performance
indicators. Here the baseline represents a perfect market which clears itself every hour. Therefore
the real-time market cannot perform better than this baseline. The market is then evaluated by its
distance to this baseline. The real-time market is then clearing properly 80% of the time.
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Figure 49 Cumulative sum of the market clearing rate. The baseline consists in a market which
cleared every time.
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