
System Design and Evaluation for
Residential Demand Response

PhD Dissertation
Sergi Rotger Griful

April, 2016

DEPARTMENT OF ENGINEERING                                       

AARHUS                                  
UNIVERSITY                              AU

 





System Design and Evaluation for
Residential Demand Response

A Dissertation
Presented to the Faculty of Science and Technology

of Aarhus University
in Partial Fulfilment of the Requirements for the

PhD Degree

by
Sergi Rotger Griful

April 30th, 2016





‘Caminante, son tus huellas
el camino y nada más;

Caminante, no hay camino,
se hace camino al andar.

Al andar se hace el camino,
y al volver la vista atrás
se ve la senda que nunca
se ha de volver a pisar.

Caminante no hay camino
sino estelas en la mar.’

– Antonio Machado –





Abstract

The higher penetration of Renewable Energy Sources (RESs) is driving a
change in today’s electricity grid. Integrating these RESs raises some chal-
lenges that need to be addressed. Among these challenges, there is the inter-
mittent generation of some RESs: some renewable sources like wind turbines
and solar panels cannot produce electricity on demand. This requires flexible
consumption from the electrical consumer in order to adapt to the available
renewable production. Demand response is the technical term used for this
desired flexibility. Until now, demand response has mainly been sought from
large commercial and industrial facilities while the residential consumer has
been left outside of the picture.

This dissertation aims at understanding better to which extend can res-
idential electricity consumers provide the flexibility services that the future
grid requires. More specifically, the dissertation focuses on delineating the
demand response potential of residential buildings and investigating how this
potential can be leveraged. This is addressed in two main research areas: sys-
tem design and potential evaluation for residential demand response. In the
system design area, different Information and Communications Technology
(ICT) solutions to enable residential demand response have been designed,
implemented and tested as proof-of-concept systems. Additionally, different
design considerations have been proposed on how these ICT systems should
be built. In the demand response potential assessment area, different tools
have been developed to allow comprehensive analyses. Furthermore, the de-
mand response potential of common electricity loads has been evaluated in
simulations and co-simulation environments but also by deploying field trials
in a real 12-storey residential building used as a testbed.
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Resumé

Den stigende andel af vedvarende energi er én af de store katalysator for
elnettets modanisering. Det sker bl.a. på baggrund af at nogle former for
energiproduktion, såsom vindenergi og solenergi, bestemmes ud fra vejr-
forholdene og derfor ikke kan styres i forhold til et elforbrug. Det kræver
øget fleksibilitet fra elforbrugerne, hvis elforbrug skal tilpasses den tilgæn-
gelige elproduktion. At styre elforbruget i forhold til elproduktion går ofte
under navnet demand response. Demand response har hidtil fokuseret på
kommercielle og industrielle bygninger, mens private boliger kun har været
genstand for demand response i begrænset omfang. Denne afhandling un-
dersøger hvordan boliger og elforbrugere kan opnå den fleksibilitet det frem-
tidige elnet kræver. Afhandlingen fokuserer på at afklare hvad potentialet er
for demand response i boliger og hvordan dette potentiale kan realiseres. Der-
for har denne afhandling to generelle forskningsretninger: en undersøgelse
af mulige systemdesign, samt en vurdering af potentialet for demand re-
sponse i boliger. Det har udmøntet sig i flere prototyper af systemer, som
er blevet designet, udviklet og testet. Desuden forslås der designovervejelser,
som har betydning for hvordan disse systemer bør konstrueres. I forbindelse
med vurderingen af potentialet for demand response i boliger, er forskellige
værktøjer blevet udviklet for at udføre en fyldestgørende analyse. Desuden
vurderer afhandlingen også potentialet for demand response i almindelige
strømforbrugende apparater. Det er sket i simuleringer og co-simuleringer,
såvel som i eksperimenter, der har benyttet sig af en testbed bestående af en
12 etages bygning.
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1
Introduction

This chapter introduces the reader to the dissertation. This is done by first mo-
tivating the need of investigation in this research field. Afterwards, research
objectives and methods followed during the PhD studies are introduced, high-
lighting all scientific publications. The chapter finalises by describing the
reading guidelines and by outlining the content of this document.

1.1 Motivation

The International Energy Agency estimated that 67.4% of the world elec-
tricity generation in 2013 was produced from fossil fuels, like oil, coal and
natural gas [61]. According to the Danish Energy Agency, Denmark presents
slightly lower levels with a 51.9% of the total electricity generation in 2013
produced from fossil fuel sources [28]. These Conventional Energy Sources
(CESs) contribute to CO2 emissions and replacing them by Renewable En-
ergy Sources (RESs) is a main concern of current energy polices.

In 2009, the European Union set the goal of 20% of the total energy
consumption1 from RESs [38]. The last assessment report shows that the
countries in the European Union are on good track with an estimated 15.3%
of energy consumption from RES in 2014 [37]. Denmark has set more am-
bitious goals with a 30% of consumption from RESs by 2020 and a 100%
by 2050 [101]. Recent predictions estimate that Denmark may exceed the
2020 goal by around 5% [37]. This tendency has been corroborated by En-
erginet.dk2, the Danish Transmission System Operator (TSO), who recently
announced that 42% of the electricity consumed in 2015 was produced from
wind turbines [32]. This increased tendency in wind power penetration is
illustrated in Figure 1.1.

1 Including heating, cooling, transport and electricity.
2 http://www.energinet.dk/
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Figure 1.1: Wind power share of the power consumption for the last 10 years in
Denmark [32].

Wind turbines and solar panels are RESs with production relying on ex-
ternal factors, like wind speed or solar irradiation. Compared to CESs, these
RESs cannot produce electricity on demand and raise challenges when bal-
ancing the electricity production and the consumption. In a scenario with
100% of RES, this situation cannot hold without energy exchange across
countries [89], storage solutions and/or effective ways to shape the elec-
tricity demand. Flexible electricity consumption can be achieved through
demand response. Demand response is a change in the electricity usage by
the consumer triggered from an external signal (e.g., electricity prices) [94].
Demand response can be used for several purposes, for example to reduce
peak consumption or to enable RES integration. In a country like Denmark,
demand response can be of special interest to adapt the electricity demand to
the available renewable production. This renewable production would mainly
come from wind power, but also from biomass and solar power [77]. In this
way, demand response can be a key asset to meet the 2050 goal of 100% of
RESs penetration [102]. Another characteristic of the Danish energy system
is the heating infrastructure: around 60% of Danish households are heated
through district heating, which is mainly co-produced with electricity [10].

In the United States, demand response is already a reality and is be-
ing provided in the electricity markets through demand response programs.
The Federal Energy Regulatory Commission (FERC) estimated a potential of
28 GW of peak reduction (approximately 6.1% of peak demand) from exist-
ing demand response programs in all the United States during 2013 [42]. In
Europe, demand response is not as mature and policies have been slow to ar-
rive. The main reasons for this are the limited knowledge of demand response
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potential, the high costs to enable demand response and regulatory barri-
ers [103, 11]. However, recent studies have estimated a theoretical demand
response potential of 61 GW of peak reduction from all European coun-
tries [48]. Demand response interest in Europe is growing and several com-
panies have started basing their business on it. Examples of these companies
are Actility3, REstore4 and Insero5.

The residential consumers are reluctant for demand response purposes
for having low loads, distributed along the map and with a high cost to active
their potential. Therefore, demand response potential is usually sought from
commercial and industrial consumers for having large and centralised loads.
The FERC estimates that 73.5% of the total peak reduction in 2013 from de-
mand response was provided from commercial and industrial consumers [42].
However, residential domain still accounts for an important part of the total
electricity consumption: Danish households consumed 33.5% of the total
electricity consumption in 2014 [35]. An important cause for this fewer at-
tention towards residential demand response is the lack of experience in this
domain [79]. Furthermore, the development of transactional energy6 tech-
nologies has the potential to be used for demand response applications [85]
and support larger residential demand response provision.

A key actor for the success of residential demand response is the con-
sumer. Handling the consumers as if they were ‘a tiny’ power plant leads
to limited effort with a short potential and lifespan [69]. Therefore, it is
very important to go beyond the direct load control [72] and seek a larger
involvement and acceptance of the residential consumers.

1.2 Research Objectives and Methods

This dissertation aims at providing insights and maturity to residential de-
mand response provision in a European framework, where demand response
technologies have been slow to emerge. In this setting, the dissertation deals
with concepts tightly interconnected: design and development of Information
and Communications Technology (ICT) systems; demand response potential
of residential buildings; control strategies; demand response market capabil-

3 www.energy.actility.com
4 www.restore.eu
5 https://insero.com/en
6 Transactional energy is the frequent and clear communication of energy transactions,

usually of small size, between sellers and buyers that are carried out automatically [18].

www.energy.actility.com
www.restore.eu
https://insero.com/en
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ities with current regulations; and consumer involvement. Although the work
done is mainly focused in Denmark it can be extrapolated to other regions
(see Section 5.2 for more details).

The principal hypothesis of this dissertation is the following:

Hypothesis. Residential buildings can provide demand response to a
third party aggregator by means of Information and Communications
Technology (ICT) systems and consumer involvement.

The residential demand response research area is interdisciplinary by na-
ture and presents several challenges. For example, dealing with the inter-
connection and conflicts of interests between such a technical area as the
electrical grid and such an anthropological one as consumer involvement. In
this PhD dissertation, ICT solutions are proposed as a answer to overcome
such challenging tasks.

The main hypothesis of this dissertation has been broken down and in-
vestigated in several sub-hypotheses that fall into two main tracks: system
level design to enable residential demand response provision and evaluation
of demand response potential. The system design part investigates the fea-
sibility of residential demand response provision by design, developing and
evaluating different ICT solutions. In this part, software has been developed
to enable testing in realistic scenarios. The demand response evaluation part
has a two-fold objective. From one side, it is used to test the designed systems.
From another side, it is used to assess the characteristics of demand response
provisioning (e.g., level of consumer involvement).

The research method followed in the two main scientific tracks is de-
scribed below:

1. Problem identification: Identify a problem or a challenge to address
through observations that prevents from reaching a certain goal.

2. Background research: Carry out a literature survey on how others have
tried to solve this problem or similar problems.

3. Construct a hypothesis: Built a comprehensive and yet simple hypoth-
esis on how this problem could potentially be solved.

4. Testing hypothesis: Test the hypothesis through different means like
simulations, co-simulations, field trials or discussions.
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5. Evaluation: Evaluate the results obtained from the tests done against
the constructed hypothesis.

6. Disseminate results: Share the results obtained with the scientific com-
munity by publishing the lessons learned.

It should be noted that the method followed has not been sequential, but
rather recursive: the completion of one stage may lead to go to a prior stage
(e.g., literature survey may lead to identification of new problems).

1.3 Scientific Publications

The research done during the three-year PhD study has led to eight publica-
tions: two book chapters, four peer-reviewed IEEE conference papers and
two journal articles. At the time of writing this dissertation, four articles
are already published, one articles is accepted but not yet published and the
remaining three are under review.

• Published articles:

[P1] Sergi Rotger-Griful and Rune Hylsberg Jacobsen. Chaos Modeling
and Control Systems Design. . Ed. by Ahmad Taher Azar and Sun-
darapandian Vaidyanathan, chapter Control of Smart Grid Resi-
dential Buildings with Demand Response, pages 133–161. Springer
International Publishing, 2015. doi: 10.1007/978-3-319-13132-0 7

[P2] Emad Ebeid, Sergi Rotger-Griful, Søren Aagaard Mikkelsen, and
Rune Hylsberg Jacobsen. A Methodology to Evaluate Demand
Response Communication Protocols for the Smart Grid. In IEEE
International Conference on Communication Workshop (ICCW),
pages 2012–2017, 2015. doi: 10.1109/ICCW.2015.7247476

[P4] Michael D. Knudsen and Sergi Rotger-Griful. Combined Price
and Event-based Demand Response Using Two-stage Model Pre-
dictive Control. In IEEE International Conference on Smart Grid
Communications (SmartGridComm), 2015. doi: 10.1109/SmartGri
dComm.2015.7436324

[P6] Sergi Rotger-Griful, Rune Hylsberg Jacobsen, Dat Nguyen, and
Gorm Sørensen. Demand Response Potential of Ventilation Sys-
tems in Residential Buildings. Energy and Buildings, 2016. doi:
10.1016/j.enbuild.2016.03.061

http://dx.doi.org/10.1007/978-3-319-13132-0_7
http://dx.doi.org/10.1109/ICCW.2015.7247476
http://dx.doi.org/10.1109/SmartGridComm.2015.7436324
http://dx.doi.org/10.1109/SmartGridComm.2015.7436324
http://dx.doi.org/10.1016/j.enbuild.2016.03.061
http://dx.doi.org/10.1016/j.enbuild.2016.03.061
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• Accepted articles:

[P5] Sergi Rotger-Griful, Spyros Chatzivasileiadis, Rune Hylsberg Ja-
cobsen, Emma M. Stewart, Javier Matanza Domingo, and Michael
Wetter. Hardware-in-the-Loop Co-simulation of Distribution Grid
for Demand Response. In 19th Power Systems Computation Con-
ference (PSCC). IEEE, 2016

• Articles under review:

[P3] Emad Ebeid, Sergi Rotger-Griful, Søren Aagaard Mikkelsen, and
Rune Hylsberg Jacobsen. Smarter Energy: from Smart Meter-
ing to the Smart Grid. Ed. by Hongjian Sun, chapter A Model-
Driven Evaluation of Demand Response Communication Proto-
cols for Smart Grid, pages 1–35. Institution of Engineering and
Technology (IET), 2017. Under review

[P7] Sergi Rotger-Griful, Rune Hylsberg Jacobsen, Robert Stephen Bre-
wer, and Mia Kruse Rasmussen. Green Lift : Exploring the De-
mand Response Potential of Elevators in Buildings. Energies, 2016.
Under review

[P8] Sergi Rotger-Griful, Ubbe Welling, and Rune Hylsberg Jacobsen.
Multi-modal Building Energy Management System for Residen-
tial Demand Response. In 19th Euromicro Conference on Digital
System Design (DSD). IEEE, 2016. Under review

1.4 Reading Guide and Outline

This dissertation has two parts. Part I contains a summary of the work high-
lighting the main contributions. Part II contains a chapter for each scientific
publication.

The whole document has been written in British English except by the
Danish abstract and the Spanish poem in the first page. All the text in Part I
is original and no text has been re-used from the mid-term report nor other
publications. The only non-original text is quoted like this ‘this text is from
another source’ followed by the respective reference. Quotation marks are
also used for certain informal expressions. Each chapter in Part I starts with
a paragraph describing the content. Reading the chapters, the scientific con-
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tributions7 of the dissertation are highlighted in a rectangular box like this
one:

Contribution #. This is a contribution.

Each contribution is numbered to ease traceability. One contribution can
be related to one publication or to several publications (see Table 5.1). All
references to authored and co-authored publications linked to this dissertation
are at the beginning of the bibliography and contain the prefix ‘P’ (e.g., [P1]).
When a figure contains [Photo:Colourbox] in its caption, this means that part of
the figure has been extracted from Colourbox8.

Part I is divided in five different chapters. Chapter 1 introduces the reader
to the dissertation. Chapter 2 provides all required common background in-
formation for the comprehension of the remaining of the document. When
needed and to ease readability, background information is also provided in
the following chapters. All scientific contributions of this dissertation are
in Chapter 3 and in Chapter 4. The relation between the content of each of
these two chapters and the different scientific contributions is not simple (see
Section 5.1 for more details). Chapter 3 describes all contributions related
with the system level design of residential demand response solutions. Chap-
ter 4 details all contributions related with the evaluation tools and impact
assessment of demand response provisioning. It should be highlighted, that
the assessment of demand response provisioning is focused on three differ-
ent electrical loads: ventilation systems, elevators and electric heating. These
loads where chosen because it enabled realistic evaluation in the testbed used
as a main case study, the Grundfos Dormitory Lab. Details on this testbed are
provided in Section 2.5. Part I is concluded in Chapter 5, where all contribu-
tions are put together to evaluate the main hypothesis and future directions
are outlined.

Part I should be read sequentially as the comprehension of each chap-
ter depends on the previous ones. The reader with domain knowledge can
potentially skip part of Chapter 2 (until Section 2.3 included).

Part II is divided in eight different chapters each of them containing the
details of each publication. Full articles have been included when re-print
copyrights have been obtained. In each chapter, there is a brief description of
the current state of the publication (published, accepted or under review), a

7 A contribution is seen as an achievement presented to the scientific community.
8 www.colourbox.com

www.colourbox.com
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full citation and also a statement of the contribution of each co-author. The
authors contribution describes the work that each individual has done in each
manuscript. These descriptions have been reviewed by at least one author of
each publication to ensure transparency.

Seven out of the eight chapters in Part II contains a full scientific publi-
cation. Each of these chapters can be read independently from the rest of the
document.



2
Background

This chapter sets the basis for the understanding of relevant concepts for
the remaining of the document. First, the current power grid, the electricity
markets and the smart grid are presented. Then, demand response and the
main related concepts are detailed. The chapter finalises with the description
of the Grundfos Dormitory Lab, a building used as a testbed.

2.1 Power Grid

The functionality and actors involved in the electrical grid are generally sim-
ilar between countries. Figure 2.1 displays the typical European power grid
with the three different areas: generation, transmission and distribution/con-
sumption. The electricity is generated in large production facilities that fall
into CESs (e.g., combined heat and power plants) or RESs (e.g., wind farms).
The electricity can also be imported from or exported to the neighbouring
countries. The electricity is transported large distances by the TSO, who
is also the responsible of the overall grid operation. The TSO delivers the
electricity to different Distribution System Operators (DSOs), who are re-
sponsible of distributing the electricity to the consumers’ premises. Depend-
ing on the regions there are different DSOs. Across the country, there are
different Distributed Energy Resources (DERs), like solar photovoltaic, that
can provide electricity directly to the consumers or to the local DSO. Detailed
description of each of the power grid actors is provided below:

• Bulk Generation: Entity providing large amounts of electricity in the
order of magnitude of MW. Generation units can fall into two different
categories: CESs and RESs. In this dissertation, CESs are fossil fuel
based and contribute to a relative larger CO2 emission intensity.

11
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Figure 2.1: Power grid model with the main actors. [Photo:Colourbox]

• Transmission System Operator (TSO): Entity responsible for the high-
voltage transmission of electricity that also operate the whole system. In
Denmark the TSO is Energinet.dk.

• Distribution System Operator (DSO): Entity responsible for the distri-
bution of electricity at low-voltage. In Denmark there are several DSOs,
for example NRGi1 and DONG Energy2.

1 http://www.nrgi.dk/
2 https://www.dongenergy.dk/privat

http://www.nrgi.dk/
https://www.dongenergy.dk/privat
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• Distributed Energy Resource (DER): Entity that can generate, store
and/or consume small amounts of electricity in the order of magnitude
of 3 kW up to 10 MW [19].

• Consumers: Entities consuming the electricity and for which the power
grid was built.

2.2 Electricity Markets

The actors involved in the electricity markets and the different types of mar-
kets are shown in Figure 2.2. Electricity producers own the generation units
and sell electricity in the market. Producers can also sell directly to consumers
in a bilateral contract. Retailers generally do not own production units and
they buy electricity in the market to sell it later to the consumers. Consumers
are the end-users of electricity and can directly buy electricity in the markets,
through a retailer or in bilateral agreements with the producers. DERs can
either buy or sell electricity into the market. A Balance Responsible Party
(BRP) is an entity that in close collaboration with the TSO provides flexibility
by buying or selling electricity. Aggregators are an emerging role in electric-
ity markets that collect a portfolio of flexibility resources from both demand
and supply. In the United States, the term curtailment service providers is
commonly used for these actors. For more details on the role of the aggre-
gators, the reader is addressed to the Universal Smart Energy Framework
(USEF) described in [95]. The market operator is responsible of orchestrating
the electricity flow in the market and is generally a non-profit organisation
assisted by the TSO.

Electricity can be traded several years in advance in financial markets
down to seconds before delivery in the regulation market. In the Nordic coun-
tries, the financial market is regulated by Nasdaq OMX Commodities3. In
this future market, electricity is traded from a few days up to ten years before
power delivery. The short-term trading floor for power exchange in the Nordic
countries and Baltic countries as well as in Germany and United Kingdom is
Nord Pool Spot4. Nord Pool Spot is owned by the TSOs of these countries.
More than 75% of the electricity consumed in Nordic countries is exchanged
in Nord Pool Spot [78]. Elspot is the day-ahead market in the Nordic countries
and covers the bulk of electricity exchange one day before power delivery.

3 http://www.nasdaqomx.com/transactions/markets/commodities
4 http://www.nordpoolspot.com

http://www.nasdaqomx.com/transactions/markets/commodities
http://www.nordpoolspot.com
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Figure 2.2: Electricity market actors and different market types with operational
times. [Photo:Colourbox]

Elbas is the intra-day market where electricity exchange is traded up to one
hour before power delivery. The regulation market is coordinated by the local
TSO and is meant to solve the imbalances of the grid by up and/or down
regulating power with a time scale from several minutes down to few seconds.

Ancillary services are meant to ensure reliable power delivery and in Den-
mark they are defined by Energinet.dk [33]. Energinet.dk can buy flexibility
from regulating power market in Nord Pool Spot or by bilateral agreements
with BRPs [24]. The provision of these services varies depending on the
region of the country. There are two market areas in Denmark5: DK West
(DK1) and DK East (DK2). Examples of these services are manual reserves,
secondary reserves, voltage control and reactive reserves [33]. Although it
was pointed out that in the Nordic countries there would be an increasing

5 The Danish grid is divided into different voltage levels and these two market areas are
connected with a high voltage DC cable [31].
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interest in demand side management for ancillary services [67], there are
currently no demand response markets in Denmark [24].

2.3 The Smart Grid

There are several definitions of the smart grid and several institutions aim-
ing at standardising smart grid concepts. In the United States, the main in-
stitution driving the standardisation of smart grids is the National Institute
of Standards and Technology (NIST) [76]. The counterpart institutions in
Europe are the European Committee for Standardization (CEN), European
Committee for Electrotechnical Standardization (CENELEC) and European
Telecommunications Standards Institute (ETSI) [19]. The CEN-CENELEC-
ETSI defines the smart grid as ‘an electricity network that can integrate in
a cost-efficient manner the behaviour and actions of all users connected to
it (generators and/or consumers) in order to ensure economically efficient,
sustainable power system with high levels of quality and security of supply
and safety’ [44]. In the smart grid, ICT platforms will control DERs and
enable a two-way communication between the electrical consumers and the
producers [39].

2.4 Demand Response

In the United States, the FERC defines demand response as ‘changes in elec-
tric usage by demand-side resources from their normal consumption patterns
in response to changes in the price of electricity over time, or to incentive
payments designed to induce lower electricity use at times of high wholesale
market prices or when system reliability is jeopardized’ [25]. In Europe,
the CEN-CENELEC-ETSI definition provides a wider range of signal trig-
gers other than economic incentives and sees demand response as a ‘concept
describing an incentivizing of customers by costs, ecological information
or others in order to initiate a change in their consumption or feed-in pat-
tern’ [20].

In this dissertation, demand response is seen as a mechanism to achieve
flexibility in the electricity usage from the consumers. This flexibility can
be achieved by reducing, increasing or shifting loads. Load reduction and
increase imply a permanent change while load shift a temporary one (i.e., the
total energy consumed is the same but shifted over time).
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Figure 2.3: Demand response event description.

The benefits of demand response are many. From the grid perspective,
demand response has the potential to reduce the demand peak, postpone net-
work reinforcement/expansion due to peak reduction, increase reliability by
avoiding grid congestion and many more [94]. In the Danish electrical grid,
demand response can support the integration of RESs by compensating the
intermittent renewable generation. From the consumer perspective, demand
response enables bill reductions and more stable electricity supply.

Demand response is usually triggered6 by economic incentives [94]. This
can be done by using a time-varying tariff that indirectly incentives consump-
tion in cheap periods or by directly accepting previously agreed load variation
request. In addition to price incentives, there are also other triggers, like an
ecological index reflecting the CO2 emissions for kWh generated [P7].

Demand response is provided through demand response programs. The
FERC classifies these programs into two categories: time-based and incentive-
based programs [42]. Real-time pricing, critical peak pricing, variable peak
pricing and time-of-use rates fall into time-based programs. Direct load con-
trol, demand bidding, emergency demand response, capacity market and an-
cillary services fall into incentive-based programs. There is an alternative
naming for these programs: price-based instead of time-based and event-
based instead of incentive-based [94]. This second naming convention is used
along the document.

Event-based programs rely on the deployment of demand response events.
A demand response event can be characterised by the components displayed
in Figure 2.3. All time values mentioned below are extracted from [81], where

6 A trigger is a signal, remuneration or alike that causes/motivates demand response
provision.
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the authors analyse characteristics of main demand programs in the United
States. An event is usually notified in advance so the customers have some
preparation time, typically between three hours down to 30 minutes before the
event starts. The events typically take place in the afternoon, between 14:00
and 18:00. During an event, the customers reduce the power during a defined
time period, which usually is between one hour and 14 hours. Once the event
ends, the customers go back to their normal consumption. The term baseline
in Figure 2.3 refers to the consumption that customers would had if they
did not provide demand response. These baselines are usually used to assess
the monetary remuneration associated with a demand response event. The
interested reader is addressed to [12] for a discussion on prediction models for
demand response baselines. Due to its low accuracy, some authors proposed
to avoid using demand response programs that depend on baselines [73].

Demand Response Taxonomy

In the demand response research field, there are many concepts, definitions
and different naming conventions that can cause confusion. This section pre-
sents a taxonomy of demand response concepts with a two-fold objective.
From one side, the taxonomy provides basis to understand the remaining of
the document. From the other side, the taxonomy can be used to assess the
demand response potential of buildings/facilities in a methodological manner.
This taxonomy is shown in Figure 2.4 and is inspired from [66, 86, 94].

Demand response programs can be classified in two categories: event-
based and price-based [42]. In the former, there are different types of pro-
grams like direct load control, where the consumer outsources load controlla-
bility, or ancillary services control, where the consumer flexibility is used to
support grid stability [94]. In the latter, there are different types of programs
like time of use, which is a tariff with fixed price for different time blocks, or
real-time pricing, where price tariff vary continuously [94].

Depending on how DERs are controlled to provide demand response,
there are usually two types of control mechanisms: direct and indirect. In
direct control, the DERs are directly regulated using control commands [66].
This technique is common in event-based programs like direct load control.
In indirect control, signals (usually prices) are sent to influence a desired
behaviour/controllability of certain DERs [79]. This technique is typical of
price-based programs.

Depending on the degree of involvement with the consumer, demand
response interventions can be classified in: back-stage, medium-stage and



18 2 Background

ControlFMechanism

DirectFControl IndirectFFControl

Consumer Involvement & Response Time & Uncertainty

DemandFResponseFPrograms

Event-based
DirectfLoadfControl
EmergencyfPrograms

CapacityfMarketfPrograms

Interruptable/CurtailablefLoads

AncillaryfServices

Price-basedF
TimefoffUsef

CriticalfPeakfPricing

Real-timefPricing

InterventionFType

Back-stage
FeelfEffect:fConsumer

Decision:fOthers

ControlfAction:fOthers

Medium-stage
FeelfEffect:fConsumer

Decision:fConsumerOOthers

ControlfAction:fOthers

Front-stage
FeelfEffect:fConsumer

Decision:fConsumer

ControlfAction:fConsumer

Figure 2.4: Demand response taxonomy.

front-stage interventions. In a back-stage intervention, consumers feel the
effects of the intervention but they are not involved in the decision-making
nor in issuing control actions. In a medium-stage intervention, consumers
feel the effects of the intervention; are partially involved in the decision-
making but the control commands are issued by other actors (e.g., Energy
Managements System (EMS)). In a front-stage intervention, consumers feel
the effects of the intervention, are fully involved in the decision-making and
take the control actions.

Demand response can be achieved by controlling the DERs in the con-
sumers premises. DERs are usually classified into: generation units, storage
solutions and loads. The loads can be further subdivided into four categories:
storable, shiftable, curtailable and non-curtailable [53]. Storable loads are
those loads that either have a physical battery (e.g., Electric Vehicle (EV))
or provide a service that can be stored (e.g., heating). Shiftable loads usually
involve cycles (e.g., laundry cycle) and their service can be moved on time.
Curtailable loads offer the possibility of interrupting or reducing the load for
a certain time. Non-curtailable loads are those loads that cannot be used for
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Table 2.1: Load classification for demand response purposes [53].

Storable Shiftable Curtailable Non-curtailable

Definition energy can
be stored

power can be
moved in time

power can be
interrupted/reduced

power cannot be
shift/reduced

Example EV laundry lighting television

demand response because they cannot shift nor interrupt/reduce their usage.
Depending on the consumers some loads can fall in different categories (i.e.,
one consumer may consider the television as a curtailable load while another
may not). Table 2.1 summarises the load classifications for demand response
purposes.

2.5 Grundfos Dormitory Lab

The Grundfos Dormitory Lab is a testbed that has been used along this PhD
study as a main case study. This testbed is a large student dormitory located in
the harbour of Aarhus, the second largest city in Denmark. The building hosts
around 200 students under their thirties with an almost equal gender distri-
bution. The building has 159 apartments of small sizes for one or two people
with no large white appliances (e.g., dishwasher). This 12 floor building has
a laundry room in the basement and a common kitchen in the top floor.

The Grundfos Dormitory Lab is equipped with a large wired sensor net-
work. This sensor network reports 3,168 different measurements with differ-
ent periodicity, most of them every five seconds (i.e., a few dozens of sensors
report every one hour). There are 19 different measurements for each of the
159 apartments on indoor climate conditions (e.g., temperature), domestic
water usage (e.g., flow) and district heating usage (e.g., inlet temperature).
There are also available measurements from common facilities like a weather
station on the roof.

During the development of this dissertation, the Grundfos Dormitory Lab
has been equipped with a wireless sensor network to complement the avail-
able data set. The wireless sensor network is based on a variety of ZigBee de-
vices: smart meter cards, door sensors, smart plugs and more. These sensors
enable reporting on electricity consumption at apartment level every minute,
door opening detection in all 53 doors within the building, high monitoring
resolution of laundries and tumbles driers and others. Grundfos Dormitory
Lab is an excellent testbed with a unique monitoring infrastructure.
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Figure 2.5: Grundfos Dormitory Lab, a unique testbed located in Aarhus.
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Figure 2.6: Average daily electrical power usage of the Grundfos Dormitory Lab
with one minute resolution from the 18-02-2016 until the 8-03-2016.
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Figure 2.7: Grundfos Dormitory Lab daily electricity usage for the period from the
18-02-2016 until the 8-03-2016.

Figure 2.6 shows the average daily power profile of the testbed for a
defined time period. It can be seen that most of the electricity is used in the
apartments, which account for around 60% of the power during the typical
Danish peak at 18:00. The washing machines and tumble driers account also
for a significant part of power usage during laundry room opening hours
(laundry room is closed at night due to excessive noise). It can also be ob-
served that the electricity usage of the driers is larger and somehow delayed
with respect to the washing machines (i.e., first residents run a washing ma-
chine and then they dry their clothes). The ventilation system in this building
is always on and it accounts for an almost constant consumption of around 2
kW. The elevator power usage is also displayed and the remaining electricity
consumption is grouped in the others category, which includes the common
kitchen and water pumping among others.

Figure 2.7 shows the total daily electricity consumption from the 18-02-
2016 until the 8-03-2016. The average total building electricity consumption
for this period is 685 kWh per day. The apartments account for half of the
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building consumption while the others category for almost one third. The
appliances in the laundry room account for 7% of the total average consump-
tion, the ventilation system for 7% and the elevator for 4%. In this plot, it
can also be observed that in two of the three visualised Saturdays (i.e., the
27-02-2016 and the 5-03-2016) the consumption is relatively lower than the
rest of the weekdays.
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System Design for Residential Demand

Response

ICT systems can be used to tackle the challenges that arise when providing
residential demand response. This chapter introduces the systems developed
and the design considerations to overcome these challenges. First, the de-
sign and prototype of the Building Energy Management System (BEMS)
are detailed. Second, the feedback mechanism for consumer involvement is
explained. Third, demand response communication protocols are assessed.
Finally, a demand response controller is presented and an extension of a
ventilation system to be used in demand response applications is explained.

3.1 Building Energy Management System

There is a growing interest on EMSs for demand response provisioning from
the industry [65, 91, 96] and the academia [27, 68, 84]. In buildings, EMSs
usually present a centralised architecture [27, 68, 84], where a BEMS can
monitor and control the local DERs within the building [66]. Costanzo et
al. described a scalable and extensible layered architecture of an EMS for
demand response applications [27]. They evaluate part of the designed ar-
chitecture in a simulation environment. Ozturk et al. presented a home EMS
capable of providing load forecasting and load scheduling by considering the
needs of both the utility and the consumer [84]. The authors evaluate their
architecture in a simulation environment. The authors in [68] introduced an
ICT architecture for automating demand response in residential households.
They developed a prototype and test it in a realistic setting.

3.1.1 System Design

A BEMS is an ICT platform that can enable demand response provision from
residential households by connecting the consumers with the electrical grid.

23
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Figure 3.1: Context diagram of the Building Energy Management System (BEMS)
for residential demand response. [Photo:Colourbox]

It is therefore necessary that such system is designed to benefit both residen-
tial consumers and the electrical grid. With that in mind, the BEMS has a
two-fold objective: provide demand response services and run a local energy
efficient control. This duality is achieved by addressing the following high
level requirements:

• Monitor the building performance (e.g., energy usage and others) and
relevant external information (e.g., grid status).

• Control DERs in the building in an optimal and energy efficient manner.

• Enable aggregated demand response provision to an aggregator.

• Empower the consumers by providing them energy related services and
engaging them in different control interventions.

Figure 3.1 shows the designed BEMS and the interaction of this system
with different stakeholders. The residential building is equipped with differ-
ent DERs normally used by the consumer, for example local generation units,
storage solutions or loads. Some of these DERs are monitored by the metering
infrastructure and can be directly regulated by the controlling infrastructure.
The BEMS gathers information from electricity markets, external informa-
tion providers, the building metering infrastructure and the consumers. All
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Figure 3.2: Beckhoff embedded computer running the Building Energy Management
System (BEMS) prototype.

this information is then processed and used for the decision-making with two
goals: provide demand response to an aggregator and optimally control the
local DERs in an energy efficient manner. Once a control decision is made,
the BEMS regulates the DERs through the controlling infrastructure in a di-
rect control scheme or by providing trigger signals to the consumers in an
indirect control scheme. In return, the BEMS provides some services to the
consumers like energy savings and energy awareness.

3.1.2 Prototype

A prototype with the data acquisition functionality of the designed BEMS
has been developed and tested in the Grundfos Dormitory Lab as a proof-
of-concept. Other functionalities like load control have been implemented
and tested independently. Integration of these functionalities in a full-fledged
prototype is left for future work.

The prototype of the BEMS is a server application with a local database
running on the CX-2030 embedded computer from Beckhoff shown in Fig-
ure 3.2. This device runs Windows 7 Embedded, has a dual-core Intel Core i7
1.5 GHz CPU, 32GB CFAST flash memory and 2 GB of RAM. The CX-2030
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was chosen for its high reliability; its capacity to use building automation pro-
tocols (e.g., Modbus); and its larger computational power to handle the large
data feed from the testbed sensor network. The prototype has been imple-
mented in Python because it enables fast prototyping and has many libraries.
PostgreSQL database management system has been chosen for being open
source and having good scalability properties.

The implemented prototype collects data from: the building monitoring
infrastructure using Advanced Message Queuing Protocol (AMQP); the Dan-
ish TSO (Energinet.dk) using File Transfer Protocol (FTP); a Danish DSO
(NRGi) using Secure File Transfer Protocol (SFTP); a local weather fore-
cast using FTP; the Nordic Electricity Market (Nord Pool Spot) using FTP.
Handling all this data corresponds to an average of 430 inserts in the database
every second, a CPU load of 12% and a RAM usage of 71%. For more details
on the design and prototype of the BEMS the reader is addressed to [P8]. This
has led to the following contribution:

Contribution 1. Design, implementation and evaluation of a Building
Energy Management System (BEMS) for residential demand response
provision.

3.2 Feedback Mechanism for Consumer Involvement

The success of residential demand response is dependent on the acceptance
and support of the consumer. Consumers should not be treated as if they were
power plants to provide demand response because it would be an ‘ineffective
effort’ [69]. Instead, consumers should be an integral part of demand response
systems playing an important role in the decision-making [72].

Studying how to affect the electricity usage habits of the residential con-
sumers has attracted the attention of many researchers [40, 46]. The typical
manner to involve the consumer in demand response provisioning is by using
energy awareness displays. These displays usually use dashboards to visu-
alise all kinds of information [36, 92]. However, there are also alternative
options like a clock that shows forecast information [92] or even a power
cord that illuminates as current goes through it [51]. The information shown
to the consumer can be electricity price forecast [26], electricity used [36, 92],
production forecast [92], environmental footprint [P7] and others.
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Figure 3.3: Feedback mechanism for demand response provision through indirect
control to influence consumer energy usage. [Photo:Colourbox]

3.2.1 System Design

Figure 3.3 shows the designed system for demand response provision by
consumer involvement in an indirect control scheme. The figure is divided
in two parts: energy domain on the left and information domain on the right.

In the energy domain, electricity is generated from CESs and RESs. Fur-
thermore, the electricity is also exported from and imported to foreign coun-
tries. Country generation and energy exchange leads to a CO2 emission re-
lated to the electricity production. The correlation between RES generation
and CO2 emission intensity in Denmark has been calculated and is shown in
Figure 3.4. It can be observed that in certain months from both 2014 and 2015
this negative correlation exceeds 90%. The TSO and DSOs are responsible for
delivering electricity to residential buildings. These buildings are equipped
with smart meters, which report information on electricity usage, and with
DERs, which are used by the consumers.
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Figure 3.4: Correlation between RES generation (wind and solar) and CO2 emission
intensity in Denmark for each month in 2014 and 2015. The data has been extracted
from Energinet.dk FTP server that contains the required data with five minute res-
olution. Although the correlation is negative, it is visualised in positive values for
clarity.

In the information domain, the energy mix and the CO2 emission intensity
are sent to the processing and control logic as an information service through
the Internet. Furthermore, the building electricity usage is collected through
the local area network by the data acquisition and dispatching and sent to the
processing and control logic. All this information is digested and translated
into a signal shown to the consumers through the sensory feedback. The goal
of this signal is to affect the way the consumers use their electricity and thus
provide demand response.

3.2.2 Prototype

A prototype of the designed system has been developed and tested in the
Grundfos Dormitory Lab. This prototype is independent from the designed
BEMS but could be integrated with the BEMS, as illustrated in Figure 3.3.

The prototype collects data on the 24 hours CO2 emissions forecast and
the five minutes calculated CO2 emissions based on scheduled production
from Energinet.dk. These data are used in a simple yet effective feedback sig-
nal shown to the consumer using a blinking LED. When current CO2 intensity
is above a certain upper threshold defined using CO2 forecasts, the LED is set
to blink red. When current CO2 intensity is below a certain lower threshold,
the LED is set to blink green. Hysteresis is used to avoid continuous switching
between red and green periods. A green signal represents a ‘good period’
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to use electricity while red signal represents a ‘bad period’ to use electricity
from a CO2 intensity perspective. For more details on this system the reader is
addressed to [P7]. This feedback mechanism has led to another contribution:

Contribution 2. Design, implementation and evaluation of a feed-
back mechanism to engage electricity consumers with demand response
provision in an indirect control setting.

3.3 Assessment of Demand Response Communication Protocols

The success of demand response can be jeopardised by the lack of commu-
nication standards for demand response messages, such as electricity pric-
ing and events specification [41]. There are several protocols that by their
general scope could potentially be used for demand response purposes. The
latest release of BACNet [13] includes a couple of objects that can be used
for demand response applications (i.e., load control object and accumula-
tor object) [70]. The OPC-Unified Architecture can be used to provide web
services for demand response application [23]. However, there are two com-
munications protocols especially designed for demand response purposes:
OpenADR [83] and Smart Energy Profile 2.0 [106].

3.3.1 OpenADR

OpenADR stands for Open Automated Demand Response and is an applica-
tion layer protocol used to exchange demand response messages between ser-
vice providers, customers and their EMSs [83]. In 2013, OpenADR enabled
250 MW of demand response provision from industrial and commercial cus-
tomers in California, United States [83]. In November 2015, the OpenADR
Alliance and the USEF signed a Memorandum of Understanding to foster
collaboration to connect and optimise smart energy systems [82]. This memo-
randum can be an inflection point for a large-scale deployment of OpenADR.

OpenADR fosters Facility-centric Load Control (FLC), meaning that the
customer simply receives a load reduction request, the decision on how this
load shed is achieved is left to the facility operator. The architecture of this
protocol is server-client with two different type of nodes: Virtual Top Node
(VTN) and Virtual End Node (VEN). Communication always happens be-
tween a VTN and VENs, usually in a one-to-many relation. A same entity
can be both a VTN downstream in the hierarchy and VEN upstream in the
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hierarchy, as shown in the left part of Figure 3.5. Generally, a VTN is an entity
responsible for transmitting grid conditions to subordinated VENs which can
control energy resources.

OpenADR considers two main operation modes: PULL mode and PUSH
mode. In the PULL mode, all operation are initiated by the VEN, who pulls
all information from the VTN. In PUSH mode, all operation are initiated by
the VTN, who pushes all information to VENs.

OpenADR 2.0 uses eXtensible Markup Language (XML) as data for-
mat and supports two transport modes: Hypertext Transfer Protocol (HTTP)
and eXtensible Message and Presence Protocol (XMPP). The protocol also
presents two different levels of security: standard and high. In the standard
level, Transport Layer Security (TLS) over HTTP POST messages is used to
secure the communication between nodes (in the specifications this is called
simple HTTP). This setting provides authentication, confidentiality and data
integrity. In the high level, Public Key Infrastructure (PKI) supports the provi-
sion of certificates (i.e., XML signatures) thus adding an extra security layer
for non-repudiation (protection against denial attacks).

3.3.2 Smart Energy Profile 2.0

SEP 2.0 stands for Smart Energy Profile 2.0 and is the evolution of ZigBee
Smart Energy 1.x. SEP 2.0 was initially developed by a collaboration between
the ZigBee Alliance and HompePlug R©. More recently, SEP 2.0 was adopted
as an IEEE standard and further development is proceeding within the IEEE
2030.5 technical group. This technical group is supported by the NIST and
the Internet Engineering Task Force (IETF). The NIST has identified SEP 2.0
as a standard for common smart grid use cases [76]. Since IEEE adoption,
SEP 2.0 is also known as IEEE 2030.5TM-2013.

ZigBee Smart Energy 1.x has traditionally focused on residential cus-
tomers and is largely deployed in diverse meters. SEP 2.0 presents a client-
server architecture, being the main difference between servers and clients that
servers host resources to which clients can access. SEP 2.0 is client-initiated
and thus avoids issues when clients are behind a firewall.

SEP 2.0 lies on top of four key ICT choices: Internet Protocol (IP), Rep-
resentational State Transfer (REST) HTTP, TLS and Common Information
Model (CIM) [59, 60]. SEP 2.0 is designed to be interoperable for Internet ap-
plications supporting IP technologies. It presents a REST architectural style,
introduced by Fielding [43], using HTTP as transport. To secure message
exchange, SEP 2.0 uses TLS, thus providing the following security services:
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authentication, confidentiality and data integrity [98]. PKI is used to man-
age certificates for authenticating clients and servers. SEP 2.0 uses XML as
data format and is CIM compliant. CIM is an IEC standard for information
exchange in electric systems used by industries and suitable for smart grid
applications [59, 60].

The functionality of SEP 2.0 is described in resources and function sets.
For demand response applications, it is of special interest the Demand Re-
sponse Load Control (DRLC) function set within the Smart Energy Resource.
This function set is targeted to provide controllability over loads in a demand
response scenario in a direct manner.

A possible application scenario for demand response is displayed on the
right side of Figure 3.5. A server device could be a EMS receiving informa-
tion of a demand response program upstream in the hierarchy. A client device
in this could be a Heating, Ventilating and Air Conditioning (HVAC) system
in a household that can be remotely controlled.

3.3.3 Protocol Evaluation

An initial and brief comparison between OpenADR and SEP 2.0 was made
in [47]. In this subsection, a comparison between these two protocols is per-
formed to assess which protocol is best suited for the designed BEMS. The
architecture differences between the two protocols are shown in Figure 3.5.

SEP 2.0 has generally a broader scope than OpenADR, meaning that SEP
2.0 is designed for smart grid applications in general, whereas OpenADR
is designed for demand response applications. While OpenADR has been
historically used for commercial and industrial customers, SEP 2.0 has tra-
ditionally focused on residential customers. This can also be observed in the
different way the protocols provide demand response: SEP 2.0 is designed
for Direct Load Control (DLC) while OpenADR is meant for FLC.

From an interoperability perspective, both protocols use HTTP as data
transfer protocol and XML as data format. Additionally, both protocols are
application layer protocols that can run on top of different Internet tech-
nologies within the IP protocol suite. However, SEP 2.0 presents certain
advantages over OpenADR: a REST architectural style and CIM compli-
ance. It should be noted that CIM compliance may not be that relevant when
providing demand response to an aggregator (and not directly to a DSO).

From a security perspective both protocols have similar characteristics.
TLS is used in both protocols to provide confidentiality in the message ex-
change, to ensure authenticity of the different parties communicating and to
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ensure integrity of the messages being sent. Furthermore, both protocols use
PKI that can provide protection against non-repudiation attacks, which can
be a relevant service in a transactional energy scenario.

From a maturity perspective in demand response applications, OpenADR
is a more mature protocol than SEP 2.0, meaning that it has been more
widely deployed. Additionally, in SEP 2.0, clients always initiate the com-
munication while in OpenADR the communication can be both initiated by
servers or clients. A client-initiated protocol has the advantage of not having
problems when clients are behind a firewall but at the cost of increasing the
communication overhead. This overhead is caused because the client needs
to periodically ask the server for updates. The flexibility of deciding who
initiates the communication is an advantage of OpenADR.

Table 3.1 summarises the main characteristics and differences between
these two protocols. The characteristics of SEP 2.0 are more appealing than
OpenADR but OpenADR is more mature in demand response applications
(i.e., OpenADR enabled 250 MW demand response provision in 2013 [83]).
For the communication upstream of the BEMS, OpenADR seems a more
natural selection for the way the system is designed: centralised controller of
energy resources in the building. SEP 2.0 could be used for the communica-
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Table 3.1: Comparison of OpenADR and SEP 2.0

OpenADR SEP 2.0

Scope demand response smart energy
Target customer commercial & industrial residential
Control method facility-centric load control direct load control
Communication start VTN (PUSH) or VEN (PULL) client-initiated always
Organisation services resources/function sets
CIM compliant no yes
Data format XML XML
Transport modes XMPP & simple HTTP RESTful HTTP
Security TLS & PKI certificates TLS & PKI certificates
Periodic event pooling yes (PULL) yes

tion between the BEMS and monitoring and controlling infrastructures of the
building.

The DRLC function set of the SEP 2.0 has been evaluated using a simu-
lation environment in different scenarios in [P2, P3]. The objective of these
evaluations was to assess the overall performance of direct control strate-
gies when changing different parameters in SEP 2.0 than can be tuned. One
of these evaluations consisted on a load aggregation scenario where 10,000
washing machines were controlled by a curtailment service provider. A peak
clipping strategy was deployed from 18:00 to 20:00, introducing a constraint
of maximum 650 appliances running at the same time. The starting time
of the washing machines was defined stochastically and it was studied the
effect of varying the randomised starting time parameter of SEP 2.0. This
parameter adds a random delay in demand response events and is meant to
avoid a rebound peak for massive load reconnection. The top plot of Fig-
ure 3.6 shows the aggregated power for three cases: baseline (solid-blue), no
randomised starting time (green-dotted line) and randomised starting time be-
tween zero and 20 minutes (magenta-stared line). The bottom plot shows the
number of running washing machines (SEP 2.0 clients) with the maximum
clients threshold (horizontal red-dashed line). In this specific scenario, it can
be observed that by introducing randomised starting time (magenta-stared
line), the rebound peak observed in the green-dotted line is simply delayed
on time. This illustrates the importance of considering a demand response
communication protocol when assessing the demand response potential.

A light-weighted OpenADR protocol has been used in a co-simulation
environment for assessment of demand response potential in a residential



34 3 System Design for Residential Demand Response

0

200

400

600

800

1000
P
o
w

e
r 

[k
W

]
Baseline No rand. start Rand. start∈[0,20] min

17:00 18:00 19:00 20:00 21:00 22:00
Time of the Day [hh:mm]

400

500

600

700

800

900

1000

N
o
. 
C

lie
n
ts

 [
-]

650

Figure 3.6: Simulation results for a load aggregation scenario extracted from [P3].
The top plot shows the aggregated power for three cases: baseline (solid-blue), no
randomised starting time (green-dotted line) and randomised starting time between
zero and 20 minutes (magenta-stared line). The bottom plot shows the number of
washing machines running for each case.

building [P5]. In this work, it was demonstrated how OpenADR could be used
to handle communication between a BEMS and a demand response service
provider.

For more details on demand response communication protocols and their
possible applicability in the residential domain, the reader is referred to [P2,
P3, P5, P8]. The analysis done in this section has led to the following contri-
bution:

Contribution 3. Evaluation from the specifications and simulations of
demand response protocols under direct control strategies and scenarios.

3.4 Controller Design for Demand Response Provision

This section introduces a controller to provide a combination of price-based
and event-based demand response. The designed controller is based on Model
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Predictive Control (MPC). MPC has been used in industrial applications for
many years and more recently for building control [52, 80, 100]. MPC is a
good strategy for systems with complex dynamics and to handle constraints.

A general formulation of MPC is shown in Equation 3.1:

min
h∑

k=1

f (x , u, k , d)

s.t . gm(x , u, k , d) ≤ 0

gc(x , u, k , d) ≤ 0

(3.1)

where x are the system variables, u the control inputs, k the time iteration
and d the system disturbances. MPC uses a model of the system under control
gm(x , u, k , d), under certain constraints gc(x , u, k , d), to get optimal control
strategy minimising a cost function f (x , u, k , d) over a prediction horizon h .
A common approach to provide price-based demand response is to use the so
called economic MPC [52], where the optimisation minimises energy costs.

Other studies have described similar attempts to combine price-based and
event-based demand response [80, 100]. Tahersima et al. introduced an al-
gorithm to combine direct and indirect demand response provisioning [100].
However, the direct provisioning studied only previously contracted events
without economic incentives, thus not considering the full economic poten-
tial. Oldewurtel et al. presented a standardised method to estimate the demand
response potential in buildings by calculating the shifting potential of electric-
ity usage of a building, which has already been optimized based on varying
prices [80]. However, the methodology is used to assess static potential and
is infeasible for on-line applications due to its large computation time.

The proposed controller is based on a two-stage MPC, as shown in Algo-
rithm 1. For simplicity, it is assumed that the controller regulates the temper-
ature in a room with an electric heater. The time parameters of this algorithm
are four: prediction index k , prediction horizon h , deployment time i and
bidding horizon b. The algorithm takes as inputs the electricity prices p,
the weather forecast d , the temperature constraints Tmin and the power con-
straints Pmax for the full prediction horizon k +1: k +h . Additionally, it also
takes the measured temperature Tsensor at time k to correct model deviations.
The algorithm generates a matrix with offering prices X for a reduction of
∆Pred W for the whole bidding horizon i + 1: i + b. Furthermore, the al-
gorithm outputs the future power constraints Pmax originated from accepted
bids and the control action of the following iteration u(k + 1).
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Input: p(k+1: k+h), d(k+1: k+h), Tmin(k+1: k+h), Pmax (k+1: k+h),
Tsensor (k)
Output: X (k , i + 1: i + b), Pmax (k + 2: k + h + 1), u(k + 1)

Stage 1 - Price-based: Calculating control baseline signal ubase using
economic MPC.

Stage 2 - Event-based: Calculating offering prices X (k , i : i + b) for
reduction of ∆Pred from ubase

1: Send X (k , i + 1: i + b) to aggregator and wait for reply
2: Update u and Pmax

3: Send u(k + 1) to actuators

Algorithm 1: Two-stage Model Predictive Control (MPC) at time k .

Electricity prices are used in the first stage to obtain an optimal strategy
ubase by means of an economic MPC thus providing price-based demand
response. It should be noted that the presented algorithm uses MPC with a
receding horizon, meaning that the optimisation is recalculated in each time
k for the forthcoming horizon h .

In the second stage, an MPC instance is executed for each deployment
time i in the bidding horizon i +1: i +b. In each instance, a power constraint
is added in time i of ∆Pred W with respect to the optimal control strategy
ubase . This is a more constrained problem than in stage one and therefore will
have an equal or higher cost. The cost difference with ubase is the minimum
price to accept a reduction bid of ∆Pred W. All the calculated reduction bids
are then stored in the matrix X , which contains the cost of a certain power
reduction, calculated at time k for each deployment time i in the bidding
horizon i + 1: i + b. This matrix is then sent to an aggregator that can accept
the offered bids. To provide the accepted bids, a power constraint is added
for the specific time slot and the control action u is updated and sent to the
actuators. Event-based demand response is provided in this second stage.

Figure 3.7 shows an example of the content and interpretation of the of-
fering matrix X . The horizontal axis is the time when an offer has been made
while the vertical axis is the time when this offer is due (i.e., deployment
time when the event starts). The matrix can be interpreted column-wise and
row-wise. Column with k = 3 contains the prices of power reductions of
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Figure 3.7: Illustrative example of the offering matrix X with invented numbers but
with similar tendencies as in the simulations in [P4].

∆Pred W from i = 4 for the whole bidding horizon b = 4 (i.e., i = 4, 5, 6, 7).
Row with i = 6 shows how does the offering price of this fixed deployment
time vary as offering time gets closer to deployment (i.e., as preparation time
shrinks). A red tile indicates that it is impossible to reduce power in that
time (e.g., the power is already zero) while an orange tile means that the
reduction cannot be provided without violating the comfort constraints of the
consumers.

This controller could be used in a transactional energy scenario and has
been tested in a co-simulation environment detailed in the next chapter. For
more details on the two-stage MPC the reader is addressed to [P4]. The design
and evaluation of this controller has led to the following contribution:

Contribution 4. Design and evaluation through co-simulation of a two-
stage model predictive controller to combine price-based and event-based
demand response provisioning.
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3.5 Ventilation System Extension

Additional equipment is usually required to enable demand response provi-
sioning from some appliances and loads. The simplest example would be to
install a smart wall-plug that could be remotely turned on and off. Although
smart wall-plugs may be useful for certain appliances, other systems require a
large degree of controllability. This section presents the extension done to the
ventilation system in the Grundfos Dormitory Lab to enable demand response
provisioning.

It is important that the designed solution enables direct control of the ven-
tilation system through the Internet. Security measures must be added in the
system to avoid misuse of this remote controllability. The system extension
should support fall-back operation and setpoints overwrite as well as enable
monitoring of the performance. Finally, interoperability and reliability are
also crucial characteristics to ease controllability from different actors and to
ensure system operation, respectively.

The remote controllability of the system is achieved by designing an Ap-
plication Programming Interface (API) that acts as a proxy between demand
response actions from external actors and specific control commands that
the local controller of the ventilation system understands. The same prin-
ciple could be used in similar extensions to allow demand response provision
from other systems. The designed API is secured by allowing connection just
from known IPs (i.e., IP filtering) and by using the OAuth 2.0 authorisation
framework [45]. Interoperability is ensured by using a REST interface for the
API with Hypertext Transfer Protocol Secure (HTTPS) as transport mode.
Reliability and system monitoring are considered by deploying the system
in a industrial embedded computer that supports remote desktop connection
(i.e., CX-2020 from Beckhoff).

The functionality of the implemented API is shown in Figure 3.8. Before
having access to the API, a user needs to be authorised, using user-name
and password, and receive a corresponding token. This token is used in each
HTTPS message sent by the authorised user. When the API receives a read or
write request from the user, it converts it into a Modbus message. This mes-
sage is then sent using Modbus protocol to the ventilation controller which
replies. If response to the user is required, the API translates this Modbus
response to a readable message that is sent to the user in JSON format.

A prototype of the designed system has been implemented and deployed
in a CX-2020 embedded computer from Beckhoff located in the Grundfos
Dormitory Lab as seen in Figure 3.9. This hardware is less powerful than the



3.5 Ventilation System Extension 39

AuthorisedkUser

Read/writeIrequestIwithIcredentialsI(OAuthI2.0)

ModbusIrequestI

ModbusIresponseI

ConvertIAPIIrequestIintoI
ModbusIrequest

ConvertIModbusIresponseIintoI
readableImessagesI(ifIneeded)

JSONIresponse

DesignedkAPIk(CX-2020) VentilationkController

Internet LocalkAreakNetwork

Figure 3.8: Functionality of the designed Application Programming Interface (API)
of the ventilation system.

CX-2030 used in the BEMS. The designed API is meant to be running on the
same embedded computer that hosts the BEMS. However, integration with
the BEMS has not been done yet.

More details on the system design can be found in [P6, 97]. This API has
been successfully tested in several experiments in [P5, P6]. The design, test
and validation of this system has led to the following contribution:

Contribution 5. Design, implementation and evaluation of a system ex-
tension for secure and reliable remote control of a ventilation system.
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Figure 3.9: Extension done in the ventilation system in the Grundfos Dormitory Lab.
The red round shows the Beckhoff CX-2020. The green round shows the power
supply of the CX-2020 and an extension module. More details provided in [97].



4
Evaluating Demand Response Potential in

Residential Buildings

The success of residential demand response is subject to the demand response
potential that households can provide. Therefore, it is important to assess this
potential from direct and indirect control mechanisms, as well as different
interventions, like front-stage and back-stage (see Figure 2.4). This chapter
presents an analysis of the demand response potential of different common
loads in residential buildings. The analysis is organised by load type and uses
diverse tools and methods to evaluate the potential in a comprehensive man-
ner: simulations, co-simulations, co-simulations with Hardware-in-the-Loop
(HiL) and field trials. This chapter is also meant for validating the systems
presented in the previous chapter.

4.1 Ventilation Systems

HVAC systems are usual targets of demand response interventions [49, 75,
81, 99, 105]. The main reasons for this interest are the following: HVAC
systems account for an important amount of energy; HVAC systems provide
a service, indoor climate, that can be stored using the thermal capacity of
buildings; and HVAC systems normally present a certain level of automation
that ease their controllability [75].

Most of the energy in HVAC systems is used to regulate temperature,
for heating and cooling purposes, while less energy is required to circulate
the air, for ventilating purposes [105]. This has biased the interest towards
temperature control [49, 81, 99, 105] rather than to ventilation control [54,
71].

In temperature control, Yoon et al. designed a controller of a HVAC
system that regulates the temperature considering residents comfort and a
varying price tariff [105]. They evaluate their controller design in a simula-

41
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tion environment. Olivieri et al. evaluated the demand response potential of
a cooling system using a co-simulation environment [81]. They claim reduc-
tions between 23% and 47% on power while satisfying occupants comfort.
Su and Nordford recently developed a chiller controller for frequency regula-
tion purposes [99]. They tested their controller in an experimental evaluation
showing that 25% of the system nominal power can be used for frequency
control.

In ventilation control, some ventilation fans are equipped with variable
frequency drives that enable a fast response. Hao et al. studied the response
time of fan control for demand response purposes claiming that a system
can react within eight seconds [54]. Lin et al. claimed to be the first au-
thors on controlling a HVAC system for ancillary service provision in a real
building [71]. They claim that around $1,400 could be earned every year by
participating in the regulation power market.

Ventilation system control is typically constrained by the comfort of the
residents in terms of indoor air quality. This can be done by ensuring a
minimum room air exchange but also a maximum concentration on certain
elements, like CO2. To ensure proper ventilation there are standards and reg-
ulations that HVAC systems should follow. The ASHRAE 62.2 was the first
standard to consider indoor air quality in residential buildings [14]. Inspired
from ASHRAE 62.2, the Danish Standard defines a minimum ventilation air-
flow that depends on the characteristics and occupancy of the building [107].

4.1.1 System Modelling

Ventilation system models have diverse levels of complexity depending on
the composition of the system but also on the model type. These models
are usually divided in: data-driven models, physics-based models and grey
box models [9]. Data-driven models use advanced algorithms that solely rely
on system measurements. On the contrary, physics-based models use the
physics laws of processes to predict system performance. Grey box models
are half-way between the previous models and generally use some physics
laws combined with data measurements to tune certain parameters.

The ventilation system model presented is a grey box model with two
components: the fan model and the CO2 concentration model. The fan model
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is based on the affinity laws [21], which are a set of equations that describe
the relation between two different fan operating points:

Pfan(ps) =

[
ps

ps,ref

]γ
Pref (4.1)

Q(ps) =

[
ps

ps,ref

]ω
Qref (4.2)

In Equation 4.1, Pfan is the fan power usage, ps is the duct static pressure,
ps,ref is the reference duct static pressure value, γ is an exponent that in ideal
conditions1 is 3/2 [21] and Pref is the reference power value. In Equation 4.2,
Q is the airflow, ω is an exponent that in ideal conditions is 1/2 [21] and
Qref is the reference airflow value. The γ and ω exponents can be tuned using
system measurements to reflect more accurately the system performance [93].

The airflow obtained from Equation 4.2 is fed into the CO2 concentration
model, which is based on this differential equation:

V
dC

dt
= (Q-qL)(Cout -C ) + G (4.3)

where V is the volume of the room/building considered, qL is the leak-
age/infiltration airflow, Qout is the outdoor CO2 concentration, C is the in-
door CO2 concentration and G is the CO2 flow generated indoors due to
human activity and machinery.

Model Validation
The presented model has been validated in the ventilation system of the
Grundfos Dormitory Lab as shown in Figure 4.1. This system consists of
two fans with different characteristics: the exhaust and the supply fan2. The
airflow provided by the supply fan is assumed as the inlet airflow into the
building. An experiment was carried out to gather enough measurements to
tune the model parameters. The experiment consisted on gradually increasing
the ps control input and collecting measurements from power for both fans
and airflow for the supply fan. Using a logarithmic transformation, it is possi-
ble to linearise Equations 4.1 and 4.2 and fit a first order linear model without
intercept to determine γ for both fans and ω for the supply fan.

1 Constant air density, constant efficiency etc.
2 The inverters of the supply and exhaust fans have a nominal power of 7.5 kW and 5.5

kW, respectively.
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Figure 4.1: Ventilation system model of the Grundfos Dormitory Lab.

Table 4.1: Information of the fan model parameters and their performance.

Supply fan power Exhaust fan power System airflow

Ideal exponent γ = 3
2

γ = 3
2

ω = 1
2

Fitted exponent γ = 1.19 γ = 0.92 ω = 0.65
Testing MAPE 2.26% 3.34% 2.85%

The obtained measurement points have been used in a five-fold cross
validation [55], with 75% of the measurements for training and validating
the model and 25% for testing. This led to a γ value of 1.19 for the supply fan
and 0.92 for the exhaust fan. The obtained system airflow exponent ω is 0.65.
The Mean Absolute Percentage Error (MAPE) index shown in Equation 4.4
can be used to evaluate the performance of the obtained model [30]:

MAPE =
100

N

N∑

i=1

| yi -ŷi |
| yi |

(4.4)

The MAPE values obtained for the different sub-models of the system
using the testing data set are displayed in Table 4.1. It can be observed that
the accuracy on predicting the supply fan power is higher than for the exhaust
fan power.
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In the validation phase of the CO2 concentration model, V is known, Cout

is assumed constant at 400 ppm3 and the leakage/infiltration qL is neglected.
This latter is neglected because the windows in the dorm may not be opened
(due to strong winds) and the building is new (presents good airtightness).
The only unknown parameter is the indoor CO2 airflow generation G . G
can be estimated using CO2 measurements from the sensors in the Grundfos
Dormitory Lab in a time series with an additive decomposition model with
a linear trend and seasonality of 24 hours. The MAPE value of the obtained
CO2 concentration model is 12.2 %.

The proposed model is simple, easy to validate in new systems and pre-
sents good accuracy. It relies on physics equations with parameters that are
tuned using system measurements. The measurements required to tune the
fan model can easily be obtained by a ventilation technician using regular
equipment. However, the measurements used in the CO2 are slightly more
complicated to obtain. The development and validation of this model has led
to the following contribution:

Contribution 6. Model development and validation of a ventilation
system for demand response assessment.

4.1.2 Simulations

The presented model has been used to create a simulation environment to
enable evaluation of aggregated demand response provision from ventilation
systems. The developed simulation environment is developed in Python using
the library SimPy4. A SimPy simulation is composed of Processes, which are
active components (e.g., ventilation system), Environments, where Processes
live, and Events, which are interaction between Processes and the Environ-
ment. The stochastic behaviour of the electricity consumers is modelled using
the Python library BehavSim [15]. This library enables randomised genera-
tion of loads profiles at appliance level that can be aggregated to obtain the
load at household level.

An overview of the SimPy simulator environment is shown in Figure 4.2.
A building is composed of a CO2 concentration model, a supply fan, an ex-
haust fan and a certain number of households. An aggregator can directly

3 http://www.esrl.noaa.gov/gmd/ccgg/trends/
4 https://simpy.readthedocs.org

http://www.esrl.noaa.gov/gmd/ccgg/trends/
https://simpy.readthedocs.org


46 4 Evaluating Demand Response Potential in Residential Buildings

Building N
Building 2

CO2 concentration
model

Supply fan
model

Exhaust fan
model

Household N

Household 2

Appliance 1
Appliance 2

Appliance N
...

Household 1

Building 1

Aggregator

relative static 

pressure setpoint

households 

load

airflow

building 
load

CO2

CO2

CO2

aggregated

load

BehavSim

Figure 4.2: Overview of the developed SimPy simulator environment.

control the ventilation system from a portfolio of buildings by broadcasting a
relative static pressure value.

The simulator environment is tested in a load shed scenario, where ven-
tilation systems run in minimum power from 18:00 to 19:00. It is assumed
that all systems change setpoints simultaneously but a randomised starting
time could be added to avoid sudden power changes. In this test case, all
buildings in Aarhus with size similar to the Grundfos Dormitory Lab (796
in 2015 according to Statistics Denmark5) are being controlled by the ag-
gregator. Each building has ventilation systems with different characteristics,
different indoor CO2 model and different amount of households. The loads of
the households are generated with BehavSim considering the most common
appliances like stoves, fridges, television and others.

The results of this load shed strategy can be seen in Figure 4.3. By ag-
gregating a portfolio of 796 ventilation systems an aggregator can reduce
the power by 1.57 MW during the typical Danish power peak from 18:00 to
19:00. This load shed has an effect on the CO2 concentration levels in the
building that can also be evaluated using this simulator. However, CO2 levels

5 http://www.statistikbanken.dk

http://www.statistikbanken.dk


4.1 Ventilation Systems 47

17:00 17:30 18:00 18:30 19:00 19:30 20:00
Time of the Day [hh:mm]

30

40

50

60

70

80

90

100

A
g
g
re

g
a
te

d
 P

o
w

e
r 

[M
W

]

Baseline

Load shed

18:45 18:50 18:55 19:00
85

86

87

88

89

90

1.57 MW

Figure 4.3: Simulation results for the load shed scenario. The blue-solid line is the
baseline power (without demand response) while the green-dashed line represents
the load shed case.

are not shown for simplicity. The fulfilment of the Danish regulations on a
minimum airflow can also be assessed in this simulator.

The presented simulator is available on GitHub6 and can be used to as-
sess the demand response potential of aggregating a portfolio of ventila-
tion systems. The implementation of this simulator has led to the following
contribution:

Contribution 7. Development of a simulation environment to assess
demand response provision from a portfolio of ventilation systems.

4.1.3 Field Trials

The ventilation fans in the Grundfos Dormitory Lab are equipped with vari-
ables frequency drives that enable a fast response to changes in the control
setpoints. Ventilation systems with these frequency drives can be considered
for ancillary services provisioning for their fast response [71]. The extension

6 https://github.com/comsyslab/VentSysSimulator

https://github.com/comsyslab/VentSysSimulator
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Figure 4.4: Experimental results for the ancillary services assessment. The top plot
represents the averaged power reduction case while the bottom plot represents the
averaged power increase case.

done in the ventilation system of the Grundfos Dormitory Lab is used to eval-
uate the demand response potential. This assessment is done in two different
field trials: ancillary service provisioning and prolonged load sheds.

Ancillary Services
The field trials are designed to analyse ancillary services provision from
services defined by the Danish TSO in [33]. Two different experiments are
considered: down-regulation and up-regulation. Each experiment is repeated
a couple of times and the results are averaged and plotted in Figure 4.4. The
magenta horizontal lines are the reference power value and the vertical red
lines are relevant times for the ancillary service provision. The rebound peak
observed in both cases is due to the inner controllers of the fan inverters,
which could not be changed. The indoor CO2 levels are not shown because
these interventions were too short for CO2 to build up. The building was
occupied during the interventions and the Danish regulations were always
fulfilled by monitoring the system airflow.

In the ancillary service analysis, only the services with lower minimum
power (0.3 MW) and with frequency response are considered. This leads
to assess potential on three services: primary reserve regulation, frequency-
controlled normal operation reserves and frequency-controlled disturbance
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Table 4.2: Analysis of ancillary service provision in Denmark from ventilation sys-
tems. Please note that frequency-controlled disturbance reserves exist only for power
reduction for consumption units [P6].

Ancillary service Response Duration Potential Aggregate

Primary reserves regulation
50% 15s
100% 30s

15 min
↓: 1.0 kW
↑: 4.5 kW

↓: 300 units
↑: 67 units

Frequency-controlled
normal operation reserves

150s
continuous
(60 min)

↓: 1.5 kW
↑: 5.4 kW

↓: 200 units
↑: 56 units

Frequency-controlled
disturbance reserves

50% 5s
100% 30s

continuous
↓: 1.0 kW
↑: 4.5 kW

↓: 300 units
↑: 67 units

reserves. The characteristics of these services and the service provision po-
tential are shown in Table 4.2.

It can be observed that the power reduction potential is generally lower
than the power increase. This is because the considered system normally
operates with a power consumption closer to the power reduction reference
(0.4 kW) than to the power increase reference (7.4 kW). It is required to
aggregate 56 to 67 systems for power increase and 200 to 300 for power
reduction for all services. Participating in the ancillary service market with
the current regulations seems infeasible unless the minimum power bid (0.3
MW) is decreased to a few kW. The limitations on the participation of small-
size DERs in the Danish power market is a well-known problem [16, 29].
Biegel et al. suggested that the forthcoming market regulations (around 2020)
will remove some of the existing barriers for small-size DERs participation
(e.g., minimum bids of one kWh) [16]. Additionally, it is part of the 2015-
2017 strategy of the Danish TSO to focus on removing participation barriers
in ancillary service market thus increasing competition and ensuring ade-
quate services [34]. In this near future scenario, the potential of the analysed
ventilation systems to provide ancillary service would be much higher.

Prolonged Load Sheds
The ventilation systems can also be used in prolonged interventions as far
as the CO2 concentration levels are kept relatively low and the building reg-
ulations are met. The ventilation system potential of these prolonged load
sheds is evaluated in two different experiments: a six-hour shed and a pre-
ventilating experiment (three-hour power increase plus one-hour shed).

The six-hour load shed was performed twice at night time during week-
days and the averaged results are displayed in Figure 4.5. From the red-solid
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Figure 4.5: Experimental averaged results of the two six-hour load shed. The left-axis
shows the CO2 level in the building and the right-axis the power consumption.

line, it can be observed how the CO2 builds up at a quite constant level (no
variation on the amount of people nor activity (sleeping)). This CO2 level is
higher than the baseline (green-dotted line) but still being at acceptable levels.
It can be observed that the power is reduced by 1.6 kW during almost six
hours thus leading to a 9.6 kWh reduction. This type of events can be carried
out when electricity prices are high or when the grid requires a reduction in
consumption.

The pre-ventilating experiment was done twice during weekdays with one
hour difference. To simplify the interpretation, just one of the experiments
is shown in Figure 4.6. In this case, the fan power is increased three hours
before 18:00 and then the power is decreased for one hour until 19:00. It can
be seen that when power increases, the CO2 level (red-solid line) decreases
with respect to the baseline (green-dotted line). In this period the power has
increased by 3.0 kW. During the one hour load shed, the CO2 level builds
up quite fast and the power is reduced 1.6 kW with respect to the normal
operation. This intervention illustrates that the building can be pre-ventilated,
which could be of interest before executing certain demand response events.

This section has analysed the demand response potential of ventilation
systems in Denmark from a set of field trials deployed in the Grundfos Dormi-
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Figure 4.6: Experimental results of the pre-ventilating experiment. The left-axis
shows the CO2 level in the building and the right-axis the power consumption.

tory Lab. The tested ventilation fans have the capacity to regulate power fast
enough to participate in the ancillary service market but the minimum power
bid requires aggregation of several systems. This makes ancillary service pro-
vision with current regulations infeasible. With respect to the prolonged load
sheds, it has been shown that it is possible to manage the power demand of
ventilation fans without major discomfort for the residents. This analysis has
led to the following contribution:

Contribution 8. Experimental evaluation of demand response provision-
ing in Denmark from ventilation systems.

4.1.4 Co-simulation with Hardware-in-the-Loop (HiL)

A comprehensive analysis on the effects of controlling the ventilation system
in Grundfos Dormitory Lab can be done using a co-simulation environment.
Co-simulation environments have the advantage of combining simulators that
excel in different domains. Hopkinson et al. presented one of the first co-
simulations platforms using power systems and communications system sim-
ulators [56]. Co-simulation environments can be enhanced by using HiL, con-
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Functional Mock-up Units (FMUs) and the Hardware-in-the-Loop (HiL) extension.

necting a real hardware or a real system with different simulators. Palmintier
et al. documented one of the few reported co-simulation environments with
HiL [87]. The authors used the common power simulator GridLab-D7 and
connected it with two solar inverters.

VirGIL Extension
The co-simulation environment Virtual Grid Integration Laboratory (VirGIL)
developed at Lawrence Berkeley National Laboratory [22] has been extended
with a HiL component of the ventilation system in the Grundfos Dormitory
Lab. VirGIL combines the state of the art simulators in different domains
using a modular architecture and the industrial standard Functional Mock-
up Interface (FMI) [74]. In this standard, each simulation module is named
Functional Mock-up Unit (FMU) and consists on a zipped folder containing
an XML file with general static information and source code to execute the
simulator. This standard is supported by more than 70 well-known tools8.

An overview of VirGIL is shown in Figure 4.7. The current version of
VirGIL combines buildings, power systems, communications networks and

7 http://www.gridlabd.org/
8 https://www.fmi-standard.org/tools

http://www.gridlabd.org/
https://www.fmi-standard.org/tools
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control systems simulators. All modules in the co-simulation environment
are coordinated by a master algorithm developed in Ptolemy II [88]. The
developed HiL extension has been directly integrated in Ptolemy II. This is
done using the developed REST API of the ventilation system.

The SystemCommand actor in Ptolemy II [104] is used to execute a Python
code that runs a sequence of HTTPS POST/GET messages that securely
communicate with the API over the Internet. The sequence is the follow-
ing: set supply fan pressure setpoint, set exhaust fan pressure setpoint, read
supply fan power, read exhaust fan power, read system airflow, read supply
fan pressure and read exhaust fan pressure. Similarly, the CO2 level in the
building is extracted from the monitoring infrastructure in the testbed. The
SystemCommand actor is here used to execute a Python code that connects to
a MongoDB with near real-time sensor data. This HiL extension of VirGIL
has led to the following contribution:

Contribution 9. Extension of an existing co-simulation platform with a
Hardware-in-the-Loop (HiL) component of the ventilation system for a
holistic demand response assessment.

VirGIL Analysis
VirGIL has been used to do a comprehensive analysis of the demand re-
sponse impact of the ventilation system in the Grundfos Dormitory Lab.
The distribution grid up to the first transformer has been modelled in Power
Factory using data provided by the local DSO. This transformer provides
electricity to nine feeders distributed in five buildings. The load in each build-
ing is assumed to be similar to the one in testbed, which is available from
the monitoring infrastructure. To emulate the communication of demand re-
sponse messages, OMNet++ has been used for the data exchange using a
light-weighted OpenADR protocol between one VTN and one VEN.

During the co-simulations, VirGIL was running in a computer in Berke-
ley, United States, while the ventilation system API was located in Aarhus,
Denmark. The communication of the seven HTTPS messages from United
States to Denmark took an average 5.18 seconds. Time synchronization be-
tween the real time and the simulated time was handled using the Synchro-
nizeToRealTime actor in Ptolemy II. For more details on the experimental
set-up see [P5].

The co-simulation environment without the HiL component was used to
evaluate the load of the transformer during a normal day. To emulate a more
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Figure 4.8: Baseline transformer load obtained using Virtual Grid Integration Lab-
oratory (VirGIL). The building loads in Power Factory have been multiplied by a
factor of three to emulate a more dense area.

dense neighbourhood, the load in each building was multiplied by a factor of
three. In this baseline operation, the transformer load is shown in Figure 4.8.
The red-dashed line shows a 70% threshold, when this limit is exceeded a de-
mand response event is called. This happens from 18:00 to 19:00. This event
consists on following a one-minute varying power reference signal generated
from the local wind production.

The top plot in Figure 4.9 shows the load profile of the ventilation fans
in the testbed (blue-solid line) and the reference signal to be followed (red-
dashed line) in the HiL co-simulation. It can be observed that the system is
capable of following a one-minute varying reference quite accurately.

The bottom plot in Figure 4.9 shows the load in the transformer supposing
that there are 15 ventilation systems9 similar to the one in the testbed being
controlled in the area. It is assumed that each of the 15 ventilation systems has
a similar load profile as in the HiL co-simulation but with an added normally
distributed noise. It can be observed that controlling these ventilation systems
can generate a significant impact in the transformer load: changes of up to 2%
in load in a matter of seconds.

The HiL extension done in VirGIL, enabled analysing the impact of the
demand response provisioning from ventilation systems at the low-voltage
distribution grid. This impact is relatively small for one system but simulta-
neous control of multiple systems can lead to significant effects. For more

9 It is assumed a three times more dense area, with a total of 15 buildings, each of them
with a ventilation system.
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Figure 4.9: The top plot represents the ventilation system power for the load fol-
lowing case in the Hardware-in-the-Loop (HiL) co-simulation. The bottom plot
represents the transformer load of considering control over 15 ventilation systems
like the one in Grundfos Dormitory Lab.

details on this analysis see [P5]. This analysis has led to the following contri-
bution:

Contribution 10. Low-voltage distribution grid assessment of ven-
tilation system control for demand response provision in Denmark.

4.2 Elevators

In this section, elevators in residential buildings are assessed for demand re-
sponse purposes. Many studies have focused on changing the way people use
the elevators [17, 58, 63, 64, 90]. These studies have mainly focused on health
issues by promoting stairs usage [63, 64]. Other studies have mainly focused
on behavioural change, placing artwork in stairwells to improve stairs expe-
rience [17] or using twinkling light paths leading to the stairwells [90]. Be-
havioural change that can lead to permanent reductions in electricity usage in
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Figure 4.10: Green Lift set-up: blinking LEDs and information posters were placed
in the elevator doors to motivate behavioural change.

elevators has also been reported [58, 75]. However, no study has been found
on discouraging elevator use in certain periods and encouraging elevator use
in others in a indirect control demand response setting.

4.2.1 Experimental Design

The designed feedback mechanism for consumer involvement in demand re-
sponse interventions has been used in the validation of the following hypoth-
esis: ‘it is possible to change the way residents use the elevator by providing
them information that encourages stairwell usage in certain periods and el-
evator usage in others in a demand response setting’. This hypothesis was
tested in a one-month field trial called Green Lift.

Green Lift consisted on providing information to the residents of the
Grundfos Dormitory Lab on ‘good’ and ‘bad’ moments to use the elevator,
from a CO2 emission intensity perspective. This was done using blinking
LEDs that flashed red when the current electricity was pollutant and flashed
green otherwise. These LEDs were placed in all elevators doors together with
informational posters as shown in Figure 4.10.
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Table 4.3: Elevator and stairwell usage statistics for different time periods extracted
from processing the door sensors data.

Before Green Lift Green Lift After
04/02-27/02 27/02-24/03 24/03-01/04 01/04-31/12

Average green - 60% 30% -
Ratio elevator/stairs 5.99 5.41 5.30 6.76

18:00-19:00
Signal - red green -
Ratio elevator/stairs 5.47 4.88 3.39 5.39

For a comprehensive evaluation of the results, both quantitative and qual-
itative analysis were done. Sensor data from electricity consumption in the
elevator and from the door openings in the building were used in the technical
analysis. The qualitative analysis was done through interviews and surveys
with the residents.

Green Lift lasted for a bit more than one month. During most of the field
trial the LEDs were set to flash green around 60% of the time but at the end
of the field trial LEDs were set to flash green around 30% of the time. The
expected behaviour of the residents during Green Lift was the following:

• Red signal: Increased door activity and decreased electricity usage.

• Green signal: Decreased door activity and increased electricity usage.

4.2.2 Results

The quantitative analysis showed that during the field trial, there was more
door activity and more electricity consumption when compared with a base-
line. This baseline was constructed from data of almost one year, both prior
but also after the experiment. The experiment was held during March 2015,
a month with high activity in the student dorm, especially when compared
with the used baseline that includes holidays periods (e.g., summer). This
revealed a common problem in demand response interventions: the use of
a baseline to assess the demand response provision. Common approaches
to generate this baseline consist on using historical data (e.g., averaging 10
previous days) [12]. These baseline methods are not perfect but are widely
used.

By combining door openings data, it was possible to get an index that
reflected the relative usage of the elevator versus the stairwell (i.e., ratio
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elevator/stairs). This index for different periods is shown in Table 4.3. This
index should be interpreted in the following manner: before Green Lift, for
one person taking the staircase there were almost six taking the elevator.

From the data in Table 4.3, it can be seen how during the field trial more
people took stairwell than before and after the intervention. It can also be
observed that in the period with 60% of green there was more elevator usage
than in a more restricted period with 30% of green. This leads to the conclu-
sion that during Green Lift there was a higher stairwell usage. However, this
higher activity did not reflect into a lower electricity usage.

From 18:00 to 19:00, the LEDs were forced to flash red in the first part
of the field trial and green in the second one. The results here are contra-
intuitive, because a red signal should have a lower elevator/stairs index than
a green period. This fact combined with the findings from the qualitative
analysis led to believe that the rationale behind Green Lift was complicated to
understand for the residents. More specifically, some residents found counter
intuitive that in certain times it was recommended good to take the elevator.

Interviews with 19 residents revealed that in general the residents were
very positive about Green Lift: they liked the idea and they claimed to have
taken the stairs more often. However, none of the interviewed stated that they
changed their behaviour to reduce CO2 emission. They were mainly react-
ing to the intuitive red/green signal without considering what triggered the
colour coding. As expected, the resident living in the higher floors (from floor
four until 11) claimed to still take the elevator. Those residents who changed
their behaviour said that they expected to go back to normal behaviour once
the intervention was over. This reflects the common problem of temporary
engagement with new practises [57].

The designed feedback mechanism for consumer involvement was tested
to achieve demand response provision from elevators in the Green Lift field
trial. The field trial was successful in motivating more stair usage but this did
not reflect in a lower electricity usage. A possible explanation for this effect is
explained in [58]: if four people approach the elevator and three decide to take
the stairs while one takes the elevator, the electricity consumption would be
almost unchanged despite the lower stops. This leads to think that elevators
in buildings with similar characteristics than the Grundfos Dormitory Lab
may not be good targets for demand response interventions. However, the
feedback mechanism did indeed change the behaviour and testing it in other
scenarios would be very interesting. For more details on the Green Lift inter-
vention the reader is referred to [P7]. This indirect control demand response
provision analysis has led to the following contribution:
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Contribution 11. Experimental evaluation of demand response potential
of elevators in residential buildings.

4.3 Electric Heating

The designed two-stage MPC has been tested in a co-simulation environment
to assess its potential when regulating the heating needs of a small apart-
ment inspired from the Grundfos Dormitory Lab. Although this testbed uses
district heating it is assumed that it uses electric heating. An overview of
the co-simulation environment is shown in Figure 4.11. The controller has
been implemented in Matlab using a 4th order linear state space model, 15
minutes simulation steps, a prediction horizon of five days, a biding step of
one hour with 24 hours horizon and power reductions of 100 W. Electricity
prices have been extracted from Nord Pool Spot and weather conditions from
EnergyPlus. The 20 m2 apartment under control is equipped with a 500 W
electrical radiator and has been simulated in EnergyPlus. The communication
Matlab-EnergyPlus is handled using the Building Control Virtual Test Bed
(BCVTB) middle-ware [104].

Price-based demand response is provided in the first stage of the designed
controller. Under the assumption that no bids are accepted in the second stage,
the operation would be as shown in Figure 4.12. The controller pre-heats the
building when prices are low and reduce power input when prices are high.
The performance of a PID controller is used as a baseline for comparison.
The simulations results show that for the full month of January 2015, the
MPC uses 8% more energy than the PID but the operation is 7% cheaper.

In the second stage of the designed controller, event-based demand re-
sponse is provided by sending reduction bids to an aggregator. The simulation
results are used to generate the offering matrix shown in Figure 4.13. The
colour coding interpretation is the following: red implies impossibility to
provide reduction, orange implies that reduction cannot be provided without
violating consumers constraints and the grey-scale represent feasible offers,
where the darker the colour is, the higher is the price.

In each full iteration of the two-stage MPC, a full column of the offer-
ing matrix is obtained. Analysing Figure 4.13 horizontally, it is possible to
observe the evolution of an offer for a fixed deployment/event start time as
notification/preparation time shrinks. It can be observed that the closer the
deployment and the offering time are, the higher are the prices. Close to
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Figure 4.11: Co-simulation environment of the two-stage MPC controller.

deployment time offers can violate constraints (orange) or become impossible
(red). More interestingly, it is also observed that in certain time periods it is
possible to provide event-based demand response at almost no cost. This low
cost flexibility can be of great interest for aggregators.



4.3 Electric Heating 61

07-00:00 08-00:00 09-00:00 10-00:00 11-00:00
Time [dd-hh:mm]

0

100

200

300

400

500

600

P
o
w

e
r 

[W
]

Relative Price PID Power MPC Power
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5
Conclusions and Future Work

This chapter concludes the summary part of this dissertation and presents
an overview of the contributions by classifying them according to a certain
criterion. These contributions are then evaluated against the main hypothesis.
The chapter finalises with a discussion on future work.

5.1 Contributions Overview

The main hypothesis of the dissertation has been addressed with 11 scientific
contributions. Each of these contributions has been presented in publica-
tions, as shown in Table 5.1. The table shows the level each publication has
supported each contribution: low (L), medium (M) or high (H). For exam-
ple, the demand response protocol assessment (contribution 3) has mainly
been addressed in this dissertation, but also in [P8] with a medium level and
in [P2, P3, P5] with a lower level.

The contributions fall in two categories: system design for residential
demand response and evaluation of demand response potential. The system
design contributions are addressed in Chapter 3 and consist of relevant de-
sign considerations and proof-of-concepts systems for residential demand
response. The demand response evaluation contributions are addressed in
Chapter 4 and consist of evaluations tools and potential assessment. Fig-
ure 5.1 shows an overview of the different contributions and how they relate
to each other.

5.1.1 System Design

The system level design efforts fall mainly in the research of ICT solutions to
enable residential demand response provision. The main contribution in this
part is the BEMS for demand response provision and energy efficient control.
Some components of the designed BEMS have been developed as a proof-of-

63
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Table 5.1: Traceability between contributions and publication(s) where each con-
tribution has been addressed. Each publication can support a contribution at three
different levels: high (H), medium (M) and low (L). The publications with ∗ are
under review.

Ref. Publisher-Type

[C
1]

[C
2]

[C
3]

[C
4]

[C
5]

[C
6]

[C
7]

[C
8]

[C
9]

[C
10

]

[C
11

]

[P1] Springer-chapter M - - - - - - - - - -
[P2] IEEE-conference - - L - - - - - - - -
[P3] IET-chapter∗ - - L - - - - - - - -
[P4] IEEE-conference - - - H - - - - - - -
[P5] IEEE-conference - - L - L L - L H H -
[P6] Elsevier-journal - - - - H H H H - - -
[P7] MDPI-journal∗ - H - - - - - - - - H
[P8] IEEE-conference∗ H - M - - - - - - - -

PhD dissertation - - H - - - - - - - -
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Figure 5.1: Overview of the contributions of this PhD dissertation and their linking.
The description of the contributions has been shortened for readability.

concept system while other elements are design considerations. This resulted
in one of the core contribution of this dissertation:
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Contribution 1. Design, implementation and evaluation of a Building
Energy Management System (BEMS) for residential demand response
provision.

The four remaining contributions in the system design part extend and
specify different aspects of the designed BEMS. Two additional proof-of-
concepts systems for residential demand response have been developed and
evaluated. The first is a feedback mechanism to influence the decision-making
of energy related practices of the consumers. The second one enables remote
control of an existing ventilation system. These two contributions demon-
strate demand response provision from an indirect and direct control strategy,
respectively:

Contribution 2. Design, implementation and evaluation of a feed-
back mechanism to engage electricity consumers with demand response
provision in an indirect control setting.

Contribution 5. Design, implementation and evaluation of a system ex-
tension for secure and reliable remote control of a ventilation system.

Design considerations have been proposed in how to handle the commu-
nication of demand response messages and how to exploit demand response
programs capabilities. The potential and applicability of demand response
communication protocols have been discussed with respect to the designed
BEMS. Additionally, an MPC controller has been proposed to enable a com-
bined participation in price-based and event-based demand response pro-
grams. This has resulted in the following system design contributions:

Contribution 3. Evaluation from the specifications and simulations of
demand response protocols under direct control strategies and scenarios.

Contribution 4. Design and evaluation through co-simulation of a two-
stage model predictive controller to combine price-based and event-based
demand response provisioning.
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The system design contributions have provided different ICT solutions
that can enable residential demand response provision and thus contribute to
validate the main hypothesis.

5.1.2 Demand Response Evaluation

The contributions in this part of the dissertation can be classified in two
categories: development of assessment tools and demand response potential
assessment.

Three different tools have been developed in this dissertation: a venti-
lation system model, a ventilation system simulator and a HiL extension to
an existing co-simulation platform. The ventilation system model has been
validated using sensor data from the Grundfos Dormitory Lab and has also
been used in the ventilation system simulator. The developed ventilation sys-
tem extension of the testbed has enabled the possibility of HiL co-simulation
using VirGIL. These tools have led to the following contributions:

Contribution 6. Model development and validation of a ventilation
system for demand response assessment.

Contribution 7. Development of a simulation environment to assess
demand response provision from a portfolio of ventilation systems.

Contribution 9. Extension of an existing co-simulation platform with a
Hardware-in-the-Loop (HiL) component of the ventilation system for a
holistic demand response assessment.

The HiL extension of VirGIL enabled the possibility of a holistic assess-
ment of the demand response potential, including an analysis on the effects
of different control strategies to the low-voltage distribution grid. The venti-
lation system extension has also allowed the possibility of deploying several
field trials in the testbed to study how the considered system could support an-
cillary service provision in Denmark. Furthermore, the demand response po-
tential of the elevator in the testbed was assessed using the designed feedback
mechanism for consumer involvement. All together, these experiments en-
abled to gain insights on demand response potential from different electricity
loads thus contributing in:



5.2 Research Evaluation 67

Contribution 10. Low-voltage distribution grid assessment of ven-
tilation system control for demand response provision in Denmark.

Contribution 8. Experimental evaluation of demand response provision-
ing in Denmark from ventilation systems.

Contribution 11. Experimental evaluation of demand response potential
of elevators in residential buildings.

The demand response evaluation contributions have provided different
tools to assess the demand response potential. Furthermore, different inter-
ventions have been deployed in the testbed to assess demand response po-
tential in a realistic manner. These tools and these assessments contribute
to the validation of the main hypothesis by analysing the characteristics of
residential demand response.

5.2 Research Evaluation

This section evaluates the main hypothesis by analysing to which extend the
research done has contributed to: enable demand response provision, assess
demand response quality and deploy realistic field trials. Furthermore, it also
considers the research impact on two key stakeholders: the Consumer and the
Aggregator.

A key contribution towards validation of the main hypothesis is the design
of ICT systems to enable demand response provision. Through the develop-
ment of different proof-of-concept systems, it has been demonstrated how and
to which extend ICT solutions can support demand response. A key challenge
faced when developing these systems was interoperability. For example, each
of the designed systems used different protocols (e.g., Modbus, ZigBee etc.).
To circumvent this challenge, the BEMS can be used as a proxy between
the building (e.g., consumers and smart meters) and the external actors (e.g.,
aggregator). Large deployment of these ICT solutions could be supported by
regulations as done with the smart meter roll-out initiative in the European
Union.
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While there is no doubt that ICT systems can enable residential demand
response, it is still uncertain if the costs associated to these systems are too
large for residential demand response to be profitable. Therefore, another
important manner to evaluate the main hypothesis is to assess the demand
response quality. This quality has been analysed in certain common elec-
trical loads in buildings (e.g., elevator) by answering questions like: how
many kW can be reduced/shifted? How fast? How certain? For how long?
How is the service provided by the targeted load affected? Through dif-
ferent evaluations, it has been shown that although the demand response
potential of a single residential load is low compared to other loads (e.g., in-
dustrial domain), aggregating several residential loads increases significantly
the demand response quality.

One of the key concerns that can jeopardise the success of residential
demand response is the lack of deployment of realistic field trials, upon which
it is possible to build the foundations of new programs and initiatives. This
dissertation matured residential demand response by developing feasibility
studies, where prototypes of ICT systems have been used in realistic sce-
narios to assess demand response provision. When evaluating these studies,
it has been experienced that obtaining accurate baselines for assessment is
a very challenging task. This has presented some doubts on whether or not
evaluation methods relying on baselines are good practices.

A key stakeholder for residential demand response is the Consumer. The
Green Lift field trial provided several insights on consumer involvement.
The used feedback mechanism was successful in changing behaviour (but
not electricity consumption) due to its simplicity and intuitiveness. Demand
response was seen by the testbed residents as a complex concept to under-
stand and ICT solutions should be designed aiming at simplifying consumer
involvement.

In this dissertation, it is assumed that a residential building would not
directly participate in electricity markets but rather establish contracts with
an Aggregator. This assumption is supported by the load aggregation re-
quirements when participating to the Danish ancillary service market in the
ventilation system analysis. These aggregation needs, illustrate the current
regulation barriers that small DERs face to participate in Danish electricity
markets and pointed out the need of softening these participation require-
ments. Additionally, aggregators can also benefit by the proposed two-stage
MPC method to combine price and event-based demand response programs.

While the system design research can in principle be extrapolated to other
environments and countries, the findings on the demand response potential
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from experimental evaluations are restricted. Some of the findings from the
ventilation system can be applicable to countries with similar properties as
Denmark (i.e., cold weather, high district heating penetration and similar
market regulations). Some of the findings from the elevator field trial are
restricted to similar buildings as the testbed and with similar resident profiles
(i.e., university students in their twenties).

5.2.1 Hypothesis Validation

The 11 contributions of this PhD dissertation have addressed different aspects
of the main hypothesis. The research carried out has been evaluated in the
previous section following different criterion. For all of these reasons, the sole
author of this document believes that the main hypothesis has been validated.

5.3 Future Work

There are different directions of future work that either build on top of the
developed research or explore new challenges brought to light during this
PhD studies.

It is left for future work the development of a full-fledged BEMS pro-
totype with all designed characteristics. Among all BEMS components, it is
of special interest the interface with the aggregator. The communication with
this entity should be handled by a demand response communication protocol.
Although OpenADR seems a more suitable choice, it is needed to do a com-
prehensive comparison of SEP 2.0 and OpenADR with the used simulation
environments. This comparison would required further development in both
simulators to have more realistic test cases.

The BEMS is meant to be deployed in buildings that would probably have
different characteristics and therefore different demand response potentials.
To exploit the full potential that the BEMS can provide, it would be neces-
sary to develop a step-by-step methodology to analyse the demand response
capabilities of each facility where the BEMS is to be deployed.

The residents of the Grundfos Dormitory Lab were generally positive
about the designed feedback mechanism despite the fact that this mecha-
nism did not succeed in shifting electricity usage in the elevator. It would be
very interesting to investigate in which practises people are more susceptible
to change behaviour. For that, the designed feedback mechanism could be
tested in other scenarios. This kind of interdisciplinary efforts are necessary
to disclose the full potential of residential demand response.
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This three year PhD study has disclosed two dualities that would need fur-
ther investigation: demand response-energy efficiency and demand response-
energy storage. In this dissertation, a high efficient building was used as a
testbed and it was hard to find sources of flexible electricity consumption.
It was observed that when energy efficiency is prioritised, demand response
potential is somehow decreased. The coordination of these two concepts is
discussed in [50] but further research on the interconnected nature of these
terms is needed.

Demand response is usually seen as a solution for problems like grid sta-
bility due to the lack of feasible massive storage solutions. It would be of high
interest to do a comprehensive comparison between energy storage solutions
and demand response solutions. This analysis should consider, among others,
different costs associated to both solutions as well as their expected lifetime.
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Abstract-Not far into the future, the power grid will be 
supported by response from the consumers, helping the grid op
erators in making more informed decisions about administrating 
electricity distribution. A critical enabler for a stable solution 
is the communication protocol between the consumer and the 

grid operator. Currently, there exist many evaluations of demand 
response strategies for shifting consumers' usage, but these often 
do not consider the performance of the demand response protocol 
enabling this. In this paper, we present a methodology for 
evaluating the performance of demand response protocols for 
the Smart Grid in combination with a demand response strategy. 
The methodology shows how to formalize a household scenario, 
reuse existing specifications of demand response protocols, and 
strategies for this evaluation. The results are used to enhance 
the protocol behavior by tuning its parameters. Smart Energy 
Profile 2.0 (SEP2) communication protocol is used in a case study 
to validate the proposed methodology. 

Index Terms-Demand Response, Protocols, Smart Grid, Mod
eling, SEP2, UML, MARTE, Simulation, Evaluation. 

I. INTRODUCTION 

The power grid reliability and stability come from the con

tinuous balance between power generation and the consump

tion. The move towards a large-scale integration of renewable 

energy sources, with its high degree of fluctuations on the 

generation site, fosters an urgent need for solutions to control 

the consumption side. Demand Response (DR) in the smart 

grid is proposed as a mechanism to ease the balance in the 

power grid. It relieves the undesirable stress in a power grid 

by providing flexible consumption without requiring expensive 

storage solutions to be deployed [1]. 

Recent advances in DR technology have focused on the 

standardization of control protocols for home appliances to 

provide a flexible electricity demand. More generally, to be 

applied for offering intelligent automation services in the 

smart grid [2]. Two diverse industrial alliances have set course 

towards standardizing and simplifying DR. The OpenADR 

Alliance has created product profile specifications based on the 

OASIS Energy Operation Standard [3]. In contrast, the ZigBee 

Alliance and HomePlug Powerline Alliance have published 

the Smart Energy Profile 2.0 (SEP2) Application Protocol 

Standard [4] which has recently been adopted by the IEEE 

2030 project. The SEP2 protocol is based on a RESTful 

communication model that uses HTTP over TCP/IP with a 

series of function sets to support smart energy applications. 

Aggregation service providers can utilize SEP2 to control an 

aggregated DR from a set of residential households. 

Natural 
language 

UML + Profiles 

Python, Java, 
C++, etc. 

Performance 
Metrics 

t 1----------

�------------�-- Platform-Independent 
i 1 Description 

1 1:' 
: I 'c 
, ___________ . .1.. _____ .. Executable � ! 1 Description : L-----

t
------

f----------------- Evaluation Description C 

Fig. 1. Proposed methodology. 

However, to the best of our knowledge, the following 

requirements are not yet meet by the current state of the art: 

1) A formal way to describe, model, and synthesize a 

DR communication protocol combined with the user 

scenario and the DR strategy; 

2) A unique method for modeling, simulation, and evalua

tion of DR protocols; 

3) A structured method to fine-tuning protocol parameters; 

4) A way to evaluate the performance of a DR communi

cation protocol. 

This paper presents a design methodology to model, simu

late, and evaluate DR communication protocols together with 

DR strategies for smart grids applications. Figure 1 shows 

the methodology design flow; alphabetic labels are used to 

show the item to be explained below. The methodology starts 

by the natural description of the user's behavioral scenario 

(e.g., turn ON/OFF the lights), the chosen DR strategy, and 

a protocol under test (label A). These descriptions are then 

formalized, modeled, and simulated to validate the overall 

system functionality (label B). From simulation results, the DR 

protocol is evaluated based on predefined performance metrics. 

In order to improve the protocol perfonnance, the evaluation 

results (label C) can be used to adjust the protocol's tuning 

parameters. System developers and power grid engineers can 

benefit from using the methodology by shortening the design 

and deployment time of DR programs. DR strategies can be 

validated before launched and the results can be applied to re

liability and stability analysis for the power grid. Furthermore, 

the methodology allows for a heuristic way to couple end-user 

behavior with the system perfonnance. 

978-1-4673-6305-1/15/$31.00 ©2015 IEEE 2012 
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II. STATE OF THE ART 

The envisaged smart grid is a complex system consisting of 

multiple subsystems each calling for advanced simulation tools 

to gain enough knowledge before deployment. Domain experts 

from computer, electrical, and control engineering are some 

of those roles that must collaborate for creating a smart grid. 

Furthermore, the amount of data to be collected and processed 

requires for novel methods that can partition into manageable 

units, while also being able to do comprehensive simulation 

of the entire system. Recent attempt in [5] has created a 

framework for large-scale analysis of the smart grid control 

mechanisms that performs co-simulation of existing domain 

specific simulators. It performs a unified evaluation by simu

lating different compositions of scenarios, grid topologies, and 

control strategies. Nevertheless, it ignores the network layer 

and messages are exchanged reliably and securely between 

different domains. Therefore, a unified modeling approach 

seems a feasible solution for coping with the complexity. 

Model-driven development methods of the smart grid are 

currently limited and not well supported. The authors in [6] 

also recognize this issue and propose a semantic-driven design 

method using the Common Information Model (CIM), and the 

IEC 61850 and IEC 61499 standards. The standards include 

different domain specific views for control, conununication, 

power grid and the application. Niebe et al. in [7] propose 

a holistic process model that uses a system engineering 

approach, where the focus lies on bridging the gap between 

theory and practice in the smart grid. Their main message 

is to change development methodology from an application

oriented research to a commercialized software development 

when developing distributed control algorithms. However, the 

evaluation and validation for both of these methodologies [6, 

7] are not done, and do not specifically address DR protocols. 

Unified Modeling Language (UML) [8], high-level mod

eling language, is widely applied for the modeling and 

specification of software. Several studies have demonstrated 

that it is also applicable for hardware/software/network co

design [9]. There are studies that make use of UML and derive 

network simulation models from its description. For instance, 

De Miguel et al. [10] introduce UML extensions for the 

representation of temporal requirements and resource usage for 

real-time systems. Their tools generate a model for the OPNET 

simulator. Therefore, validation by simulation is considered 

one of the appropriate solutions to verify such models and 

for that several simulators have been combined to perform co

simulation for smart grid applications [11]. Moreover, other 

studies are proposing methodologies to generate executable 

models from UML for model verification by simulation such 

as in [12]. Nevertheless, UML profiles such as the Modeling 

and Analysis of Real-Time and Embedded Systems (MARTE) 

profile [13] are widely used by system level designer to 

enhance the UML models by embedded systems semantics. 

The OpenADR 2.0 is an application layer protocol designed 

to ease DR actions like load reducing/shifting within DSO, 

service providers, and consumers' energy management sys-

tems [3]. The SEP2 protocol is another application layer pro

tocol that can be used for DR purposes [4]. Some of the SEP2 

functionalities overlap with OpenADR 2.0. Being the main 

difference that the former is targeted to Home Area Network 

while the latter covers a wider range of DR applications and 

market rules. For a comprehensive comparison between these 

protocols, the reader is referred to [14]. Both protocols are 

specified using UML diagrams and have received the highest 

scores by the Association of Home Appliance Manufacturers 

(http://www.aham.orgl). DR strategies use protocols to manage 

the electricity loads. This can be done by using actuators to 

control residential appliances. Common approaches to model 
control strategies establish rules (e.g., not to run if the price 

excesses the threshold) [15] while others use more complex 

control algorithms. An alternative is to use multi agent

based systems on the decision making allowing more complex 

solutions [16]. The reader is referred to [17] for an overview 

of different control strategies, where model predictive control 

is presented to regulate loads in a residential building. 

This paper rests on the model-driven approach of current 

smart grid research using UML. It provides a methodology to 

evaluate DR protocols in a holistic way that takes into account 

protocol specifics in combination with a chosen DR strategy. 

III. PROPOSED METHODOLOGY 

The viability of a DR protocol in a real world setup depends 

on multiple factors each having an impact on the performance 

of the protocol. For instance, a given user behavior impacts 

on the grid control. Likewise, a change of DR strategy will 

influence on how the user is requested to change behavior. The 

proposed approach allows modeling the user behavior while 

also taking into account a DR scheduling algorithm. 

In order to assess if a given DR protocol is suitable for 

a smart grid environment, evaluation parameters associated 

with the DR protocol and the resulting consumption pattern 

of all households are considered. The evaluation parameters 

for the protocol can include transmission overhead and time 

responsiveness between the device client and the DR server. 

These metrics allow DR protocol developers to benchmark 

the protocols against timing requirements, but also for making 

comparisons between them. Furthermore, the specification of 

DR protocols often gives the possibility of adjusting param

eters of the protocol. Tuning these parameters may have an 

impact on the protocol evaluation, but also on how successful 

the DR strategy is in shifting the electricity consumption. 

Figure 2 details each part of the proposed methodology and 

is labeled (A, B and C) referring to the sections III-A, III-B, 

III-C below. 

A. Describing Household Scenarios, Demand Response Strat

egy, and Protocol 

The description of household scenarios accounts for the 

majority of the dynamic behavior in the system. Their compo

sitions are essential for the evaluation but also the alignment 

with the real world. Descriptions should be written in a natural 

language such that a non-technical person can understand and 
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Fig. 2. Detailed overview of the proposed methodology for evaluating and 
tuning demand response protocols. 

create these. The household scenarios should only include in

formation relevant for the scope of the simulation, however the 

order of execution is obligatory for the formal transformation. 

To gain greater insight into the temporal progress, details about 

the execution time can be included. 

Protocols are generally implemented based on their spec

ifications, i.e., a document that contains communication re

quirements and protocol parameters which can be adjusted for 

conforming the needs of the domain. Together with a schema 

(or a data format hereof), these form the building blocks for 

the communication. These specifications can occasionally be 

found modeled in UML (e.g., in SEP2). 

DR is a temporary adjustment on an electricity consumption 

to provide flexibility to the power grid. A goal of a DR strategy 

is to reduce or shift load. The former implies a reduction on 

electricity usage while the later entails changing the electricity 

consumption to a more suitable time period. The creation of 

a DR strategy is typically done by minimizing grid operation 

costs. These are first formulated as mathematical expressions 

that later on can be modeled. 

B. Platform-Independent and Executable Descriptions 

UML and its profiles are the core of the proposed method

ology (Figure 1) as a standard and interoperable representa

tions of the scenario, DR strategy, and protocol descriptions. 

Therefore, a combination of UML structural and behavioral 

diagrams have been used to model such descriptions. 

UML class diagrams capture the structure of the whole 

system. Sequence diagrams depict the interactions between the 

consumer and the appliances and describe the DR protocols 

(e.g., SEP2). Activity diagrams capture the behavioral aspect 

of smart grid components (e.g., electric vehicle). The MARTE 

profile [13] has been used to enhance the UML models with 

semantics for electrical appliances and timing, thus enabling 

system simulation by code generation from UML models. 

Fig. 3. Home automation UML class diagram with MARTE profile annota
tions. 

Therefore, MARTE HWDevice, HWPowerSupply, 
and DeviceActuator stereotypes with MARTE's non

functional properties are used to extend the semantics of the 

used models. Figure 3 shows a model of part B of Figure 2. 

The model is developed as a class diagram with annotations 

of the MARTE profile which then will be used in Section IV 

for implementing the case study. For instance, the Appliance 

class is specified by the MARTE stereotype ((HWDevice)) 
for denoting that this class describes a hardware component. 

Model validation by simulation is a complementary ap

proach to validate high-level models. One approach is the 

Models-to-Text transformation which aims to synthesize such 

high-level models by generating textual artifacts from them. 

For example, Acceleo (http://www.eclipse.org/acceleo/) is a 

pragmatic implementation of the Object Management Group 

(OMG) model to text language standard. It can be used to 

generate executables descriptions from high-level models. 

1) UML to Code Generation: In this work, Python, high

level programming language, has been used as an executable 

description of the high-level models. Table I shows the 

correspondences between UML and Python syntaxes. The 

structural diagram (i.e., the class diagram) is directly mapped 

into Python's class syntax. The behavioral diagrams (i.e., 

sequence and activity diagrams) are firstly formalized and 

then synthesized into executable code. One way to formalize 

sequence diagrams is to use finite state machines that can be 

converted into IF-THEN-ELSE statements. More details about 

the high level synthesis step can be found in [18]. 

e. Evaluating Demand Response Strategy and Protocol 

The assessment of a DR strategy depends on the evaluation 

metrics considered. On the household side, these metrics can 

be thermal comfort, saved money, and waiting time for appli

ances to run. On the DSO side, these can be the power peak 

reduction, economic benefits, and time responsiveness [19]. 

The time responsiveness of DR specifies how fast an 

electricity load can be shifted/reduced. For frequency reg-
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TABLE I 
MAPPING BETWEEN UML AND PYTHON ELEMENTS 

UML Python 

Class Class 
Attribute Variables 
Operations Method Objects 
Constraints Assertions 
Sequence diagram IF-THEN-ELSE 

ulation this response is more important than for day-ahead 

DR. The quantity of load shifted/reduced, difference between 

baseline DR and DR load, is also an important metric for 

the DSO because monetary remuneration to the consumer 

may depend on it. A common purpose of DR is to reduce 

electricity consumption in peak hours, thus indices such the 

variance/standard deviation of the power consumption, Peak

to-Average Ratio (PAR), and Root Mean Square (RMS) of the 

divergence of power reference and actual value are usually 

considered [19, 20]. The PAR is the fraction of the maximum 

power consumption and the average power consumption. For 

a more comprehensive list of demand response performance 

metrics the reader is referred to [19]. 

To assess a protocol in a client-server architecture, the 

number of packets exchange can be considered. For a DR 

scenario, it should also include other metrics, like the waiting 

time between client requests to start, to it is allowed to start. 

Too long waiting times decreases consumers' willingness to 

follow DR strategy. Furthermore, the presence of rebound 

peaks provides a key indicator, since a massive reconnection 

of loads after a failure event, can lead to grid instability. 

IV. EXPERIMENTAL RESULTS 

The proposed methodology is demonstrated through a case 

study. As starting point, a real scenario has been described, a 

DR strategy has been chosen, and the SEP2 protocol has been 

set to be evaluated. All the latter have been formalized and 

modeled using UML. From the models, executable Python 

code has been manually synthesized and simulations have 

been performed. The results have been analyzed based on 

performance metrics to tune SEP2 protocol parameters. 

In an experiment to evaluate the simulation performance, 

6,000 appliances were simulated with a 24-hour time horizon 

and a set of load profiles with 6 seconds resolution. The 

experiment was performed on a PC equipped with a 3.21 GHz 

quadcore CPU and 4 GB of memory. However, the simulation 

software runs on a single CPU core. The simulation time is 

depending on the number of protocol messages used in the 

demand response signaling. The experiment showed that the 

simulation time increased linearly from 8.3 minutes for a total 

of lOOx 103 messages to 68 minutes with 485 x 103 messages. 

A. Describing Household Scenarios, Demand Response Strat

egy, and Protocol 

A deterministic scenario with one household has been 

considered. A simple DR strategy based on a soft threshold 

Fig. 4. The consumer's scenario description. 

constraint has been chosen; if instantaneous power consump

tion is below 3,000 W allow appliances to run in the immediate 

future. SEP2 has been considered as a protocol under test. 

SEP2 is described from its specification document [4]. Two 

parameters from SEP2 have been considered in the evaluation 

process. First, the time between pooling events: waiting time 

for a client before sending new petition to start (max 5 min

utes). Second, the randomize starting time: aleatory time added 

to the starting time to avoid rebound peak originated from all 

client reconnecting at the same time (max 60 minutes). 

B. Platform-Independent and Executable Descriptions 

A UMLIMARTE class diagram has been developed to 

capture the structural aspect of the case study as shown in Fig

ure 3. The timed scenario of the consumers' interactions with 

its appliances is capture by UML sequence diagram as shown 

in Figure 4. The power consumption function in the abstract 

class Appliance is extracted from real appliances consumption 

profiles. Appliances can be divided in two main categories: 

controllable (e.g. electrical vehicle) and non-controllable (e.g. 

television). 

The DR strategy has been modeled with an activity diagram 

as shown in Figure 5. It is important to highlight that this 

strategy only manages controllable appliances thus leading in 

some circumstances to exceed the threshold. 

Sequence diagrams have been used to model SEP2 COlmnu

nication protocol between the appliances and the DR server as 

shown in Figure 6. During the high-level synthesis of the pro

tocol, a subset of the SEP2 specification has been implemented 

considering the Demand Response and Load Control (DRLC) 

function set with HTTP and XML as a data format. The Python 

library SimPy (pypi.python.org/pypi/simpy) has been used as 

a simulation environment to model the case study by creating 

both HTTP servers and clients having socket communication. 

Fig. 5. Activity diagram of the demand response strategy. 
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Fig. 6. Communication between the electric vehicle and demand response 
server with SEP2 [41. 

C. Evaluating Demand Response Strategy and Protocol 

Having the simulation environment in place, an iterative 

process has been conducted considering three different values 

of the randomized starting time (0, 20 and 40 minutes) and two 

values of the time between pooling events (1 and 5 minutes). 

The results have been evaluated considering performance 

metrics for the DR strategy and communication protocol. A 

naive approach has been followed when tuning the protocol 

parameters. The following indexes have been considered for 

the DR strategy: RMS of the difference between the soft 

threshold set by the DSO (3,000 W) and the power consump

tion, standard deviation (stddev.) on the power consumption, 

the power peak in each scenario, the PAR and the consumption 

overflow, i.e., percentage of the total kWh used above the soft 

threshold (area above red-dashed line in Figure 7 A). From the 

protocol side, two metrics are analyzed: amount of HTTP GET 

messages sent by all controllable appliances in the consumer's 

household and waiting time of the appliances, i.e., difference 

between real starting time and time when the appliance first 

ask to start. 

TABLE II 
RES ULTS OF THE DR S TRATEGY AND PROTOCOL. 

Metric Baseline X E [0,0] X E [0,20] X E [0,40] 
T=l T=5 T=l T=5 T= 1 T=5 

RMS(Ref-Pow) (W) 2101 1845 1845 1758 1755 1755 175 1 
Stddev. (W) 1838 1539 1539 1434 1430 1429 1425 
Peak (W) 6536 6536 6536 4200 4200 3762 3762 
PAR 3.3 3.3 3.3 2.12 2.12 1.9 1.9 
Total overflow (%) 20.79 13.8 13.8 11.66 11.66 1 1.58 11.58 
HTTPGET (#) 0 100 26 131 35 142 37 
Waiting time (min) 0 95 96 127 148 139 160 

X: uniform random variable for the starting delay in minutes when permitted to start. 
T: waiting time in minutes between a client's request for a possible permission to star!. 

The results of the six combinations of both tuning parame

ters and the DR baseline (operation without shifting electricity 

usage) are presented in Table II. One can observe that the RMS 

and the standard deviation values are reduced when compared 

with the baseline and for the specific scenario both decrease 

with the incrementation of the randomized start. A lower 

standard deviation implies a more even distributed electricity 

consumption, goal pursued by most DSOs. The results show 

that the power peak, the PAR and the percentage of overflow 

is decreased as the randomized starting time increases. This is 

because most of the consumption in the described scenario is 

concentrated at the beginning. The shorter the time between 

pooling events is, the more messages are sent. Subsequently, 

the waiting time of appliances is reduced. From a DSO 

perspective, a suitable scenario is where: the power peak is 

reduced, the messages sent are low, and the waiting time of 

the appliances does not affect much to consumers' comfort. 
Therefore, in the presented experiment a randomized starting 

time of 40 minutes with 5 minutes between pooling events 

is considered as the favorite solution by a DSO. Figure 7 

7000 I----=---,----------,-------.-------;::::�;;:::===:::c::::====:::;l " I ·········· D R Baseline . 1. 6000 II -x E [0,401 min & T = 5 min i 
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Fig. 7. (A) Comparison of electricity consumption with and without DR 
strategy. (8) Appliances status for [X E [0,40] & T = 5]. The soft threshold 
in (A) is exceeded due to uncontrollable loads. 

follows the timed scenario in Figure 4. In Figure 7 A, the 

DR baseline operation (blue-dotted line) is compared with 

the scenario with the chosen protocol parameters (green-solid 

line) with the soft threshold strategy (red-dashed line). The 

observed peak in the DR baseline is a typical problem faced 

by DSO and TSO in many countries. The figure shows the 

generated peak from the charging time of the electric vehicle 

and shifting the usage of the washing machine and tumble 

dryer can be decreased significantly by means of DR. In the 

DR case, the threshold set by the DSO (red-dashed line) is 

exceed due to the uncontrollable loads of the household (i.e., 

oven, television, stoves, and light). It should be noted that 

the electricity used (11.9 kWh) is the same in both situations. 

However, the experiment shows that the scenario with DR is 

more convenient from a grid reliability perspective but may be 

more uncomfortable for the consumer. Additionally, Figure 7B 

shows the status of the three controlled appliances for the 

chosen DR scenario: electrical vehicle (EV), washing machine 

(WM) and tumble dryer (TD). It can be observed that the 

washing machine has to wait until the electrical vehicle has 

completed its charging. 
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V. CONCLUSION AND FUTURE WORK 

In this paper, a methodology for evaluating the performance 

of DR protocols along with a DR strategy for the smart 

grid is presented. The methodology shows how to formalize, 

model, and simulate a household scenario. It reuses existing 

specifications of DR protocols, and strategies for its evalu

ation. It offers a model-driven approach for evaluating DR 

by combining strategy, scenario and protocol models that 

can be synthesizing into executable code. Using a simulation 

environment, the protocol is evaluated by observing a set of 

performance metrics. The results are used to optimize the 

protocol behavior by tuning its parameters. Furthermore, the 
proposed methodology is validated through a case study using 

the DRLC function set of the SEP2 protocol. The case study 

showed that it is possible to apply the methodology on the 

SEP2 protocol for a household scenario description and a 

specified DR strategy for evaluating its performance. 

A future extension to this work, is a modeling technique 

to capture the user behavior in a stochastic manner. Trends 

indicate that agent-based modeling might be a possible path 

to follow. Treat modeling techniques may profitably be used 

for this purpose. Additionally, considering more complex 

control strategies can also be of interest. Optimal scheduling 

algorithms can be used for the decision making on allowing 

appliances to run. Last but not least, the fine-tuning process 

of the protocol parameters may be performed in a more 

comprehensive way, by using multi-objective optimization for 

doing multiple-criteria decision making. 
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Chapter 1

A Model-Driven Evaluation
of Demand Response
Communication Protocols
for Smart Grid

1.1 Introduction

The current electrical grid faces some emerging challenges. These challenges
cover a continuous increase of electricity demand, stopping the increase of green-
house emissions from electricity production, and maintaining a reliable supply
energy [1]. The smart grid is the future electrical grid that addresses these is-
sues. A higher penetration of green energy sources is expected in the envisioned
smart grid, especially in the end points of the grid. This will require an Infor-
mation and Communication Technology (ICT) platform to handle Distributed
Energy Resources (DER). The benefits of the smart grid includes postponement
of grid investments, an increase of efficiency, and higher reliability of the overall
system [2].

There are several challenges that need to be solved for the smart grid to be
a success. One of them is grid balancing. Balancing the grid is a continuous
process, which purpose is to equate the energy production with the consumption
of electricity in the grid. With society gradually moving towards the integration
of renewable energy sources for lowering the greenhouse emissions, generation
of energy becomes more fluctuating. With an energy generation side that is
less controllable, there is a need for solutions that manages the consumption
side. However, since the consumption side consists of customers of the grid, it
demands for willingness to adapt to more optimal grid conditions.

Demand response can support the stability of the grid by incorporating the
customer side. It targets reducing the peak of electricity consumption, since this
can relieve stress in the grid and postpone grid investments (usually the capacity
of the electrical grid is usually based on peak consumption). Recent advance-
ments in demand response technology have focused on the standardization of
control protocols for home appliances. These protocols provide a flexible elec-
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Figure 1.1: The model-driven evaluation methodology for demand response
communication protocols [8].

tricity demand for offering intelligent automation services in the smart grid [3].

The Association of Home Appliance Manufacturers (AHAM) did an exhaus-
tive survey of smart grid communications protocols that could enable large
deployment of smart home appliances [4]. Among all reviewed protocols, two
communication protocols received the top score: OpenADR and Smart Energy
Profile 2.0 (SEP2). OpenADR was created by the OpenADR Alliance based
on the OASIS Energy Operation Standard [5]. In contrast, the ZigBee Alliance
and HomePlug Powerline Alliance have published the SEP2 Application Proto-
col Standard [6] which has recently been adopted by the IEEE 2030 project [7].
Both protocols seek standardization and simplification of demand response.

This chapter presents: (I) A formal way to describe, model, and synthesize a
demand response communication protocol combined with the user scenario and
the demand response strategy, (II) A unique method for modeling, simulation,
and evaluation of demand response protocols, (III) A structured method to
fine-tuning protocol parameters, (IV) A way to evaluate the performance of a
demand response communication protocol.

This chapter extends the work performed in [8] which proposes a design
methodology to model, simulate, and evaluate demand response communication
protocols together with demand response strategies for smart grids applications.
The previous work is extended with a more detailed background description,
enhancement of Unified Modeling Language (UML) models to be synthesized,
and an additional case study.

The methodology design flow is shown in Figure 1.1, where alphabetic labels
indicate different stages. The first stage of the methodology begins with the
natural description of an user scenario (e.g., user 1 turns ON the lights), the
chosen demand response strategy, and a protocol under test (label A). These
descriptions are then formalized, modeled, and simulated to validate the overall
system functionality (label B). From the simulation results, the demand response
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protocol is then evaluated based on the defined performance metrics. In order
to improve the protocol performance, the evaluation description results (label
C) can be used to adjust the protocol’s tuning parameters. This work attempts
to provide a systematic way of studying the interplay between demand response
strategies and the actual protocol implementations. System developers and
power grid engineers can benefit from using the methodology by shortening
the design and deployment time of demand response programs. Furthermore,
demand response strategies can be validated before launched and the results can
be applied to ensure reliability and stability of the power grid. It also allows for
a heuristic way to couple end-user behavior with the system performance.

1.2 State of the Art

This section gives an overview about the related literature work on modeling,
simulation, techniques, methods and protocols of the smart grid.

Simulators represent an essential tool for gaining knowledge about possible
outcomes when constructing new communication systems, power systems and
control strategies in the smart grid. Furthermore, it provides a useful tool
during deployment in order to verify results when tuning parameters within
these domains. Generally, there exist two approaches for a unified simulation
of a complex system. A bottom-up approach, where either new or existing
simulation tool are adapted to a given domain by domain experts. A top-
down approach where a simulation is based on a modeling language that can
synthesized to executable software.

The Mosaik framework [9] performs a large-scale analysis by using existing
simulators to simulate a given smart grid scenario. This allows for a unified eval-
uation of grid topologies, control strategies and scenarios by taking all domains
into account. Originally, the co-simulation framework did not take the com-
munication infrastructure into account, however recently a system architecture
for integrating OMNeT++ with the Mosaik framework has been proposed [10].
The implementation details and evaluation are unknown. Furthermore, the ap-
proach of adding new simulators will increase the development complexity, since
it would require the software developer to be familiar with all simulators. Thus,
a unified modeling approach seems more viable.

Using model-driven development methods for simulating smart grid scenar-
ios are currently limited. Andren et al. [11] propose a semantic-driven design
method using IEC standards, such as Common Information Model (CIM), IEC
61850, and IEC 61499. These cover the domains of control, communication,
power grid and application. Similarly, Niebe et al. [12] propose a methodology
that approach the smart grid with a system engineering view. It focuses on
closing the gap between research and industry by changing the development
methodology. For both proposals, the exact outcome of changing practice is
unknown and they do not specifically address demand response protocols.

Abstraction and platform-independent models become a solution in many
fields to cope with design complexity. UML is a high-level modeling language
broadly applied for modeling and specification of software systems [13]. Different
studies have proven that UML is also applicable for hardware/software/network
co-modeling and design [14]. However, there are several studies that make use
of UML and derive network simulation models from its description. As an ex-
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ample, De Miguel et al. [15] introduce UML extensions for the representation of
temporal requirements and resource usage for real-time systems. They propose
tools to generate executable models from UML for the OPNET simulator1. In
the same context, Hennig et al. [16] describe a UML-based simulation frame-
work for early performance assessment of SW/HW systems described as UML
deployment and sequence diagrams. Their proposed simulator is based on the
discrete event simulation package OMNet++2. Therefore, validation by sim-
ulation is considered one of suitable solutions to verify high-level models. As
a result, several simulators have been combined to perform co-simulation for
smart grid applications [17]. Nevertheless, UML profiles such as the Modeling
and Analysis of Real-Time and Embedded Systems (MARTE) profile [18] are
broadly used by system level designer to enhance the UML models by embedded
devices semantics.

For demand response to be a successful product there has been an important
work on standardization communication protocols. OpeanADR 2.0 is an appli-
cation layer protocol created ease communication between service providers, grid
operators and energy management systems in consumers premises on demand
response actions like load shifting. SEP2 is also a application layer protocol
with a broader scope than OpenADR 2.0 but also suitable for demand response
applications [6]. Both protocols have revived the highest scores by the AHAM3.
The specifications of both protocols contain different UML diagrams to describe
the functionality of the protocols. This chapter is not meant to compare both
protocols. For a comparison at specification level between these two protocols
the reader is addressed to [19]. It is important to highlight that the methodology
presented in this chapter is protocol agnostic.

Demand response protocols define the communications mechanism to ex-
change necessary information to deploy diverse control strategies. Possible con-
trol strategies may target actuators in residential appliances while others may
target energy management systems that can control a set of loads. Common
strategies are based on establishing simple operation rules (e.g., run appliance
if power lower than threshold) [20]. Other strategies are based on multi-agent
based systems to support on the decision making [21] while others use models
of the systems under control predict the best control action [2]. See [2] for an
overview of different strategies to regulate energy usage in a demand reponse
scenario.

This chapter lies on a model-driven approach using UML diagrams for smart
grid research. The chapter provides a methodology to evaluate demand response
protocols in a holistic way that takes into account protocol specifics in combi-
nation with a chosen demand response strategy.

1.3 Background

This section introduces a reference architecture and gives a description about
demand response programs, demand response protocols, modeling languages
and tools that will be used in this chapter.

1http://www.opnet.com
2http://www.omnetpp.org
3http://www.aham.org/
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1.3.1 Demand Response Reference Architecture

A reference architecture is needed to better understand the different actors that
interact in a demand response scenario. Part of the standardization efforts
towards the smart grid are related to define such architecture. In 2012, the
Smart Grid Coordination Group presented a reference architecture for smart
grids [22]. This architecture is very extensive and overly complicated for the
purpose of this chapter. The proposed demand response architecture in this
chapter is inspired from [4] and is displayed in Figure 1.2.

Smart 
Appliances

Display

Home Energy 
Management System

Home Area Network

Distributed Energy
Resources

Internet
Advanced Metering

Infrastructure

Figure 1.2: Reference architecture of demand response systems.

In the upper level of Figure 1.2 there are the three actors: Market, Energy
Service Provider and Utility Operation. In the Market, the different Energy
Service Providers and Utility Operators can trade electricity and services (e.g.,
demand response). An example of a Market could be Nord Pool Spot4, an
example of a Energy Service Provider could be a balance responsible party or
a demand response providers, and an example of Utility Operation could be a
Distribution System Operator (DSO) or Transmission System Operator (TSO).
These three top level actors communicate with the different consumer house-
holds through the Internet or an Advanced Metering Infrastructure. The Ad-
vanced Metering Infrastructure is used to communicate with the smart meter
in the consumer household (e.g., power line communication) while the Internet
is used to communicate with the Energy Service Interface within the consumer
household (e.g., demand response messages). In the consumer household, all
the actors can communication via the Home Area Network. The Home Energy
Management System can control the local Distributed Energy Resources and
Smart Appliances to respond to petition from Energy Service Providers. Alter-
natively, the Energy Service Provider can directly control Distributed Energy

4http://www.nordpoolspot.com
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Resources and Smart Appliances. Furthermore, information can be shown to
the user by means of the Display. This reference architecture is used throughout
the chapter.

1.3.2 Demand Response Programs

In the United States, customers can typically provide demand response to the
regional Independent System Operator (ISO) or Regional Transmission Opera-
tor (RTO) by subscribing to different programs through the wholesale electricity
market. Example of ISO that offer demand response programs are: New York
Independent System Operator (NYISO), Pacific Gas and Electric (PG&E), San
Diego Gas and Electric (SDG&E) and Southern California Edison (SCE) [23].
Demand response programs can usually be classified in two main categories:
price-based programs and event-based programs [24]. In the former, the end-
user of electricity is provided with a varying electricity price that motivates
the used of electricity in periods with low prices. The Federal Energy Regu-
lation Commission (FERC) uses the term time-based for this programs type
and include programs like real-time pricing, critical peak price and time-of-use
rate [25]. In event-base programs, known by the FERC as incentive-based pro-
grams, the entity managing the program request for direct power changes. In
this category there are programs like direct load control, demand bidding, and
emergency demand response [25].

In Europe, demand response is not as extended as in the United States and is
being targeted by a large number of research projects [26]. Compared to United
States, European grids usually do not have an ISO or RTO but a TSO. The
TSO is responsible of both electricity transmission but also system operation.

Demand response programs can be defined by: the notification time, the
curtailment time, the amount of power to curtail and the monetary remunera-
tion [24]. In the United States, typical notification times vary from 30 minutes
prior event start until 3.5 hours. The length of the curtailment can also vary,
from 1 hour intervention up to 14 hours. Furthermore, most of the demand re-
sponse programs are called during day peaks 14:00-18:00 [23]. There are others
characteristics that define demand response programs. For example, the NYISO
offers two types of demand response programs. The first program the partici-
pation is voluntary and the client is paid after provision. The second program
the participation is mandatory but the client is paid upon enrollment [23].

By participating into a demand response program, the consumer needs to
change their normal electricity usage. In some circumstances, this change may
be compensated by the monetary remuneration provided by participating in the
program but in others it may not. It is therefore crucial to consider different
types of programs depending on the different characteristics of the consumers.
This is one of the reasons why demand response providers usually target in-
dustrial consumers rather than residential consumer: they can provide more
demand response but they are also more flexible in their electricity usage.
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1.3.3 Demand Response Protocols

Smart Energy Profile 2.0

Smart Energy Profile 2.0 (SEP2)5[7] is an open standard released under IEEE
(IEEE 2030.5-2013) and is initially the result of a joint collaboration between
the ZigBee Alliance and the HomePlug R© Alliance. Future work have continued
within the IEEE 2030.5 technical group and multiple partners have supported
the work, including National Institute of Standards and Technology (NIST), and
Internet Engineering Task Force (IETF). Thus, at NIST the SEP2 is identified
as a standard to address common smart grid use cases [27].

3. Network

5. Session

6. Presentation

7. Application

1. Physical

2. Data Link

4. Transport

TCP/IP modelOSI model SEP2 stackZigBee SEP 1.x stack

Figure 1.3: Comparison of protocol stacks. While the ZigBee SEP 1.x stack
is targeting 802.15.4 links with a customized network and transport layer, the
SEP2 stack is similar to the TCP/IP model and uses IETF compatible protocols.

SEP2 is an evolution of the ZigBee Smart Energy 1.x standard designed
to be interoperable with Internet-based technologies that supports the Inter-
net Protocol (IP) as seen in Figure 1.3. It follows the Representational State
Transfer (REST) architectural style and is an HTTP-based application proto-
col. Clients use HTTP methods to connect with servers that host resources.
The definition of the role of being a client or server, relies upon whether the
device initiates the connection or hosts a resource, respectively. Furthermore,
it is independent of the protocol of the physical and medium layer in the OSI
model, but requires that they are compatible with the Internet protocol stack.
This makes it possible for the SEP2 to support a range of wireless and wired
mediums, e.g., 802.15.4, 802.11, and Ethernet. However, to minimize the stor-
age and memory requirements for resource constrained devices to support the
full IP stack, the SEP2 is intended to run on top of ZigBee IP [28]. This layer is
compliant with a regular IP stack. SEP2 aims specifically for the communica-
tion between smart grid applications end-to-end and conforms to the CIM. CIM
is a data model that addresses different parts of the electric system and is typi-
cal used in enterprises that work with electricity. The structure of the payloads
are specified with the XML Schema Definition (XSD) and can be encoded with
the Efficient XML Interchange (EXI) format. Moreover, since SEP2 is based

5The ZigBee Smart Energy Profile 2.0 is now known as IEEE 2030.5TM-2013
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on IP, it supports multiple backhaul networks that different smart grid use
cases demand for, e.g., smart metering with an Advanced Metering Infrastruc-
ture (AMI), premises with Energy Service Interface (ESI) to connect customer
energy resources to external systems using the existing Internet connection, or
in-home monitoring typically with battery-driven metering devices.

The SEP2 protocol is primarily targeting customer premises and its purpose
is to inform and request action in order to assist the electric grid. Since the
SEP2 protocol is client-initiated, the concept is based on in-home devices that
control their energy consumption, and request permission before they start.
It does that either directly by carrying on and off requests from the in-home
devices or indirectly by carrying electricity tariffs advertisements for end-devices
to display for the customer.

To ease the use, the SEP2 has an automatic service discovery and config-
uration. It uses the extended multicast Domain Name System (xmDNS) and
DNS-Service Discovery (DNS-SD) protocol to discover SEP2 compliant devices
on the local network [29]. This enables devices to automatically request for re-
sources from other devices on the Local Area Network (LAN) in order to obtain
additional information. This could be a heat pump that requests for a price
tariff in the LAN. The smart meter might have this information and response
with its location of the price tariff. Then the heat pump will store this location
and retrieve the information when necessary.

To ensure secure communication between devices, it transmits HTTP re-
quests over the Transport Layer Security (TLS) protocol; also known as HTTPS.
HTTPS provides confidentiality, authentication, and integrity of the information
transmitted and facilitates end-to-end security. The confidentiality property en-
sures that the information is kept secret and integrity ensures tamper-resistant
transactions. The authentication protects against Man-In-The-Middle (MITM)
attacks, but requires a certificate management system for authenticating trust-
worthy devices. The SEP2 therefore relies on a Public Key Infrastructure (PKI),
where SEP2 device manufacturers issues RFC 5290 compliant PKI certificates
to the devices at manufacturing time [30]. These certificates are intended to
be persistent during the entire life-cycle of the device. While compliant SEP2
devices must support processing of manufacturer PKI certificates, support for
additional certificates is optional.

Using the REST ontology, the SEP2 standard classifies things into func-
tion sets and resources. A function set is a logical grouping of resources that
implement related features. The SEP2 standard specifies resources and func-
tion sets within the area of Support Resources, Common Resources, and
Smart Energy Resources. Depending on a given scenario, function sets from
different areas can be applied.

In the process of evaluating SEP2 as a demand response protocol, the De-
mand Response and Load Control (DRLC) function set in the Smart Energy
Resources is used. It targets client devices that support load control, where
server devices are envisioned to be proxies for upstream demand response sys-
tems. For instance, a client device could be a heat pump, while a server device
could be a Home Energy Management System (HEMS) receiving a demand
response program. The server exposes load control events through resources
called End Device Controls (EDC). EDC instances have attributes for devices
types that allow devices to respond if they are within this device category. Fur-
thermore, it includes features as randomization of duration and start time to
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mitigate the rebound effect.

OpenADR

OpenADR is an application layer protocol used to securely exchange demand
response messages and tariffs information between demand response service
providers, customers and customers’ automation system equipment. OpenADR
can be used for specific demand response task like power reduction, electricity
shifting or load shedding.

The development of OpenADR started in 2002 in Lawrence Berkeley Na-
tional Laboratory [19]. The research and development of the standard proceed
until its commercialisation and release of OpenADR 1.0 in 2008. In 2010, an
alliance between different industries and research institutions was formed to
deepen the development of this protocol. OpenADR 2.0 is the last version of
the protocol and was released on August 2013 [5]. More recently, in November
2015 OpenADR and Universal Smart Energy Framework (USEF) have signed
a strategic memorandum of understanding seeking a high cooperation in inter-
connecting, and optimizing smart energy systems. This memorandum can be a
key point for enabling a larger deployment and success of OpenADR.

OpenADR presents a client-server architecture with two types of nodes: Vir-
tual Top Node (VTN) and Virtual End Node (VEN). The communication
always happens between this two different types of nodes, i.e., VTN-VTN com-
munication and VEN-VEN is not possible. However, one same entity can have
both a VTN and VEN. Typically, a demand response event would be announced
by a VTN to several VEN, which would be responsible of providing the load
shed or load shift.

OpenADR has two different operation modes: PUSH mode and PULL mode.
In the PUSH mode, the VTN initiates all communications and sends them to
the VEN. In the PULL model, the VEN periodically pulls events from the
VTN.

OpenADR provides four main types of services: parties registration, event
communication, event opting and data reporting. Before a VTN and VEN can
collaborate in a demand response event, it is necessary that this entities identify
each other. The EiRegister Party service is responsible for this task. The core
functionality of OpenADR is provided though the EiEvent service. This service
is responsible of communicating information about specific demand response
events. Some event messages do not require reply from the VEN while others do.
When event reply is required, the opting service is used (EiOpt). A VEN uses
this service to show its availability and un-availability in specific time windows
to participate in demand response events. The last service is the data reporting
where a VTN can ask for historical data to a VEN or a VEN can set periodic
data reporting to a VTN.

To transport OpenADR messages, this protocol offers to types of config-
urations: Hypertext Transfer Protocol (HTTP) over TLS or Extensible Mes-
saging and Presence Protocol (XMPP). As data format Extensible Markup
Language (XML) is used.
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Other Protocols

There are other communication protocols that have more general purpose ap-
plication but are also suitable for demand response. Some of these protocols
are listed in the exhaustive analysis that AHAM conducted to identify suitable
protocols to be used by residential customers and their appliances in a Smart
Grid scenario [4]. Among all the application layer protocols surveyed by AHAM,
SEP2 and OpenADR where the ones that received the higher scores.

BACnet is a ASHRAE, ANSI and ISO standard communication protocol
specially designed to interact with building automation equipment and control
systems [31]. The latest version of BACnet includes a couple of objects that
can be used in a demand response scenario: load control object and accumulator
object [32]. The former details controllability requirements (e.g., shed duration,
shed level, start time etc.) while the latter provides monitoring of electricity
usage.

OPC-Unified Architecture (OPC-UA) is a machine-to-machine communica-
tion protocol developed by OPC Foundation. OPC-UA present a client-server
architecture and present an abstract specification divided in 13 different parts
to enable high interoperability [33]. OPC-UA can be used in a demand re-
sponse application domain as in [34], where the authors propose a web service
for demand response.

1.3.4 Modeling Languages and Tools

This section presents the modeling languages and tools used in this chapter.

UML

Unified Modeling Language (UML)[13] is a standardized general-purpose mod-
eling language with a widespread application in the field of object-oriented SW
engineering. It became the de-facto standard for modeling software intensive
systems. UML includes a set of graphic notation techniques to create visual
models of object-oriented SW-intensive systems. UML 2.x has 14 types of di-
agrams divided into two categories; structural diagrams, which emphasize the
components that must be present in the system being modeled (e.g., Class,
Deployment and Profile diagrams), and behavioral diagrams which emphasize
what must happen in the system being modeled (e.g., State machine, activity
and sequence diagrams). Figure 1.4 shows an overview of these diagrams. A
particularity of UML is the possibility to extend its semantics by a generic exten-
sion mechanism named profile definition. Profiles are defined using stereotypes,
tag definitions, and constraints that are applied to specific model elements. Pro-
files create a light weight semantic extension of standard UML to cover various
domains.

In this work, Profiles, Class, and Object structure diagrams have been used
to depicts the static part of smart grid application, and Activity and Sequence
diagrams have been used to depicts the functionalities of such applications (See
the double boxed shapes in Figure 1.4).

MARTE Profile
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Figure 1.4: UML 2.x diagrams [13], the double boxed shapes show the used
diagrams in this work.

Modeling and Analysis of Real-Time and Embedded systems (MARTE) [18] is
a UML profile standardized by Object Management Group (OMG)6. It pro-
vides support for specification, design, and verification/validation stages in real
time embedded system development. It is designed to allow an easy specifi-
cation of real-time and embedded systems. It provides some sub-profiles, like
Non-Functional-Properties (NFP) that allows to describe the ”fitness” of the
system behavior (e.g., performance, memory usage, power consumption, etc.).
Comparing with other OMG standard profiles, MARTE is the most appropriate
profile to model the ICT aspects of smart grid system.

The profile is structured around two main concerns, one to model the features
of real-time and embedded systems and the other to annotate application models
so as to support analysis of system properties. These are shown by the Real Time
Embedded Modeling (RTEM) package named MARTE DesignModel shown in
Figure 1.5 . These two major parts share common concerns with describing time
and the use of concurrent resources, which are contained in the shared package
named MARTE Foundations. Finally the MARTE AnalysisModel features are
broken into a foundational generic part and analysis domains part [18].

The work presented in this chapter benefits from the hardware and soft-
ware semantics of MARTE profile to model home appliances. It exploits
MARTE DesignModel package and uses two of its sub packages. One pack-
age called Hardware Resource Modeling (HRM) that provides mechanisms to
model the hardware part of embedded systems, that is essential to fulfill the
application specification. Other package called Software Resource Modeling
(SRM) provides mechanisms to model software real-time and embedded (RTE)
applications.

6http://www.omg.org
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Figure 1.5: Architecture of the MARTE profile [18].

Papyrus/Acceleo

Papyrus7 is graphical editing tool for UML2 as defined by OMG. It offers
a very advanced support of UML profiles that enables users to define editors
for domain specific modeling based on the UML 2 standard. In this work,
Papyrus will be used to formalize the natural language (See Figure 1.1 label
B box, “Platform-Independent Description”) into UML models. Acceleo8 is a
pragmatic implementation of the OMG Meta-Object Facility (MOF) model to
text language standard. It combines tooling, simple syntax and efficient code
generation. In this work, Acceleo will be used to generate executable Python
code from UML models (See Figure 1.1 label B box, “Executable Description”).

Python/SimPy

Python is chosen as a programming language for the model evaluation through
simulation. Python is a high level programming language specially suited for fast
prototyping with a large set of libraries that eases usage in different applications.

The Python library SimPy is used to perform the simulations. A SimPy
simulation is composed by Processes, which are active components (e.g., washing
machine), Environments, where Processes live, and Events, which are interaction
between Processes and the Environment.

1.3.5 Evaluation Metrics

In a demand response provisioning scenario, there are many metrics that can be
considered. Some relevant metrics are described in this section but the reader
is referred to [35] and [36] for more details on key performance indicators to
evaluate demand response.

The Peak-to-Average Ratio (PAR) is a metric that is defined as the coef-
ficient of the maximum power divided by the average power over a time win-
dow [35]. In a peak clipping scenario, it is expected that the PAR would be
significantly reduced. Another typical index is the Root Mean Square (RMS) of
the difference between the reference demand curve and the real demand curve.

7http://www.eclipse.org/papyrus
8http://www.eclipse.org/acceleo
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For a successful load following case, it is desired that this RMS is kept relatively
low. Thanos et al. also propose to look at the variance of the power [35]. In this
case, a lower variance implies a more even distributed of the electricity load.

In control engineering, there are a set of performance metrics that can be
used for demand response assessment [37]. Most of these metrics focus on certain
operations on the error signal, being the difference between the reference load
and the real load. The Integral of the Absolute Error (IAE) provides an index
on how well a system is following a certain reference by calculating the integral
of the absolute value of the error over a time window. Alternatively, the Integral
of the Error (IE) is also often used. In a case where the load is always below or
above the reference, the IE value will be the same as the IAE value.

1.4 The Methodology

The viability of a demand response protocol in a real world setup depends on
multiple factors each having an impact on the performance of the protocol.
For instance, a given user behavior impacts on the grid control. Likewise, a
change of demand response strategy will influence on how the user is requested
to change behavior. The presented approach allows modeling the user behavior
while also taking into account a demand response scheduling algorithm.

In order to assess if a given demand response protocol is suitable for a smart
grid environment, evaluation parameters associated with the demand response
protocol and the resulting consumption pattern of all households are considered.
The evaluation parameters for the protocol can include transmission overhead
and time responsiveness between the device client and the demand response
server. These metrics allow demand response protocol developers to benchmark
the protocols against timing requirements, but also for making comparisons
between them. Furthermore, the specification of demand response protocols of-
ten gives the possibility of adjusting parameters of the protocol. Tuning these
parameters may have an impact on the protocol evaluation, but also on how
successful the demand response strategy is in shifting the electricity consump-
tion. Figure 1.6 details each part of the methodology and is labeled (A, B and
C) referring to the sections 1.4.1, 1.4.2, 1.4.3 below.

1.4.1 Describing Household Scenarios, Demand Response
Strategy, and Protocol

The description of household scenarios accounts for the majority of the dynamic
behavior in the system. Their compositions are essential for the evaluation but
also the alignment with the real world. Descriptions should be written in a
natural language such that a non-technical person can understand and create
these. The household scenarios should only include information relevant for
the scope of the simulation. However, the order of execution is obligatory for
the formal transformation. To gain better insights into the temporal progress,
details about the execution time can be included.

Protocols are generally implemented based on their specifications, i.e., a
document that contains communication requirements and protocol parameters
which can be adjusted for conforming the needs of the domain. Together with
a schema (or a data format hereof), these form the building blocks for the
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Figure 1.6: Detailed overview of the methodology for evaluating and tuning
demand response protocols.

communication. These specifications can occasionally be found modeled in UML
(e.g., in SEP2).

Demand response is a temporary adjustment on an electricity consumption
to provide flexibility to the power grid. A goal of a demand response strategy
is to reduce or shift load. The former implies a reduction on electricity usage
while the later entails changing the electricity consumption to a more suitable
time period. The creation of a demand response strategy is typically to secure
the delivery of electricity and provide a better integration of renewable energy
sources. These are first formulated as mathematical expressions that later on
can be modeled.

1.4.2 Platform-Independent and Executable Descriptions

The core of the methodology is the UML with profiles (Figure 1.1) that provides
a standard and interoperable representations of the scenario, demand response
strategy, and protocol descriptions. Therefore, a combination of UML structural
and behavioral diagrams have been used to model these descriptions.

UML class diagrams capture the structure of the whole system. Sequence
diagrams depict the interactions between the consumer and the appliances and
describe the demand response protocols (e.g., SEP2). Activity diagrams capture
the behavioral aspect of smart grid components (e.g., electric vehicle). A novel
Smart Grid profile has been developed as an extension to MARTE profile [18]
to overcome the missing smart grid semantics in MARTE profile. Thus, the
profile enables system simulation by code generation from UML models.

The extended MARTE stereotypes are as follows:

• HWSensor: it represents a device that measures a physical quantity and
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converts it into a signal which can be read by an observer or by an instru-
ment.

• HWActuator: it is a device that transforms an input signal (mainly an
electrical signal) into motion.

• HwResource: it denotes any hardware entity that provides one or many
services and may require some services from other resources.

• SwResource: it models software structural entities provided to the use
by execution supports.

New stereotypes have been created to model smart grid semantics. The
stereotypes are as follows:

• ElectricityMeter: it represents an electronic device that periodically
records consumption of electric energy and is able to communicate with
other devices.

• SmartAppliance: it represents an appliance that has an embedded
smart meters and actuators for automatizing its operations. Smart ap-
pliance’s operations can be controlled.

• Gateway: it is a device that is able to connect smart appliances with each
other and with the Internet.

Figure 1.7 shows the developed UML profile diagram for smart grids that
extends MARTE profile with smart grid semantics. Figure 1.8 shows an example

Figure 1.7: UML profile diagram for smart grid as an extension to MARTE
profile.

of a home automation application with the smart grid profile annotations.
Model validation by simulation is a complementary approach to validate

high-level models. One approach is the Models-to-Text transformation which
aims to synthesize such high-level models by generating textual artifacts from
them. Acceleo, eclipse plugin tool, can be used by developing a generator to
transform UML models to code (see section 1.3.4).
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Figure 1.8: UML object diagram of a home automation application with smart
grid profile annotations.

1.4.3 Evaluating Demand Response Strategy and Proto-
col

The evaluation process of a demand response strategy relies on a set of evalua-
tion metrics. These metrics are different depending on the perspective chosen.
On the consumer side, important metrics to consider can be indoor comfort,
economic savings, and inconveniences caused (e.g., waiting time for appliances
to run). On the grid side, relevant metrics include among others power peak
reduction, time responsiveness, and economic benefits [35].

Time responsiveness indicates the response time of a certain electrical load
to be controlled. In some circumstances it is required to have fast time respon-
siveness (e.g., for frequency regulation) while in others the speed of response is
not as critical (e.g., day-ahead demand response).

Demand response is a change on the electricity usage. This change usually
leads to shift the electricity usage on time. The amount of electricity shifted
is an important metric for an energy service provider because the monetary
remuneration for the consumer may depend on it. Predicting a demand re-
sponse baselines is a challenging task currently attracting the attention of many
researches. Common techniques for baseline establishment use historical data
analysis to find days with similar conditions and use them as baseline [38]. Im-
portant metrics for the grid operator are those that reflect the power peak.
Examples of these indexes are the PAR, and the RMS of difference between
actual power and power reference.

In a client-server architecture, communication protocols can be evaluated
by counting the number of packets being exchanged, by measuring the latency
on the communication, and by studying the communication overhead. For a
demand response scenario, it would also be relevant to consider the metrics
like the waiting time between the client request to run an appliance and the
actual time the appliance start running. It is important to consider such metric
because the consumers’ willingness to participate in a demand response even
may depend on that. Another metric to analyse is the presence of rebound
peaks due to massive reconnection of loads after a demand response event [39].
Some communication protocols have some parameters within their specification
to avoid such problems (e.g., like SEP2).
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1.5 Proof of Concept

This section introduces the mapping rules to generate executable Python code
from UML diagrams. Firstly, a scenario, a demand response strategy and a pro-
tocol description will be captured by UML models and then mapped to Python
source code. In this work, Python, high-level programming language, has been
used as an executable description of the high-level models. Tables 1.1 and 1.2
show the correspondences between UML diagrams, XML Schema description of
such diagrams and the corresponding Python syntax. The structural diagrams
(i.e., the class and object diagrams) are directly mapped into Python’s class syn-
tax. The behavioral diagrams (i.e., sequence and activity diagrams) are firstly
formalized and then synthesized into executable code. One way to formalize
sequence diagrams is to use finite state machines that can be converted into
IF-THEN-ELSE statements. More details about the high level synthesis step
can be found in [40].

Table 1.1: Mapping between UML structure diagrams and Python static ele-
ments

UML entity XML description Python source code
Class:

<packagedElement
↪→ xmi:type="uml:Class"
↪→ name="sim_Oven">

<ownedAttribute
↪→ xmi:type="uml:Property"
↪→ name="controllability">

<type xmi:type=
↪→ "uml:PrimitiveType"/>

<defaultValue value=false/>
</ownedAttribute>
<ownedOperation xmi:type=
↪→ "uml:Operation"
↪→ name="Consumption"/>

</packagedElement>

class sim_Oven():
def __init__(self,
↪→ control=False):
self.controllability
↪→ = control

def Consumption(self,
↪→ sec):
pass

Object:
<packagedElement xmi:type=
↪→ "uml:InstanceSpecification"
↪→ name="oven_1">

<slot xmi:type="uml:Slot"
↪→ definingFeature=
↪→ "controllability">
<value xmi:type=
↪→ "uml:LiteralBoolean"
↪→ value="true"/>

</slot>
</packagedElement>

oven_1 = sim_Oven(
↪→ controllability=True)
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Table 1.2: Mapping between UML behavioral diagrams and Python elements.
UML entity XML description Python source

code
Sequence:

<fragment xmi:type="uml:Message
OccurrenceSpecification"
↪→ name="MessageSend"
↪→ message="DR_clients_wait()"/>

# Function call
DR_clients_wait()

Activity:
<guard
↪→ xmi:type="uml:Expression"
↪→ name="g1">

<expr
↪→ xmi:type="uml:LiteralString"
↪→ value="power>=threshold"/>

</guard>

# Conditional
if power >=
↪→ threshold:
pass

1.6 Experimental Results

The methodology presented here is demonstrated in a couple of case studies.
The first case consists of a scenario with an individual household and a con-
trol strategy to provide demand response from certain loads from the dwelling.
In the second case, a load aggregation scenario is considered where demand
response is provided by coordinating the operation of several appliances in dif-
ferent households. In both cases, the scenario and control strategy are described
and modelled, and SEP2 is selected as a protocol to be analysed. The obtained
models are used to manually generate executable Python code and simulations
are subsequently done. The simulations results are then analysed using perfor-
mance metrics to tune different parameters in SEP2 protocol.

1.6.1 Case 1: Individual Household

Describing Household Scenarios, Demand Response Strategy, and
Protocol

In this first scenario, a residential household with a deterministic set of actions
is considered. This actions are described in natural language in Table 1.3 and
the load profiles of four selected appliances are shown in Figure 1.9.
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Figure 1.9: Load of four different appliances used in the simulations. All loads
are based on real data except the electrical vehicle. The washing machine profile
is extracted from [41], the oven and tumble dryer profiles from [42], and the
electrical vehicle from [43].

Table 1.3: Timed natural language description of the consumers’ activities.

Time (hh:mm) Activity description

18:01 Consumer opens the front door and turns ON light.

18:05 Consumer starts the stove and cooks food.

18:06 Consumer switches ON the oven.

18:30
Consumer plugs the electric car in its charging
station.

18:35
Consumer finishes cooking and switches OFF the
stove.

18:40 Consumer switches OFF the oven.

18:45
Consumer puts the laundry in the washing machine
and turn it ON.

18:50 Consumer eats the food while watching television.

19:30
Consumer finishes eating and switches OFF the
television.

20:10
The washing machine finishes and consumer puts
cloths into the
tumble dryer.

20:30 The car is fully charged.

22:05 Consumer switches ON the tumble dryer.

23:05
The consumer switches OFF the lights and goes to
sleep.

23:30 The tumble dryer has finished its operation.
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The control strategy that manage energy usage of the controllable appliances
in the household is based on a soft threshold constraint in total power; if the
total power consumption (controllable and non-controllable appliances) is below
a threshold (3,000 W) allow appliances to run in the immediate future.

The demand response protocol to be tested is SEP2. This protocol is de-
tailed in the specification document [6]. In the evaluating process, two different
parameters from SEP2 have been considered: time between pooling events and
randomized starting time. The time between pooling events is the time that a
client waits before sending a new petition to start running (with a maximum
value of 5 minutes). The randomized starting time is a randomly chosen time
(with a maximum of 60 minutes) added/subtracted to the scheduled starting
time of an appliance. This randomized time is meant to avoid a rebound peak
due to a massive reconnection of several clients after a demand response event.

Platform-Independent and Executable Descriptions

Figure 1.10 shows the timed scenario of the consumers’ interactions with its ap-
pliances. Worth mentioning that, the power consumption function of SmartAp-
pliance classifier (See Figure 1.7) is extracted from real appliances consumption
profiles. Appliances can be divided in four categories: controllable (e.g., electri-
cal vehicle), non-controllable (e.g., television), shiftable (e.g., washing machine)
and non-shiftable (e.g., lights).

Figure 1.10: The consumer’s scenario description.

The UML activity diagram has been used to model the demand response
strategy as shown in Figure 1.11. This demand response strategy can only
manage controllable appliances thus leading in some circumstances to exceed
the threshold.

The UML sequence diagram has been used to model the SEP2 communica-
tion protocol between the appliances and a demand response server as shown
in Figure 1.12. During the high-level synthesis of the protocol, a subset of the
SEP2 specification has been implemented considering the Demand Response
and Load Control (DRLC) function set with HTTP as the carrying request-
response protocol and XML as a data format. SimPy 9 Python library has been
used as a simulation environment to model the case study by creating both
HTTP servers and clients having socket communication.

9http://pypi.python.org/pypi/simpy
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Figure 1.11: Activity diagram of the demand response strategy.

Figure 1.12: Communication between the electric vehicle and demand response
server with SEP2 [6].

Evaluating Demand Response Strategy and Protocol

An iterative process is conducted, considering different values of the tuning pa-
rameters: randomized starting time (0, 20, and 40 minutes) and time between
pooling events (1 and 5 minutes). The process of deciding the protocol pa-
rameters has been done following a somewhat naive approach. The previously
introduced performance metrics have been used to evaluate the control strategy
with different protocol parameters. The used metrics are: RMS of the difference
between the soft threshold (3,000 W) and the power, standard deviation on the
power (std. dev.), the power peak, the PAR and the consumption overflow. The
consumption overflow is the area above red-dashed line in Figure 1.13A and is
defined as the percentage of the total energy used (kWh) above the soft thresh-
old. Two metrics are considered from the protocol side: total number of HTTP
GET messages sent by all controllable appliances in the household and the total
waiting time of all appliances. This last metric is the difference between actual
starting time and the time when the appliance requests to start.
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Table 1.4: Results of the evaluation of the demand response strategy and pro-
tocol for single household scenario.

Metric Baseline X = 0 X ∈ [0, 20] X ∈ [0, 40]

T = 1 T = 5 T = 1 T = 5 T = 1 T = 5

RMS(Ref-Pow) [W] 2332 2059 2059 2053 2052 2049 2049
Std dev. [W] 2030 1709 1709 1702 1701 1697 1697
Peak [W] 7295 4350 4350 4350 4350 4350 4350
PAR [-] 3.94 2.35 2.35 2.35 2.35 2.35 2.35
Consumption overflow [%] 25.16 16.56 16.56 16.56 16.56 16.52 16.56
HTTP GET [-] 0 98 27 128 32 176 41
Waiting time [min] 0 93 97 125 132 173 177

X: uniform random variable for the starting delay in minutes when permitted to start.
T : waiting time in minutes between a client’s request for a possible permission to start.

Table 1.4 contains the results for all considered combinations of the tuning
parameters as well as the baseline (without demand response control strategy).
The table shows that the values of RMS and standard deviation of the baseline
are reduced in comparison to the demand response cases. Additionally, it can be
observed that the larger the randomized start is, the smaller the values of RMS
and standard deviation are. A small value on standard deviation of the power
can be understood as a signal of having a more even distribution in power.
The simulation results also illustrate that the power peak, the PAR and the
consumption overflow are decreased when comparing the baseline operation and
the demand response cases. For the specified scenario, there are no differences
in these metrics between different values on the tuning parameters.

Table 1.4 also displays values on the total number of HTTP GET messages
and waiting time. It is observed that for low values of time between pooling
events (T = 1 minute) the number of GET messages is larger but the waiting
time of the appliances is lower. The reasoning behind this is that the appliance
asks every minute to start, it will overall send more messages but it would ensure
to start as soon as possible. This high message rate introduces overflow in the
network that in some cases may not be desired. This is a drawback on client
initiated protocols like SEP2.

For illustrative purposes the power profile of the household and the appli-
ances status are displayed in Figure 1.13. The top figure (A) shows power for
two different cases: baselines (dark-blue-solid line) and demand response with
randomized starting time of maximum 40 minutes and time between pooling
events of 5 minutes (green-circled line). The soft power threshold of 3,000 W
is also displayed (red-dashed line). In the baseline, there are several peaks
in power due to simultaneous usage of appliance with large loads (i.e., stoves,
oven, electric vehicle, and laundry). It can be observed that these peaks are
shifted in time by adding the soft threshold control strategy in a demand re-
sponse scenario. The soft threshold is exceeded due to the presence of loads
that the energy service provider (demand response server) cannot control (i.e.,
light, stoves, television and oven). It is important to remark that the energy
used (kWh) in both presented cases is the same, the only difference is the time
where this energy is used.

The bottom plot in Figure 1.13 illustrates the status of three controllable
loads in the household: electrical vehicle (EV), washing machine (WM) and
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Figure 1.13: (A) Comparison of electricity consumption with and without de-
mand response strategy. (B) Appliances status for X ∈ [0, 40] & T = 5. The
soft threshold in (A) is exceeded due to uncontrollable loads.

tumble dryer (TD). The status OFF indicates that an appliance is not being
used, when the appliance wants to start running is placed into WAIT until the
energy service provider (demand response sever) allows it to run and it is labelled
with ON status. This plot illustrates the inconvenience that the consumers
experience for providing demand response. For a successful deployment of a
new demand response strategy it is important to consider the trade-off between
grid needs (e.g., peak reduction) and consumer needs (e.g., low waiting time).
This trade-off can be evaluated by simulations using the presented methodology.

1.6.2 Case 2: Load Aggregation

Describing Scenario, Demand Response Strategy, and Protocol

In this case study, an energy service provider can manage a portfolio of 10,000
of washing machines in Denmark. The load profile of each washing machine is
considered the same as shown in Figure 1.9. The starting time of each of the
10,000 appliances is decided in a stochastic manner following the probability
distribution. This probability distribution is extracted from a survey on washing
machine usage in Denmark [44].

The energy service provider aims at deploying a peak clipping control strat-
egy, i.e., reduce the power during peak hours. To that extend, the service
provider limits the amount of clients (washing machines) that can start their
operation between 18:00 to 20:00. The typical peak experienced in residential
consumers in Denmark is at 18:00, coinciding with the dinner time. Outside the
defined time period, there is no limit on the amount of washing machines that
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can start.

SEP2 is again set as a protocol to be analysed. This time there is just
one parameter to be tuned: the randomized starting time. The time between
pooling events is fixed to 1 minute.

Platform-Independent and Executable Descriptions

The timed scenario of one washing machine is capture by the UML sequence
diagram shown in Figure 1.14. The randomised starting time of an appliance is
modelled by using @random(x) as a placeholder for the function that generates
random numbers.

Figure 1.14: The consumer’s scenario description.

The control strategy is modelled in the activity diagram in Figure 1.15.
Outside the peak period (18:00 to 20:00) every appliance, which wants to start,
is granted permission. During the peak period, the SEP2 demand response
server checks the amount of clients that have been granted permission to start
and those that are already running. If the total amount of clients is higher than
a certain threshold (650 clients) new clients are placed in the waiting list. When
the number of clients is below the threshold, the clients in the waiting list are
allowed to start until the threshold is reached again. It should be noted than
once a washing machine has started its operation the demand response server
cannot stop it (i.e., clothes could get damaged). However, if an appliance has
been granted to start but has not yet start its operation the demand response
server can ask to cancel the event as described in [6]. Since SEP2 is a client
initiated protocol, this is done by periodically (1 minute) asking for an update
on the status of the demand response event.

Evaluating Demand Response Strategy and Protocol

A similar evaluation procedure than in the first case has been followed. This
time four values of the randomized start (tuning parameter) have been consid-
ered: 0 minutes (no randomized start), 20 minutes, 40 minutes, and 60 minutes.
The randomized start delays the scheduled starting time of the appliances by
randomly selecting a delay time between 0 minutes and the specified maximum
(i.e., 20, 40 or 60 minutes). The time between pooling event status is fixed to
1 minute. The performance metrics considered in the evaluation process are:
standard deviation of the power, power peak, the PAR, the total number of
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Figure 1.15: Activity diagram of the load aggregation control strategy

HTTP GET messages sent and the aggregated waiting time of appliances to
start.

Table 1.5: Results of the evaluation of the demand response strategy and pro-
tocol for load aggregation with fixed time between pooling events (1 minute).

Metric Baseline X = 0 X ∈ [0, 20] X ∈ [0, 40] X ∈ [0, 60]

Std. dev. [kW] 125 138 172 179 180
Peak [kW] 509 739 926 886 810
PAR [-] 1.49 2.17 2.65 2.48 2.22
HTTP GET [-] 5,388 15,896 53,788 93,387 135,611
Waiting time [min] 0 10,683 51,074 92,667 137,719

X: uniform random variable for the starting delay in minutes when permitted to start.

Table 1.5 summarizes the results of the evaluation process. The metrics
displayed in this table are calculated in the time window from 17:00 to 24:00.
The table shows that the larger the randomized starting time is, the larger the
standard deviation of the power is. This indicates that by deploying the control
strategy the power presents a higher variation proportional to randomized start-
ing time. The power peak is also affected by the by the randomized starting
time. To better illustrate this effect the reader is referred to Figure. 1.16. The
top part of this figure shows the total power over time for three cases: base-
line (dark-blue-solid line), demand response without randomized starting time
(green-circled line) and demand response with randomized starting time of max-
imum 20 minutes (bright-blue-stared line). It can be observed how the power
usage in the demand response period delimited by red-dashed lines (18:00-20:00)
is in general lower than the baseline. The power oscillations in this period are
due to the power consumption profile of a washing machine (see Figure 1.9).
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Limiting the number of appliances that can start running during a time window
generates a rebound peak after the event is completed: all appliances that have
been in waiting list want to start. To avoid the rebound peak issue, SEP2 uses
two mechanisms: the randomized starting time and randomized duration of an
event. From the simulation on this specific case study, it can be observed than
the minor rebound peak is achieved by disabling the randomized starting time.
This can be seen in both Figure 1.16 and in Table 1.5 by a lower PAR and peak
value.

The defined control strategy can be observed in the bottom plot of Fig-
ure 1.16. From 18:00 to 20:00 a constraint of a maximum of 650 appliances (red-
dashed line) is set. In the first minutes of the event, the number of appliances
decreases until the threshold is met: running appliances cannot be switched off
by the demand response server. For the demand response case without random-
ized start, the appliances running are always equal to the threshold: when an
appliance finishes a the demand response server allows one appliance from the
waiting list to start right afterwards. In the 20 minutes case (bright-blue-stared
line), the number appliances running is lower than the threshold because there
are appliances that have been allowed to start but that have not done that yet
due to the randomized starting time.
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Figure 1.16: Total power consumption and number of clients over time for
three cases: baseline (dark-blue-solid line), demand response without random-
ized starting time X = 0 (green-circled line) and demand response with random-
ized starting time X ∈ [0, 20] minutes (bright-blue-stared line). The red-dashed
lines show the event time limits (18:00 and 20:00) and the clients threshold
(650).

Looking at the protocol metrics in Table 1.5, it can be observed that the
higher randomized starting time is, the more HTTP GET messages are sent and
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the longer the waiting time is. This tendency is also illustrated in Figure 1.17.
The waiting time for the demand response without randomized starting time
(green-circled line) is lower than the one with randomized starting limit of 20
minutes (bright-blue-stared line). For the 20 minutes case, there is a peak on
waiting time just after event is finished. This is caused by having more than
200 appliances starting in a very short time window.

The reason for a longer waiting time for a larger randomized start is straight-
forward but the larger number of HTTP GET messages is not. The number
of HTTP GET messages is influenced by the randomized starting time for the
following reason. A client sends a HTTP GET message when it has not been
allowed to start. Additionally, a client also sends messages when it has been
allowed to start but it has not done so due to the randomized starting time.
This is done because client periodically contacts the demand response server to
know if it has changed the status of an event (e.g., stop running an appliance
before it has actually started). Therefore, a larger randomized starting time
leads to a larger number of HTTP GET messages.
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Figure 1.17: Total waiting time and total number of HTTP GET messages over
time for three cases: baseline (dark-blue-solid line), demand response without
randomized starting time X = 0 (green-circled line) and demand response with
randomized starting time X ∈ [0, 20] minutes (bright-blue-stared line). The
red-dashed lines show the event time limits (18:00 and 20:00).

This case study illustrates a possible application domain of the model-driven
evaluation methodology: assessment of a control strategy by simulations before
deployment. A decision that could be taken for this specific scenario would be
to disable randomize starting time feature of SEP2. In the presented case, the
randomized starting causes the opposite effect that it was designed for. However,
this may not apply to other scenarios. It is therefore very important that a
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holistic assessment like the one here presented is carried out before deployment
of any new strategy.

1.7 Conclusion

Balancing the smart grid is a continuous process that requires to equate the
energy production with the consumption of electricity in the grid. Demand
response can support the stability of the grid by incorporating the customer side.
In order to communicate with the customers, standardized demand response
protocols are used. However, the performance of such protocols varies based
on the application, demand response strategy, and their tuning parameters.
Therefore, this chapter presents a methodology for evaluating the performance
of demand response protocols combined with a demand response strategy for
the smart grid.

The methodology shows how to formalize, model, and simulate a household
scenario with demand response strategies. It reuses existing specifications of
demand response protocols, and strategies for its evaluation. The methodology
rests on a model-driven approach for evaluating demand response by combin-
ing strategy, scenario and protocol models that can be synthesizing into exe-
cutable code. Moreover, the methodology offers benefits by speeding up the
design process and decreasing error-risks of implementing protocols, scenarios,
and strategies models by automatically synthesizing them into executable code.
Using a simulation environment, the protocol is evaluated by observing a set of
performance metrics. The results are used to optimize the protocol behavior by
tuning its parameters. Furthermore, the methodology is validated through two
comprehensive case studies using the demand response and load control function
set of the SEP2 protocol. The case studies showed that it is possible to apply
the methodology on the SEP2 protocol for a household scenario description and
a specified demand response strategy for evaluating its performance.
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Abstract—Demand Response is a key enabler for the shift from
a generation-oriented system towards a consumption-oriented
electrical grid known as the Smart Grid. This paper proposes
a Model Predictive Control scheme enabling a combination of
both price and event-based Demand Response. The controller is
divided into two stages where the first consists of an optimization
which takes dynamic prices into account, whereas the second
stage calculates power reduction offers for an Aggregator. The
proposed method is validated through a simulation case study,
where a single apartment is modeled in EnergyPlus and an
electric heater is regulated by the two-stage controller.

The results show that the first stage shifts consumption from
high to low-price periods, leading to an 8% increase in energy
consumption but a 7% reduction in energy costs. The second
stage continuously provides hourly power reduction offers for a
24 hours period. The offering price of these bids depends largely
on the notification time and the baseline consumption. Results
show that in certain time periods these bids can be provided at
a very low cost compared to the average energy cost.

I. INTRODUCTION

The way electricity is produced nowadays is pollutant with
respect to CO2 emissions due to the burning of fossil fuels.
This is nudging governmental institutions to set ambitious
energy and climate policies. In 2014, the European Council
revised the 2020 goals and the energy framework for Europe
in 2030 setting these goals: 40% reduction of greenhouse
emissions, 27% electricity produced from Renewable Energy
Sources (RESs) and 27% increase on energy efficiency [1]. To
satisfy all these objectives, the electric grid is being upgraded
to a new forthcoming grid known as the Smart Grid [2].

In the Smart Grid, information and communication technol-
ogy will be used to coordinate a larger amount of Distributed
Energy Resources (DER) aiming at improving the reliability
and efficiency of the system. Higher penetration of RESs is
expected in this upcoming grid that will lead to reduction in
CO2 emissions. However, the price to pay for having green
energy supply is that RESs like solar or wind have intermittent
generation (non-dispatchable) thus increasing complexity in
balancing electricity production and consumption [3]. In this
scenario and in absence of cost-effective storage solutions,
the Smart Grid will require flexible demand to adapt to the
available renewable production. Demand Response (DR) is
often considered as a viable part of the solution to provide
this necessary flexibility.

DR is a change in energy consumption patterns by the end-
consumers as a response to an external trigger signal. DR is
usually provided through a DR program, which mainly fall into

price or event-based programs [4]. In price-based programs,
consumers receive varying tariffs motivating electricity usage
in low-price periods and thus indirectly alter the consumption.
This has the benefit of leaving the final decision to the
consumer but pose a challenge on predicting the consumer
reaction. In event-based programs, the program administrator
directly requests for specific power changes. Both programs
have benefits and drawbacks, therefore it is desirable to
establish a DR scheme to combine the benefits of both.

DR sources usually fall into industrial, commercial, and
residential consumers. The residential sector is characterized
by relatively low and highly distributed loads, making them
more challenging to utilize especially for event-based DR. This
sector accounts for about 40% of the total energy consumption
in Europe [5] and disregarding it would significantly reduce
the total DR potential. To overcome this challenge, it is often
suggested to let Aggregators manage a portfolio of households
and accumulate these into flexible loads of considerable size.

A key enabler for residential DR provisioning is the control
strategy. These strategies should at the same time respect
both the consumers comfort levels and minimize operation
costs. Furthermore, these methods should ease DR aggregation
to third parties. This is a challenging task where factors
like weather conditions, behavior of the occupants, and grid
stability must be taken into consideration [6].

This paper proposes a controller based on a Model Pre-
dictive Control (MPC) scheme that combines both price and
event-based DR. Similar attempts has been made to achieve
this merge [3, 7], but the proposed method differs from
these in that the event-based DR consists of power reduction
bids, which are dynamically calculated and always optimized
according to consumer costs and comfort levels. To the best
of the authors’ knowledge, this is the first contribution on
combining both price and event-based DR in this manner.

The paper is organized in the following manner. Section II
presents related work. Section III explains the proposed
two-stage MPC. Section IV describes the simulation setup
and case study. Section V evaluates the results and finally
Section VI concludes the paper and outlines the future work.

II. RELATED WORK

A. Demand Response Aggregation

To fully exploit residential DR an aggregation layer is
often suggested to accumulate and coordinate individual loads.
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Costanzo et al. [8] propose a coordination scheme based on a
distributed MPC to control a group of flexible DERs. Each of
the DERs solve a MPC problem with individual optimization
functions and constraints, but also global constraints shared
through a common resource accessible by one DER at a time.

Price-based DR programs do not traditionally require an
Aggregator [8, 9, 10, 11], but Halvgaard et al. [12] propose
a special version, where the price signal is determined by
an Aggregator instead of the market. The Aggregator then
indirectly controls a group of DERs by solving an optimization
problem determining which price signal to broadcast, to get
the desired response from the consumers.

B. Model Predictive Control of Buildings

MPC has been widely used in the chemical industry for
years and is suitable for regulating systems with complex dy-
namics and to handle constraints. Recently, a growing interest
in applying MPC for building control has emerged and many
studies demonstrate significant potentials [5, 6, 9, 11, 13, 14].

A general MPC seeks to find the optimal control strategy
that minimizes a cost function and complies with constraints
over a prediction horizon h. There are many different formula-
tions in literature, but for price-based DR the natural approach
is to minimize energy costs while subjected to certain comfort
constraints. This approach is often called Economic MPC [5].

The main idea behind MPC is to use a model to optimize
control actions based on current and future states. There
are basically two different approaches in the choice of a
model to incorporate in the MPC. One approach is to use
complex Building Energy Simulation Programs (BESP) such
as EnergyPlus or Trnsys [10, 15]. The advantage hereof
is that complex building dynamics can be well-captured,
but has the disadvantage of being both time-consuming to
develop in the design phase as well as to optimize. This
last aspect is especially problematic for real-time applications
where the optimization must be performed within a limited
amount of time. A second approach is to use simpler models
such as linear state-space models [5] or bilinear state-space
models [13]. The use of such models allows the analytical
optimal solution to be found within a time-interval suitable
for real-time applications. A limitation of these models is that
complex and non-linear behavior must be approximated, e.g.
through linearization, which can compromise accuracy.

C. Combining Price and Event-based Demand Response

There are examples in literature of attemps to combine both
price and event-based DR. Tahersima et al. [7] propose a
controller for both indirect and direct control of electricity
loads. In the indirect control, performance is optimized aiming
at minimizing cost while in the direct control previously
contracted power signals are sent to loads. However, they do
not consider economic incentives for the direct control.

Oldewurtel et al. [3] propose a standardized method for
assessing the DR potential of buildings. The approach is to
estimate the power shifting potential of a building, which
has already been optimized according to varying tariffs. The

shifting potential is estimated through a series of simulations
and results in a profile of the building showing the power
changes potential for each hour of the day in different
seasons. This profile can then be used by an Aggregator to
establish a suitable portfolio of buildings for a given DR
service. This profile is calculated once for a given building
and hence constitutes a static potential.

III. CONTROLLER DESIGN: TWO-STAGE MODEL
PREDICTIVE CONTROL

This paper proposes a two-stage MPC that combines price
and event-based DR. The controller links the consumer and
the electrical grid and takes both into account. However,
the proposed method is always focusing on the consumer
objectives (energy costs and comfort). Fig. 1 shows a context
diagram of the controller with the involved actors. The con-
troller receives weather forecasts and electricity prices from
external information providers (Weather Data Provider and
Electricity Markets). The room temperatures are received from
Sensors in the household and comfort constraints are defined
by the Consumer. Furthermore, the controller sends DR bids
to an Aggregator, which in turn accepts or reject these offers.
Aggergators can participate in Electricity Markets by selling
this flexibility. Based on this, the two-stage MPC determines
the optimal control signal and sends it to the Actuators.

DR bids (X) &
Accepted bids (Pmax)

ActuatorsSensors

Electricity
Markets

Aggregator

Consumers

EXTERNAL ACTORS Two-stage MPC

Weather
Data Provider

Temperature
constraints (Tmin) Temperature

 (Tsensor)
Heat effect 

(u)

Weather 
forecast (d)

Electricity
price (p)

HOUSEHOLD

Fig. 1. Context Diagram of the Two-stage MPC.

The basic functionality of the proposed control method is
shown in Algorithm 1. The algorithm takes in five inputs: elec-
tricity price p(k+1 : k+h), weather forecast d(k+1 : k+h),
minimum temperature constraint Tmin(k+1 : k+h), measured
room temperature Tsensor(k), and constraints on the maximum
power consumption Pmax(k+1 : k+h). k is the current time
step, h the prediction horizon, and the notation k + 1 : k + h
implies all the values of the vector starting at k+1 until k+h.
The power constraints are either due to physical limitations of
the heat source or due to previously accepted reduction bids
offered to the Aggregator. There are three outputs from the
algorithm. The first output is the offerings for the Aggregator
X(k, i + 1 : i + b) consisting of a vector with prices for
power reductions in future time steps (bidding horizon b). The
second output is the updated constraints on maximum power
Pmax(k+2 : k+h+1), which depends on bids accepted by the
Aggregator. The final output is the updated control action for
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the next time step to be sent to the actuators uupdate(k+1). In
the following subsections the two stages are further detailed.

Algorithm 1 Two-stage MPC - Iteration in Time k

Input: p(k+1 : k+h), d(k+1 : k+h), Tmin(k+1 : k+h),
Tsensor(k), Pmax(k + 1 : k + h)
Output: X(k, i + 1 : i + b), Pmax(k + 2 : k + h + 1),
u(k + 1)

Stage 1: Calculating control baseline signal

min
∑k+h

j=k+1 ubase(j)p(j)

s.t. x(j + 1) = Ax(j) +Bubase(j) + Ed(j)

Tmin(j) ≤ Cx(j)

Pmin(j) ≤ ubase(j) ≤ Pmax(j)

Stage 2: Calculating offering prices X(k, i : i + b) for
reduction of ΔPred Watt from ubase

1: i = k + 1;
2: while i ≤ k + b do
3: First-stage MPC with Pmax(i) = ubase(i)−ΔPred

4: X(k, i) =
∑h

j=k+1[uk|i(j)− ubase(j)]p(j)
5: i = i+ 1;
6: end while
7: Send X(k, i+ 1 : i+ b) to Aggregator and wait for reply
8: Update u and Pmax

9: Send u(k + 1) to Actuators

A. Stage 1: Price-based Demand Response

The Stage 1 in the proposed two-stage MPC provides a
price-based DR since it minimizes energy costs over the
prediction horizon h taking into account varying tariffs p.
The output from this stage is a baseline control sequence
ubase(k+1 : k+h) and is used in Stage 2 to calculate power
reduction bids for the Aggregator.

The formulation in Stage 1 is similar to an Economic
MPC as introduced in [5, 13] but it presents some important
differences. The procedure is a receding horizon optimization
since the problem is continuously re-optimized in each time
step k for a prediction horizon of h future time steps. This
allows the controller to take feedback from sensors and
updated forecasts thus avoiding building up simulation errors.
The common approach is to keep the control action for the
next time step k + 1 and discard the rest. In the presented
controller, this decision is postponed to the Stage 2. The
output of Stage 1 is then the whole optimized control sequence
ubase(k + 1 : k + h). Another distinctive feature is that
the constraints on the maximum heat power are continuously
updated. This is due to the Stage 2 of the controller, which
offers power reductions to an Aggregator and in case these bids
are accepted the maximum power constraints must be updated
to ensure these bids are respected in future optimizations.

A linear state space model has been chosen as plant model
in the MPC. This decision has been adopted because the

proposed method needs fast optimization especially due to
the second stage, which performs multiple optimizations. The
problem can be formulated as shown in the Stage 1 in
Algorithm 1. The cost function is the energy costs defined as
the summation over the prediction horizon h of the product be-
tween electricity price p(j) and heat power ubase(j). This cost
function is subjected to constraints due to building dynamics
based on the state space model and constraints in heat power
and minimum room temperature. The state variables x(j +1)
in a given time step are calculated from the state variables
x(j), the control signal ubase(j) and the system disturbances
d(j) (weather forecast) from the previous time step j using the
matrices A and B. The system output (room temperature) is
obtained using matrix C and state variables x(j). In each time
step, the room temperature Tsensor(k) is measured and applied
in a Kalman filter to estimate the initial states of x(k) [11].

B. Stage 2: Event-based Demand Response

Stage 1 produced a baseline ubase(k+1 : k+h) determined
by minimizing energy costs from varying prices. The second
stage applies this baseline to further analyze flexibility options,
which are offered to an Aggregator and applicable for event-
based DR. The offers consist of prices for reducing the power
consumption by a certain amount in a given future hour. This
approach differs from [3] by being more dynamic in that
power reduction potentials are analyzed continuously in each
hour. The proposed method also differs from [7] by having
the consumer submitting offers of possible power changes
instead of leaving the direct control to an external actor. The
basic terms to characterize an event-based DR program are
introduced to lay the foundations of the controller [16]:

• Offering/Request time: Time when DR provision is
offered/accepted (k).

• Deployment time: Time when DR provision starts (i).
• Notification time: Difference between deployment and

offering time. Time to prepare for a DR event.
• Ending time: Time when DR provision finishes (i+ 1).
• Power: Power reduced during the event (ΔPred).
• Price: Monetary remuneration to be received in exchange

of carrying out the DR event (X(k, i)).
The second stage of the controller is formulated in Stage 2 in

Algorithm 1. The previously calculated optimal baseline ubase

is used to generate the price X(k, i) offered to an Aggregator
in time step k for a reduction of ΔPred from the baseline
in time step i. The earliest offer that can be made is for the
coming time step (i = k + 1). Offers are calculated for a
sequence of time steps i = k + 1 : k + b where b is called
the bidding horizon. Each offer is calculated by solving a new
optimization problem as in Stage 1 but adding a new constraint
limiting the power consumption in the deployment time step
i. The new constraint is defined as the baseline power minus
the offered power reduction (Pmax(i) = ubase(i) − ΔPred).
This forces the controller to find an alternative to the baseline
in time step i where power is reduced. This results in a
new control sequence uk|i for the prediction horizon h. The
notation k|i specifies that the control sequence is calculated
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in time step k (offering time) and reduces the power in step i
(deployment time). uk|i will always be less optimal than the
baseline because it is subjected to an additional constraint and
will always be more expensive to deploy when compared to
the baseline. This extra cost is the minimum offering price
offered to the Aggregator for this reduction.

The offering price X(k, i) is the difference in energy cost
between the constrained alternative and the baseline and is
calculated as shown in number 4 in Stage 2 in Algorithm 1.
Therefore, X(k, i) is the offering price in time step k for
reducing power in time step i by ΔPred W. In each time
step k, the offering prices are calculated for the entire bidding
horizon b resulting in a vector of offers X(k, k+1 : k+ b) to
be sent to the Aggregator. The Aggregator can then use these
bids along with similar bids from a portfolio of buildings to
determine the optimal combination to achieve a given DR. The
optimization at the Aggregator level is left for future study.

After the offerings X are sent, the controller awaits for the
Aggregator to respond whether or not one of the bids has
been accepted. It is important to highlight that the Aggregator
is allowed to accept only one bid at a time. This is because
offers for each time steps are calculated independently. When
the controller receives the Aggregators’ response it determines
the final control sequence and updates the power constraints.
These constraints are stored to be used in the algorithm for the
next time step. The algorithm ends by sending the first control
action u(k + 1) to the Actuators and discarding the rest.

1 2 3 4 5 6 7 8 9 10

1

2

3

4

5

6

7

8

9

10

11

11

Post-horizon

Pre-horizon

Offering Time k [hours]

D
ep

lo
ym

en
t T

im
e 
i [

ho
ur

s]

0,1 0,2 0,4

0,1 0,1

0,20,1

0,3

0,20,1

0,1 0,1 0,2 0,2

0,1 0,1 0,2 0,2

0,1 0,1 0,2

Impossible Constraint

Fig. 2. Interpretation of the Offering Price vectors X .

Fig. 2 illustrates possible outcomes of Stage 2. The horizon-
tal axis represents the current time step k also referred as the
offering or request time. The vertical axis is the deployment
time i for the power reduction ΔPred. In this illustration the
bidding horizon b is only 4 hours. The values in the figure are
fictitious but with realistic tendencies.

Fig. 2 can be read column-wise and row-wise. The column
above a given offering time k contains the offerings X(k, k+
1 : k + b) made at that particular time step. These offerings
are sent to the Aggregator at time step k. Since the bidding

horizon b is 4 hours the column contains offers for the four
subsequent time steps. The highlighted column X(3, 4 : 7) is
calculated in k = 3 and contains offerings for the for the next
4 hours i = 4, 5, 6, 7. The orange color in i = 4 means that
no bid are available because the power cannot be reduced by
ΔPred without violating a temperature constraint.

The highlighted row X(2 : 5, 6) contains the costs associ-
ated with reducing the power in deployment time i = 6 calcu-
lated and offered at different offering time steps k = 2, 3, 4, 5.
The left-most value is the offering price for reducing power
in time step 6 offered in time step 2. The next value is the
price for reducing power in time step 6 offered in time step 3.
The last 2 values are orange indicating that it is not possible to
reduce power in time step 6 when the request time is 4 or 5 due
to constraints violation. Finally, the figure also contains red
values indicating that no bids can be made because the baseline
consumption is too small for a ΔPred power reduction.

IV. SIMULATION

The proposed controller is investigated and tested through
simulations performed in the middle-ware software called
Building Control Virtual Test Bed (BCVTB) [17]. This frame-
work enables co-simulation of traditional BESP and advanced
controllers such as MPC. An EnergyPlus model is controlled
by the two-stage MPC defined in Matlab. The EnergyPlus
model is a single zone model inspired by a small-size apart-
ment placed in the Danish building Grundfos Dormitory
Lab [6]. In the model, the heat effect of an electric radiator
is the only control variable being its maximum power 500
W. This constitutes the power constraints unless accepted bids
are adding further constraints. The room is generally well-
insulated with thermally heavy constructions and a single
south-facing window. The room temperature is subjected to a
minimum temperature of 21◦C. The simulations are performed
for Danish conditions in January 2015 and all predictions on
weather and electricity prices are assumed to be perfect.

The MPC applies a fourth order linear state space model
to capture the dynamics of this building. The model is
obtained through system identification using input/output data
generated by the EnergyPlus model. The EnergyPlus model
runs at 60 seconds time steps, but the MPC only sends new
control input every 15 minutes. The prediction horizon h is 5
days and the bidding horizon b is 1 day of hourly bids.

V. EVALUATION OF RESULTS

A. Results - Stage 1

Fig. 3 shows the performance of the Economic MPC in the
first stage compared to an ideal PID controller. The simulation
is performed for a full month but the figure only shows
four days. The day patterns can be seen from the solar gain
and the relative electricity prices are extracted from Nord
Pool Spot. The PID always keeps the temperature at the
specified minimum of 21 ◦C. The MPC generally pre-heats
when prices are low hereby storing heat in the constructions.
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Fig. 3. Comparison of Performance of Economic MPC Against PID for the
Days 7th, 8th, 9th and 10th of January 2015 in Denmark.

This pre-heating can be utilized to reduce heat power in high-
price periods. This induces deviations above the minimum
temperature indicating that heat is stored in the building.

An interesting consequence of the Economic MPC is that
it induces an 8% increase in the total energy consumption
but at the same time reduces the cost by 7%. The MPC also
increases the Peak-to-Average Ratio (maximum power divided
by average power) from 1.29 to 1.88 because the controller
will use maximum power for pre-heating in low-price periods.

B. Results - Stage 2

Fig. 4 shows the offerings sent to the Aggregator for 30
subsequent request hours. The principles for reading this figure
are the same as in Fig. 2. The visualized period is shown in
Fig. 3 and no offers have been accepted. Fig. 4 shows the data
obtained in simulations for a bidding horizon b of 24 hours and
a power reduction ΔPred of 100 W in each hour. The different
colors in the colormap illustrates the price associated with each
offer. As described before, red implies impossibility to provide
100 W reduction because of a baseline lower than 100 W in
that time step. Orange means that a 100 W reduction cannot be
achieved without violating comfort constraints. White values
are periods where no bids are made either because they lay
in the past (pre-horizon) or they exceed the bidding horizon
(post-horizon). The gray scale colors indicate the price of
feasible reduction bids where higher prices are darker.

By reading Fig. 4 horizontally (row-wise), one can observe
how prices vary for a fixed deployment time i for different
offering times k. This is illustrated in the top plot in Fig. 5.
This plot shows three different rows corresponding to offering
prices of 3 different deployment times (i = 232, 233, 234).
The price generally increases as the offering time approaches
deployment time and it even gets impossible at offerings times
sufficiently near to deployment time (when the curves reaches
the red-dashed line). This implies that the less preparation time
the controller has the more expensive the reduction becomes.
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The results also show that in some time periods the con-
sumer can provide DR at very low-cost. This is measured
using the concept of a “low-price hour”. A “low-price hour”
is defined as an hour when the cost of a specific reduction
is lower than x % of the average cost of this reduction over
all simulation period. The bottom plot of Fig. 5 shows the
percentage of hours of the simulation period (31 days) consid-
ered as “low-price hour” for different notification times. Three
curves are displayed in the plot corresponding to different price
thresholds when an hour is considered a “low-price hour”
(1%, 2% and 5% of the average price). The solid-blue line
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shows that with a threshold of 1 % of the average price and a
notification time of 24 hours almost 5 % of the total simulated
hours DR can be provided at very low price. One can observe
that the larger the notification time and the higher the price
threshold is set the more “low-price hour” the consumer can
provide DR to an Aggregator. This low-cost flexibility can be
of great interest for grid stability when aggregated.

VI. CONCLUSIONS

This paper has presented a novel control strategy to provide
both price and event-based DR. The proposed methodology is
a two-stage MPC where the first stage is an Economic MPC
optimizing the performance based on varying prices (price-
based DR). The second stage then calculates power reduction
bids to be offered to an Aggregator (event-based DR). The
scheme has been analyzed in a simulation case study. Results
show that the first stage effectively shifts large amounts of
energy and reduces the users operational costs. Additionally,
the simulations reveal that the second stage can provide event-
based DR and in some periods at a very low-cost. A general
result is that as the notification time increases, the more and
cheaper DR the consumer can provide. An Aggregator can use
the second stage flexibility to directly change the consumption
during maintenance or to optimize the normal operation.

This paper looks at how the consumer reacts to price signals
and calculates additional power reduction offers. The task
of investigating how an Aggregator can handle theses offers
is left for future work. A case study with more households
would lead to a better estimation on the DR potential of
the proposed strategy and studies including uncertainties in
weather, occupancy and price forecasts could be performed to
evaluate the robustness of the method.
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Abstract—In modern power systems, co-simulation is proposed
as an enabler for analyzing the interactions between disparate
systems. This paper introduces the co-simulation platform Virtual
Grid Integration Laboratory (VirGIL) including Hardware-in-
the-Loop testing, and demonstrates its potential to assess demand
response strategies. VirGIL is based on a modular architecture
using the Functional Mock-up Interface industrial standard
to integrate new simulators. VirGIL combines state-of-the-art
simulators in power systems, communications, buildings, and
control. In this work, VirGIL is extended with a Hardware-in-
the-Loop component to control the ventilation system of a real
12-story building in Denmark. VirGIL capabilities are illustrated
in three scenarios: load following, primary reserves and load
following aggregation. Experimental results show that the system
can track one minute changing signals and it can provide
primary reserves for up-regulation. Furthermore, the potential of
aggregating several ventilation systems is evaluated considering
the impact at distribution grid level and the communications
protocol effect.

Index Terms—Demand Response, Co-simulation, Functional
Mock-up Interface, PowerFactory, Hardware-in-the-Loop.

I. INTRODUCTION

In the energy system of the future, with high penetration of
Renewable Energy Sources (RES), online, dispatchable power
system support services will be required to efficiently integrate
RES and to provide stable grid operation. Demand response
is at present utilized as a bulk power system support service,
which could be a promising distribution grid support mech-
anism with the appropriate specificity and controls. Demand
response can potentially benefit system operation, expansion,
and market efficiency while reducing the overall plant and
capital cost investments [1]. Furthermore, demand response
can be utilized to defer the need for power grid upgrades [1].

Demand response is provided by reducing or shifting elec-
tricity usage during peak periods in response to an external

The work in this document has been funded by the Danish Energy Agency
project: Virtual Power Plant for Smart Grid Ready Buildings and Customers
(no. 12019). This work is also supported by Laboratory Directed Research and
Development (LDRD) funding from Berkeley Lab, provided by the Director,
Office of Science, of the U.S. Department of Energy under Contract No. DE-
AC02-05CH11231. Additionally, we would like to express our gratitude to
NRGi for sharing distribution grid data with us.

trigger and by following a predefined control strategy [2].
Recently, it has been demonstrated that this process can be
automated and applied to commercial buildings to provide
demand response adapted to the ancillary services market [3].
Prosumers, proactive consumers that engage in demand re-
sponse, offer flexibility for certain appliances and local gener-
ation units. Flexibility is provided by trading off convenience
in daily practices and comfort e.g., by relaxation of indoor
climate metrics. Demand response provision requires an Infor-
mation and Communications Technology platform to provide
management, aggregation, and scheduling of a large number
of domestic appliances with flexible consumption [4], [2].

The success of a demand response strategy at present is
limited by the lack of suitable tools for assessment of its
potential and detailed understanding of causality. To circum-
vent this, simulation techniques may be used to evaluate a
targeted demand response prior to any market control actions.
Specifically, co-simulation, which offers the advantage of com-
bining domain-specific simulators, such as distribution grid
planning models, and communications, enables the evaluation
of demand response from a holistic and detailed perspective
with a stronger foundation in building operations practices.
In this paper, the co-simulation platform Virtual Grid Inte-
gration Laboratory (VirGIL) developed at Lawrence Berkeley
National Laboratory is introduced and utilized to demonstrate
its potential to assess demand response strategies [5]. VirGIL
enables simple integration of new simulators and combines the
state-of-the-art simulators in power systems, communications
networks, modeling of buildings, and control engineering.
Hereby, VirGIL aims at reducing the barriers of the industry
to adopt new demand response programs.

The main contribution of this paper is the coupling of
a co-simulation environment with a Hardware-in-the-Loop
(HiL) infrastructure for demand response assessment. Demand
response is evaluated by using a ventilation system of a multi-
tentant residence integrated with the VirGIL co-simulation
framework. The evaluation methods combine state-of-the-art
tools for co-simulating power grid response with interactions
of a running system of a building used as a living lab in
Denmark [2]. To our knowledge, this is the first contribution
to couple co-simulation with HiL to evaluate demand response
in large residential buildings.
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The paper is organized as follows. Section II presents the
realted work on co-simulation for power systems. Section III
introduces VirGIL. The case study is described in Section IV.
The experimental and simulation results are presented in
Section V and Section VI concludes the paper.

II. CO-SIMULATION FOR POWER SYSTEMS

One of the first documented applications of co-simulation of
power systems, EPOCHS, included a communication system
component [6]. The authors advocate using existing simulation
tools that excel in their respective fields, instead of creating
new simulation platforms. EPOCHS simulates power systems
with fixed steps using PSCAD/EMTDC for electromagnetic
and PSLF for electromechanical power system simulations,
and communications simulations using the discrete event sim-
ulator ns-2. These tools exchange data at pre-specified syn-
chronization points. In [7], the authors improved the algorithm
to provide a common timeline for both modules, thus reducing
the accumulation of synchronization-induced inaccuracies.

Until recently, most co-simulation approaches for power
systems add a communication network simulator. Examples
for distribution networks are [8], [9]. The authors in [10] report
a co-simulation approach for power systems and electric ve-
hicle charging and control; this work uses Functional Mockup
Interface (FMI) to interface with one of the simulation tools.
Among power system tools that can operate in co-simulation
environments, GridLab-D is probably one of the most widely
used [11]. In addition to power systems, it incorporates load
modeling, rate structure analysis, distributed generation, and
distributed automation. See [12] for a comprehensive survey
on tools used for co-simulation of power systems.

Concerning the co-simulation environment used in this
paper, VirGIL uses a commercial software, DigSILENT Pow-
erFactory, for power systems simulation. A co-simulation
incorporating PowerFactory has also been reported in [13];
however, VirGIL is the first co-simulation platform that used
an open industrial standard (FMI) to couple PowerFactory to
other simulation tools, thus allowing a higher interoperability.

In order to predict how actual devices will interact in com-
plex environments, co-simulation platforms can be enhanced
with Power Hardware-in-the-Loop (PHiL). PHiL applications
do not only include the controller of the device as a real piece
of hardware, but rather the whole device is included, e.g.,
besides the thermostat controller, the ventilation system is also
connected to the simulation platform. This paper reports one
of the first efforts for co-simulation platforms to include PHiL,
henceforth referred as HiL. A similar effort is reported in [14]
where a co-simulation environment using GridLab-D was
coupled with two residential-scale advanced solar inverters.

The focus of this work is on the interactions between
distribution systems, buildings, and control, and introduces a
HiL interface to test demand response strategies in real time.

III. VIRGIL OVERVIEW

VirGIL is a modular co-simulation platform developed at
Lawrence Berkeley National Laboratory [5]. VirGIL enables
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Figure 1. VirGIL Architectural Overview.

co-simulation using different simulators in power systems,
communications networks, modeling of buildings, and control
engineering. The modular architecture developed in VirGIL
allows switching to other power system models as needed,
incorporating either open source research tools or commercial
tools employed by utilities like PowerFactory [15]. VirGIL
can be used by different stakeholders to assess novel strategies
for energy, controls and communication systems in a holistic
and dynamic way. Fig. 1 shows the architectural overview of
VirGIL with its different components and communications.

The communication between the different components is
done using the standard FMI [16]. FMI supports both model
exchange and co-simulation using C-code and XML files. Each
simulation module is called a Functional Mockup Unit (FMU).
Each FMU consists of a zip file containing source code to run
the simulations and a XML file with general information of
the unit (e.g., inputs and outputs). One main advantage of
using FMI is that it is an international standard, supported by
more than 70 tools, that enables the integration with any FMI
compliant software (EnergyPlus, Modelica, and others).

The master algorithm that coordinates the data exchange be-
tween all components is developed in Ptolemy II [17]. For the
co-simulation of cyber-physical systems such as encountered
by VirGIL, Ptolemy II has been extended. These extensions
are available in a special Ptolemy II configuration called
CyPhySim [18]. Ptolemy II is a Java-based modular software
where the different modules are actors communicating with
each other using ports. Each of the simulators labeled with
FMU in Fig. 1 is encapsulated as a FMU actor. The data
exchange between all the modules is managed by a director.
Using Ptolemy II for the master algorithm eases the assessment
of adding new modules. An example of this is the actor used to
communicate with real hardware in a HiL simulation. In this
work, this integration has been done directly in Ptolemy II.

The current version of VirGIL uses PowerFactory as power
system simulator, OMNeT++ for the communications network
simulator, and Modelica for the building model and control.
To enable HiL simulation, Ptolemy II environment is used.
See [5] for a more detailed description of VirGIL.
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IV. CASE STUDY DESCRIPTION

VirGIL is used here to analyze the demand response poten-
tial of controlling a ventilation system on a large residential
building located in Aarhus, Denmark. The test bed is Grundfos
Dormitory Lab (GDL) and is a 12-story building that hosts 180
students living in small apartments (i.e., maximum 40 m2).
The building is equipped with 3,400 sensors reporting data
on electricity consumption, water usage, indoor climate con-
ditions, and many others [2].
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Figure 2. Overview of Grundfos Dormitory Lab Case Study for Demand
Response (DR) Assessment with VirGIL.

Fig. 2 shows an overview of the different components of the
VirGIL case study. The Optimization & Control module of the
Curtailment Service Provider gathers data from External Data
Providers (e.g., electricity prices) and from the Distribution
Grid Model simulated in PowerFactory. These data is used
to trigger demand response strategies transmitted to GDL
using OpenADR protocol simulated in OMNeT++. OpenADR
messages are then processed by the Controller and translated
into control commands to regulate the Ventilation Fans Model
simulated in Ptolemy II. The operation point of the ventilation
system affects the Indoor CO2 Model developed in Ptolemy II.
In the HiL simulation, all the models encapsulated in the blue-
solid line are replaced by real hardware components of GDL.

A. Distribution Grid Model

The distribution grid is simulated by using PowerFactory
from DigSILENT, a commercial power system software.
While the rest of FMUs run on Linux, PowerFactory can
only run on Windows. In order to solve this incompatibility,
the Windows machine with PowerFactory uses a web server
that, through socket communication, interacts with the power
FMU located in the Linux machine. The web server controls
PowerFactory using the Python Application Programming
Interface (API) provided by DigSILENT.

The distribution grid is modeled up to the first transformer
substation as shown in Fig. 3. This transformer has a rated
power of 630 kVA and provides electricity to 9 feeders,
that correspond to 5 large residential buildings, GDL be-
ing one of them. All the grid data has been provided by
the Danish Distribution System Operator (DSO) NRGi. The

Figure 3. Grundfos Dormitory Lab Distribution Grid Model.

actual electricity consumption in GDL is available from its
monitoring infrastructure. It has been assumed that the other
buildings have a similar daily load profiles having their peak
consumption at 18:00 Central European Time (CET).

B. Communications Network Model

The open-source software simulator OMNeT++ was chosen
to model the communication of demand response messages.
OMNeT++ is composed of C++ files that model the behavior
of the different modules that are later instantiated and linked
using Network Description Language files (OMNeT++ spe-
cific language). OpenADR has been chosen as protocol for
the exchange of demand response messages between different
stakeholders [19]. This protocol is widely used by industries
in the United States of America. OpenADR is a client-
server protocol composed by two node types: Virtual Top
Nodes (VTNs) and Virtual End Nodes (VENs). VTNs send
messages about events to other nodes while VENs are able to
respond to these messages. Since OpenADR messages relies
on the Internet Protocol stack, this communication has been
modeled using the INET module in OMNeT++. INET is a
module suited for network modeling that includes protocols
like Ethernet, IPv4, IPv6, TCP, UDP, and HTTP among others.

In this case study, the model is composed by one OpenADR
VTN (server) and one OpenADR VEN (client). The server
can send load shed requests to the client while the client
can send its current demand response capabilities, the load
consumed and respond to the load request from the server.
However, these messages are not delivered instantaneously.
Therefore, the purpose of this FMU is to emulate the delay in
real communication networks when transmitting these signals.

C. Controller, Ventilation Fan, and Indoor CO2 Models

The fan Controller is modeled in Ptolemy II and trans-
lates load shed messages to control signals (static pressure
setpoints). The Ventilation Fan Model is simulated using
Ptolemy II. This model is developed and reported in previous
work of the authors and is based on ideal equations that relate
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two different operating points of a fan [20]. The equation
describing the power consumption as a function of the static
pressure is shown in Eq. 1. Pfan is the power consumption,
ps is the static pressure, ps,ref is the static pressure reference
point for the fan, Pref is the power consumption reference
for the fan, and n1 is an exponent that in ideal conditions is
3
2 . The ventilation system in GDL is composed by two fans:
supply and exhaust. The exponents n1 of both fans have been
determined from measurements, leading to values of 1.21 for
supply fan and 0.81 for exhaust fan.

Pfan(ps) =

[
ps

ps,ref

]n1

Pref (1)

The airflow is obtained as shown in Eq. 2. Q is the airflow,
ps is the static pressure, Qref is the reference airflow for the
fan, ps,ref is the reference static pressure for the fan, and n2

is an exponent that in ideal conditions is 1
2 . The exponent n2

has been determined for the supply fan as done for n1, leading
to a value of 0.63. This is also modeled in Ptolemy II.

Q(ps) = Qref

[
ps

ps,ref

]n2

(2)

The indoor CO2 level is modeled with the differential
equation Eq. 3. V is the volume analyzed, C is the indoor
CO2 concentration, Q is the airflow, Cout is the outdoor
CO2 concentration, and G is the CO2 generated indoors from
human activity. For GDL everything is known but the indoor
CO2 generation G. A time series of the evolution of G has
been obtained from measurements from CO2 sensors in all
apartments. The indoor CO2 level is modeled in Ptolemy II.
See [20] for further details on these models.

V
dC

dt
= Q(Cout − C) +G (3)

D. Hardware-in-the-Loop

To enable the HiL simulation the ventilation system in
GDL has been developed and integrated with components for
remote control and monitoring over the Internet. The fans can
be regulated and monitored through a secured RESTful API,
which translates HTTPS messages into Modbus messages and
sends them to the Air Handling Unit (AHU) of the ventilation
system. Details on this installation are available in [20]. The
SystemCommand actor in Ptolemy II has been used to execute
a Python code to communicate with the real system by sending
control actions using HTTPS POST messages and retrieving
system status using HTTPS GET messages as shown in Fig. 4.
The sequence starts by setting pressure setpoints in both fans
and continues by reading power consumption, airflow and
static pressure in the fans. This solution is interoperable and
can be applied to enable co-simulation with HiL coupling to
varied systems anywhere in the world.

The average CO2 level in the building is extracted from
the indoor climate sensors located inside the building. This is
calculated by querying a MongoDB containing real time data
using the SystemCommand actor to execute a Python code.

Controller Air0Handling0Unit0API

HTTPS0POST0(SupplyFanPressure)

HTTPS0POST0(ExhaustFanPressure)

HTTPS0201

HTTPS0GET0(SupplyFanPower)

HTTPS0GET0(ExhaustFanPower)

HTTPS0GET0(Airflow)

HTTPS0GET0(SupplyFanPressure)

HTTPS0201

HTTPS0200

HTTPS0200

HTTPS0200

HTTPS0200

HTTPS0GET0(ExhaustFanPower)

HTTPS0200

Figure 4. Ordered Sequence of Controller Interacting with API of AHU.

E. Optimization & Control and Master Algorithm

The Optimization & Control modules within the Curtail-
ment Service Provider are modeled using Ptolemy II. These
are different depending on the demand response strategy under
assessment and are described in the following section.

The master algorithm is described in Ptolemy II and is
responsible of coordinating the message exchange between
the different actors. The DiscreteEvent Director has been
chosen to orchestrate this data exchange (Eq. 3 has been
discretized). In the HiL simulation, the real time and simulated
time synchronization is handled by the SyncronizeToRealTime
actor. In this case, it is important to identify the execution time
of the different tasks to find a suitable sampling time between
events so that simulation time is shorter than real time.

V. RESULTS AND DISCUSSION

The three demand response strategies presented here are
evaluated using VirGIL in two different manners. The first
is using HiL of the ventilation system and the building,
henceforth called HiL simulation. The second is using the
Ventilation Fans Models and Indoor CO2 Model, henceforth
called model simulation. In all simulations (HiL and model),
the load profiles of the buildings are varied every one hour
and the aggregated electricity load has been multiplied by a
factor of three to emulate a more dense neighborhood. The HiL
simulations were done with the building occupied notifying
the janitor in advance: operating at high pressure setpoints can
lead to complaints from the residents due to excessive noise.

A. Case 1: Load Following for On-site Renewable Integration

The goal of this use case is to analyze the demand response
potential of the ventilation system in GDL to support on-site
renewable production. The ventilation fans are set to run in
normal operation (Pnormal = 2kW ) while the load in the
transformer substation in PowerFactory is lower or equal than
70%. When the load exceeds 70%, the Curtailment Service
Provider triggers a load following scenario. The load following
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Figure 5. Transformer substation (TR-578 in Fig. 3) Load on the 27-08-2015
for the Load Following Case for the Model Simulations with the Buildings
Load Multiplied by a Factor of Three.

is one minute signal based on the wind speed v provided by an
anemometer located on the roof of GDL. This signal varies as
shown in Eq. 4 so that when wind speed v increases in time k
so does the signal to track Pfollow. An analysis we carried
out showed that the wind speed measurements are highly
correlated (0.75) with the wind production in West Denmark
(DK 1) thus being a good renewable production indicator.

Pfollow[kW ] = Pnormal

(
vk − vk−1

vk
+ 1

)
(4)

A first model simulation is done for a full day using
data from Thursday 27-08-2015 with a sampling time of one
second and running the Power FMU every 15 simulation
minutes. This leads to the transformer substation load shown in
Fig. 5, thus triggering load following from 18:00-19:00 CET.
The load following signal is generated from real wind speed
measurements from the weather station in GDL. Real time
data of this sensor is not available and wind profile of this
day has been used for all HiL and model simulations.

Prior to further simulations, it is important to do a time
analysis to determine a sampling time for the HiL simulation
so that the simulation time is shorter than the real time. The
results of this analysis are shown in Tab. I. The most time con-
suming tasks are: Controller-API communication and Power
FMU execution. VirGIL runs in a computer in Berkeley (CA,
United States of America) while the API is hosted in Aarhus
(Denmark). The average time to send all messages in Fig. 4
is 5.18 seconds with a standard deviation of 0.40 seconds.
The HTTPS POST presents a larger standard deviation than
a HTTPS GET because the first message of the sequence in
Fig. 4 is a HTTPS POST and the server needs to authenticate
the client. The average time to run the Power FMU for the
given model is 3.34 seconds while the standard deviation is
0.29 seconds. This time depends on the complexity of the
power model and the data exchange between the Windows
server and the Linux client. This has led to choose 10 seconds
sampling time and running the Power FMU every 20 seconds.

In the HiL simulations, all experiments have always been
made on Thursdays 18:00-19:00 CET to have similar en-
vironmental conditions (e.g., similar amount of people in
the building). The Controller to regulate the power of the
ventilation fans uses the power error as input and returns the

TABLE I. EXECUTION TIME ANALYSIS. ALL UNITS IN SECONDS.

Task Mean Standard
Deviation Minimum Maximum

HTTPS POST 0.77 0.28 0.71 3.78
HTTPS GET 0.73 0.02 0.68 1.13

2 POSTs + 5 GETs 5.18 0.40 4.99 8.18
Power FMU 3.34 0.29 2.20 6.05
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Figure 6. Comparison Load Following for On-site Renewable Integration of
HiL Co-simulation and Co-simulation Using Fan Models. The Red-dashed
Line is the Power Reference.

static pressure to the supply fan. The exhaust fan is always set
with constant offset with respect to the supply fan. Both fans
have inner controllers to track pressure setpoints and ramp
up/down limits to avoid sudden changes. These mechanisms
have not been tuned and have been represented in the model
simulation by adding one inner PI controller in each fan model.

The top plot in Fig. 6 shows the results of the load following
for the HiL simulation with two different PI controllers. The
green-solid line shows the system performance with propor-
tional (Kp = 0.025) and integral (Ki = 0.002) gains obtained
using the Ziegler-Nichols-Method [21]. The blue-dashed line
displays the performance with lower gains manually tuned.
The performance of the controllers can be assessed both
visually and numerically by using the Integral of Absolute
Error (IAE) [21]. The second controller is preferred for having
less oscillations and presenting a IAE 0.1% smaller. It can be
observed that the chosen controller is capable of following the
reference signal (red-dashed line) quite accurately. The track-
ing performance is worse for sudden down regulations because
the controller hits the lower limit setpoint in pressure (negative
pressures cannot be set). The tracking performance could be
improved if the inner pressure controllers and ramp up/down
settings of both fans are tuned. During the HiL simulations, the
indoor CO2 level was kept low and the residents comfort was
not jeopardized [20]. Fig. 7 compares the model simulations
with the HiL simulation CO2 values. It can be observed that
the accuracy of the model is good: it tracks well the tendency
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Figure 7. Comparison of the Indoor CO2 Level for Load Following between
HiL and Model Simulations.

but presents an offset of approximately 30 ppm. This offset is
due to a higher human activity than modeled.

The bottom plot in Fig. 6 shows the results of the model
simulation with the chosen controller (Kp = 0.022 and Ki =
0.001) using the same time settings as in the HiL simulation.
The ventilation system model follows the red-dashed reference
signal with delay due to OpenADR communication (the VEN
polls load shed request from VTN every 10 seconds). It
can be observed that the dynamics of the model are slightly
slower than the real system because of the difficult process
of manual tuning the inner static pressure controllers in the
fan models. A more accurate tuning and model would lead
to more accurate results but there would still be differences
with the HiL simulation for several reasons (model mismatch,
noise in measurements, etc.). HiL co-simulation provides a
simulation closer to reality and therefore helps in the design
and deployment of new demand response strategies.

B. Case 2: Ancillary Services Provision - Primary Reserves

In this case, the capabilities of the ventilation system in
GDL to provide ancillary services are analyzed. We focus
on primary reserves provision for up-regulation, that for con-
sumers means to reduce power consumption. According to
the Energinet.dk (Danish Transmission System Operator), in
primary reserves 50% of the agreed power has to provided
within 15 seconds, 100% within 30 seconds and power must be
held up to 15 minutes [22]. The Curtailment Service Provider
triggers a 15 minutes power reduction to the minimum possible
(without shutting down) when the prices for up-regulation in
the regulating power market are 50% higher than the prices of
the day-ahead market (Elspot). Afterwards the system returns
to normal operation. Electricity prices have been obtained from
Nord Pool Spot for West Denmark (region DK 1) for the day
27-08-2015. In that day, primary reserves would have been
called three times: 4:00-5:00, 5:00-6:00 and 7:00-8:00 CET.

In the HiL simulations, we have used the same time intervals
as in the previous case. All experiments have been done during
week days between 4:00 and 6:00 CET. The PI controller
has been exchanged with a look-up table with steady state
values of static pressure and power consumption. This smooths
transitions between operating points and avoids disturbing the
residents with noise during night time.

The top plot in Fig. 8 shows three power profiles for the first
two minutes after the regulation is called. The red-dashed lines
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Figure 8. Primary Reserves Provision for HiL Simulation. Top-plot: First Two
Minutes After Starting Intervention. Bottom-plot: First Two Minutes After
Ending Intervention. The Two Red-dashed Vertical Lines Correspond to Times
Where 50% and 100% of Power Reduction Shall be Delivered.

show the time where 50% and 100% of the regulation should
be deployed. In the first 15 seconds, 700 W are provided
for the first test and 800 W for the other two. In the first
30 seconds, 800 W are provided for all test. In conclusion,
the ventilation fans in GDL can provide up to 800 W of
primary reserves for up-regulation. The bottom plot in Fig. 8
shows how the system returns to normal operation after the
intervention. It can be observed that the system returns slowly
to normal operation point, taking around 5 minutes for all
tests. If we used the PI controller from the previous section,
the power reduction phase at the beginning of the intervention
would not have been faster. However, the PI controller could
indeed lead to faster restoration of power to normal, but at the
cost of power oscillations that could disturb the residents. The
comfort of the residents in terms of CO2 is not compromised
since CO2 increase never exceeds 30 ppm. This increase is
delayed with respect to the power reduction due to the slow
dynamics of the CO2 concentration build up.

With the results above and the current market regulations
(minimum bid 300 kW) it does not seem feasible to provide
primary reserves for up-regulation with the GDL system alone.
However, in concert with a distribution system feeder working
to provide services via an aggregator, this would be a feasible
service requiring 375 similar systems. The transient behavior
observed in Fig. 8 is hard to capture with a model. In these
cases, it is important to use more accurate solutions to assess
a demand response strategy like the co-simulation with HiL.

C. Case 3: Ventilation System Aggregation for Load Following

Danish buildings use little electricity in ventilation systems
due to the high penetration of district heating and low presence
of air conditioning. It is then required to pool several ventila-
tion systems to produce a demand response comparable to an
American/Southern European system. Here VirGIL is used to
assess the impact of changing the polling time of load shed
requests of the OpenADR client on the distribution grid. The
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Figure 9. Transformer Load from Power FMU for Aggregation 15 Ventilation
Systems with Different Time Between Polling Load Shed Requests.

Curtailment Service Provider controls 15 ventilation systems
(Ventilation Fan Models) similar to GDL following one minute
load following signal. However, in order to emulate different
systems, a normally distributed noise (mean model output and
standard deviation 5% of mean) has been added to the power
output of each model.

Fig. 9 shows how the load of the transformer substation is
affected by the load shed request frequency for 15 ventilation
systems. It can be observed that the load in the transformer can
change more than 2% in a few seconds. Furthermore, we can
see how different polling times lead to different load profiles.
This difference is caused by different load references that let
the models evolve differently on time. It is therefore important
to assess the configuration of the communication protocol used
to get a holistic assessment of a demand response strategy.

VI. CONCLUSIONS

There is a growing market for load-based services at the
distribution level, but their widespread implementation has
been limited by the lack of visibility of such services from an
operator angle, as well as by the lack of appropriate tools for
their assessment. To reduce these barriers, we propose the co-
simulation platform VirGIL and extend it with Hardware-in-
the-Loop (HiL) of a ventilation system of a 12-story building.
Demand response co-simulation with HiL in VirGIL has
been demonstrated for three services: load following, primary
reserves and load following aggregation. It is demonstrated
that the ventilation system can follow one minute signals and
it is shown how HiL co-simulation can capture behaviors hard
to model and interactions with other systems (e.g., communi-
cation networks). While the control of a single building is
unlikely to meet the needs of an up-regulation market, these
techniques could be applied to multiple buildings and a full
substation, providing a wide range of services.

Future work is proposed to tune the inner fan controllers to
respond faster and more accurately, and to apply the techniques
to a full distribution substation model using VirGIL. VirGIL
will also be extended to simulate electrical vehicles.
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a  b  s  t  r  a  c  t

Heating,  ventilating  and air  conditioning  (HVAC)  systems  in  buildings  are  attractive  assets  to  provide
flexible  consumption  from  the  demand-side.  This  flexibility  can  be  applied  to balance  the  intermittent
electricity  generation  of renewable  energy  sources.  This  paper  assesses  the demand  response  potential
of  ventilation  fans  in  Nordic  countries  considering  indoor  climate  conditions  using a 12-storey  building
as  test  bed. First,  a model  of the  ventilation  system  is proposed  and  evaluated  for  the  test  bed.  The
model  presents  good  accuracy  and  generalisation  potential.  Second,  the  installation  conducted  to  remote
control  the  building  fans  is  detailed.  Third,  the  flexibility  potential  of  the  ventilation  system  in  the test
bed  is analysed  to  provide  ancillary  services  and  prolonged  load  sheds.  Experimental  results  show  the
need to  aggregate  several  systems  to  provide  ancillary  services  and  the  feasibility  of  prolonged  load
sheds  without  compromising  the comfort  of the  residents.  Fourth,  the  impact  of aggregating  ventilation
systems  is  evaluated  by  simulations.  Simulated  results  show  that  by  aggregating  buildings  similar  to  the
test bed  in  Aarhus  (Denmark)  it would  be  possible  to provide  1.57 MW  of power  reduction.  The  trade-off
for  this flexibility  is  reducing  the  comfort  of the residents  and  energy  efficiency  by  overall  consuming
more  energy.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

According to the International Energy Agency, in 2013, 67.4% of
the electricity generated was based on fossil fuels thus contributing
to CO2 emissions [1]. One way of reducing the CO2 footprint in the
electricity generation is to increase the share of renewable energy
sources (RES). Compared to traditional fuel-based power plants,
some RES like wind turbines and solar panels cannot produce elec-
tricity on-demand (i.e., production depends on external factors like
weather conditions). This implies a higher degree of complexity
when balancing the electricity production with the consumption.
In this scenario and without cost-effective storage solutions more
flexibility in the demand-side is required.

Demand response can provide on the short run the flexibility
needed to handle the higher penetration of RES. Demand response
is a change on the electricity consumption by the end user in
response to an external trigger (e.g., a price signal) [2]. Among all
the demand response sources, buildings account for an important
part of the total electricity consumption and therefore have a large

∗ Corresponding author.
E-mail addresses: srgr@eng.au.dk (S. Rotger-Griful), rhj@eng.au.dk

(R.H. Jacobsen).

flexibility potential. In a country like Denmark, 66% of the total elec-
tricity is consumed by buildings [3], while in the United States it
accounts for 75% [4].

When analysing the electricity usage in buildings, it can be
observed that heating, ventilating and air conditioning (HVAC) sys-
tems have an excellent potential to provide demand response for
the following reasons: HVAC systems account for an important part
of the total electricity consumption in buildings (e.g., 13.4% in the
United States [5]); buildings’ thermal capacity enables the storing
of energy by pre-heating or pre-cooling the building [6]; part of
HVAC systems are already partially automated by building energy
management systems (e.g., 14% in the United States [7]). In conse-
quence, many studies have focused on demand response provision
through HVAC systems [8–11,4,12–19].

Some HVAC systems are complex and present diverse config-
urations depending on the final purpose: heating, cooling and/or
ventilating. Most of the electricity consumed by these systems
accounts for cooling the air and warming it up [16,4]. This air is then
circulated using fans, which account for a lower electricity usage.
The higher consumption in heating and cooling has led to a larger
focus on HVAC temperature control [14,8,15,16,9,10,20], compared
to HVAC fan control [4,11–13]. In contrast to temperature regu-
lation, most fans can be controlled by variable frequency drives
enabling fast load control [4]. Although HVAC control for demand

http://dx.doi.org/10.1016/j.enbuild.2016.03.061
0378-7788/© 2016 Elsevier B.V. All rights reserved.
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Nomenclature

� power exponent [–]
ω airflow exponent [–]
A room area [m2]
AD DuBois surface [–]
C indoor CO2 concentration [ppm]
Cout outdoor CO2 concentration [ppm]
CV coefficient of variance [%]
G CO2 flow generate indoors [(m3 ppm)/s]
H person height [m]
MAPE mean absolute percentage of error [%]
MET  metabolic equivalent of task [met]
MSE  mean squared error [–]
N rotational speed [rpm]
n number of people in room [–]
P power [W]
ps static pressure [Pa]
Pfan fan power [W]
Pref power reference of fan [W]
ps,ref static pressure reference of fan [Pa]
Q system airflow [m3/s]
qb emissions airflow from building [m3/(s m2)]
QCO2,gen generated CO2 [m3/s]
qL leakage/infiltration airflow of a room [m3/s]
qp airflow per person [m3/(s person)]
Qref system airflow reference [m3/s]
qtot total airflow supplied to a room [m3/s]
RQ respiratory coefficient [–]
S(k) time series seasonality
T(k) time series linear trend
V room volume [m3]
W person weight [kg]
x linear model predictor
y linear model response variable
AHU air handling unit
API application programming interface
CEST Central European Summer Time
HTTPS Hypertext Transfer Protocol Secure
HVAC heating, ventilating and air conditioning
ICT information and communications technology
PC personal computer
RES renewable energy sources
REST representational state transfer
TSO transmission system operator

response purposes is a common practice in commercial and indus-
trial buildings in the United States, it is not in residential buildings
in the Nordic countries. In Denmark, air conditioning penetration
is low due to the cold temperatures and most of the heating is pro-
vided by non-electric sources (e.g., district heating). This has led to
very few studies focusing in a country with these characteristics [8],
in contrast to many studies done in regions with high penetration
of air conditioning and electric heating [9,11,4,12–16,18,19].

This paper analyses and demonstrates the demand response
potential of HVAC systems in a scenario without cooling and heat-
ing needs. By doing so, the flexibility potential of HVAC systems
is reduced to control the ventilation fans. This flexibility is lower
than in scenarios with air conditioning, where fan control indirectly
affects temperature. Special attention is put into evaluating the
provided demand response in terms of response time and event
duration, thus considering indoor climate conditions and building
regulations. In contrast to most studies [8–11,4,14–16], the results
shown in this paper come from experiments in a real building. The

test bed is a 12-storey residential building equipped with more than
3400 sensors located in Aarhus, the second largest city in Denmark.
The ventilation system in this building has been integrated with
an information and communications technology (ICT) system for
remote control and monitoring.

The rest of the paper is organised as follows. The related work
is described in Section 2. Section 3 provides an overview of HVAC
systems and describes the model of ventilation systems. Section 4
presents the test bed and the upgrades implemented in the ventila-
tion system for remote control. The model is validated in Section 5.
The experimental results and simulated results are presented in
Sections 6 and 7, respectively. The paper is concluded in Section 8.

2. Related work

2.1. HVAC control for demand response

In a demand response scenario, the normal operation of a ven-
tilation system is modified to satisfy the demand response needs.
However, this change may  be counteracted by other components
of the system (e.g., dampers’ position) [10]. This makes demand
response provisioning from ventilation systems a challenging task.
The large diversity of HVAC systems leads to a large variety of
control strategies for demand response provisioning. Examples of
strategies are global temperature adjustment, duct static pressure
control, water temperature control in the chillers, use passive ther-
mal  storage of the building and many others [10,20]. Despite this
diversity, in the literature there are two  mainstream development
of HVAC control for demand response: temperature adjustment
and fan control. The former and most common one uses the ther-
mal  inertia of buildings and it is suitable for slow and prolonged
load changes. The latter enables a fast load change if the fans are
equipped with variable frequency drives.

Erickson and Cerpa [9] claim savings of 20% of energy by regu-
lating the temperature of a HVAC system in a simulated EnergyPlus
building using occupancy predictions. In [16], the authors propose
a controller that takes 15-min price signals and controls temper-
ature in a simulated EnergyPlus building considering the comfort
of the residents. The demand response potential of a HVAC system
in a simulated Finnish household is discussed in [8]. In [14], the
authors examine the interconnection between HVAC systems for
demand response in a time scale of 30 min  up to at most a few hours
using different strategies in a co-simulation environment and claim
a power reduction from 23% up to 47%, while maintaining occupant
comfort according to ASHRAE Standard 55-2010.

The authors in [4] use a model to assess ancillary services pro-
vision by HVAC systems in commercial buildings. They defend
that by using variable frequency drives 15% of the fan capacity
can be used for regulation. The same authors use simulations to
show that fans in commercial buildings can be controlled within
8 s notification time [11]. Zhao et al. [21] evaluate the capacity
of commercial building HVAC systems to provide frequency reg-
ulation. Their results are originated from simulations using the
performance based regulations dictated by PJM, a regional trans-
mission organisation in the United States. In [13], the authors make
experiments in a real commercial building where the duct static
pressure is controlled. They use these data to construct a model and
analyse the demand response potential. The authors in [12] claim
to be the first to control the HVAC system in a real building for ancil-
lary service provisioning. Their results show that by participating
in the regulation market a commercial building could earn $1421
per year by controlling the fan speed and flow rate. More recently,
the authors in [18,19] have done an experimental evaluation on
chiller control for frequency regulation in a couple of buildings. The
authors demonstrate that around 25% of the nominal power of the
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compressors in chillers can be used for frequency regulation. Addi-
tionally, the authors analyse the results of chiller control using the
performance based regulations dictated by PJM, showing higher
scores in chiller control than traditional generators but lower than
HVAC fan control.

2.2. Ancillary services in Denmark

Ancillary services are required by the transmission system
operator (TSO) to ensure reliable grid operation. These services
can be provided by an Aggregator that can control a portfolio of
loads by up- or down-regulating them. The TSO in Denmark is
Energinet.dk. Energinet.dk has defined a set of ancillary services
and their requirements [22]. The requirements include the mini-
mum  and maximum amount of power to be provided, notification
time and service provision length. Once a day, all service providers
place bids to the TSO, which include an hour-by-hour list of mini-
mum  and maximum power regulation capability and the price for
providing the particular service.

The TSO can request primary reserve regulation for up- or down-
regulation to service providers to stabilise grid frequency. The
requirements for this are a minimum of 0.3 MW and a provision
time of maximum 15 min. The first half of the reserve shall be pro-
vided within 15 s while the second half is to be provided in 30 s.
Frequency-controlled normal operation reserves also require a mini-
mum  volume of 0.3 MW;  however, the response time is 150 s and
regulation should be maintained during the agreed period (usu-
ally 1 h). Given major grid disturbances, the frequency-controlled
disturbance reserve takes over aiming at restoring the frequency
balance. The minimum volume is 0.3 MW;  50% of the MW must
be supplied in 5 s and the remaining 50% within an additional 25 s.
Manual reserves are used to maintain the system balance in case of
outages or production restrictions. The volume must be in the range
of 10–50 MW and it must be supplied in 15 min. Other reserves like
short-circuit power and reactive reserves can only be supplied by
large power stations and are not discussed.

2.3. Ventilation systems modelling

The complexity of developing a model of a HVAC system
depends on the system composition and architecture. These mod-
els usually fall into three main groups: data driven models, physics
based models and grey box models [23].

Data driven models rely solely on measurements of the inputs
and outputs of HVAC systems. This approach uses various artificial
intelligence techniques and statistic methods. In [24], a support
vector machine is used to forecast building cooling load an hour
ahead by continuously parametrising the model. This continu-
ous parametrisation requires large datasets and long computation
times. In [25], a second order polynomial is used to model the
relationship between fan speed and power using measurements of
both. The coefficients are derived from curve fitting the data points
of the dataset. Data driven methods usually require large datasets
which may  not be available.

Physics based models rely on the underlying physics laws of
the processes. In [26], the authors present a model to predict fan
speed of a HVAC system from the openings of the dampers. This
parameter affects the mass flow rate of the air into the rooms. In
[27], the authors use thermodynamics to model and control a HVAC
system in a model predictive control setting. The complexity of
physics based models depends on the assumptions made and ele-
ments considered. The more complex the model is, the harder it is
to parametrise. This type of models presents good generalisation
capabilities (i.e., good performance predicting new data points).

Grey box models are in the middle-ground between physics and
data driven models. These methods use physics equations to define

the structure of the model and data measurements to estimate the
parameters [23]. The authors of [28] present a model of the room
temperature based on thermodynamics equations. This model has
been trained with more than 30,000 measurements to predict the
room temperature 10 weeks ahead and presents good accuracy. In
general, grey box models provide good accuracy and generalisation.

2.4. Indoor air quality: standards and regulations

For ventilation to have a positive impact on air quality, it is
widely accepted that the air brought into the building should be
relatively free of contaminants such as chlordane, ozone and radon
[29] but also have low CO2 concentration. While most of these
contaminants are generated from external factors not related with
human activity, indoor CO2 concentration depends on occupancy
of the building and activity of the occupants. Indoor CO2 concentra-
tions can be used to provide information about indoor air quality,
but do not a provide a full picture on indoor air quality [30].

The first indoor air quality standard was developed 50 years ago
[29]. Since then, the standards are increasingly making require-
ments more strict as the understanding of indoor air quality
increases: the CO2 limit in the ASHRAE 62-1989 standard was
1800 mg/m3 (approximately 1000 ppm), which is 60% lower than
the value in the 1981 [29]. The first ASHRAE 62.2 standard to cover
residential buildings was published in 2003. In 2013, this standard
was updated and specified a minimum ventilation rate of 7.5 L/s
times the number of bedrooms +1; plus a factor of 0.03 times the
floor area [31]. Compared to older standards, ASHRAE 62.2 does
not address specific CO2 concentrations but minimum ventilation
rates. However, it is possible to establish a between relation venti-
lation rates and CO2 concentration, by making assumptions on the
occupancy and activity in a building [30]. See Section 5.2 for more
details.

Similarly to ASHRAE 62.2, the Danish Standard for ventilation in
buildings specifies the need to compensate emissions from persons
and from the building [32]:

qtot = nqp + Aqb (1)

where qtot is the total airflow, n is the number of persons in the
building, qp is the airflow needed due to emissions from persons,
A is the floor area and qB is the emission from the building itself.
Depending on the desired comfort, the values of qp and qb can vary
from 4.0 to 10.0 e−3 m3/s and 0.3 to 2.0 e−3 m3/(s m2), respectively
(i.e., more airflow, more comfort).

3. Ventilation systems modelling

The main functionality of ventilation systems is to provide better
indoor climate conditions by exchanging and circulating air from
the outside to the inside. Ventilation systems of residential build-
ings in countries without cooling needs are usually composed by
an air handling unit (AHU) with exhaust and supply fans, air filters,
dampers, duct work, water heaters and heat exchangers, as seen in
Fig. 1. The AHU controller is responsible for regulating the overall
system. The inlet of outdoor air is provided by the supply fans and
the indoor air is removed by the exhaust fans. The different particles
in the air (e.g., dust and pollen) are removed by the air filters. The
dampers are distributed across the system and regulate the air sup-
plied into the different areas through the duct work. Water heaters
and heat exchangers warm the air to satisfy the indoor comfort
in terms of temperature. Dehumidification is another key factor
to ensure good indoor air quality, which is a critical component
of AHU in many climates [33]. Since the focus of this paper is on
ventilation fan control for demand response, no further details are
provided with respect to temperature nor moister comfort.
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Fig. 1. Overview of a ventilation system with its components.

The ventilation system model presented here builds on top of
previous work of the authors [34] and is depicted in Fig. 2. The
model is composed of two modules: a model of the ventilation fans
and a model of the CO2 concentration in the building.

3.1. Fan model

The fan model is based on the affinity laws, also known as fan
laws [35]. These laws are shown in Eq. (2) and define the relation-
ship between two operation points of a fan (subscript 1 and 2) in
terms of rotational speed (N), airflow (Q), power (P) and static pres-
sure (ps). The approach of using the affinity laws is rather simple
but allows to model various ventilation fans.

Q1

Q2
= N1

N2
;

ps,1

ps,2
=
[

N1

N2

]2
;

P1

P2
=
[

N1

N2

]3
(2)

One limitation of using the affinity laws is the assumptions upon
which the equations hold: constant air density, constant efficiency,
absence of dampers, etc. These assumptions are rarely met  in real
setups as shown in [34], where prediction accuracy of affinity laws
decreased at higher static pressures. Similar results are noted in
[10], where it is observed that the fan efficiency is higher for lower
pressure setpoints. Fan efficiency also depends on the fan type,
being different for centrifugal and axial fans [36]. The efficiency of
the drive motor and the variable frequency drive is also neglected
in the affinity laws [37]. Therefore, it is necessary to correct the
predictions done from the affinity laws to obtain an accurate model.

The control inputs of ventilation fans varies depending on the
fan. Some systems use rotational speed, while others use airflow
or static pressure. The power can be derived from Eq. (2) for differ-
ent control inputs. The fan power as a function of static pressure
is shown in Eq. (3). The parameters with subscript ref constitute

Fig. 2. Ventilation system model overview.

a set of parameters which describes a measured operating point
that characterises a specific fan. In ideal conditions, the exponent
� has a value of 3/2 [35]. As suggested in [37], this exponent can
be determined using data measurements to reflect more accurately
the system performance, thus making the proposed model a grey
box model.

Pfan(ps) =
[

ps

ps,ref

]�

Pref (3)

An important output of the fan model is the airflow. As seen in
Fig. 2, the airflow is fed into the CO2 model. The equation expressing
the system airflow as a function of static pressure is shown in Eq.
(4). In ideal conditions, the exponent ω has the value of 1/2 [35].
This exponent can also be determined from system measurements
thus representing more accurately the system performance.

Q (ps) =
[

ps

ps,ref

]ω

Qref (4)

It should be noted that variations of the airflow described above
can affect the heat losses in the building. However, it is expected
that this effect is mitigated if airflow variations are applied equally
for up and down regulation, thus exploiting a flexibility of the
indoor temperature.

3.2. CO2 concentration model

The CO2 concentration model is used to determine whether the
airflow generated by the ventilation system provides acceptable
indoor air quality. The differential equation that describes the con-
centration of CO2 is derived from [38] and can be seen in Eq. (5). V is
the volume of the space under study, qL is the leakage/infiltration
airflow, C is the indoor concentration of CO2, Cout is the outdoor
concentration of CO2 and G corresponds to the CO2 flow generated
indoors by persons and machinery.

V
dC

dt
= (Q − qL)(Cout − C) + G (5)

4. Test bed: Grundfos Dormitory Lab

4.1. Description and electricity overview

The results presented in this paper are derived from real exper-
iments deployed in a test bed named Grundfos Dormitory Lab.
This 12-storey residential building was constructed in 2012 and
is placed in the city of Aarhus in Denmark. There are around 180
students living in the building in small apartments (<30 m2) and
the total area of the building is 4040 m2. This low-energy building is
equipped with 3400 sensors that enable full monitoring of all types
of data for each of the 159 apartments and common areas. Examples
of the data available are: district heating, domestic water usage,
electricity consumption, indoor climate conditions, door activity
and outdoor climate conditions. For more information about this
test bed the reader is addressed to [39].

Fig. 3 shows the average daily electricity consumption by end-
use and hour in the test bed. Most of the electricity is used in the
apartments but it should be noted that these do not have large
appliances (e.g., dish washer). There is a laundry room in the build-
ing that accounts for 9% of the total electricity consumption. The
elevator accounts for 5% while the ventilation fans account for 8%.
The end-use marked as others includes different types of loads like
pumps, common kitchen and lighting. The electricity consumption
varies along the day having its peak at 18:00 (typical Danish din-
ner time). It can be observed that the ventilation system in this
low-energy building accounts for an important share of the total
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Fig. 3. Test bed hourly electricity consumption.

consumption and it is always running with almost constant con-
sumption.

The ventilation system in the test bed has a RIRS 23000 AHU from
Salda that provides a maximum airflow of 6.4 m3/s. The AHU has a
supply fan of 7.5 kW and an exhaust fan of 5.5 kW,  both controlled
by a different iG5A inverter from LSIS. The AHU is located on the roof
of the building and has two large ducts to supply the air and exhaust
it. Air circulates to the apartments through 14 vertical shafts, each
of them with three different ducts: one general inlet string and two
outlet strings for the kitchens and the bathrooms. See [34] for more
details.

4.2. Installation of equipment

Ventilation systems are usually controlled locally by an internal
hardware device called the AHU controller. An Aggregator or a sim-
ilar entity can obtain large flexibility in terms of demand response
by remote controlling the ventilation system [39]. This entity can
then regulate the ventilation system when load shedding or shifting
are needed. For this to be accomplished, the requirements stated
in Table 1 need to be met.

In the test bed, the control of the ventilation system is limited
to the AHU controller (Climatix POL635 from Siemens). This unit
enables external communication using RS-485 connection with
Modbus protocol. Internal parameters in the AHU controller are
accessible from this communication port (e.g., static pressure set-
points for the supply and exhaust duct). Therefore, a system capable
of handling Modbus communication with the AHU given certain
Aggregator requests is required.

In [40], the authors use a low-cost micro-controller and a
personal computer (PC) for this task. However, in this work
the embedded PC CX2020 from Beckhoff was chosen. The Beck-
hoff equipment runs Windows Embedded Standard 7 and was

Table 1
System requirements and proposed design solutions.

Requirements System design

Enable setpoints of the ventilation
system to be remotely
configured

API on CX2020 enables remote
control

Proper security measurements to
avoid misuse

API is secured by IP filtering and
OAuth 2.0

The system must operate in a
reliable manner

CX2020 has a high mean time
between failures

Enable remote monitoring and
logging functionality

Remote desktop connection and
API logging

The communications with the
system must be interoperable

REST interface of the API (HTTPS)

Agg regator

CX20 20 w/ API

AHU controller

1. Request w/ creden�als (OAuth 2.0)
2. Transla�on from API 
request to Modbus 
mess age request

3. Modbus request, e.g.
011000 02000 1020010A67E

6. JSON response

4. Modbus response

5. Convert Modb us 
response to raw value 
(if nee ded)

TCP/IP (HTTPS)

Modbu s

Fig. 4. Overview of the controller of the ventilation system.

developed for industrial purposes. The CX2020 uses flash memory
and is fan-less. These are important characteristics that increase
the mean time between failures and ensure a reliable operation.
Furthermore, its operating system enables remote connection (i.e.,
remote desktop connection), thus facilitating remote monitoring and
maintenance. The chosen solution costed around $1200 and was
found to be the most convenient solution fulfilling the mentioned
requirements. The embedded PC was extended with RS-485 ports
to communicate with the AHU controller. An application program-
ming interface (API) was created to enable commands reception
from external entities. The API is based on RESTful communication
[41]. By utilising this scheme, the communication infrastructure
becomes interoperable and can be used by multiple entities.

Fig. 4 depicts an example of an Aggregator changing a setpoint.
The Aggregator visits a URL, where the value of the setpoint is given
in the body of the HTTPS POST request. The PC converts and for-
wards the message (using Modbus) to the AHU controller. The PC
sends back a JSON response to the Aggregator with a flag indicat-
ing if the configuration was successful. Similarly, the API enables
methods for reading values (e.g., pressure setpoints). In such cases,
the JSON response includes the requested value.

The embedded PC is connected to the Internet and requires
proper security measures to avoid malicious use. An authorisation
layer that utilises OAuth 2.0 is added [42]. OAuth 2.0 requires HTTPS
for communication and a valid access token must be submitted with
each API request. If an invalid, expired or no token is provided, the
API refuses the request. IP and port filtering are added, thus making
API interaction possible only from specific IPs. Although this may
be open to spoofing attacks, the API authorisation mechanism will
block unwanted access. Table 1 contains the solutions proposed to
fulfil all system requirements.

5. Model validation

5.1. Fan models

The ventilation system of the test bed consists of two centrifugal
fans with backward-curved blades: one in the supply duct and the
other in the exhaust duct. Each fan is connected to a drive motor
that is controlled by a variable frequency drive used to adjust the
fan speed. The control input of both fans is a static pressure setpoint.
Since the proposed model is based on the affinity laws, the model
is suitable for steady state analysis and inapt to analyse transitions
between steady states.

In the parametrisation, the exponents � in Eq. (3) of both fans
and the exponent ω in Eq. (4) for the supply fan are determined.
The airflow provided by the supply fan is assumed as airflow the
whole AHU. An experiment was  carried out where pressure set-
points were gradually increased for the full operational span while
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Table  2
Obtained and ideal exponent values of affinity laws.

Exponent � supply fan � exhaust fan AHU ω

Fitted 1.19 0.92 0.65
Ideal 3/2 3/2 1/2

recording values on: power in each fan, static pressure in each fan
and airflow supplied to the building. This resulted in 62 measure-
ments of (ps, P, Q) per fan to determine � for both fans and ω for the
system. This experiment can easily be applied in new systems by a
technician without installing any new sensors. The normal operat-
ing points of the ventilation system were chosen as reference values
(ps,ref, Pref, Qref). Eqs. (3) and (4) can be linearised with a logarithmic
transformation. In this way, with the available measurements a first
order linear model without intercept can be obtained to estimate
the power and airflow. The response variable y of these models are
log(P/Pref) and log(Q/Qref), and the predictor x is log(ps/ps,ref) for
both. The slope of these model will correspond to the exponents �
and ω for the power and airflow model, respectively.

All measurement points are randomly divided into two sets:
75% for training and validating the model and 25% for testing. The
training set is used to perform a 5-fold cross-validation to get an
estimate on the prediction errors of the obtained models [43]. This
consists of dividing the data in five equally sized folds and doing
an iterative process for each fold: fit a first order lineal model with
the other four folds, use the slope of the model as exponent (� or
ω) and validate the model with the current fold using the affinity
laws with the obtained exponent. This leads to five models and
their validation. The final values used as ω and � exponents are
the average of the obtained slopes and are shown in Table 2. It is
expected that averaging the exponents gives better generalisation
properties in predicting non-trained data.

Fig. 5 shows the performance of the obtained model for the sup-
ply and exhaust fan in the logarithmic domain. It can be observed
that with the logarithmic transformation the power-pressure rela-
tion fits a first order linear model without intercept. The supply
fan model (blue-solid line) describes accurately the measurements
obtained (big-blue dots). The exhaust fan model (red-dashed line)
also describes accurately the measurements obtained (small-red
dots) for high static pressure values, while the performance is dete-
riorated for low pressure values. Both � exponents are smaller than
the ideal value 3/2 (magenta-dashed line) and can be interpreted
as a performance index: lower � , less efficiency [37].

Fig. 5. Supply and exhaust fan measurements with the logarithmic transformation
and their models with � equal to 1.19 and 0.92, respectively. The magenta-dashed
line corresponds to affinity laws with ideal exponent � . Prediction errors are shown
in  Table 4. (For interpretation of the references to colour in this legend, the reader
is  referred to the web version of the article.)

Fig. 6. Airflow measurements of the AHU with the logarithmic transformation and
its model with ω equal to 0.65. The magenta-dashed line corresponds to affinity laws
with ideal exponent ω.  Prediction errors are shown in Table 4. (For interpretation
of the references to colour in this legend, the reader is referred to the web  version
of  the article.)

Fig. 6 shows the performance of the airflow model in the loga-
rithmic domain. The relation airflow-pressure with the logarithmic
transformation also fits a first order linear model. The airflow model
(blue-solid line) follows with accuracy the airflow measurements
(big-blue dots). The exponent ω is larger than the ideal value 1/2
(magenta-dashed line) due to the location of the flow sensor. This
sensor is place close to the supply fan, in a distance were the velocity
profile is probably not fully developed.

All the obtained models in the cross-validation have been val-
idated: all p-values associated with the slope (� or ω)  are smaller
than 0.05 and all residuals are normally distributed with zero mean.
Furthermore, it has been observed that there is no dependency
between residuals and the explanatory variable in all models but
the exhaust fan model. In this latter model, the prediction perfor-
mance increases with the static pressure.

In the validation phase of the cross-validation method, the pre-
diction accuracy of the obtained models is evaluated using three
common indexes defined in Table 3: mean squared error (MSE),
mean absolute percentage of error (MAPE) and coefficient of vari-
ance (CV). In this validation, one value of MSE, MAPE and CV is
obtained for each of the 5 folds. By averaging these indexes, it is
possible to obtain an expected accuracy value when the model
predicts new data. These expected values are shown in Table 3
(Expect). Furthermore, the performance of the models is evaluated
using the test dataset (not used in the cross-validation) to analyse
the generalisation capabilities of the resulting models. The MSE,
MAPE and CV values obtained from the test dataset are also shown
in Table 4 (Test). The performance indexes for the testing dataset
(Test) are of the same magnitude as the expected values obtained
in the cross-validation (Expect). The model presenting higher accu-
racy is the supply fan model with MAPE of 1.98%, followed by the
airflow model with 3.22% and the exhaust fan model with 3.70%.

Table 3
Definition of performance indexes.

Mean squared
error (MSE)

Mean absolute
percentage of
error (MAPE) [%]

Coefficient of variance
(CV) [%]

1
N

∑N

i=1

[
yi − ŷi

]2
100
N

∑N

i=1

|yi−ŷi |
|yi |

100

√
1

N−1

∑N

i=1
[yi−ŷi]

2

ȳ
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Table  4
Performance indexes of supply fan, exhaust fan and airflow models for validation
(expect) and testing datasets (test).

Error index Supply fan power Exhaust fan power Airflow

Expect Test Expect Test Expect Test

MSE  2e−3 2e−3 1e−3 1e−3 3.0e6 2.4e6
MAPE [%] 1.98 2.26 3.70 3.34 3.22 2.85
CV  [%] 2.53 2.72 4.00 3.49 4.03 3.45

5.2. CO2 concentration model

The dynamics of the CO2 model presented in Eq. (5) are slower
than the models presented above. In this case, the parametrisa-
tion consists of estimating the CO2 generated inside the building G
because V and Cout are usually known and qL is neglected. This latter
assumption is done because the test bed fulfils the requirements of
a Danish Low-Energy Class 2015 building, with a maximum leakage
of 1 l/s m2 of the heated floor area when tested at 50 Pa [44]. Fur-
thermore, the residents of the building cannot open the windows
due to the strong winds in the harbour of Aarhus. The indoor gen-
eration G varies on time since it depends on the occupancy of the
building and the activities of the people inside (e.g., sleeping gen-
erates less CO2 than exercising). Depending on the data available,
there are two approaches to obtain G. If indoor CO2 measurements
are not available, G can be estimated by making assumptions on
occupancy and activities of the occupants. If measurements are
available, these can be used to obtain a suitable model.

The CO2 generated by a human being depends on its activity.
The energy cost associated with an activity is usually measured in
metabolic equivalent of task (MET) (1 MET  = 1 kcal/(kg h)). The CO2
generated by a person can be calculated with Eq. (6), where QCO2,gen
is the generated CO2 in m3/s, RQ is the respiratory quotients (i.e.,
rate of CO2 produced to oxygen consumed) and AD is the DuBois
surface. This latter parameter depends on the height H in meters
and the weight W in kg of the person as described in Eq. (7). An
adult of average size has AD of 1.8 and RQ of 0.83, thus leading to
Eq. (8) [30]. For example, the MET  value of a seated person is 1 and 2
when walking [30]. This leads to generation of CO2 of 18.6e−3 m3/h
and 37.2e−3 m3/h, respectively. With the equations provided, it is
possible to make assumptions on the amount of people inside the
building and their activity to estimate the CO2 generated (G). See
[30] for more information.

QCO2,gen = 0.00276 AD MET

(0.23RQ + 0.77)103
(6)

AD = 0.203 H0.725 W0.425 (7)

QCO2,gen = 0.00517 MET

103
(8)

In the test bed, CO2 measurements are available and a model
of CO2 generation G can be obtained using diverse techniques. The
outdoor CO2 concentration Cout is assumed constant and is obtained
from real measurements (400 ppm) while the volume V is calcu-
lated from the building plans (10,100 m3). There are measurements
of CO2 sensors inside each of the 159 apartments and also measure-
ments of the airflow provided by the ventilation fans for several
weeks. For simplicity, the model is parametrised with the average
hourly CO2 level of the entire building. With the available measure-
ments, a time series with additive decomposition model with linear
trend T and seasonality S of periodicity 24 h is generated (Eq. (9)).

G(k) = T(k) + S(k) (9)

The performance of the CO2 model can be observed in Fig. 7,
where the linear horizontal trend T(k) and the 24 h seasonality S(k)

Fig. 7. CO2 prediction obtained using time series on the indoor CO2 generation
compared with real measurements for week 40 in 2015.

of the time series can be observed. This model has led to MAPE
value of 12.2%.

6. Experimental results

6.1. Ancillary services provision

To assess the ancillary service provisioning in Denmark, two
experiments have been conducted to analyse the response time
of the ventilation system to positive and negative power steps. In
the first experiment, the power consumption is shifted from normal
operation to minimum power for 15 min. In the second experiment,
the ventilation system is set to change from normal operation to
higher operation during 15 min. In the higher operation mode, the
system runs with a static pressure three times higher than normal
operation.

The results of the experiments are displayed in Fig. 8. Two test
were done on: Friday 2015-08-21 (blue-solid line) and Friday 2015-
09-04 (green-dashed line) from 10:00 to 11:00 (CEST). In the top
plot, it can be observed how the system presents a reference over-
flow and then it goes slowly to the power reference at 0.4 kW
(magenta-dotted line). A similar performance is observed in the
bottom plot, where the system quickly exceeds the reference of
7.4 kW (magenta-dotted line), then decreases power followed by
a slow increase of power until reference value is achieved. This

Fig. 8. Results of the ancillary service experiments for two different days 2015-
08-21 (A) and 2015-09-04 (B). The magenta-dotted line (reference) is the targeted
power. Top plot corresponds to power reduction and bottom plot to power increase.
(For  interpretation of the references to colour in this legend, the reader is referred
to  the web  version of the article.)
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Table  5
Core ancillary services in Denmark defined by Energinet.dk [22] and main findings on the assessment of the studied ventilation system to provide them.

Ancillary service Minimum
power

Response Duration System potential Number of systems
required

Primary reserve regulation 0.3 MW 50% 15 s
100% 30 s

15 min  Reduction: 1 kW
Increase: 4.5 kW

Reduction: 300
Increase: 67

Frequency-controlled normal
operation reserves

0.3 MW 150 s 60 min  Reduction:
1.5 kW
Increase: 5.4 kW

Reduction: 200
Increase: 56

Frequency-controlled
disturbance reserve

0.3 MW 50% 5 s
100% 30 s

– Reduction: 1 kW
Increase: 4.5 kW

Reduction: 300
Increase: 67

performance is caused by the settings of the PI controller of the
power inverters. Unfortunately, changing the settings of these con-
trollers was not possible in the system. The results of this analysis
are displayed in Table 5 and are used to assess the potential of the
ventilation system to provide ancillary services.

For the primary reserve regulation,  50% of the agreed power shall
be provided within the first 15 s and 100% within 30 s. For the power
reduction, the system could provide 1 kW while for the power
increase 4.5 kW in 30 s. Thus, to provide the minimum required
power it would be necessary to aggregate 300 systems for power
reduction and 67 systems for power increase. The response time
for the frequency-controller normal operation reserve is 150 s. With
the ventilation system 5.4 kW and 1.5 kW could be provided for
power increase and power reduction, respectively. For this service,
200 systems are required for power reduction and 56 for power
increase. For the frequency-controlled disturbance reserve,  the ven-
tilation system in the test bed could provide 1 kW power reduction
and 4.5 kW power increase within the required 30 s. In this case,
300 systems would be needed for the reduction case and 67 for
the increase case to provide the service. It can be observed that
in all assessed services the potential for power increase is higher
than for power reduction. It is envisioned that an Aggregator could
pool flexibility from a portfolio of buildings, thus enabling ancillary
service provision from several ventilation systems.

Participating in the Danish ancillary services market, as it is
today, requires to pool a large amount of systems, making it infeasi-
ble for a real-word deployment with the current regulations. This is
a well-known problem that has been evaluated in [45,46]. In [45], a
new market place to attract small flexible consumers in the Nordic
regulating power market is proposed. In [46], the authors analyse
the requirements for flexible electricity consumers to enter in the
current Nordic electricity market. More importantly, the authors
claim that the upcoming market regulations, around 2020, will
remove several of the existing barriers for small loads to provide
flexible consumption, possible by decreasing down to 1 kWh  the
minimum participation capacity. In this near future scenario, the
feasibility of ventilation fan control for ancillary service provision
would be much higher.

The small impact on the electricity demand of residential ven-
tilation systems in Denmark would be larger when considering
systems using electric heating (e.g., heat pumps). Recently, 27,000
heat pumps have been installed in Danish households [46] and
higher penetration is expected in the near future. Considering such
system in the analysis, would increase significantly the demand
response impact. The reader is addressed to [47] for a detailed anal-
ysis on how heat pumps can contributed to the high penetration of
wind power in the Danish energy system.

6.2. Prolonged load sheds

Demand response is usually provided through demand response
programs. In the United States, these programs are usually called
from 14:00 to 18:00 and have a duration length from 1 to 14 h [14].
With these characteristics in mind, two different experiments are

considered: an extended power reduction and pre-ventilating the
building. The former consists on running the system at minimum
power from 02:00 to 08:00 CEST. In the latter, the system runs
higher than normal for 3 h aiming at pre-ventilating the building to
achieve better CO2 levels. After the pre-ventilation, the system is set
to minimum power for 1 h coinciding with the peak demand hours
in Denmark. The building was  occupied during all experiments and
for each experiment the janitor was  notified in advance.

The results of the extended power reduction experiment are
displayed in Fig. 9 for two days: Tuesday 2015-09-15 and Thurs-
day 2015-09-17. The left Y-axis displays the CO2 concentration
in the building and the right Y-axis the measured power. The
plot shows that running the system to its minimum leads to a
1.5 kW reduction. It can be observed that the CO2 level increases
until 07:30 CEST, when people start leaving the building. The CO2
level is lower than 900 ppm in all experiments. For the experi-
ment on Tuesday, the CO2 level is higher than on Thursday most
likely for having more people and activity in the building. For both
experiments, the CO2 concentration is higher than the baseline
(green-dotted line), average hourly concentration during week-
days. With an area of 4040 m2, 180 residents, qp of 4e−3 m3/s and
qb of 0.3e−3 m3/(s m2) the total airflow for the test bed according
to Eq. (1) is 1.9 m3/s. In minimum consumption mode, the system
provides an airflow of around 2.0 m3/s and therefore the Danish
regulations are always met  [32]. This shows that the ventilation
system can provide demand response during the night by running
in minimal consumption for 6 h without compromising comfort.

The results of the pre-ventilation experiments are shown in
Fig. 10 for two days: Wednesday 2015-09-09 starting at 15:00 CEST
and Monday 2015-09-14 starting at 16:00 CEST. The graph has two
Y-axes: left CO2 level and right measured power. The CO2 level dur-
ing high power period for the Wednesday trial (blue-solid line) is
lower than the hourly average of weekdays baseline (green-dotted
line). This shows that it is possible to pre-ventilate the building.

Fig. 9. Results of the extended power reduction for the 2015-09-15 (A) and 2015-
09-17 (B). In the left Y-axis measured CO2 level and in the right Y-axis measured
power. (For interpretation of the references to colour in text, the reader is referred
to  the web version of the article.)
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Fig. 10. Results of the pre-ventilation experiment for the 2015-09-09 (A) and 2015-
09-14 (B). In the left Y-axis measured CO2 level and in the right Y-axis measured
power. (For interpretation of the references to colour in text, the reader is referred
to  the web version of the article.)

However, for the experiment on Monday (red-solid line) the CO2
level is always higher than the baseline. It is expected that without
the intervention, the CO2 level during high power period would
have been higher. This illustrates the difficult task of defining a
baseline. Looking at the low power periods one can observe how
the CO2 level builds up quickly: 50 ppm/h for the blue-solid line
and 100 ppm/h for the red-solid line. However, the CO2 levels are
always below 750 ppm. Therefore, it seems feasible to shift elec-
tricity usage in peak periods without affecting the comfort of the
residents.

7. Simulation results

In this section, the potential of aggregating a portfolio of venti-
lation systems is considered using the proposed models. Python is
used as a simulation environment with the SimPy library. In order
to model the stochastic behaviour of the residents when using elec-
tricity the Python library BehavSim has been used [48]. BehavSim
generates stochastic load of household appliances based on prob-
abilities. The total load in each household is obtained by summing
these appliances profiles.

The developed simulation environment is used to assess the
demand response potential of aggregating all residential build-
ings with similar size to Grundfos Dormitory Lab in Aarhus: 796
buildings in 2015 according to Danmarks Statistik (http://www.
statistikbanken.dk). Each building has a ventilation fan model (with
different parameters), an indoor CO2 model (with different indoor
CO2 generation and no leakage/infiltration) and several households
models obtained with BehavSim (different amount of households
in each building). Two different strategies are considered: the pre-
ventilation experiment tested in the Grundfos Dormitory Lab and
a simple load shed from 18:00 to 19:00 CEST.

The simulation results are shown in Fig. 11. Without any inter-
vention (baseline in blue), the indoor CO2 level (blue-solid line)
is kept relatively low. In red the pre-ventilation experiment is
shown. Compared with the baseline, the CO2 level (red-solid line)
is lower when pre-ventilating (15:00–18:00 CEST) but the power
(red-dashed line) is in average 2.90 MW higher. During the shed
period (18:00–19:00 CEST) the load is reduced 1.57 MW at the cost
of increasing the CO2 level. The cost to pay for this 1.57 MW reduc-
tion is to use 6.28 MWh  more in the pre-ventilation experiment
than in the baseline. It would also be possible to do a 1 h shed with-
out pre-ventilation. The CO2 level in this scenario (green-solid line)
and the power (green-dashed line) are also shown. In this case,
the CO2 level increases slightly compared to the pre-ventilation

Fig. 11. Simulation results for load aggregation in three different scenarios: baseline
(no demand response), pre-ventilate (pre-ventilate for 3 h and shed for 1 h) and 1 h
shed. Left Y-axis displays average CO2 in all buildings and right Y-axis the total
power. (For interpretation of the references to colour in text, the reader is referred
to  the web  version of the article.)

but the energy used is less. Demand response provision usually
comes at a cost. This cost can be consuming more energy, like in
the pre-ventilation case, or deteriorating the indoor climate con-
ditions, like the pre-ventilation case and the shed case. Therefore,
when assessing a demand response strategy there is an important
trade-off to consider between flexibility provided, energy efficiency
and end-user comfort.

8. Conclusions and future work

Improving the integration for RES in the smart grid can benefit
from residential buildings participating in demand response pro-
grams. In this paper, the demand response potential of ventilation
fans in Nordic countries is analysed in a HVAC system located in a
12-storey residential building with 159 apartments. A model of the
ventilation system based on the affinity laws is presented and val-
idated. Furthermore, the installation required to remotely operate
the HVAC system is described. This has been done using a REST-
ful API that uses HTTPS, thus ensuring system interoperability and
security. In addition, the indoor CO2 concentrations are studied to
provide a basis for the understanding of the trade-off between the
flexibility offered for automated demand response and the indoor
climate conditions. The experiments show that in the most con-
strained ancillary service, a single system can provide a demand
response of 4.5 kW for power increase and 1.0 kW for power reduc-
tion, without compromising indoor climate conditions. With these
results, 67 and 300 systems need to be aggregated to provide the
required power increase and reduction to participate in the current
Danish ancillary service market, respectively. The large amount
of system required to participate in the current Danish market
makes HVAC fan control for demand response infeasible. How-
ever, it is expected that future market regulations will decrease the
participation requirements for small electricity loads, thus turning
ventilation fan control to a more attractive asset for ancillary ser-
vice provision. By simulation, the potential of providing demand
response in a scenario with 796 similar buildings is assessed. A
1.57 MW potential for power reduction is found. It can be con-
cluded that automated demand response for ventilation systems
can be used to provide both ancillary services and prolonged load
sheds without jeopardising indoor climate conditions nor violating
building regulations.
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It is left for future work to enhance the building automation
system with flexible ventilation control to allow such system to
provide a smart grid adaptation and possibly connect with a virtual
power plant that provides aggregation of a large set of small flexible
consumption units to trade flexibility on the electricity markets.
The future studies will include an assessment of such response with
respect to the on-set time, the magnitude and the sustainability of
the duration of the response.
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Abstract: Demand response can be applied in a smart grid scenario to promote Renewable1

Energy Source (RES) integration by regulating the electricity consumption to match the available2

production. Buildings are relevant sources of demand response because they consume significant3

amounts of electricity. This paper presents Green Lift, an intervention that explores the demand4

response potential of elevators in buildings. Green Lift aims at changing the elevator usage by5

providing information on “good” and “bad” times to take the elevator, from a CO2 emissions6

intensity perspective. This is accomplished by installing LEDs beside the elevator doors, linked7

with real-time CO2 information: the LEDs flash red when electricity produced is CO2 intense8

and green otherwise. During a one-month field trial, we tested Green Lift in a 12-storey Danish9

student dormitory. Combining quantitative and qualitative analysis, we observed that more people10

chose the stairwell over the elevator. However, there was no significant reduction in the elevator11

electricity consumption. Interviews with the residents revealed that the concept of shifting energy12

consumption was not easy to comprehend, especially the idea that using more energy can sometimes13

be good. We conclude that the elevator may not generally be a good source of flexible consumption14

in residential buildings.15

Keywords: Smart Grid; Demand Side Management; Demand Response; Building Energy16

Management Systems; Residential Buildings; Elevators; Energy Awareness; Behavioural Change.17

1. Introduction18

Renewable Energy Sources (RESs) are clean sources of energy that have a much lower19

environmental impact than Conventional Energy Sources (CESs), which are based on fossil fuels.20

In the transition towards more sustainable societies, ambitious targets have been established for21

the amount of energy that should be produced from RESs. The European Union (EU) requires22

its member states to fulfil at least 20% of their total energy needs with renewables by 2020 [1].23

Denmark has established plans with higher ambitions with a 50% production from wind turbines.24

Energinet.dk, recently announced that 2015 was a record-breaking year for RES production in the25

electricity supply. Danish wind turbines generated what corresponds to 42% of the country yearly26

electricity consumption. In fact, for 1,460 hours of the year in major parts of the country, wind power27

supplied more electricity than the total consumption [2].28

To meet energy demands requires a mix of both RES and CES. The generation of RES varies in29

accordance to the changes over time in weather conditions e.g., wind speed and solar irradiation.30
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The CO2 emission intensity arising from electricity generation is therefore varying over time with31

this mix; being higher in cases where CES-generation is dominating and lower in periods where RES32

are producing. Another dominating factor for the CO2 emission intensity relates to the import and33

export of electricity. In the Danish power grid, there is a correlation of up to 80% between the CO234

emission intensity and RES generation [3]. The CO2 emission intensity is therefore a good indicator35

of periods when electricity is originated from RES.36

The increasing integration of intermittent RES fosters the need for more flexibility in the37

consumption. Flexible consumption is usually sought from buildings because they account for a38

large amount of the total electricity consumption. In the United States (US), it is estimated that 75%39

of the total electricity is consumed in buildings [4], while in Denmark 66% of electricity is used in40

such facilities [5]. In this context, demand response seeks flexible consumption to adapt the demand41

side to the production side. This is done by exploiting the flexibility potential in daily work processes42

and operations thus enabling a consumption shift [6].43

Shifting of energy consumption differs significantly from curtailment of consumption. Shifting44

requires people and electronic devices to postpone their operation in time but without the need to45

reduce the total consumption, whereas curtailment reduces the total consumption [7]. A shift in46

energy consumption can result from direct as well as indirect control. Direct load control utilises47

Information and Communication Technology (ICT) to decide and actuate electronic devices in a48

timely manner. In contrast, indirect control empowers the human by providing a signal when it49

is preferred to consume energy and stimulates a behavioural change. However, changing behaviour50

and hence exploiting a flexibility potential is a very challenging task that requires an interdisciplinary51

effort. As stated by Levi [8]: “The real problems with demand response come when utilities try to52

‘operate’ the customer like a power plant. What you get is another ineffective effort with limited53

potential and an even shorter life.”54

In this paper, we propose a mechanism for indirect demand response shifting in large buildings55

by exposing to the occupants an energy metric signal derived from the mix of RES and CES used56

for electricity generation. We explore this mechanism in the context of elevator usage in a field57

trial that we call the Green Lift. However, the mechanism could also be extended to other areas.58

Our research provides the foundation for analysing demand response for interventions that consider59

consumer involvement. This includes a proposal on how to define a good baseline, which is a60

complex problem in demand response system design. Furthermore, we offer a rarely addressed61

interdisciplinary analysis of our experimental results combining quantitative and qualitative aspects62

of energy demand flexibility. It should be noted that this work is not a full-fledged behavioural study63

but a technical feasibility investigation with both a technical and behavioural analysis.64

The paper is organized as follows: Section 2 introduces relevant work with emphasis on energy65

awareness and the potential of consumption shifting. In Section 3 and 4, we introduce the conceptual66

and the experimental design of the Green Lift intervention, respectively. The subsequent analysis is67

divided into a baseline study in Section 5 and a validation of the intervention in Section 6. Finally, we68

end the paper with a discussion in Section 7 and our conclusions in Section 8.69

2. Related Work70

2.1. Building Level Demand Response71

Demand response is usually provided through demand response programs in which the72

electricity consumer signs up with the electricity provider or a Curtailment Service Provider (CSP).73

These programs usually fall into two different categories: price-based programs, where the consumer74

receives a varying electricity tariff encouraging electricity usage in cheaper time periods, and75

event-based programs, where the program administrator directly requests specific power changes [9].76

Generally, price-based programs use indirect control to shift electricity usage, while event-based77

programs use direct control.78
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Energy Management Systems (EMS) within buildings can enable demand response provision79

from different electricity consumption devices. Heating, Ventilating and Air Conditioning (HVAC)80

systems in large buildings have been widely studied for their large demand response potential [10,11].81

These systems consume a large amount of energy and at the same time, provide a service that can82

be stored within the building (i.e., thermal capacity). Lighting systems are another common target83

of demand response programs [12]. The lights within a building can be dimmed or switched off in84

certain time periods without causing major discomfort. Buildings have other electricity loads that can85

be controlled for demand response purposes and fall in a miscellaneous category [12]. This category86

includes plug-loads like smart appliances or electrical vehicles [13], but also common systems like87

circulation pumps and elevators. It has been suggested in [12] that if a building has several elevators,88

some of them could be shut down during a demand response event.89

2.2. Energy Awareness Displays90

A variety of techniques have been tried to moderate residential energy shifting, such as91

informational displays of grid CO2 emissions [14], time of use pricing [15], smart meters and92

appliances that can be scheduled to run at certain times [16,17]. Appliances and infrastructure93

components like laundry machines, dishwashers and ventilation systems have been demonstrated94

under external smart grid control [18]. These mechanisms often require some kind of display and95

complex interactions with the electricity consumers.96

The most common manner to display information is using dashboards with various types of97

data shown on a screen [16,19–24], but there are also other visualisation solutions. For example, a98

clock displaying a green energy availability forecast [19], a power cord that shows the instantaneous99

electricity passed thought it by changing the illumination intensity of the cord [25], or even a small100

bear figure to be placed nearby appliances that illuminates aiming at communicating environmental101

issues within a household [26].102

The information being displayed ranges from electricity consumed [19,20], electricity prices103

forecast [16] and a renewable electricity production forecast [19]. This information is usually104

presented using plots [16,23,24], but also using green/amber/red colour coding thus emulating105

traffic lights [16,19,20]. In [19], the authors describe a system similar to the one presented: a106

watch, composed by two gauges, that displays information to the consumer aiming at shifting107

their electricity usage. The outer gauge shows the green power availability forecast using a108

green/amber/red colour code, while the inner gauge shows the current electricity consumption109

with the same colour coding. Similarly, the energy company E.ON provides a smart energy display110

together with their smart meters [20]. This display is used to provide a wider range of information111

and also uses a light that flashes green when the home is using a low level of electricity, amber if the112

level is medium and red if level is high. These three levels are different for each household and are113

learned by the smart meter over time.114

2.3. Behavioural Change: Shifting Energy and Practices115

A considerable amount of research has been conducted on using feedback to encourage116

residential electricity users to reduce their electricity use, with some moderate success [27–29].117

However, some problems have been identified with feedback, including problems with engagement118

over the long term after the novelty has worn off [30–32].119

Convincing residential consumers to shift their electricity use to off-peak times is even more120

challenging than curtailment. This is due to the additional complexities of demand response, because121

users must first understand the demand response concept, they must be provided with the signal122

indicating when to shift energy usage and they must continue to consult the signal over time before123

using energy [33]. In this complex scenario, consumer eduction has been proposed as a possible124

solution to tackle this problem [7].125
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Much of the technology that has been used to encourage curtailment or shifting of electricity126

use comes from a simplistic model of human activity: some sort of signal or feedback is provided127

to users and the users then modify their behaviour based on the information received. This is an128

“ineffective effort with limited potential” [8] because this model fails to recognize the complexity of129

why and how people go about their daily lives [34,35]. Practice theory provides a different and more130

holistic lens for understanding human activity. This theory takes into account how practices such131

as cooking and exercise are interconnected and how practices are shaped. This shaping is not only132

originated by individual motivations, but also by the physical environment and societal structures133

such as laws and social norms [36–38]. In particular, people do not generally think of themselves as134

resource consumers, they are simply going about their everyday lives and those practices consume135

resources as a side effect [39].136

2.4. Changing Elevator Usage137

There have been several studies that have focused on promoting stairwell use over elevator138

use [40–43]. Many of these studies are motivated by the desire to improve the health of occupants139

through increased exercise, using information posted at the point of choice (such as next to an elevator140

or stairwell door) [40,41]. Other methods have been successfully used to increase stair use, such as141

artwork and music [44]. Others explored using ambient displays that nudge users towards the stairs142

using twinkling lights and displaying the amount of stair use [42]. There are also a few studies143

focused on reducing the electricity used in elevators by encouraging stairs use such as [43]. The144

authors found that increasing the delay for the elevator door closing significantly increased stair use145

compared to informational posters, concluding that reducing the convenience of the elevator reduced146

usage.147

3. Conceptual Design148

There is usually the misconception that reducing electricity consumption is always something149

positive. While this statement may generally be true, there are certain periods where the electrical150

grid requires the demand side to increase consumption. This situation can even sometimes lead to151

negative electricity prices [45]. Therefore, rather than always reducing consumption, it is desired to152

have flexible electricity consumption that can increase or decrease.153

The electricity consumer could provide flexible consumption by changing their behaviour in154

certain times. For example, the consumer could shift their laundry time or delay the start time of the155

dishwasher. This implies a possible decrease in the comfort of the consumers, who may simply not156

provide flexibility if the inconveniences are too large. This article aims at analysing whether or not157

it is possible to motivate people to provide flexible consumption by providing insights on how and158

from which practices can this flexibility be provided. More specifically, the article seeks to provide159

insights related to the elevator as a flexibility source. For that to happen, there is a need for a simple160

yet effective manner to interact with the consumer to trigger a behavioural change. In this context,161

it is important to assess which signal can motivate the consumers to be flexible. Once a signal has162

been sent to the consumer, it is a challenging task to assess whether or not the signal has motivated163

a change. This is a common problem with baselines that utility companies face in demand response164

programs (i.e., assessing if clients have changed their consumption) [46]. This problem also arises165

in energy reduction competitions, which need a baseline to define a ranking to identify a winning166

team [47].167

3.1. Feedback Mechanism168

The main idea of Green Lift is to provide the consumers with a signal to create energy demand169

awareness, influence daily practices and energy consumption behaviour in buildings (i.e., elevator170

usage). The proposed feedback signal is constructed from information on the CO2 emission intensity171
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resulting from energy production. A conceptual diagram of the feedback mechanism is displayed in172

Figure 1.173
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Figure 1. Conceptual diagram for the feedback system for influencing consumption behaviour in
buildings.

The left part of the Figure 1 shows the energy domain side. In the main use case, the consumer174

desires to run their home appliances. The consumer is residing in a building that has a smart meter175

installed, which continuously measures the energy consumption within the building. Energy to the176

building is delivered from the energy generation facilities through a transmission and distribution177

network. The energy generation at a particular point in time is derived from a mix of RES and CES178

generation. This mix can be associated with a CO2 emission intensity signal that is calculated 24179

hours ahead based on the planned energy production. In the Danish power grid, the CO2 emission180

intensity forecast is published around 15:00 every day by the Transmission System Operator (TSO):181

Energinet.dk.182

The right part of Figure 1 shows the ICT infrastructure that is required to implement the feedback183

mechanism. The ICT infrastructure consists of a server that fetches the CO2 data from a server hosted184

by the TSO. The data is provided as an information service to the system. This data is sent to the185

processing & control logic function through the Local Area Network (LAN) of the building via the186

Internet. Similarly, data from the smart meters of the building is collected by the data collection &187

dispatching function and sent to the processing & control logic function. The data is digested in the188

processing & control logic function and displayed to the resident using an actuator (e.g., light).189

3.2. Control Strategy190

In contrast to other existing methods [16,20], the proposed system uses the CO2 emission data191

and provides feedback to the consumer in a simple manner. The user is provided with information192

about whether the current time is “good” or “bad” to consume electricity using the green and red193

colours, respectively. In contrast with studies [16,19], the user is not provided with forecasts, which194

can be hard to interpret, but with information about the present state (i.e., is now a good time to use195

electricity?). Thus this solution targets ad hoc practices (i.e., elevator) rather than scheduled practices196

(e.g., laundry).197
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The CO2 forecast, together with the real-time CO2 footprint, are used to periodically calculate198

the signal to display. The Danish TSO provides both signals, the former with one hour resolution199

while the later with five minute resolution. The CO2 forecast is provided one day ahead and is used200

to define the thresholds that will determine a green or a red period. To avoid overly frequent colour201

changes an upper and a lower thresholds are defined using hysteresis. The system administrator just202

sets the percentage of desired green hours and percentage of hysteresis. Additionally, it is possible to203

force some hours to always be of a pre-defined colour.204
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Figure 2. Control strategy for 28-03-2015. CO2 data is from Energinet.dk, energy consumption is from
the elevator in the test bed and red/green periods are calculated with 30% of green hours, 10% of
hysteresis and no forced hours.

Figure 2 illustrates the functionality of the control strategy. The CO2 forecast data from205

28-03-2015 is used to build the high and low thresholds (magenta-dashed lines). The CO2 real-time206

data is also shown (blue-dotted line) and corresponds to the same day. The day started with a CO2207

emission intensity value above the high threshold thus leading to a red period. In this time window,208

the consumer is recommended to not use electricity. A bit before than 14:00, the CO2 level goes below209

the lower threshold and the period is changed to green. In this time window, the consumer can use210

electricity because the electricity being produced is less polluting. The figure also includes the energy211

consumption of the elevator in the test bed for the same day (black-solid line). CO2 and electricity212

data could be combined in a data fusion fashion in a similar manner as proposed in [19]. For example,213

the colour of the flashing could be determined by the CO2 level while the frequency of blinking by214

the electricity consumption. This has not been implemented and is left for future work.215

3.3. Areas of Applicability216

The proposed feedback mechanism is applicable to different stakeholders of the energy system.217

In the electricity consumer market, the proposed mechanism could be sold as a consumer product218

to trigger behavioural change in a similar manner as in [20]. An aggregator or a CSP could use219

this solution to send signals to the consumers asking for a energy change, thus enabling up and220

down-regulation service provision in energy markets. Lastly, Distribution Systems Operators (DSOs)221

could use this feedback mechanism to support peak flattening at the distribution grid level.222
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4. Experimental Design223

The presented feedback mechanism described in Section 3 has been tested using an elevator in224

a field trial named Green Lift. During the one-month Green Lift experiment, the elevator users were225

presented with a signal on the CO2 intensity using a LED that could be remotely controlled to flash226

red or green (see Figure 3). The intention was for users to take the stairs as an alternative to the227

elevator when the LED was flashing red.228

The approach chosen in Green Lift differs from other related studies [12,40–44]. In [12], the229

authors proposed to directly shut down two elevator banks for demand response purposes. While230

this is feasible in buildings with several elevator banks, it is not feasible in a building with a single231

elevator. Furthermore, this approach does not allow to study the interaction with the elevator users.232

In [42], the authors try to encourage more stairwell usage using aesthetic displays. This study233

solely focused on the behavioural change and did not foster flexible consumption nor energy related234

triggers. Lastly, a unique difference of Green Lift is that, while other studies try to reduce elevator use235

at all times [40–44], Green Lift seeks to discourage elevator use at some times and encourage elevator236

use at other times.237

4.1. Test Bed: The Grundfos Dormitory Lab238

Green Lift is tested in a large student dormitory called the Grundfos Dormitory Lab. This newly239

constructed test bed is located in Aarhus, the second largest city in Denmark. In the building, there240

are 159 small apartments (i.e., less than 30 m2) distributed across the 12 storeys hosting approximately241

200 students. Each of the apartments and the common areas are monitored by a sensor network of242

more than 3,400 meters providing data on electricity usage, indoor climate conditions and many other243

types of data. See [13] for more information on the test bed.244

An overview of the electricity consumption in the Grundfos Dormitory Lab is provided from 162245

smart meters and is depicted in Table 1. It should be noted that the electricity consumption of this246

building is low for its size due to the state of the art equipment installed in the common facilities and247

because the apartments lack large “white” appliances (e.g., dishwasher). The elevator used in Green248

Lift experiment accounts for an average of 25 kWh per day leading to 5% of the total consumption.249

Table 1. Test bed average daily electricity consumption breakdown.

End-use Electricity Consumption [%] of Total

Apartments 330 kWh 57%
Laundry 52 kWh 9%
Elevator 25 kWh 5%

Ventilation 48 kWh 8%
Others 122 kWh 21%

Total 577 kWh 100%

4.2. IT Set-up250

The electricity meter that monitors the elevator in the test bed has been equipped with a251

ZigBee meter interface card that enables high resolution reporting on instant power demand (W)252

and accumulated electricity consumption (Wh). The reporting frequency of this card can go down to253

several seconds but has been set to one minute to avoid possible interference with the billing system254

of the meter. Installing this card required the permission of the local DSO. A ZigBee blinking LED255

was used to communicate “good” (green) and “bad” (red) moments to use the elevator. These LEDs256

were installed beside each of the elevator doors in such a way that the signal could be seen before257

pressing the elevator call button, as shown in Figure 3. The program that controlled the LEDs was258

running on a server located at Aarhus University and was collecting real-time data on CO2 emissions259

intensity from Energinet.dk.260
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ZigBee magnetic sensors were installed in each of the 53 doors within the building to detect261

the door activity, thus enabling monitoring of stairwell usage. Due to the location of doors in the262

building, it is possible to convert a sequence of door openings into events. Examples of these events263

are entering a floor or leaving a floor through the stairwell. All ZigBee devices but the LEDs were left264

in place after the field trial ended to gather additional data.265

Figure 3. Green Lift LED and poster beside the elevator door.

4.3. Resident Awareness266

Before starting the Green Lift field trial, the residents of the Grundfos Dormitory Lab were267

informed about the field trial in various ways. Posters were placed inside the elevator and in the268

stairwells a few days before the start of the trial. There was also a website available explaining the269

objectives and functionality of the field trial in detail. Green Lift was launched at the same time as270

another field trial in a kick-off event. This event consisted of standing all afternoon in the entry hall271

of the building and explaining Green Lift to the residents that were entering the building. Additionally,272

small posters were placed on the elevator door in each floor near the LEDs as shown in Figure 3.273

4.4. Experiment Validation274

The field trial started on 26-02-2015 and lasted until 01-04-2015. During Green Lift, the behaviour275

of the residents in green and red periods was intended to be the following:276

• Green periods: Fewer stairs door openings and more elevator electricity consumption with277

respect to baseline.278

• Red periods: More stairs door openings and less elevator electricity consumption with respect to279

baseline.280

To assess the performance of Green Lift, data from electricity consumption and stairwell usage281

was collected before, during and after the field trial. Some residents were interviewed by an282

anthropologist before and also after the field trial. All these data has been used to produce baselines283

to judge if there was a change during the experiment and if so, to what extent.284
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5. Baseline Analysis285

5.1. Elevator and Stairwell “Normal” Usage286

The residents in the test bed can access the 13 different floors in the building using the elevator287

(front façade) or one of the two stairwells in the building (front façade or back façade). The electricity288

consumption statistics of the elevator in the test bed can be seen in Figure 4. The top plot shows289

the average hourly electricity consumption for the different hours of the days after Green Lift ended,290

from 01-04-2015 until 10-01-2016. There was also one month of data before Green Lift but has not been291

plotted for simplicity. It can be seen that the consumption in the elevator is higher from 16:00 to 18:00,292

when residents return home. The bottom plot illustrates the average electricity consumption for the293

different days of the week for the same time period. It is observed that the elevator is used roughly294

the same amount across the different days of the week. It should be noted that the period of data295

studied contains periods where the student dormitory occupancy was very low (e.g., Christmas and296

summer vacations).297

0 2 4 6 8 10 12 14 16 18 20 22
Hour of the Day [-]

0

500

1000

1500

2000

E
le

ct
ri

ci
ty

 [
W

h
]

Mon Tue Wed Thu Fri Sat Sun
Day of the Week [-]

20000
22000
24000
26000
28000

E
le

ct
ri

ci
ty

 [
W

h
]

Figure 4. Elevator electricity consumption baseline statistics using data from ZigBee meter interface
from 01-04-2015 until 10-01-2016. The dots represent the average consumption and the bars
plus/minus one standard deviation. (a) Electricity consumption for hour of the day for the specified
period. (b) Electricity consumption for day of the week for the specified period.

The door activity in the test bed can be seen in Figure 5. The top plots shows the hourly average298

of the total number of door openings in the building from 01-04-2015 until 10-01-2016. This plot299

reveals a similar trend as seen in the electricity consumption of the elevator: more door openings300

from 16:00 to 18:00. The bottom plot illustrates the average of total openings for each day of the week301

for the same time window. As with the elevator, it can be seen that there is a similar number of doors302

openings across the different days of the week. It should be noted that in the counting of the total303

door openings the main door that leads to the elevator is also included.304
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Figure 5. Door openings of all building baseline statistics using data from ZigBee magnetic sensors
from 01-04-2015 until 10-01-2016. The dot represents the average total openings and the bars
plus/minus one standard deviation. (a) Door openings for hour of the day for the specified period.
(b) Door openings for day of the week for the specified period.

The building layout with the door activity is depicted in Figure 6. This figure illustrates the305

percentage of door events for the different floors. It can be seen that 69.98% of the door events occur306

in the front façade while 30.02% in the back façade. Each floor is coloured according to the number307

of door events: the darker a floor is coloured, the higher the door activity is. As expected, the floor308

with the highest number of events is floor 0 (67.98%), where the main entrance leading to the elevator309

is located, followed by the floor -1 (16.42%), used for laundry and bike parking. For floors 1 to 11,310

sequential door openings enable to identify when residents get inside the floor (In) or leave the floor311

(Out). It can be observed that residents prefer to leave a floor (generally going downstairs) than312

to enter it (generally going upstairs). For floors 0 and -1 the door location offers a wider range of313

possibilities and events are grouped in one category (All). The sensors in the front façade doors for314

the floor 11 and 2 were malfunctioning and their percentages are set to 0.0%.315
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Figure 6. Sketch of the test bed with the stairwell usage extracted from the ZigBee magnetic sensors
from 01-04-2015 until 10-01-2016. The darker a floor is coloured, the higher the door activity is. Floors
1 to 11 display door events where residents get in and out of the floor, while floors 0 and -1 all events
are grouped. A 0.0% values implies a malfunctioning sensor.

5.2. Resident Initial Analysis: Expected Results316

The Grundfos Dormitory Lab has 159 youth apartments for 206 residents. With 55% female and317

45% male residents, there is a close to equal gender division. All the residents are students, aged318

19–29 years, studying at one of the higher education institutions in the Aarhus area. There are several319

handicap-friendly apartments in the building, but none of the current residents have reported any320

health conditions.321

Understanding energy consumption and finding ways to change it requires a deep knowledge322

about the people and the contexts that are designed for. Energy consumption is constituted,323

negotiated and changed through the performance of everyday practices [48,49]. In order to be able324

to change practices, it is necessary to understand the configurations of these practices, the different325

elements (individual, social, material) that shape them and how they relate to each other.326

In relation to elevator use, off hand this seemed difficult to change. It was expected that327

people would have quite fixed practices when it comes to the use of the elevator: if a resident lives328

on the higher levels of the building – or is carrying something heavy, they would be expected to329

always take the elevator. If a resident lives on the lower floors, they might be expected to be more330

susceptible to (suggestions about) taking the stairs. This hypothesis was confirmed during interviews,331

questionnaires and workshops with the residents prior to Green Lift deployment.332

The results of these interviews, questionnaires and workshops revealed the rationale behind the333

decision making of the residents with respect to take the stairwell or use the elevator. Around 50% of334

the 80 residents that answered the questionnaire claimed to take the stairwell because it was faster,335

because the elevator was not operative or because they wanted to do some exercise. Although energy336

concerns was market as a possible answer, none of the surveyed claim to take the stairwell for this337

reason. The main reasons driving the residents to take the elevator were because they were carrying338
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something heavy, because it was more convenient and because it was faster. Despite these initial339

challenging findings, it was decided to go on with Green Lift and explore what behavioural change340

could be achieved with a simple signal (i.e., an LED blinking red and green).341

6. Green Lift Analysis342

6.1. Quantitative Analysis343

The Green Lift field trial started on 26-02-2015 and lasted 34 days. In the first 26 days (Green Lift344

(I)), the LEDs were configured to flash with an average of 60% green, with 10% of hysteresis, forcing345

red hours from 8:00-9:00 and 18:00-19:00 and forcing green hours from 16:00-17:00. For the last 8 days346

of the field trial (Green Lift (II)), the LEDs were configured to flash with an average of 30% of green,347

with 10% of hysteresis and forcing red hours from 17:00-18:00 and forcing green from 18:00-19:00.348

Figure 7 shows a comparison of the average hourly door openings and average elevator349

electricity consumption during Green Lift (black dots) and the baseline defined in the previous section350

(red squares). It can be seen that during the field trial the electricity consumption of the elevator351

increased during most of the hours of the day. A similar trend can also be seen in the total door352

openings. This can be interpreted as higher human activity within the test bed during the Green353

Lift period compared to the baseline (after experiment). The difference between door openings354

seems higher than the electricity consumption, but both metrics are different and cannot be directly355

compared.356
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Figure 7. Elevator consumption and total building door openings statistics during Green Lift and after
(baseline). The dot/square are the average values and the bars represent plus/minus one standard
deviation. (a) Electricity consumption for hour of the day for the specified periods. (b) Door openings
for hour of the day for the specified periods.

To be able to compare stairwell and elevator usage, the data from the ZigBee magnetic sensors357

installed in the doors is used. The position of the doors on the ground floor makes it possible to358

derive from sequential door openings three relevant events: leaving building via stairwell (going359

downstairs), entering building via stairwell (going upstairs) and entering/leaving the building via360

elevator (elevator). The correlation of this last event with the electricity consumption in the elevator is361

75% and henceforth is used as elevator usage.362
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Table 2 shows the elevator/stairs ratio for different time periods: before, during and after Green363

Lift. It should be noted that the elevator activity includes leaving and entering the building. All364

values on the table are larger than 1, implying higher elevator usage than stairwell. When comparing365

two values within this table, a lower value implies more stairwell usage and less elevator usage. The366

top part of the table shows the average ratio elevator/stairs for all hours of the day. It can be observed367

that for a fixed time window, the upstairs ratios are larger than the downstairs ratios, thus implying368

the common preference of taking stairwell to go down and elevator to go up. During Green Lift, it369

can be seen that the elevator/stairs ratio is decreased when compared with other periods. This can370

be interpreted as evidence of a possible behavioural change due to the feedback provided by Green371

Lift. The bottom part of the table shows the elevator/stairs ratio for the period 18:00 to 19:00. In this372

hour of the day, the LEDs were forced to flash red in the first part of the field trial (Green Lift (I)) and373

green afterwards (Green Lift (II)). In a red period, it would be expected less elevator usage (smaller374

ratio) than in a green period. The data shows the opposite effect, which might imply that Green Lift375

generated awareness just by being present, regardless of what colour was flashing.376

Table 2. Elevator and stairwell ratio for before, during and after Green Lift. The top part of the table
shows the average ratio for all hours of the day. The bottom part shows the average ratios from 18:00
to 19:00.

Before Green Lift (I) Green Lift (II) After
04/02-27/02 27/02-24/03 24/03-01/04 01/04-31/12

elevator
upstairs 14.91 14.79 17.43 18.74

elevator
downstairs 10.14 8.92 7.86 11.27

elevator
stairs 5.99 5.41 5.30 6.76

18:00-19:00

elevator
upstairs 16.00 11.32 13.17 13.59

elevator
downstairs 12.44 9.82 7.33 11.69

elevator
stairs 5.47 4.88 3.39 5.39

Signal - red green -

6.2. Qualitative Analysis377

After the field trial, 19 residents were interviewed and most of them claimed to have taken the378

stairs more often during Green Lift than usual. However, none of them stated “reflections about the379

CO2 intensity of the grid” as a primary driver. They had a priori knowledge that it is better to take380

the stairs - and the LEDs were that little extra something that prompted them to do something they381

already wanted to do (or knew they should do). It was difficult for them to explain why the red lights382

made them take the stairs instead of the elevator: “Normally I always take the elevator – even though383

it is quite silly when I live on the 2nd floor. But now, if I see the red light in the morning when I leave384

my apartment I take the stairs instead...” (note, all quotes translated to English).385

The residents who claimed to have been most affected by the lights were those living in the lower386

floors, more specifically from floor 0 until floor 3. People living on the higher levels noticed the lights,387

and felt a little bit guilty, but they still took the elevator: “...but yes, I still take the elevator when I go388

to the 9th floor. If I am only going a couple of floors I always take the stairs. I also did that before. In389

that sense the lights did not really change anything for me”.390

The people who changed their use of the elevator during the intervention said that they expect391

to go back to “normal” when the lights were gone. Similar problems have been identified in [30–392

32], where the people engagement is temporary: engagement last until the loss of novelty. Another393
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important point extracted from the interviews was that people did not understand the complicated394

message of varying electricity production. Those “following the lights” reacted to the simple intuitive395

message of the red/green lights (i.e., red is bad, green is good) without fully understanding how this396

related to the CO2 emission intensity of the grid. In addition, residents also indicated that it seemed397

counter intuitive that sometimes the LEDs encouraged people to take the elevator. As one of the398

residents rightfully asked: “isn’t it always better to take the stairs?”. From a health perspective this is399

true, but not from an energy perspective. This juxtaposition complicated the message that Green Lift400

wanted to convey.401

7. Discussion402

Our analysis shows that during Green Lift there was more activity in the test bed. This can be403

seen from the higher door activity, but also higher electricity consumption in the elevator with respect404

to the baseline (see Figure 7). One cannot directly conclude that Green Lift failed for having a higher405

electricity consumption compared to the baseline. A possible reason for the higher consumption is406

that the field trial took place in a period where activity in the building was the highest ever and the407

door activity and consumption would reach a level above any historical averages. Baselines are used408

to somehow “normalise” observations and they can be used to measure the outcome of a experiment409

or event. Perfect baselines do not exist and it is a very challenging task to assess what would have410

happened if an intervention (Green Lift) had not been deployed. Common approaches to identify411

baselines in demand response programs are to utilize daily averages, previous day matching or even412

regression models [50]. Though, far from being perfect baselines, these methods are accepted as valid413

practises.414

A plausible explanation for the increase on stairs usage but not a decrease on electricity415

consumption is provided in [43]. If a group of people approach the elevator and most of them choose416

the stairs but one takes the elevator, then the electricity consumption is probably unchanged, despite417

the fewer stops. To verify this hypothesis, it would be necessary to measure the number of people that418

take the elevator at the same time. This relates with the convenience on taking the elevator: people419

may not be willing to wait for the elevator but if the elevator doors are already opening they might420

just take it.421

In our Green Lift assessment, it is important to use relative values that reflect the activity level422

of the building, like the elevator/stairs ratio used in Table 2. If the activity in the building is low, this423

would be reflected in both elevator but also stairwell usage. Table 2 shows that before and after424

the Green Lift: for 1 person taking the stairwell there were 5.99 and 6.76 persons taking the elevator,425

respectively. On the contrary, during the field trial for each person taking the stairwell there were426

fewer taking the elevator (5.41 for the first part and 5.30 for the second). These numbers assume427

that when a door opens just one person goes through. These data combined with the findings from428

the interviews provides evidence that Green Lift indeed affected elevator usage in the building by429

nudging the residents to take the stairwell.430

While the Green Lift intervention revealed some behavioural change, it also exposed that431

achieving flexible consumption from elevator usage does not seem feasible. Looking in the bottom432

part of Table 2, it can be seen that the residents did not “follow the lights”: there was more433

elevator usage in a red period (4.88) than in a green period (3.39). This correlates well with the434

interviews, which showed that generally residents had a hard time understanding the concept of435

shifting electricity consumption, more specifically that it may actually be good to use more electricity436

in some time periods.437

The complexity of understanding the concept of shifting energy consumption that residents438

experience with Green Lift has also been noted by other studies [33,51]. In comparison, the concept439

of curtailment is simpler and seems easier for people to understand. On one hand people can be440

involved in activities that require a permanent electricity curtailment in a indirect control setting. On441
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the other hand, activities that require shifting can be automated. A similar reasoning is also addressed442

in [32].443

When deploying a field trial like Green Lift, it is important to consider different triggers: what444

worked in one case may not work in another one. The CO2 emission intensity trigger seems a good445

metric to motivate behavioural change. However, it should be emphasized that people responded446

to this metric due to the simple lights coding for it’s intuitive reaction (red is bad, green is good).447

Electricity price was also considered as a possible trigger but was discarded because a change in the448

elevator usage would not have affected the residents financially. Another relevant trigger that was449

considered was the convenience because this was a reason many residents stated to take the stairs in450

the initial questionnaire. The idea was to slow down the elevator so it was not a convenient solution451

as proposed in [43]: people might not be willing to wait for a long time and take the stairs. This trigger452

was discarded as infeasible in our test bed. In certain circumstances a combination of triggers may453

provide better results (e.g., energy and health). Along these lines, Green Lift could possibly have a454

higher impact in an office or an institutional building with less floors, where the energy trigger could455

be combined with the health policy of the institution.456

8. Conclusions457

Electricity consumers may play an important role in RES integration by providing flexibility in458

their consumption in a demand response scenario. This paper presents Green Lift, an intervention459

that exploits flexible consumption by influencing the way people use the elevator. During Green Lift,460

LEDs were installed on the elevator doors in a 12-storey building that hosts around 200 students. The461

LEDs lights were linked with the CO2 emission intensity from the electricity production, flashing462

red or green showing “bad” or “good” times to use the elevator, respectively. To qualitatively463

assess the intervention, the residents were interviewed. For a quantitative assessment, the electricity464

consumption of the elevator and the stairwell activity were monitored. It was possible to extract465

meaningful conclusions from the experiment by combining a quantitative analysis with a qualitative466

analysis. This interdisciplinary approach is an important contribution of this work and is not467

commonly found in the literature. The results show that Green Lift temporarily changed the way the468

residents used the elevator by encouraging more stairwell usage. However, this behavioural change469

was not strong enough to be reflected in the electricity consumption. Furthermore, the results show470

no difference between red and green periods, thus confirming that the elevator is a questionable471

source of flexible consumption in a residential building. This is supported by interviews, which472

disclosed that the residents had a hard time understanding the concept of demand shifting, more473

specifically that it is not always good to reduce energy consumption.474
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CES Conventional Energy Source
CSP Curtailment Service Provider
DSO Distribution Systems Operator
EMS Energy Management Systems
EU European Union
HVAC Heating, Ventilating and Air Conditioning
ICT Information and Communication Technology
LAN Local Area Network
RES Renewable Energy Source
TSO Transmission System Operator
US United States
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Abstract—Demand response is proposed as a solution to handle
the fluctuations in the power supply in a scenario with higher
penetration of renewable energy sources. While demand response
already offers a positive business case in certain domains it still
lacks matureness in other areas, especially in the residential
domain. This paper aims at providing a feasibility study of
residential demand response by designing and validating a novel
multi-modal Building Energy Management System (BEMS) that
enables demand response provision and energy efficient con-
trol from residential buildings. The proposed consumer-centric
BEMS monitors the building performance and its surroundings,
interacts with the residents, optimally controls local Distributed
Energy Resources (DERs) and provides demand response to an
aggregator. The design decisions and the consequent architecture
are detailed. A prototype of the envisioned BEMS has been
developed and deployed in a testbed - a 12-storey residential
building located in Denmark. The prototype performance, the
data monitoring capabilities, interaction with the residents and
controllability of local DERs of the BEMS are demonstrated.

I. INTRODUCTION

In 2013, more than 65% of the world’s electricity was
generated from fossil fuels, thus contributing to CO2 emis-
sions [1]. In this scenario, Renewable Energy Sources (RES)
are proposed as a solution to meet the electricity needs and
reduce the overall CO2 emissions. High RES penetration raises
many challenges, among them the reliability of the supply
due to the intermittent generation of some RES (e.g., wind
power). Demand response is proposed as a feasible solution
to adapt the electricity consumption to the available renewable
generation and thus supports RES integration [2].

The benefits of demand response are numerous and not
limited to RES integration [2]. In the United States, demand
response is a strong business case for peak clipping with an
estimated potential of 27 GW on peak reduction in 2013 [3].
More than 70% of this 27 GW is provided from industrial and
commercial customers [3]. In It is estimated that the theoretical
demand response potential for peak reduction in European
countries is 61 GW [4]. While demand response experiences
in the industrial and commercial domain are many, the lack
of experiences in the residential domain is a key concern [5]
that leaves an unfulfilled potential for demand response.

Industries and commercial facilities tend to have large
electricity loads with an appealing demand response potential.
These loads can be directly regulated by an external party in
direct load control programs [3]. In contrast, the residential
domain is characterised for having many and relatively low
electricity loads. In this case, direct load control is not suitable

due to the large number of small loads [6]. The costs of acti-
vating these Distributed Energy Resources (DERs) for demand
response are usually too large for the benefit it provides. In this
scenario, it is necessary to introduce an aggregation layer that
eases the controllability seen from a top-level controller [7].

An Energy Management System (EMS) can act as a bridge
between the residential consumer and the electrical grid to
provide demand response. EMS for demand response applica-
tions have attracted the attention of industrial and academic
research [8], [9], [6], [10], [11], [12], [13], [14], [15]. For
the successful development of EMSs for residential demand
response it is important to consider the needs of the consumer
from the design phase [16]. However, in most of the studies
the interaction with the consumer is limited. Another important
factor to consider in EMSs is energy efficiency. Compared to
demand response, energy efficiency implies using less energy
at any time and providing at least the same service [17].
The coordination of energy efficiency and demand response
measures has the potential to provide tools to decrease, manage
and better understand the electricity consumption [17].

This paper aims at a providing a proof-of-concept for
strengthening the case of residential demand response by
designing, implementing and validating a Building Energy
Management System (BEMS). The BEMS is conceived with
a multi-modal objective: exploit flexible consumption through
demand response and run the building in a energy efficient
manner. To this end, the system monitors and controls the
DERs within the building by interacting with the consumers
and the electrical grid via an aggregator. The needs of the
consumer have been considered by designing the BEMS to
support different types of interventions depending on the
consumer involvement. A prototype of the designed system has
been implemented and deployed on an embedded computer in
a unique testbed. The demand response potential of the testbed
has been analysed in a series of field trials to validate the
potential of the envisioned BEMS. The main contributions of
this paper lie on the consumer-centric design of the BEMS and
a strong and comprehensive validation of the designed system.

The remainder of the paper is organised as follows. Sec-
tion II presents the related work. Section III gives an overview
of the BEMS while section IV describes the system design.
The testbed and the BEMS prototype are detailed in Section V.
Section VI validates the designed system. Section VII dis-
cusses demand response protocols in context of the designed
system and Section VIII concludes the paper.
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II. RELATED WORK

Demand response is a change in the normal electricity usage
by the consumer in response to some external trigger, usually
a monetary remuneration [2]. In the United States, demand
response is already a reality and is provided through different
demand response programs. The programs administrators are
usually regional grid operators like the New York Independent
System Operator (NYISO), PJM Interconnections or Pacific
Gas and Electric (PG&E). When participating in a demand
response program, the consumer is usually notified between
3 hours to 30 minutes prior to the start of an event, which
typically takes place between 14:00 and 18:00 and lasts from
1 hour up to 14 hours [18]. In Europe, the development
of demand response is still immature [19]. However, several
curtailment service providers that provide aggregated demand
response have lately emerged.

Demand response programs provide flexibility by regulating
DERs. According to [20], a DERs controller can exhibit four
architectures: centralised, decentralised, distributed and hierar-
chical. In a centralized architecture, the EMS has a complete
overview and control of all DERs under its control. In a
decentralised architecture, the control over DERs is delegated
to other subsystems, who make decisions independently. In a
distributed architecture, the control is also delegated to other
subsystems but the decisions are taken by consensus of several
subsystems. In a hierarchical architecture, abstraction layers
are used for mitigating complexity. DERs in buildings are usu-
ally controlled by a EMS with a centralised architecture [6],
[10], [11], [12], [13], [15].

EMSs for demand response constitutes an attractive business
case that has been patented by several companies [8], [9]
and studied by many researchers [6], [10], [11], [12], [13],
[14], [15]. Costanzo et al. presented an EMS for demand side
management using a layered architecture aiming at a scalable,
extensible and composable solution [6]. Two components
of their designed architecture are evaluated using simulated
results. In [10], an EMS of a home that considers both the
electrical utility and the residential consumer is presented.
This system is able to provide load forecasting and appliance
scheduling and is evaluated in simulations. The authors in [13]
present a conceptual architecture of an EMS at a home level to
monitor and control energy-intense appliances. They discuss
different Information and Communications Technology (ICT)
and hardware solutions for such system.

There are some contributions that present EMSs with val-
idation in realistic test cases [11], [12], [14]. LeMay et al.
introduced a meter gateway architecture to automate demand
response in households [11]. They evaluated the architecture
by developing a prototype and validating it in an experimental
study. In [12], the authors used a central load shed coordinator
with a modular architecture to regulate DERs in commercial
buildings. They developed a prototype of their system and
deployed it in a university building to demonstrate its potential.
Qu et al. designed and implemented a web-based EMS to
monitor energy usage in buildings [14]. They tested their
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Fig. 1. Taxonomy of the multi-modal Building Energy Management System
for residential demand response.

system in a school and claimed to have gained insights for
demand side management.

The interaction with the consumer of the presented EMSs,
if any, is limited to data visualisation and setting operational
constraints. It is important that EMSs go beyond direct load
control and engage the consumers to a larger extent [16].
Indirect control schemes have been tried using a feedback
mechanism with moderate success [21], but rarely as part of an
integrated EMS. In this area research is required in designing
an EMS that embraces the consumer to a larger extent.

The BEMS presented in this paper builds on top of the
state of the art by: considering larger consumer involvement
in indirect control schemes; by coordinating the energy effi-
ciency and demand response duality; and by implementing a
prototype and evaluating it in realistic test cases.

III. MULTI-MODAL BUILDING ENERGY MANAGEMENT
SYSTEM FOR RESIDENTIAL DEMAND RESPONSE

This section introduces a conceptual description of the de-
signed BEMS by presenting a taxonomy of demand response,
a system overview and the main system requirements.

A. System Taxonomy

There are several terms and definitions related to demand re-
sponse systems that can easily lead to confusion. This section
defines the relevant concepts for the designed BEMS using the
system taxonomy shown in Figure 1. This taxonomy is not
meant to provide a universal manner of classifying demand
response concepts but rather to set a common understanding
for the remainder of the paper.

Demand response is provided through demand response
programs that mainly fall into price-based programs and event-
based programs [2]. In the United States, the Federal Energy
Regulatory Commission (FERC) use different names for this:
time-based instead of price-based programs and incentive-
based instead of event-based programs [3]. Examples of price-
based programs are real-time pricing, critical peak pricing and
time-of-use rates. Examples of event-based programs are direct
load control and ancillary service provision.

Depending on how the DERs are controlled, there can
be two types of control schemes: direct and indirect [5].
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Direct control implies that a DER is directly regulated by a
control unit (e.g., temperature setpoint). This type of control
takes away the controllability from the consumer but provides
certainty in demand response provision. Usually, the consumer
can define operational constraints in advanced (e.g., maxi-
mum temperature setpoint). Direct control is typically used
in event-based programs. In an indirect control mechanism,
the controller sends a signal to trigger a change (e.g., varying
electricity price) [20]. This type of control empowers the
consumer, who does the decision-making, but raises uncer-
tainty on estimating the demand response provision. Demand
response from indirect load control is usually used in price-
based programs.

Different demand response programs and control schemes
require a different level of consumer involvement. Using
this involvement three types of interventions can be defined:
back-stage, medium-stage and front-stage. In a back-stage
intervention, the consumer is not involved in any decision
making nor control action but can still feel the effects (e.g.,
Heating, Ventilating and Air Conditioning (HVAC) control for
ancillary service provision). In a medium-stage intervention,
the consumer is initially involved in the decision making (e.g.,
setting temperature constraints), but does not take control
actions and can feel the effects (e.g., temperature control).
In a front-stage intervention, some signal is presented to the
consumer, who is always involved in the decision making,
takes control actions and feels the effects.

B. System Overview

The system presented is a multi-modal, centralised BEMS
for residential demand response provision. The BEMS acts as
a bridge between the electrical utility and the consumer, thus
requiring consideration of the needs of both. The term multi-
modal stands for the dual goal of the system: demand response
provisioning and local energy efficient control. The high level
requirements of the BEMS are:

• Monitoring energy usage and relevant external informa-
tion of the building (e.g., weather forecast)

• Controlling DERs within the building in an optimal
manner (energy efficiency)

• Enabling demand response provision and load aggrega-
tion to a third party

• Empowering consumers by providing them information
and energy related recommendations

The BEMS overview and the relation with the main system
stakeholders are displayed in Figure 2. The residential building
has some DERs that can be local generation units (e.g., PVs),
local storages (e.g., batteries) and local loads (e.g., dish-
washer). These DERs are used by the consumers, monitored by
the metering infrastructure and can be regulated through the
controlling infrastructure. The BEMS monitors the building
using an advanced metering infrastructure to gather relevant
sensor data (e.g., electricity consumption). The system also
collects data from relevant external information providers like
weather forecasts or electricity prices. The consumer interacts
with the BEMS by setting constraints, by reacting to indirect
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Fig. 2. Context diagram of the multi-modal Building Energy Management
System for residential demand response.

control actions and by processing informational services (e.g.,
energy reports). The BEMS collects all this information and
regulates the DERs through the controlling infrastructure. This
regulation is done aiming at providing demand response to an
aggregator and locally optimizing DER operation.

C. System Requirements

The essential system requirements of the BEMS are shown
in Table I. The BEMS requires data from the building (FR-1),
e.g., electricity usage, and also from external providers (FR-
2), e.g., electricity prices, to support its operation. Most recent
data should be stored in the system (FR-3). This data is used
for several purposes, like forecasting the expected building
load (FR-8). The time restriction on the stored data is inspired
from the common practise of demand response program ad-
ministrators, who use previous day data in their forecasts [22].
Additionally, the system needs direct controllability over local
DERs (FR-4), thus enabling back-stage and medium-stage
interventions, but also in an indirect manner, thus enabling
front-stage interventions (FR-5). The BEMS can use electricity
prices to optimally schedule DERs operation (FR-6). The
system provides flexible consumption by exchanging demand
response bids with an aggregator (FR-7). In this scenario,
different demand response communication protocols can be
used (e.g., OpenADR [23]). The BEMS needs an interface to
enable building monitoring and DER control (FR-9).

It is desired that the designed system is interoperable with
other systems. Therefore, it is important that the system is
based on open source products, standards and protocols (NFR-
1). The system deals with sensitive information from the
consumers that needs to be kept confidential. Furthermore,
the BEMS can remote control DERs and misuse of this
controllability needs to be prevented. It is then important
to ensure data privacy and secure operation (NFR-2). The
software of the BEMS should be designed in such a way that
the system can be deployed in a constrained hardware device
physically located in the building (NFR-3). The temporary
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TABLE I
SYSTEM REQUIREMENTS OF THE DESIGNED MULTI-MODAL BUILDING

ENERGY MANAGEMENT SYSTEM FOR RESIDENTIAL DEMAND RESPONSE.

ID Type Description

FR-1 Functional The system shall be able to gather informa-
tion from sensors in the building

FR-2 Functional The system shall be able to gather informa-
tion from external information providers

FR-3 Functional The system shall be able to store data for a
configurable time window

FR-4 Functional The system shall be able to remotely control
local DER

FR-5 Functional The system shall support interventions with
different levels of consumer involvement

FR-6 Functional The system shall support load scheduling and
optimal control

FR-7 Functional The system shall support demand response
provision to an aggregator

FR-8 Functional The system shall be able to provide load
forecasting

FR-9 Functional The system shall be able to display informa-
tion and controllability through a website

NFR-1 Non-functional The system should be based on open source
products, standards and protocols

NFR-2 Non-functional The system should ensure privacy and secu-
rity in its operation

NFR-3 Non-functional The system should be deployable in the
building in constraint hardware devices

NFR-4 Non-functional The system should have a modular architec-
ture and be scalable for large sensor networks

data storage feature (FR-3) is also intended to obey storage
constraints of certain hardware. Finally, the system should be
designed in a modular manner to enable easy addition of new
features and provide scalability (NFR-4).

IV. SOFTWARE DESIGN

The system data model was designed first, based on the
requirements in Table I. This consequently formed a basis for
the application design. Each is elaborated in turn.

A. Database Design

In order to meet NFR-2, the data model includes access
control information for data and devices (i.e. users, user groups
etc.). The user privilege model is omitted from Figure 3,
which displays the central part of the database schema and
is described below.

Table Device stores one logical entity for each function of
a physical sensor/control device. The device contains infor-
mation on attribute and unit of data sent from/to the device,
avoiding redundant storage with each measurement/control
action.

The Measurement table contains a row for each value
received from a device. In order to meet FR-3, measurements
are retained for a defined time period. This is implemented
in a Rolling Window scheme: the table is partitioned in
configurable time intervals, having one sub-table for every
e.g., 24 hours. Sub-tables will then be deleted as they age
beyond the configured time limit, e.g., seven days. The same
method applies to tables ControlAction and Prediction . The
partitioning improves query performance, while the deletion

Building
id: integer
street_address: varchar
zip_code: varchar
country: varchar
floor_min: integer
floor_max: integer

FloorSection

id: integer
external_id: varchar
name: varchar
floor: integer
building_id: integer
description: varchar

DeviceLocation
id: integer
device_id: varchar
room_id: varchar
from_time: timestamp
to_time: timestamp

Device
id: varchar
attribute: varchar
unit: varchar
unit_prefix: varchar
sub_type: varchar

Controller

id: varchar

Measurement

id: integer
sensor_id: varchar
timestamp: timestamp
value: varchar

ControlAction
id: integer
device_id: varchar
value: integer
created: timestamp
schedule: timestamp
status: varchar

Prediction

id: integer
prediction_endpoint_id: integer
timestamp: tmestamp
value: float
time_received: timestap
value_interval: time

PredictionEndpoint
id: integer
external_id: varchar
attribute: varchar
description: varchar
unit: varchar
unit_prefix: varchar
prediction_provider_id: integer

1 1..* 1 1..*

Room
id: integer
floor_section_id: integer
name: varchar

1

0..*

1 0..*

1

1..*

Sensor

id: varchar
value_interval:  time

1 1..*

11..*

Fig. 3. Entity/relationship diagram of the data model.

ensures the BEMS can be hosted on machines with limited
disk space. For historical analysis, data is prior to deletion
forwarded to an external database (data warehouse) with an
identical schema to the BEMS. Measurements may be pre-
processed (e.g., averaged over time) to reduce data size.

The future and past actions of the control devices are stored
in the ControlAction table, which thus serves as a schedule
and log. The physical structure of the building is modelled
in tables Building, FloorSection and Room . Devices are
mapped to rooms in table DeviceLocation . Mappings can be
time-limited, thus supporting device relocation.

Diverse forecast values are received from external providers
and can also be generated by the BEMS. While the forecast
data is quite similar to measurements, the choice was made to
store them separately in the table Prediction because of the
fundamentally different semantics. Similar to Sensors , table
PredictionEndpoint contains an entry per logical prediction
source.

B. Application Design

The BEMS server application (Figure 4) is structured in
a conventional three-layered architecture with the database
in the bottom layer, the domain logic in packages core,
data acquisition, control, and prediction constituting the
middle layer and the service package as the top layer.

The service layer provides an external interface for ex-
tracting data and configuring the system. This is intended to
support a web server that provides a GUI for administration
and data visualisation. The prediction module implements
prediction models based on received measurements. The con-
trol module instantiates ControlDevices for each function of
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the configured physical actuators. Specific ControlAdapters
implement the necessary communication protocols.

Figure 5 details the core, data acquisition and database
modules. In the core package, class Coordinator launches
the system by instantiating other classes and processes. Dat-
aProviderManager instantiates the individual data providers
that supply measurements and predictions from external
sources. In a similar manner, ControlManager instantiates
controllers for actuating physical devices. Measuremen-
tReporter generates reports from the measurements in the
database. Reports can be made accessible to the service

layer, and may be produced on request from here. Predic-
torManager initiates configured prediction strategies. De-
mandResponseHandler manages communication of demand
response bids with the aggregator. The Scheduler performs
decision making to achieve the multi-modal objective and
inserts scheduled control actions in the database.

In the data acquisition module, each configured external
source of measurements/predictions gives rise to an instance
of the DataProvider class which runs in a separate thread.
An instance employs a suitable DataAdapter to receive data
from the external source. An adapter may listen for events in
the source (such as a queue) or periodically fetch data.

The incoming raw data strings are passed to a configured
DataInterpreter which parses the data and outputs it in a
simple internal format to the DataProcessor which persists it
in the database . This modular design enables arbitrary com-
binations of existing adapters and interpreters, thus minimising
the development effort for supporting new data providers using
any already known protocol.

The database package provides an interface for the domain
layer to access the physical database, abstracting away the
choice of database platform. DBMaintainer implements the
Rolling Window scheme by periodically transferring data to
the external data warehouse and deleting old data.

V. IMPLEMENTATION

This section presents the testbed and details the imple-
mented BEMS prototype.

A. The Testbed: Grundfos Dormitory Lab

The designed BEMS for residential demand response is
validated in a testbed named Grundfos Dormitory Lab. This
building was constructed in 2012 and is located in Aarhus,
Denmark. The Grundfos Dormitory Lab is a 12-storey student
dormitory with 159 small-sized apartments of 200 students.
The building has common facilities like a laundry room in the
basement and a common kitchen in the top floor.

The testbed is equipped with a large wired and wireless
sensor network to enable monitoring of the building. The wired
sensor network continuously reports 19 measurements from
each apartment: indoor climate conditions, domestic water
usage and district heating usage. Additionally, the wired sensor
network reports measurements from other areas like a weather
station in the roof. A total of 3,168 sensor points reported
every 5 seconds are generated from the wired sensor network.

The wireless sensor network is based on more than 200
ZigBee devices and was deployed in a later stage to com-
plement the available data. Electricity measurements (power
and energy) of each of the 162 smart meters of the building
are reported every minute. The activity within the building is
monitored by magnetic sensors deployed in the 53 doors of
the building. These sensors also report temperature. Additional
sensors have been deployed in the each of the appliances in
the laundry room. Finally, other sensors and actuators have
been temporary deployed for specific field trials (e.g. smart
plugs and flashing LEDs).
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TABLE II
DATA PROVIDERS OF THE MULTI-MODAL BEMS PROTOTYPE.

Data Provider Description Protocol
Monitoring Infrastructure
(Wireless)

Building electricity usage,
temperature and door openings AMQP

Monitoring Infrastructure
(Wired)

District heating, domestic wa-
ter, indoor climate and others AMQP

TSO (Energinet.dk) CO2 prognosis and grid data
(e.g., wind production) FTP

Electricity Market (Nord
Pool Spot) Electricity spot prices (Elspot) FTP

Weather forecast 72-hours ahead weather and
pollution local forecast FTP

DSO (NRGi) 15-minute electricity data from
smart meters in the building SFTP

B. Prototype

A prototype implementation of the data acquisition func-
tionality and core data model of the designed BEMS has been
developed. The prototype is in operation collecting data and
other measurements from the Grundfos Dormitory Lab.

The prototype runs on Windows 7 Embedded on a Beckhoff
CX-2030 embedded computer with a dual-core Intel Core
i7 1.5 GHz CPU, 2 GB RAM and a 32 GB CFast flash
memory card for disk. This machine was chosen for its high
reliability, large computational power and for its capacity to be
extended with modules that can communicate using protocols
widely used in Building Automation System (BAS), such as
Modbus. Python was chosen as programming language for its
fast prototyping and extensive libraries. 1,900 lines of code
constitute the prototype. Deployed in the testbed, the BEMS
must be able to receive several hundreds of measurements per
second, which puts a requirement on the underlying database
to perform well even on the relatively small CX-2030. The
open source database PostgreSQL was chosen for its excellent
scalability.

The prototype gathers data from all data providers shown in
Table II. Three different data adapters have been implemented:
Advanced Metering Queuing Protocol (AMQP) for RabbitMQ,
File Transfer Protocol (FTP) and Secure File Transfer Protocol
(SFTP). Data is collected from the monitoring infrastructure
of the testbed from both the wireless and the wired sensor
network. Additionally, the system collects data from external
providers: the Nordic electricity market (Nord Pool Spot), the
Danish Transmission System Operator (TSO) (Energinet.dk), a
local Distribution System Operator (DSO) (NRGi) and a local
weather and pollution forecast model.

VI. VALIDATION

In this section, the feasibility of the designed BEMS is
validated from different perspectives.

A. Data Monitoring

The BEMS of the Grundfos Dormitory enables full mon-
itoring of data from the wired and wireless sensor networks
of the student dormitory. A sample of the data monitored is
shown in Figure 6. This figure details the average power usage
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Fig. 6. Average instantaneous power break-down of the building with one
minute resolution. The averaged period is from 2016-02-18 until 2016-03-15.
The data is provided by the ZigBee sensors installed in the smart meters.
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olution for 2015-09-15. A load shed strategy was deployed in the ventilation
system from 00:10 until 06:00. The amplified region from 05:30 to 06:30
allows to see the 1,600 W difference before and after intervention.

in the different times of the day with one minute resolution.
It can be observed that the building power peak occurs at
18:00, which is a common trend in Danish households. Most
of the electricity is consumed in the small apartments, which
are not equipped with high load appliances like dishwashers or
alike. The Others part accounts for the common facilities like
the common kitchen facility and water pumping. With all this
information, it is possible to assess from which loads demand
response can be provided.

B. Load Controlling

The BEMS supports direct and indirect control mechanisms.
Although the control module has not been integrated in the
prototype, different field trials with both control mechanisms
have been tested in the building. These interventions demon-
strate the load controllability potential of the designed BEMS.

The ventilation system of the testbed has been upgraded
with a RESTful API to enable remote control of the fans,
using simple Hypertext Transfer Protocol (HTTP) messages, in
a secure manner [24]. Figure 7 shows a back-stage intervention
carried out on 2015-09-15, where the control set-points of
the fans where set at to a low value thus leading to a 1,600
W reduction for almost 6 hours. The building was occupied
during the intervention and the indoor climate conditions
where monitored to ensure residents’ comfort and fulfilment
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Fig. 8. Electricity consumption break-down at apartment level. Data is
extracted from installation of ZigBee smart plugs in 8 apartments for a time
period of three weeks.

of Danish building regulations. This is an illustrative example
of a direct control strategy that the BEMS can carry out.

An illustrative example of an indirect control strategy
deployed in the testbed is Green Lift [25]. This front-stage
intervention aimed at affecting the way the residents use the
elevator: encouraging stairwell usage in periods when electric-
ity production was pollutant and encouraging elevator usage
when it was not. This was done by deploying ZigBee LEDs in
the elevator’s doors that flashed red when CO2 intensity was
high and green otherwise. To assess the one-month field trial,
the stairwell usage and the elevator electricity consumption
were monitored. During Green Lift, a higher stairwell activity
was observed, but this increase of activity did not convincingly
translate into lower electricity consumption. The LEDs could
easily be controlled by the BEMS to trigger demand response
provision through an indirect control strategy.

C. Electricity Reporting

The MeasurementReporter module of the BEMS has not
yet been integrated in the prototype. However, independent
software was developed to automatically generate electricity
reports from the available sensor data in the Grundfos Dor-
mitory Lab. This program was used in a field trial that aimed
at gaining insights in the electricity practices of the residents.
The trial consisted of deploying ZigBee smart plugs in the
wall-plugs of selected apartments reporting high resolution
electricity data (i.e., down to 6 seconds). After a period of
2-3 weeks, all the data was collected and a pdf report was
automatically generated. The report contained information on
electricity usage at appliance level and also showed the resi-
dents their consumption in comparison with other apartments
in the dorm. An anthropological study used these reports as a
baseline for discussion on energy practices with the field trial
participants.

The data collected within this field trial enabled to break-
down the power usage in the apartments. Figure 8 shows
the average electricity consumption in difference appliances

TABLE III
SYSTEM LOAD ON THE BEMS PROTOTYPE MACHINE

Property Value
Avg. rate of measurements/predictions 430 entries/sec
Avg. CPU usage (both cores) 12%
Avg. memory usage (of total 2GB) 71%
Max. database size (5 day Rolling Window) 16.0 GB
Avg. query time (sensor’s last 6 h of meas.) 6.25 sec

within the building. This data can be used to gain insights
into which appliances could provide demand response. These
reports illustrated the reporting functionality of the BEMS
and offer an interesting service to provide to the consumers.
Consumption visualisation is one of the first important steps
towards generating energy awareness and motivating an energy
efficient behaviour.

D. Prototype Performance

The system load on the CX-2030 is shown in Table III.
CPU/memory usage and database size were monitored during
a 72 hour interval while incoming entries are averaged over a
five day period. The CPU usage is modest in spite of the high
data rate and the PostgreSQL server continuously spawning
and terminating processes. Memory usage is relatively high,
indicating that optimization and/or more memory will likely be
necessary when the entire design is implemented. The 32 GB
flash disk of the CX-2030 is a limiting factor, preventing
storage of data for more than roughly 7 days in the current
setup. The average time of 6 seconds for retrieving a specific
sensor’s latest 6 hours of measurements is reasonable, but
could be improved.

VII. DISCUSSION ON DEMAND RESPONSE PROTOCOLS

A key enabler for the success of the designed BEMS is
interoperability with other systems, especially for demand
response communication. The BEMS needs to support demand
response protocols, like Open Automated Demand Response
(OpenADR) [23] and Smart Energy Profile 2.0 (SEP 2.0) [26]
when participating in a market operation run by an aggregator.
Table IV outlines the main characteristics of these protocols.

OpenADR is an application layer protocol meant for ex-
change of demand response messages. This protocol is widely
used among industrial and commercial customers in the United
States and presents a client/server architecture. The commu-
nication can be initiated by clients, who are typically EMSs,
as well as servers, who are typically aggregators. OpenADR
is designed for facility-centric control, meaning that messages
contain load reduction requests but not control signals.

SEP 2.0 is also an application layer protocol but with a
broader scope: smart energy applications. The first version of
this protocol is widely used among residential customers in
the United States. SEP 2.0 exhibits a client/server architecture
where clients always initiate the communication. SEP 2.0 has a
function set that targets demand response provisioning though
direct load control.
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TABLE IV
DEMAND RESPONSE PROTOCOLS COMPARISON: OPENADR AND SEP 2.0

Feature OpenADR SEP 2.0
Scope Demand response Smart energy
Control method Facility-centric load control Direct load control
Communication Client- or server-initiated Client-initiated

For the designed BEMS, a natural choice would be to
support OpenADR for message exchange with the aggregator.
This decision is mainly based on the protocol maturity and
its facility-centric control. The BEMS can receive OpenADR
messages with load shed requests and consequently decide
how to achieve these changes through either direct or indirect
control strategies. This communication would be handled
by the DemandResponseHandler . The BEMS could use
SEP 2.0 for the message exchange with the monitoring and
controlling infrastructure in the building, especially in direct
control strategies. This could be implemented developing a
SEP 2.0 DataAdapter/ControlAdapter .

VIII. CONCLUSIONS

Demand response is seen as a possible solution to handle a
higher penetration of RES. This paper presents a multi-modal
BEMS for residential demand response. The system is multi-
modal because both demand response provision and local
energy efficient control are supported. The BEMS supports
different levels of interaction with the consumers, thus engag-
ing them to a larger extent. A demand response taxonomy is
presented and used for the conceptual design and requirements
definition of the system. The software design of the server
application and the data model are detailed. A prototype of
the designed system has been implemented, deployed in a
embedded computer and tested in a 12-storey testbed. The
potential of the BEMS has been illustrated through a set of
field trials. It has been shown how the system can handle large
amounts of data, how direct and indirect control strategies
can be deployed, and how the BEMS can interact with the
consumer. Finally, demand response communication protocols
are discussed with respect to the designed BEMS.

Development and validation of a full-fledged BEMS design
for residential demand response provision, including the im-
plementation of suitable demand response protocols is left for
future work.
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