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EXECUTIVE SUMMARY
The OPTi project aims to improve the business of the DHC industry by exploiting new methodologies and
tools based on modelling, analysis and control of DHC systems. This project focusses on passive storage
opportunities and user flexibility, topics that highlighted in the different sections of this document.
Deliverable 2.1 is part of the Work Package 2 (WP2: User-centric design, architecture and KPIs), where we
present our initial steps in the project and the analysis of the industry and user needs. This document will
show the latest updates in the state of the art of the main topics of the project, it will define the different
scenarios or Use Cases that will take place during the project, a definition of the main KPIs, as well as
functional and non-functional requirements for the OPTi solution.
This document is divided in four different sections with different objectives per section. The sections are the
following:


Revised State of Art: Already in the proposal the state of the art is given, but it has been revised
considering new results and knowledge. The section studies the literature in different research areas
(RAs) such as modelling, control and optimisation of DHC systems, considering both commercial and
open source. Furthermore, the passive storage opportunities for DHC systems will be reviewed,
paying special attention in pre-cooling strategies in literature. And finally, recent advances of
Automated Demand Response and DR (Demand Response) and DR market status, ADR standards and
incentive applications. In the latter, attention to different contracts and incentives mechanisms
described in literature is given.



Scenarios or Use Cases: Based on the analysis of the industrial and consumer needs, seven use cases
are defined, five of them will be applied in the real-life trials and the remaining two will be conducted
in the virtual environment.



Key Performance Indicators: The main KPI in the project are defined in detail including their
evaluation criteria. Those are the following: to reduce energy usage, to reduce peak loads, to increase
user thermal comfort flexibility, to be able to represent real life events, and to increase economic
benefit for the end user, consumer, and the utility company.



Requirements: The requirements of the solution proposed by the OPTi project will be summarized.
The requirements are presented in accordance to a non-functional structure which is related to a
presumptive system architecture.

At the end of the document, there is an additional section with all the references quoted within this
document

Table of Contents
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1

INTRODUCTION

This deliverable summarizes the results of the work conducted during the study and analysis phase of the
OPTi project and forms the basis for the subsequent work in the technical work packages of the project. The
report provides a revised state of art in modelling, control and optimisation of DHC systems, passive storage
opportunities for DHC systems and Automated Demand Response and incentive mechanisms. Further, the
key performance indicators, use-cases and the requirement set for the OPTi system solution are presented.
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2

REVISED STATE-OF-THE-ART

The following sections provide an updated state-of-the-art compared to what was presented in the OPTi
proposal. This section is divided into three Research Areas representing the main topics of study within the
project: modelling, control and optimisation of DHC systems; passive storage opportunities for DHC systems;
Automated Demand Response and incentive mechanisms. The summary of the state-of-the-art per area is
presented subsequently and will focus on the work which is conducted in direct relation to DHC systems.
A more in-depth technical analysis of the state-of-the-art for the different research areas the interested
reader can refer to the work and deliverables of the different technical work packages where each research
area is explicitly addressed. There, related work not directly relevant for DHC system but relevant for the
development of the underlying technologies for the OPTi-Framework will be assessed and presented.

2.1

RESEARCH AREA 1: MODELLING, CONTROL AND OPTIMISATION OF DHC SYSTEMS

District Heating or Cooling (DHC) systems are designed to supply buildings for both private and commercial
interests with energy for space heating and cooling, as well as to provide heat for tap water heating. Such
systems are first and foremost designed to be robust, such that the delivery of heat and cold is certain.
Secondly, these systems need to be efficient and sustainable. Nowadays, there is an increased focus on the
efficiency of such systems to reduce the usage of non-renewable primary energy sources and the amount of
energy that is used for space heating and cooling.
While the long term behaviour is well understood, short-term fluctuations require a deeper understanding
of the imminent behaviour of such systems. Consequently, there is an evident need to understand the
dynamics of such a system to design efficient control and optimisation schemes, which facilitate a more
efficient use of the energy sources.
Modelling is nowadays recognized as an efficient tool to not only understands the behaviour of complex
physical systems, but also to design and validate operational strategies and control mechanisms prior to their
deployment in the plant.

2.1.1

Modelling

Despite the fact that district heating systems have been available for more than a hundred years, dynamic
models for such systems for simulation, control and optimisation purposes have only been proposed
relatively recently. Some examples can be found in (Larsen, 2002), (Chow, 2004), (Johansson C., 2005), and
(Nielsen, 2006). These models are mainly dealing with system analysis and simulation of the behaviour of
such systems, with many of them adopting simplified models that do not consider the impact of the temporal
component that depicts the dynamic effects on the DHC system. In (Jie, 2012) on the contrary, partial
differential equations are used to model the complete dynamic system, but they employ simplifications to
draw direct conclusions and do not use the original equations directly.
Typically, DHC systems can be decomposed in three parts: heat or cold generation (production), heat or cold
distribution, heat or cold consumption1. While the generation part can be understood as a process industrial
system, modelling of such a system is mature and available for the different components that can be used.
Looking at the distribution part, most energy grid models originate from the one dimensional linear transport
partial differential equation corresponding to the pipe (fluid) temperature, see (Jie, 2012), (Kicsiny, 2014).
This equation can be treated in many different ways, like simplified into a static model that sums up the
system’s steady state behaviour and drops the dynamic behaviour of the system (Andersson, 1993),

1

In the following, the terms heat and cold will be used as an entities that can be supplied, demanded, delivered and generated in
accordance with the understanding in (Frederiksen & Werner, 2013).
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transferred into ordinary differential equations (Gabrielaitiene, 2007) or a simplified delayed differential
equation (Kicsiny 2014). In general, the building thermal energy models have a similar complexity and
simplification approaches that vary from simple static relations up to high order non-linear differential
equations.
Recently, the Energy in Buildings and Communities Programme of the International Energy Agency (IEA-EBC
Programme) has presented new computational tools for building and community energy systems (Annex 60).
The results of this work yield an open-source approach to modelling which will enable the development of
simulation and analysis tools. The work is based on the Modelica modelling language and Functional Mockup Interface (FMI) standards (Wetter 2013). These “open-source” efforts have received a high level of
attention from researchers around the world, and many implementations were developed in compliance
with it, like e.g. AixLib (RWTH-EBC 2014) and FastBuildings (De Coninck, Magnusson, Åkesson, & Helsen,
2015). While the open-source trend is driving an accelerated development, from a commercial perspective
there is a lack of certification and service level agreements when it comes to the fitness for the purpose.
From a commercial perspective, there are different tools available which aid the engineer in design,
deployment, commissioning and operational optimisation of DHC systems, see e.g. the Termis software
(Schneider-Electric, 2012), TRNSYS (Klein 2004), and Netsim (Vitec, 2012). Unfortunately, these tools build
upon static models of the system considering only the spatial characteristics of the network, which prevents
the investigation and understanding of short-term fluctuations.
Representing the dynamic effects of a DHC system requires large scale dynamic models which are tedious
and difficult to build and, moreover, require substantially more computational power. From a more forward
sight perspective, the use of virtualized plants or plant shadows is foreseen as an essential tool in the design,
operation and maintenance of flexible large scale systems. Roadmaps and strategic agendas like Industry 4.0
(Ferber 2012) and the Spire PPP Strategic Agenda 2030 (Tello & Weerdmeester 2013), do promote the use
of virtualized plants as a key enabler for more resource efficient production systems.

2.1.2

Control and Optimisation

Optimisation is one of the objectives of any control system (Singh 2010) and process control aims at
optimizing the behaviour of the dynamical system over time. Thus, as soon as dynamic models for a system
are available, advanced control techniques can be employed to make the operation and control of a system
more efficient and resilient towards faults and disturbances.
District heating and cooling systems make use of the process control paradigm which means that the control
system is organized in hierarchies with local low level control loops (mostly single input/single output) and
supervisory and setup control on the higher level.
The above mentioned software tools Termis and Netsim do allow for an optimisation of the network
operation using tailored modules, but do not go down to the substation level and do not consider the
dynamics of the DHC network. Two different levels need to be distinguished here, system level (SL), which is
the complete network from generation plants to the consumer substation, and the building level (BL), which
is from the substation down to radiator and HVAC level.
Building control is a highly explored area of research and innovations, with a plethora of publications and
solutions. However, most efforts are targeting commercial buildings with a higher level of energy
consumption (Xu, 2008), (Popescu, 2009), (Halvgaard, 2012), disregarding small buildings and houses where
the degree of automation is far lower and the need for low-cost solutions is essential (Gustafsson J. D.,
2010), (Arrowhead Project 2013). Nevertheless, companies like Vitec (Vitec, 2015), Abelko (Abelko, 2015)
and Noda (Noda, 2015) provide services for building management and control of building climate. These
solutions offer centralized data aggregation and monitoring tools, which enable historic tracking of trends
and events.
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Regarding the system level, there are several approaches for the operational optimisation of a system based
on load prognosis that varies with consumption, weather and radiation conditions (Dotzauer, 2002),
(Grzenda, 2012), (Steer, 2011), (Henning, 2006). Such model-based predictions are the basis for model
predictive control (MPC) schemes, which enable the usage of online optimisation and regulation at the same
time by considering constraints in the system that can result from economical, consumer and environmental
perspective, e.g. (Agrell, 2005), (Deng, 2010), and (Molyneaux, 2010). The MPC concept can also be further
extended by making use of energy storage aspects and scheduling in the building control context as discussed
by (Touretzky & Baldea, 2014), which is important in the context of Research Area 2.
While building control is widely addressed, more simplistic control schemes dominate on the production and
distribution side. Those schemes benefit from the appropriate selection of control structures. In the district
heating system, which is categorized as a large-scale dynamic system, the control strategy and plant-wide
control aspects play a vital rule. The plant-wide control or control structure design problem can be explained
as the problem of defining the correct approach to achieve the required objectives from the plant (Skogestad,
2000). It includes the selection of controlled and manipulated variables. That will enable the selection of the
control structure configuration and the controller type.
Although there is a plethora of publications on the appropriate selection, currently there are no off-the-shelf
tools to support the engineers. A first approach in that direction is described in (Birk, 2014), where a
systematic approach and software tool is proposed. Further, the approaches discussed by (Bendtsen, 2013)
provide an opportunity to reconfigure over actuated systems. In the context of DHC this is not considered for
the time being.

2.1.3

Simulation and data acquisition

One of the most important aspects, when using any on line simulation tool or control scheme, is the need to
keep the simulator and the models up to date with the real-life system, in order to ensure good system
performance and prognosis. (Nielsen, 2006) provides a solution to this problem by updating models based
on measurement data from the network, which can be combined with an efficient solution to aggregate data
from the network down to the building level (Gustafsson, 2011). However, a remaining difficulty is the data
acquisition at the end-consumer side, which is usually not available beyond the substation level. With the
recent advances in the commercial building automation technologies it is possible to provide more useful
measurement data that will improve the performance of simulators, e.g., using the products from above
mentioned companies (Vitec, 2015), (Abelko, 2015) and (Noda, 2015).

2.2

RESEARCH AREA 2: PASSIVE STORAGE OPPORTUNITIES FOR DHC SYSTEMS

One approach for reducing peak loads in DHC systems is to utilize the thermal storage capacities of existing
building structures, i.e. passive storage. In particular, ceilings and walls and even the air inside a building can
be used to accumulate energy in off-peak hours.
The potential of passive storage has been studied in the past, for example comparing different control
strategies of pre-cooling of buildings. In (Braun J.E., 2001), it was shown that by changing the set point of
certain temperature zones, more than 20% of cost savings could be obtained, depending on the control
strategy (see Table 2 below).
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Table 1: Savings potential of different control strategies from (Braun J.E., 2001)
Strategy

Savings (%)

Baseline

0

Light precool

17.1

Moderate precool

18.7

Extended precool

22.7

A similar study was performed in (Henze G. P., 2004), where the exploitation of a combination of active and
passive storage for the reduction in peak energy demand was explored.
(Lee K-H, 2008) applied demand-limiting strategies, exploring different hours of starting the pre-cooling. , it
can be reduced about a 30% of peak loads for a 5-h on-peak period (of 1 PM to 6 PM).
( Morgan S., 2007) have studied the efficiency of different pre-cooling strategies taking into account various
parameters including building location and building mass level, pre-cooling control strategy (none, 4h, 8h 12h
of precooling) and time-of-use utility rate. The study revealed that 4-8h pre-cooling periods were more
effective than 12h precooling for cost saving. The following table shows the savings achieved by different
precooling strategies for buildings with different mass levels in different locations:

Table 2: Table. Estimated monthly cost and savings by control, mass level and location (Morgan S., 2007)
Control

Building mass
level (kg/m2)

Location 1
Boulder

Location 2
Chicago

Location 3
Madison

Location 4 San
Francisco.

Savings (%)

Savings (%)

Savings (%)

Savings (%)

4h precooling

513.7/256.9/85.6

10.8/15.5/15

14.3/20.3/18.7 13.8/18.1/18.0 10.2/13.4/13.2

8h precooling

513.7/256.9/85.6

16.4/21.4/20.2 23.0/28.3/26.2 21.9/26.7/25.6 14.9/18.5/17.4

12hprecooling

513.7/256.9/85.6

17.2/22.8/20.1 22.9/28.8/24.9 22.0/26.9/24.2 15.1/18.2/16.5

In the past, the studies about passive storage focussed on the analysis of relevant installation parameters
(building mass, time of pre-cooling…), obtaining the best strategy setting the zone temperature set-points,
in order to optimize the energy consumption. These strategies to minimize peak load applied semi-analytical
averaging methods, exponential set-point equation-based semi-analytical averaging methods, load
weighted-averaging methods, in conclusion, static set point trajectories methods. Nowadays, the centre of
investigations concerning methods for building control is Model Predictive Control (MPC), which is capable
of dealing with the hierarchy of HVAC systems (forecasting errors in weather, occupancy…). MPC uses
mathematical models to forecast system parameters in order to take actions in control optimizing in an openloop control sequence. For example, (Freire R., 2007) applied MPC to optimize user comfort and energy
savings in HVAC.
(Oldewurtel, F., 2008) used MPC for a room-based HVAC control considering the error in weather forecast in
a stochastic model. In (Henze G, 2010), the influence of different parameters (weather conditions, buildings
size and utility price rate conditions) was studied with regard to the passive thermal storage capacity, and
guidelines were proposed for the application of building control strategies.
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Further, (Yin R, 2010) introduced a tool called Demand Response Quick Assessment Tool (DRQAT) to analyse
optimal pre-cooling strategies. They describe the procedure used to develop and calibrate the DRQAT
simulation models, and apply this procedure to eleven buildings in a field test. In these tests, the peak
demand could be reduced by 15-30% with the use of automatic demand response.
More recently, in (Mesut Avcia, 2013), a MPC strategy is proposed enabling the utility providers to adopt
efficient demand management policies by using real-time pricing. Two experimental tests are described in
this article. First, the MPC process is compared to the conventional two-position control approach under a
fixed temperature set point. The resulting savings were in the region of a 5% within user comfort boundary
conditions. In addition, the Temperature Set-point Assignment (TSA) algorithm is used to control the
temperature set-point, which increases the savings to about 15% in total consumption and to about 40% in
peak hours.
Physics based modelling - also known as white box modelling - as undertaken in the references commented
in this document, has its limitations on accuracy and requires a significant amount of training data, which
might not be uncomplicated to obtain. On the other hand, black box models require a long training period
and large forecasting errors may occur if the model is applied under deviating conditions (the model is limited
to building operation conditions which it was trained for). Therefore, a hybrid modelling approach, or grey
box approach, is proposed in (Braun J. E., 2002) for thermal modelling of building structures, which seeks to
overcome the limitations of the white box and black box modelling approaches
In this project, we will employ a grey box approach for building modelling to investigate the potential of
passive storage for DHC networks. Key factors to be considered are computational cost, hardware/sensing
requirements for data collection and accuracy (as established through field testing). The use of passive
storage has a big potential in the use of peak load reduction without a significant reduction of user comfort
and with a small initial investment. This potential will be studied within the project, using different control
strategies for two very different trials: buildings with small inertia (domestic houses in Lulea) and one building
with big inertia (Son Llatzer Hospital, in Mallorca).

2.3

RESEARCH AREA 3: AUTOMATED DEMAND RESPONSE AND INCENTIVE MECHANISMS

2.3.1

Automated DR (ADR)

2.3.1.1

DR, ADR fundamentals and relation to DHC systems

Demand Response (DR) programs with integrated resource planning, short term strategies and other relevant
approaches and techniques can be effective solutions to ensure the reliability and stability of energy grids.
However, a smart grid is envisioned for the future to employ advanced controls and two-way communication
capabilities to integrate smart supply-side and smart-demand side technologies and activities seamlessly and
in real-time. Conventional approaches lack the degree of intelligent integration of resources that is ultimately
envisioned for this future smart grid and comprises, in essence, of two-way communications and automated
controls to integrate supply and demand effectively and rapidly.
Such an integrated solution of matching supply-side strategies with automated and nearly instantaneous
demand-side alternatives is essential for optimal grid performance. The components of the integrated system
should support and interact with one another to contribute to a dynamic infrastructure, as well as be capable
of working in unison to optimize system operations based on customer requirements, utility constraints,
market incentives, and other variables. This solution could be viewed as an evolution from the typical DR
programs to new ones, which support integrated resource operations that marry demand with supply nearly
instantaneously. This next generation of DR should be more automated and coupled with contracts, by
means of which customers will commission the utility company to control their demand (under well-defined
terms), while receiving a compensation for this authorization. Also, this new type of DR may be linked to
some form of energy storage, in order to quickly respond to changes in system frequency or to increase
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demand during periods of oversupply, which improves the utilization of many renewable resources, as well
as traditional thermal units (FERC, 2010). Automated DR (ADR) is a key part of this new integrated resource
operations approach.
ADR is basically used to describe a system that automates the DR dispatch process, from the grid operator to
the DR aggregator (if involved) to the end-use customer – all without any manual intervention. Despite the
popularity that ADR has gained hitherto, its implementation can be primarily found in the electricity grids,
while any attempt for its application in DHC systems is either not documented or inscrutable. For that
purpose, in this section we attempt to sketch the market of ADR by presenting the various types of ADR
programs, which are currently available worldwide, in order to capture the benefits and identify the market
opportunities from its exploitation in DHC systems.
So far, electricity providers have either relied on operators of different customer sites to manually turn off
lights, equipment, and systems or run direct load control (DLC) programs that gave the customers little to no
freedom of choice in how they participate. However, these models are not scalable beyond certain customer
segments (NavigantResearch, 2014). Today’s customers expect more help from technology and demand
more flexibility in their operations from the utility company. ADR is the most promising alternative in both
the commercial and industrial (C&I) and residential sectors and can provide more reliable and faster
responding DR, since it automates the DR dispatch (DR signal/notification) process, from the grid operator to
the DR aggregator (if involved) to the end-use customer -all without any manual intervention- and utilizes
already applied methodologies, such as DLC programs. There are a number of drivers that point toward
increased ADR adoption; (NavigantResearch, 2014) forecasts that global spending on ADR will grow from $13
million in 2014 to more than $185 million in 2023. For example, in typical emergency DR programs, ADR can
help penetrate smaller facilities that may not have advanced internal controls. Meanwhile, new market types,
like DHC systems, ancillary services, etc. are opening up to DR. These fast-response, high-risk programs
strongly encourage – if not require –automation for participation.
The changing resource mix in electric grids around the world is also creating more potential for DR to play a
pivotal role. As coal and nuclear plants retire, clean replacements are needed that can be built in short
timeframes. Conversely, as large-scale intermittent renewable resources like wind and solar power fill in this
gap, they require backup solutions when the wind is not blowing and the sun is not shining. Both of these
situations call for flexible resources, and ADR has great potential to meet these needs. When needed, the
automation feature can curtail loads, initiate back-up on-site distributed energy resources at customer sites,
and ultimately feed excess power from the customer’s distributed energy resources back to the grid. Table
3 summarizes the benefits of exploiting the ADR capabilities.
Table 3: Benefits of ADR
Automated Demand Response Benefits
Adding value to traditional DR efforts: ADR programs are driving deeper in the load-shed equation,
and present more successful results--the effects of the programs' repeatable, scalable and flexible
load-reduction capabilities.
ADR programs remove the manual involvement required of customers, ensuring optimal, accurate
load-reduction measures occur in response to utility pricing signals.
This flexible, open technology is paving the way for accessing hard-to-reach commercial and
industrial customers, but it is also applicable to other customers, including residential and small
commercial.
Participants can save money or savour better tariffs during peak pricing periods.
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Utilities can gain direct insight into available customer loads during peak periods and a direct link to
shed available loads in a precise, near-immediate way.
Improving grid stability, by helping utilities reduce carbon emissions and thus avoiding bringing idling
peaking plants online.

Currently, almost all of the ADR activity is taking place in the United States. This leadership position will erode
over the next 10 years as all international regions continue or start the pilot phase of ADR and then build out
full-scale markets or programs (NavigantResearch, 2014). Europe is a more unified story of moderate,
methodical advancement based on a combination of opening market opportunities and renewable resource
integration. ADR in Europe will not experience the rapid expansion that will occur in Asia Pacific, but it will
have a faster growth pace than in North America as new market opportunities open.

Figure 1: ADR in Europe (NavigantResearch, 2014)
In order for ADR to be functional, automation at the customer site becomes a foundational element of the
smart grid. In general, automating the energy curtailment sequence of selected facilities makes it easier for
the customers to participate in DR programs and helps them maximize their DR earnings, while increasing
their value to the grid by making the energy reduction more reliable. Using modern control equipment,
providers can send a remote signal to customers’ facility to initiate an automatic curtailment sequence – or
an ADR event - that is pre-configured for each customer (EnerNOC, n.d.). In exchange for allowing the
provider to send these remote curtailment signals, customers are not only enrolled in an ADR program that
pays them for each month of participation, but also they are eligible for a substantial one-time incentive to
pay for control system equipment upgrades. A critical element of adding to this DR participation and
expanding its impacts resides in the use of the proper financial or/and behavioural incentives or dynamic
pricing alternatives that motivate customers to act. As stated in literature (PG&E, 2014), ADR provides
incentives and technical assistance, as well as encourages customers to expand energy management
capabilities by participating in DR programs using semi- or ADR controls as well as management strategies.
ADR incentive programs can be coupled with applicable and approved energy efficiency rebates.
Levels of automation in DR can be defined as presented in Figure 4 (Goldman, 2010). In particular, manual
DR involves a labor-intensive approach such as manually turning off or changing comfort set points at each
equipment switch or controller. Semi-ADR involves a pre-programmed DR strategy initiated by a person via
centralised control system. Fully-ADR does not involve human intervention, but is initiated at a home,
building or facility through receipt of an external communication signal. The receipt of the external signal
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launches pre-programmed DR strategies. One important concept of ADR is that a homeowner or facility
manager should be able to “opt-out” or “override” a DR event, if the event comes at time when the reduction
in end-use services is not desirable.
Hence, customers may select from two DR program options: ADR or semi-ADR. Customers that are willing to
participate in these programs have the opportunity for financial incentives from the provider. In most cases,
the first incentive is for signing up for a program, where the customer gets a one-time payment to sign a
contract based on the KWh reduction target to be achieved. After the KWh reduction is set, there is a test for
the program. This gives the customer the ability to understand the loads throughout the facilities and to
realize where the target reductions can be accomplished. The second incentive is vested according to
customers meeting the performance goal.
Table 4: Levels of Demand Response Automation (Kiliccote, 2005).
Level

Using Building
Automation System (BAS)

How Response Occurs

Manual DR

No

People manually turn off lights and equipment when asked to do so.

Semi – ADR

Yes

A person initiates a control strategy - preprogramed into the BAS when a DR event is called.

Fully ADR

Yes

Receipt of an external price signal, reliability or event signal
automatically triggers a BAS control sequence that switches the
building to low-power mode; no human intervention is required.

2.3.1.2

Market survey on implemented ADR programs

The opportunities for DR in Europe are growing rapidly, especially in the fields of technology and services
vendors. Similar with the United States, where DR mostly focuses on alleviating the summertime peak loads,
Europe does have some electric heating peak loads. However, the continent’s bigger drivers for DR needs are
the system-wide effects of the growing share of intermittent wind and solar power.
Currently, the energy market in Europe is undergoing a major transformation with new regulations across
the European Union (EU), as well as at an individual country or regional level. Regulatory environment
barriers in Europe are gradually being removed, despite a historical resistance to the use of demand-side
resources and programs, such as DR. Government and regulatory agencies in many areas have begun to
change the laws affecting the use of DR. Several major countries and geographic areas in Europe, including
the United Kingdom, France, and Ireland, are planning to introduce a capacity market that will further
increase the adoption of DR.
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Figure 2: DR activity in Europe (SEDC, 2014)
The growing number of new entrants, especially aggregators, is another indicator that the market is
becoming increasingly attractive to DR providers. KiWi Powers, Flexitricity, RWE nPower, Negawatt Business
Solutions, Entelios, and Open Energi are relative newcomers as aggregators and energy management
providers in this burgeoning DR market. Navigant Research estimates that Europe has 1.87 million residential
and C&I sites engaged in load reduction in 2013. This accounts for approximately 18% of DR sites that exist
globally.

Figure 3: Residential and C&I sites engaged in load reduction (NavigantResearch, 2014)
A recent analysis of the current retail market designs in Europe shows that the participation of customers in
active demand is also a major opportunity for transmission service operators (TSOs) in balancing the
electricity market transactions (and therefore in the energy efficiency of the overall electricity system). The
flexibility to maintain balance between electric power supply and demand has been so far mostly provided
by the generation side, which is still dominated by centralized, large-scale flexibly dispatchable (fossil fuel
and hydro based) power plants. The future generation mix will be more decentralized, less predictable and
less flexible to operate, as a consequence of the large-scale integration of renewable and distributed energy
sources in order to meet decarbonisation targets of the electricity sector set at EU level [8].
European policy makers recognize the necessity and value of demand response as a novel means of flexibility.
Yet, a shift towards more active demand response requires a major conceptual shift of existing electricity
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markets in Europe: customers need to be recognized as a source of flexibility for the electricity system and
they need to be encouraged to become active providers of flexibility. To that end, empowerment and
protection policies must be designed in order for customers to play a new role.
So far, the participation of European customers, which account for about 70% of final electricity
consumption, has been limited by the absence of real time metering infrastructure and smarter electricity
grids. The implementation of DR programs must be based on the knowledge of real time variations of
electricity market prices with the help of both new metering devices and demand control centres, in order
to aggregate individual demand responses into demand response volumes that are big enough to be traded
on market places.
The overwhelming majority of DR participants come from the residential sector with an overall participation
rate. This is primarily due to the conventional time-of-use (TOU) programs in the United Kingdom and France.
Today, the United Kingdom has the largest number of DR participants, followed by France. The United
Kingdom’s leading position is predominant due to a large number of households enrolled in long-established
TOU programs that have been available for decades. Figure 4 highlights the status towards the
implementation of ADR programs in Europe.

Figure 4: ADR programs in Europe (NavigantResearch, 2014)
Currently, only small scale ADR programs are available in Europe, while huge barriers are defined on the
regulatory framework towards the aggregation of residential and C&I customers to their active participation
on energy markets as part of the portfolio of third party aggregators. While for some cases (France,
Switzerland, UK, and Ireland) there is great potential for further development, there is an apparent need to
speed up the transformation on European regulatory framework to enable the participation of customers as
active influencer and stakeholder on energy markets. OPTi work will try to contribute in the adoption of DR
in the EU by, amongst others, defining ADR contracts tailored to the DHC environment and optimising the
efficacy of DR programs. Nevertheless, the designed contracts will exploit methodologies that can be
applicable to Smart Grids in general.
ADR programs in the US on the other end have matured enough since 2010 and have been established
towards the active participation of C&I and residential premises as actors of energy markets (Navigant
Research, 2014). The most prominent case of interest to OPTi (with regard to incentives and contracts) is
California’s ADR.
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California’s ADR program provides free technical assistance and generous incentives to customers of Pacific
Gas and Electric (PG&E), Southern California Edison (SCE) and San Diego Gas and Electric (SDG&E) for
installing automated DR technology enabling the automated response to DR signals. Participation is open to
customers enrolled in a qualifying DR or time-varying pricing programs (PG&E’s Peak Day Pricing or SCE and
SDG&E’s Critical Peak Pricing program). ADR uses communication and control technology to automatically
implement the customer’s chosen pre-programmed load reductions, providing a fast and reliable way to
respond to peak events, while still leaving the customer in complete control. Incentives range from $125 to
$400/kW of reduction capability, depending on level of automation. Eligible equipment includes energy
management systems and software, wired and wireless controls for lighting, HVAC, thermostats, motors,
pumps and other equipment capable of receiving curtailment signals. SCE also offers the ADR
Express program to smaller customers (up to 400 kW peak demand).
Participants normally receive 60 percent of the total program incentive after successful verification of
equipment installation and testing of the committed DR strategies. The remaining 40 percent of the incentive
is paid upon verification of participant performance in the full DR season, which may be up to 12 months
after the first payment. Incentives may not exceed 100 percent of total project cost.
Table 5: Incentives in California’s ADR (PG&E, 2014)

2.3.1.3

ADR Standardisation

Successful implementation of ADR requires standardization allowing wholesale producers to communicate
with utilities and, if any, aggregators, who in turn communicate with their customers, or directly with
customers, who can then reduce demand during peak periods. Without an ADR standard, ADR would be
difficult and costly to implement. System development, integration and installation costs could grow to
prohibitive levels, and these proprietary and expensive assets could eventually become stranded.
Open Automated Demand Response (OpenADR) is the 1st standard for electricity providers and system
operators to communicate DR signals with each other and with their customers using a common language
over any existing IP-based communications network, such as the Internet. As the most comprehensive
standard for Automated Demand Response, OpenADR has achieved widespread support throughout the
industry.
It is built on a client (virtual end node, or VEN)/server (virtual top node, or VTN) architecture. DR signals
conveyed to building and industrial control system clients trigger pre‐programmed actions that respond to
particular DR signal characteristics (possibly including an option to not respond under certain circumstances),
enabling a fully automated demand response appropriate to each resource. In May 2010, OpenADR became
one of the first 16 Smart Grid Standards supported by the U.S. Department of Energy of the National Institute
of Standards and Technology Smart Grid Interoperability Standards effort.
Two versions of OpenADR 2.0 standard exist: the 2.0a version is simpler, while 2.0b adds more options for
pricing, telemetry, two way communication, etc. Because of these additions, OpenADR 2.0b supports
dynamic price signals as well as reliability and emergency signals. It can communicate market participation
information and improve load predictability due to its two-way communication structure. In addition,
OpenADR 2.0 includes advanced features and provides a testing and certification process to support growing
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global interest. Interest in OpenADR spans the United States and the world as it has been deployed across
US as well as Australia, Canada, Korea, India, China, Japan and Ireland.

2.3.2
2.3.2.1

Incentive mechanisms
Customer engagement in DR and OPTi applicability

In principle, one of the most important challenges in the deployment of DR is the uncertainty on the actual
load curtailment to be attained by the customers. Essentially, in ADR there exists an a-priori contract-based
agreement between the utility company and the customers about the load to be curtailed or interrupted
directly by the utility company. A critical element of expanding the participation in these programs and
adopting the proposed contract emerges with an adequate range of incentives or dynamic pricing
alternatives coupled with a variety of contracts that are designed in such a way to match different customer
categories and preferences. There are many classifications that can be found in literature regarding
incentives for DR. For the purposes of our analysis will adopt the classification presented in (PJM, 2004).
According to that the methods of engaging customers in DR may be divided in two groups:
1. Price-based programs (dynamic pricing) exposing customers to the time-varying costs of electricity
production, transport of electricity and ancillary services (PJM, 2004)
2. Incentive programs (reliability-based actions) providing incentives to reduce demand at critical
hours. These programs are launched by the utilities or TSOs to assure system reliability by relieving
demand.
2.3.2.1.1

Price-based programs and dynamic pricing

Traditionally the operators (domestic energy providers) have been using fixed retail rates. However, a set of
problems and inefficiencies has become apparent. In particular, on the supply side, the wholesale power
costs can vary substantially with time and location, while on the demand side the consumption patterns may
vary on seasonal and daily factors. On the other hand, the customers’ demand is shaped independently of
the conditions prevailing in the wholesale market and is mostly based on customers’ preferences and
realisation of comfort. As a result, the generation and transmission resources are not used properly rather in
an inefficient and wasteful fashion.
Dynamic prices would be able to reflect the dynamic cost structure behind generation, transport, ancillary
services, and even taxes, thus dealing with the aforementioned inefficiencies. Because customers are
charged based on the same tariff, the costs of investments are burden by all customers and not only those
adding to the peak demand. Dynamic pricing would increase the motivation for DR in the same way, as micro
generation would be motivated to produce at the right time. These initiatives are based on sending price
signals to the customers (Tabors et al., 1989), (Barbose et al., 2005) (Goldman et al., 2002). There is a wide
range of initiatives of this type, but the basic characteristic of all of them is that the price is different at
different times of the day. Both prices and time periods can be fixed and pre-established, or can be
completely variable. It is important to underline that in this type of programs the user response is not
obligated by contract; it is always the customer who voluntarily reacts to price changes.
The most commonly implemented price-based demand response options are real-time pricing (RTP), timeof-use tariffs (TOU) and critical peak pricing (CPP), which address different problems in the market and
require different engagements by customers.
The most variable option is the one in which the hourly price paid by the user is directly linked to the market
price. In this case the energy service provider avoids risk completely, as the risk is realised by the final user.
These initiatives are denominated real-time pricing (RTP). In systems with RTP, the price of electricity directly
reflects the market price, typically on an hourly scale, determined on a day-ahead or an hour-ahead basis.
On an hourly market, RTP removes the welfare losses associated with other tariff systems. However, to make
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sense RTP requires customers to follow price developments in the market and carry the costs associated with
this. In the case of small customers, aggregators should play an important role to overcome these barriers.
A time-of-use tariff (TOU) gives information on systematic variations in daily/weekly prices/costs of
production and defines blocks of hours with different rates reflecting average costs during each block.
Typically, the 24 hours per day are grouped into three blocks: low, normal and peak hours. Also weekly
variations may be included, e.g. working days and weekends, where weekends only have low or normal
hours; and even, yearly variations. The purpose of using TOU tariffs is load shifting, decreasing consumption
at peak hours and increasing consumption in normal and low price hours. TOU rates are statistical average
rates not reflecting the actual costs of electricity production. TOU rates are a second best solution that can
realise a share of the possible welfare gain with a minimum of information cost.
Critical peak pricing (CPP) focuses on periods when the marginal production costs and prices in the market
are very high, either due to very large demand or due to lack of production capacity, and aim at reducing
demand in high-price periods by super-imposing a pre-specified high rate. The final user can consume
electricity at a fixed price, except of those days or periods when the price is considerably higher. Normally,
CPP rates are super-imposed on either a TOU tariff or a time-invariant rate. Utilities or retailers trigger CPP
rates and request customers to react at relatively short notice, often for a limited number of days/hours per
year. Often, customers are given a price discount during non-CPP periods. One of the most important
initiatives of this type has been delivered by EDF in France, with the participation of around 10 million
customers. The mayor barrier for the implementation of dynamic pricing is the necessity of use of smart
meters that allow the new way of billing, as these meters provide interval metering.
In respect to OPTi, all the aforementioned programs are eligible for increasing customer engagement in ADR.
However, their applicability will be investigated in relation with the research and innovation objectives of
OPTi and the use cases defined within the project.
2.3.2.1.2

Incentive-based programs

In addition to voluntarily reaction to price schemes, demand can also be used in relation to incentive-based
programs. In these, a reservation payment is agreed upon and demand must be reduced or increased when
requested. The user incentives are predefined by means of contracts with the utility with the prerequisite of
joining the DR programs and can be estimated twofold: a payment due to the agreed capacity of reduction
and a payment due to the effectively energy reduction when the user is requested to shed. As the reduction
cannot be directly quantified, it is estimated in most cases as the difference from the real consumption to
the baseline consumption. Depending on the program, the user is bound to reduce his load or not. In those
programs where the user response is optional, there is no payment associated to the agreed capacity of
reduction.
Most incentive-based demand response programs focus on security of supply and the time scale minutes to
seconds giving TSOs the option to cut-off demand or call-on firms with emergency back-up generators to
start these and reduce their demand during system contingencies. Strictly speaking, one may argue that
starting-up emergency back-up generators by customers is a supply-side option, but seen from the TSO the
effect is similar to a demand reduction and is in the market seen as such.
Depending on the time frame in which the user has to respond, these programs can be classified as i)
Frequency response: Instantaneous, ii) Balancing mechanisms: 2-5 minutes and iii) Operation or standing
reserve: 20 minutes – 4 hours.
Depending on these time frames, incentive programs can be based in one of the following technologies:
1. Capacity. These programs are scheduled ahead of time, on a month timescale and the system
operator has the option to initiate them within two or less hours of notice. Participants are paid upfront, from stakeholders that would otherwise need to produce demand response volume of
electricity, in order to satisfy their reserve obligations. The payments are proportional to the capacity
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market prices, those that reflect the long-term future contracts between the generators and the Load
Service Entities (LSEs).
2. Ancillary. Customers bid their load curtailments in markets operated by the Independent System
Operator (ISO). If their bids are accepted, they are “on-call” to provide load reduction with less than
an hour of notice.
3. Demand Side Bidding (DSB) (Boisvert et al., 2002), (Vucetic et al., 2001), (Strbac et al., 1996). These
programs are scheduled on a day-ahead timescale and initiative customers to present bids offering
to reduce part of their load. The price may be either part of their bid, or authority-posted based on
the wholesale electricity market price. Participants whose load reduction bids are accepted, must
either reduce load as contracted, or face a penalty (Anastopoulou et al., 2014).
4. Emergency. These programs are reliability based and load reduction payments are linked to real
time wholesale market prices, or customer’s outage cost. They can be deployed within thirty minutes
to two hours interval, before the power delivery. They provide incremental reliability benefits, and
are used only if the results of capacity response programs could not maintain the reserve margins.
5. Interruptible. Provide a rate discount or bill credit, for agreeing load reduction during system
contingencies. Economic penalties may be assessed, if the participant fail to curtail.
6. Direct load control (DLC) (Lee & Wilkins, 1983), (NG & Sheble, 1998). Utilities, TSOs or program
operators to directly disconnect a part of the customers’ load use these programs. These initiatives
require the existence of a direct communication system between the initiative promoter and the
participating customers. Nevertheless, the objective customers of this kind of initiatives are big
industrial customers. The USA is the only place, where initiatives of this type oriented to commercial
or private consumers have taken place. A typical initiative of this type is the disconnection of groups
of certain domestic appliances such as electric water heaters or air conditioning units, so that the
TSO can disconnect a large number of units at one point. The appliances considered in this case are
those, which have thermal inertia, so that the effects of the interruption are softened to the user.
Control conditions are established by contracts that specify the number and the duration of the
interruptions a certain group of appliances can withstand. As a compensation for the possibility of
disconnection, customers receive a discount in the electricity bill. These methods have been
successfully used by USA TSOs during the last 20 years. DLC programs improve the system reliability
and secure the system balancing, as the TSO has the option to deploy them within minutes based on
the predefined customer agreement.
In Figure 5, the electricity system planning is presented. The electricity volume scheduling during each
component is proportional to the component’s duration on the system planning timescale. What is more, it
becomes obvious that each demand response program, both price and incentive based, can be deployed
over specific component and timescale, according to its properties.
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Figure 5: Role of DR in Electric System Planning and Operation (QDR, 2006)
Although DLC programs appear to be a better fit to OPTi's environment, since they already encapsulate and
instantiate the notion of direct controlling of customers’ load, different incentive based programs including
ancillary services, emergency programs etc. can be investigated in line with the objectives set by the project
and the use cases derived within its context.
In respect to OPTi and in particular for ADR, the DLC programs are of most relevance.
2.3.2.2 ADR contracts and associated incentives
During the deployment of an ADR program there exists an a-priori contract-based agreement between the
provider and the customer about the load to be rescheduled, curtailed or interrupted directly by the provider.
However, the customer should be adequately incentivized to adopt this contract. In order to make such a
contract more attractive, it should include terms restricting the discomfort caused to consumers, conferring
fairness on them and avoiding negative phenomena such as the prevalence of participation fatigue. This
fatigue results in a progressive disengagement (or opt-out) from the program over time – as the novelty of a
new scheme diminishes, customers begin to ignore the ADR events and their consumption behaviour reverts
to their baseline behaviour, which often leads to a net increase in the costs incurred by the customers
(Holyhead, 2015). Thereupon, in order to foster customers’ active participation, (He, 2013) argues that the
diversity of contract types, together with incentives, emerges as an important factor.
In this direction, the work of (Fahrioĝlu & Alvarado, 2000) combines the economic aspects of contracts with
power system sensitivity analysis in order to design an incentive structure that encourages customers to sign
up for the right contract and reveal their true value of power and thus the value of power interruptibility.
(Hogan, 2009) argues for the combination of dynamic pricing and explicit contracts, where the proper
payments are transparent, as a benchmark standard. A more recent work of (He, Xian, et al., 2013) adopts a
more customer-centred approach and focuses on DR contracts, through which customers are more likely to
participate in DR, how these contracts interact with different types of customers and how customers can be
empowered to manage the contract selection process. In (Chandan et al., 2014) the authors propose an
inclusive DR system that helps an electricity provider to design an effective DR event by analysing its
consumers’ consumption data and external context. It develops a methodology to estimate consumers’
consumption preferences, a greedy algorithm to identify the set of consumers to be targeted, and offers
incentives for single DR event. Moreover, the work of (Haring & Andersson, 2014) proposes a contract
framework for provisioning DR for ancillary services based on a bi-level optimisation problem. (Daniels &
Lobel, 2014) delves into and distinguishes two types of curtailment contracts: automated contracts that
prescribe the load curtailment for each customer and voluntary contracts that allow curtailment to vary with
the customer’s opportunity cost. This type of contracts have gained particular attention, since they have
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been shown to achieve the same efficiency as real time pricing (Chao & Wilson, 1987) and they are projected
along with DR efforts to decrease peak demand by more than 4%2.
In real energy markets, several ADR programs gravitate towards the participation of residential consumers
(Feldman & Lockhart, 2014); e.g., as it described earlier, contract based ADR programs in California offer
generous incentives to customers per kWh of consumption reduction, particularly to those employing a
technology enabling the automated response to DR signals. Most commercial demand response schemes
tackle the problem of peak reduction by issuing reduction requests to their contracted scheme participants
for times of high demand (Kiwi, 2015).
2.3.2.3

Mechanisms for incentives’ design – Theoretical considerations

Despite the advantages of incentive-based DR programs, their application is still difficult for the utility
companies, due to customers’ versatile consumption patterns. Recent studies have shown that the
willingness of customers to participate in such programs and hence the success of the DR programs can be
associated with customers’ preferences on a wide range of criteria that includes, but is not limited to,
flexibility of consumption, their perception of comfort, financial compensation, prosocial motivation, price
and volume risk, complexity and autonomy and privacy. Therefore, customers’ different preferences on these
criteria will condition the way of their participation in DR as well as the determination of the associated
incentives (He, Xian, et al., 2013).
A large body of pilot studies and theoretical work is available on the incentive mechanisms and schemes that
are used in the smart grid paradigm. (SEDC, 2014) reports that monetary incentives in DR programs will
become one of the best possibilities to offset increasing energy costs. (Aalami et al., 2010), (Aalami & H.A,
2010) and (Moghaddam, 2011) propose economic models for different types of programs by simulating
customers’ behavior for different incentives and penalties in case of no responding to load reduction.
(Mohsenian-Rad, A. H., 2010) and (Caron & Kesidis, 2010) present incentive-based consumption scheduling
problems. In particular, (Mohsenian-Rad, A. H., 2010) proposes simple pricing mechanisms, which in turn can
provide the customers with the incentives to cooperate in order to not only improve the systems overall
performance, but also to pay less individually.
Reward-based incentives on the other hand give financial rewards to users for curtailing their load during
peak-demand (Negnevitsky, 2010), (Nguyen, 2011), (Chen, 2010). These works propose mechanisms where
users submit their bids or supply functions, and then the operator decides on a market-clearing price for
maximizing total market benefit. A hierarchical market model for smart grid is proposed in (Gkatzikis, 2013),
where the aggregators act as intermediaries between the operator and the home users. Aggregators sell DR
services to the operator and provide compensation to end-users to modify their consumption pattern. In
(Maharjan, 2013) the authors propose a Stackelberg game between utility companies and end-users to
maximize the revenue of each utility company and each user payoff.
The coupon incentive-based DR model in (Zhong, 2012) is suitable for a smart grid where the retail customers
are paying a flat electricity rate. It targets the retail customers that can participate in real-time DR programs.
The hourly stochastic security-constrained unit commitment model of (Khodaei, 2011) is designed for market
clearing; it incorporates DR programs in a market with both fixed and responsive loads. In this model the DR
bids are submitted from the retail customers/load aggregators to the ISO, in order to be included in the
market clearing (Khodaei, 2011). In the proposed DAM clearing mechanism of (Su, 2009), consumers can
submit complex bids with specific constraints on their hourly and daily consumptions.
However, an empirical work on customers’ selection and acceptance of tariff programs by (Dütschke & Paetz,
2013) has found that customers appear to prefer simplicity to dynamic programs. This is in line with the

2

EIA 2011 report – http://www.eia.gov/todayinenergy/detail.cfm?id=650
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outcomes from the trials of the project WATTALYST3, where customers’ responsiveness to the automatic
campaign strikes quite high in comparison with the responsiveness rate of the other campaigns that were
executed, suggesting that a direct control of appliances, e.g. heating, Air Conditioning (AC), etc., remotely
from the utility company’s premises is an effective approach, and can constitute the next step in the
deployment of the DR programs in the form of ADR.
2.3.2.4

Non-pecuniary incentives and behavioural interventions

Nonetheless, historically, energy efficiency and sustainability has been a leading example of the difficulties
in inducing people to change behaviours and adopt new technologies, even when it appears to be in their
own financial interest. The actual penetration of energy efficient technologies and behaviours has been
strikingly low, a phenomenon that has been alternately dubbed the “Energy Efficiency Gap” and the “Energy
Paradox” (Jaffe & Stavins, 1994). This suggests that prices and technology may not be the only barriers to
increased energy efficiency, as many of the barriers may be of behavioural nature. Therefore, the monetary
based incentives in ADR as mentioned before might not be sufficient enough to address the supply-demand
matching problem at peak times (Allcott & Mullainathan, 2010).
This work is driven from behavioural economics research. Behavioural economics uses psychological
experimentation to develop theories about human decision making and has identified a range of biases as a
result of the way people think and feel. BE is trying to change the way economists think about people’s
perceptions of value and expressed preferences. According to BE, people are not always self-interested,
benefits maximizing, and costs minimizing individuals with stable preferences—our thinking is subject to
insufficient knowledge, feedback, and processing capability, which often involves uncertainty and is affected
by the context in which we make decisions. Most of our choices are not the result of careful deliberation. We
are influenced by readily available information in memory, automatically generated affect, and salient
information in the environment. We also live in the moment, in that we tend to resist change, are poor
predictors of future behaviour, subject to distorted memory, and affected by physiological and emotional
states. Finally, we are social animals with social preferences, such as those expressed in trust, reciprocity and
fairness; we are susceptible to social norms and a need for self-consistency (Samson, 2014).
Research in behavioural economics and psychology has demonstrated that non‐pecuniary interventions
compare favourably to monetary interventions and associated incentives in changing consumer behaviour.
It was also shown that judiciously applied pecuniary interventions increase the impact of monetary
interventions if used in combination. This has increased interest in research in behavioural economics as a
guide for policy making in areas as diverse as energy, public health and finance. BE can inform decision
making in energy policy has increasingly been recognized by policy makers and researchers (Allcott and
Mullainathan 2010; DEFRA 2010; OFGEM 2011). These behavioural approaches, which include commitment
devices, information provision or attentional devices, appeals to social norms, or apparently-small changes
to prices, default options, or transactions costs, are quite inexpensive and can be extremely powerful, if
successfully selected.
A large body of existing research on energy consumption in Europe and the United States has measured the
effectiveness of non-price interventions, including social approval (Yoeli, 2009), consumption feedback, goal
setting, lotteries, certainty effects and commitment (Abrahamse, Wokje, & al., 2005). For example, people
seem to be more motivated by competition and rewards given to top performers rather than piece-rate
rewards (Gneezy, et al., 2003). Furthermore, (Kahneman & Tversky, 1979) have found that people are
inclined to overestimate small percentages, and therefore prefer a very small chance at a large reward to a
small reward for sure. Furthermore, the outcomes of EU project WATTALYST, although small-scaled, attest
the validity of these findings, as the participation rate and the engagement of customers to the DR was quite
high in relation to the case when cinema tickets were provided as an incentive.

3

http://cordis.europa.eu/project/rcn/100984_en.html/
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Before 1980, there were 20 experiments on consumption feedback alone (Shippee, 1980). These and more
recent information provision experiments reduced electricity use by between 5 and 20 percent (Stern, 1992)
(Fischer, 2008). While many of these interventions were small scale, short-term pilots on non-representative
populations, the results show proof of concept. Recent work by a company called OPOWER (OPOWER, 2014)
shows this concept can be realized at scale. Moreover, many studies are consistent with this: for example, a
recent consulting report by (Company, 2009) concluded that households and businesses in the US could earn
$1.2 trillion in present dollars at an upfront cost of $520 billion by adopting measures whose benefits
outweighed the costs, reducing energy consumption by 23 percent from baseline.
This particular area of research will be thoroughly investigated in the context of WP3 and the results will be
presented in D3.1 Consumer modelling and incentives. Furthermore, it should be noted that the way of how
incentives are framed in order to increase the possibilities of these being successfully from different users is
one of the examples that show that issues like gender (of primary importance in OPTi) can be taken into
account in practice by exploiting BE principles.

2.3.3

Challenges and how OPTi will address them

Utility companies are progressing slowly to the ADR deployment in Europe. One of the main impediments
liable for this situation as identified by the Smart Energy Demand Coalition4, an industry group dedicated to
making the demand side a smart and interactive part of the energy value chain, includes “Customers’
resistance”. A certain segment of the customer population, both C&I and residential, is reluctant to give up
control of its energy usage. This reluctance is related to security concerns, production concerns in the case
of an industrial facility, and comfort concerns for commercial buildings or households. Besides, most of the
customers have no direct way of accessing the wholesale, retail, balancing, reserves and other system
services markets since only few DR Service providers exist in Europe. Therefore, only the largest industrial
customers, with their own bilateral power purchasing agreements can participate in DR and only on a limited
level.
To this end, there is a high need to facilitate the creation of bilateral contract agreements with (or not)
aggregation service providers towards the active participation of customers on DR programs. Nevertheless,
in order for customers to participate in ADR programs with their flexibility assets (demand side resources),
there must be programs tailored to specific contracts with participation rules that fit their capabilities and
also deliver a real benefit to the markets. With special focus on the implementation of ADR programs, there
is a high need on structuring different types of these contract based programs to further support the viability
of the proposed framework. Building on the basis set by the user-centric approach, one of OPTi’s specific
tasks in the context of WP3 is to define and create a suite of automated, user-specific, contract-based DR
programs, which aim foremost to trigger users' active participation in an easy and simplified manner, while
at the same time ensuring the stability and sustainability of the whole system.
From an operational perspective, ADR drives its own set of costs. Depending on the level of existing energy
management systems in a facility, these costs could be relatively small and involve little to no infrastructure
installation, or require extensive control installations and lots of integration with existing systems. However,
the potential offered by the existing infrastructures for ADR without requiring energy management systems
(EMSs) or DLC-enabled devices or the installation of new and expensive equipment have not been fully
explored and allows for further exploration. Leveraging this gap, OPTi’s holistic solution intends to utilise only
the existing DHC infrastructure for the deployment of ADR programs in order to be more efficient in terms
of costs.
To some extent, ADR adoption will depend more on market forces than technical advances. The existing
market models and standards may not allow for exploiting the full potential of ADR. New market

4

http://www.smartenergydemand.eu/
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opportunities have to be developed to extract the full value of ADR, as well as standards need to be agreed
upon so that various systems can communicate with each other. This is one of the key objectives of WP3,
that amongst others aims to investigate the operation of alternative current and emerging market structures
such as real time markets (spot), day ahead markets (forward), Negawatt trading etc.
So far, the European energy markets are designed to trade for energy units (kWh) not capacity or flexibility
(kW), and the full value of flexible resources is not reflected in market prices. This suppresses both flexible
generation and demand to the active participation on energy markets. Therefore, there is an evident need
to ensure concrete and fair mechanisms to reward customers for their active participation in DR programs.
Although the aforementioned literature clearly recognizes the significance of incentives and rewards for DR
adoption, how much customers must be paid, in order to entice them to participate in the programs, is not
apparent as it depends on the operational costs and strategic objectives of the utility company. Although
some simple forms of incentives are already provided, the pertinent economic mechanisms that can facilitate
this aspect have yet to be designed. Nonetheless, prices and technology may not be the only barriers to
increased energy efficiency and sustainability, as many of the obstacles may be of behavioural nature. In this
context, behavioural based interventions and incentives can be utilised to complement or substitute
economic incentives, thus maximising their impact and efficiency at a substantially lower cost. Towards this
direction and in the context of the WP3, OPTi will design and propose efficient incentive mechanisms that
are tailored to the DHC setting and aim to exploit both the economic and behavioural aspects in order to
stimulate the engagement of customers and increase the economic efficiency and overall sustainability of
the system.
Finally, one could argue that the deployment of ADR together with associated incentives in the DHC
environment and most importantly through the exploitation of passive storage from the DHC systems for
peak shedding can lead to significant savings; yet there are no reported results. OPTi’s goal is to provide a
holistic cost effective solution in order to achieve 30% (goal updated to 10%, see KPI-1 section) reduction in
the energy used for water and heating as well as 30-40% reduction in the peak consumption on houses or/and
a group of houses but also the means (in terms of Key Performance Indicators) and associated methodologies
in order to evaluate its targets.
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3

OPTI CORE USE CASES

In this section the different use cases (UC) designed to be applied to the trial sites (experimental tests) or in
simulation are presented. We have defined eight basic/core use cases, five of which are related to the trials
and the remaining to simulation only, which will be evaluated using OPTi-Sim.
It should be highlighted here that these cases were selected as the most representative ones aiming to
address the objectives of the project and to justify the KPI targets as detailed in the Description of Work.
Furthermore, based on these cases the OPTi-Framework user can create supplementary UCs to evaluate
different scenarios, settings and configurations of the DHC environment at hand, within the OPTi-Framework.
Finally, during the course of the project additional simulation-based UCs might be defined by the respective
technical WPs to investigate more fine-grain research aspects within OPTi’s research areas.

3.1

UC-01: PEAK LOAD REDUCTION (MALLORCA)

OPTi Use Case Description
ID

01

Title

Peak Load Reduction

Relevant OPTi pilot
Description (narrative)
and business need

Mallorca trial
This use case aims to reduce the energy demand during peak hours. It would,
therefore, involve reducing the energy demand for heating or cooling during
certain periods of time during a day (peak demand periods) or shifting the
demand from peak hours to off-peak hours.
Peak load reduction will be split into two actions: peak load reduction in wards
and peak load reduction in specific areas of the building (staff office area for
example).
Sampol supplies hot and cold water to Son Llatzer Hospital via the air handling
units (AHUs). These AHUs treat the outside air, which is then supplied to the
wards (patient’s room) thorough inductors. The inductors can regulate the
temperature of the treated air within +/-3ºC, based on input from dial that
the patient controls.
Peak load reduction in this use case shall be achieved through demand
response (DR) events, which will be defined by the energy supplier. In these
events, the energy manager will reduce the demand in the AHUs, which can
potentially result in higher demand corresponding to the inductors. This
increase in inductor demand can be the result of patients turning the dials to
preserve their comfort.
While the wards have inductors, the rest of the building (staff office area for
example) is air-conditioned by the treated air from the AHUs without any
inductors. Hence, the DR actions taken by the energy manager would be
sufficient to modify the energy consumption from these areas.
To reduce peak loads, strategies such as pre-cooling or pre-heating shall be
used. Hence, the inertia of the building will play an important role.
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On the supply side, energy is supplied to Son Llatzer Hospital from a power
plant, where the sources of hot/cold water are a CHP engine, absorption
chiller, electrical chillers and gas boilers. It is desirable to reduce production
via non-environmental friendly resources (electrical chiller and gas boilers) in
order to reduce CO2 emissions and production costs.
In order to design DR events effectively, it is important to use forecasting
models to predict how the system and users will respond to DR Events and
link demand reduction to most desirable production conditions.
Trigger
Pre-conditions and
infrastructure
requirements (if
applicable)

Actors (stakeholders)

OPTi Modelling
Components involved

Basic Path



The use case shall be initialized during peak load periods



Availability of Information about the production plant and of the
hospital
 Availability of data collected from the sensors in the hospital and the
production plant (Son Llatzer Hospital have already signed
confidentiality contract)
 The contract terms regarding the incentives (if used), the maximum
reduction in temperature or consumption, the frequency of the DR
events etc. are specified and presented to the users beforehand
 If a consumer experiences discomfort, and hence the operator gather
negative feedback, the temperature of the premises could be
restored back to within the consumer’s comfort zone
 End consumers (patients and their companions, hospital personnel)
 Utility company (Sampol)
 Energy Manager (Energy Department at Son Llatzer)
 Son Llatzer CEO
 Dynamic and physical model of the network
 Physical model of the different buildings
 Forecasting model (Weather forecasting)
 Economic model
 Consumer model
 Demand model
Step 1.
The use case begins when the trial data starts to be stored in
the central data base.
Step 2.
Run DR events affecting the ward AHUs and analyse the user
behaviour (reflected by the consumption at the ward inductor level)
depending on AHU energy reduction and outside conditions.
Step 3.
Run DR events affecting the AHUs in other areas and analyse
the potential of DR in these areas based on building inertia and taking into
account outside conditions.
Step 4.
Design DR tests based on the above DR runs and physical and
economical simulations. These tests will take place in realistic situations (as
much as possible) for DR events, taking to account all factors (economical,
internal and external)
Step 5.
Run DR tests designed above. In particular, investigate the
business opportunity
Step 6.
Analyse results from the DR tests and draw conclusions
Step 7.
The use case terminates
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Post-conditions

Outcomes will be fundamental for the economical assessment of the business
model in WP7

Current inventory of
tools and components
(incl. maturity and
development needs)

Current inventory:


Temperatures, flows, power related to the power plant.



Historical data on the production side.



Inside temperature in all hospital rooms.



Power plant simulation tool

Development needs:


Historical data on the consumption side.



Pilot data export into the central data base.



Economic models to analyse savings (in cost and emissions) as a result
of change in consumption profile (i.e. re-shaping of profile)
User comfort model: Mapping user comfort to set-point temperature
Baseline load model: Model to forecast load profile as a function of
set-point temperature and other externals (e.g. ambient
temperature).
[Load modelling] Physical models, relating the set-point temperatures
in the various zones to the zone level and building level energy
consumption need to be built. These models will be needed as the
foundation to develop DR strategies in WP5
[Source modelling] Models to relate the energy consumption and
corresponding emissions. These models will be needed to set up an
optimization framework/objective function aimed at reducing peak
load, costs and emissions (in WP5) as per the objectives of this use
case.
Mechanism for DR design to reduce consumption
Simplified control models for the system need to be derived from the
physical models.
For the DR functionality, a cost function for the use case needs to be
defined.
For the use case, an envelope of the operating conditions need to be
characterized in terms of available signals (data points). Alternatively,
a representative set of operating conditions needs to be
characterized in terms of available signals (data points).
Closed loop control principles need to be translated to (A)DR
principles and vice-versa. Especially the time-behaviour and
requirement need to be defined.

Modelling Requirements
Consumer and Economic
models (WP3)

System & Physical
modelling incl. dynamic
models (WP4)








Control & Optimisation
(WP5)








Data requirements

Economic Modelling:




Amount of production for a typical day
Cost of production.
Cost of production different energy generators (CHP, electrical
chillers, absortion chiller and gas boilers)
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Demand flexibility of the Hospital
Market prices for buying and selling electricity

Consumer Modelling:








Baseline consumption
Details regarding the adjustment of incoming flow to achieve the
temperature set point (e.g. equation and lookup table etc)
Preferred indoor temperature (via ward dials)
Outside temperature
Inconvenience (complains)
Level of energy awareness
Preferences of uses in terms of time of heating (via a questionnaire)

Realization
Main responsible
partners (Author)

SAMPOL

Contributing partners

All partners in WP6

Priority

HIGH

3.2

UC-02: PEAK LOAD REDUCTION (LULEA)

OPTi Use Case Description
ID

02

Title

Peak Load Reduction

Relevant OPTi pilot
Description (narrative)
and business need

Luleå trial
The overall objective of this use case is to enable the utility company to reduce
or shift the demand of energy during the peak hours to off-peak hours. In this
way, the distribution of energy for heating could be evened out within a day
and the system could become less sensitive to disturbances. This implies that
in the cases of high energy demand, users would utilise only a portion of the
available energy coming into the system for heating, ensuring thus the
existence of sufficient supply to cover the energy needs for the remaining
applications of the DHC system.
This will reduce expensive support fuel used by the utility company. Less
utilisation of support fuel can lead to lower CO2 emissions. It is expected that
the decrease in the peak load either will either not affect user comfort or if it
does, then the user will be compensated accordingly.
Moreover, by exploiting the inertia of the building, which is a slow reacting
system, the energy to the radiators and floor heating systems can be reduced,
thereby reducing the peak demand of the building during short amount of
time without affecting the indoor comfort. To identify the energy for space
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heating requirements, the energy required for hot water energy needs to be
separated. This will be done with separate flow meters for each of these usage
types and/or empirical calculations in cases where there are no separate
meters.
The use case can be enabled by smart systems such as forecasting models.
This can be done through ADR system which can be linked to the DH
production to fully use the systems advantages. When the production system
is about to be run on expensive fuel or when a disturbance has occurred, the
ADR system can lower the heat demand in the buildings to avoid the start-up
of peak load plants. Another solution would be to pre-heat the building, e.g.
before the morning peak or if the weather forecast predicts a sudden drop in
temperature later during the day. However, this should not be done for more
than a couple of hours per day.
Trigger
Pre-conditions and
infrastructure
requirements (if
applicable)

Actors (stakeholders)

OPTi Modelling
Components involved

Basic Path



The use case is initialised when the forecast for the total demand
exceeds the production upper threshold
 Availability of Information about the production system and the
associated costs of the DH substations
 Availability of special equipment that allows for monitoring and
metering of the consumption (and possibly the storage) in users’
premises
 Users have already signed contracts that enable ADR programs
granting the utility company the right to control the appliance(s) in
consumer’s premises and impose an adjusted indoor temperature
whenever they are targeted for DR, by modifying the energy
consumption
The contract terms regarding the incentives (if used), the maximum
reduction in temperature or consumption, the frequency of the DR
events etc. are specified and presented to the users beforehand
A virtual knob is installed in users’ premises and is used to keep track
of the users’ comfort
 If the user experiences discomfort, he/she responds negatively
through the virtual knob. In such a situation, the response is
registered and a signal is sent for the test to end.
 End consumer (and /or Housing companies / Building owners)
 Utility company
 Companies providing the control system
 Dynamic and physical model of the DH network
 Physical model of the different buildings
 Forecasting model (Weather forecasting )
 Economic model
 Consumer model
 Demand model
Step 1.
The use case begins when total demand is forecasted to
exceed the production upper threshold.
Step 2.
The utility company activates the ADR program in order to
reduce the energy used for heating. The tap water temperature is not
affected
Step 3.
Users can provide feedback to the utility company through
the virtual knob. In particular, users tend to provide a positive response
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when the changes in the temperature leads to minor or no discomfort.
Alternatively in the case of high discomfort indicated by a negative
response, a signal is send that the users are displeased and the
temperature should be increased.
Step 4.
If the contract includes the provision of incentives, a
comparative evaluation of the results stemming from the execution of the
DR event and the user behaviour (positive or negative feedback) is
conducted in order to decide whether to grant the incentives or not for the
building owner.
Step 5.
The use case terminates
Post-conditions

The pilot will be the foundation for the research work on incentive
mechanisms in WP3 and business modelling in WP7.

Current inventory of
tools and components
(incl. maturity and
development needs)

Current inventory:


Temperature, flow, and power measurements on the primary circuit



Measuring inside temperature in most apartments and all offices



Historical data on the production side (hourly).

Development needs:


Measure temperature in more apartments



Full insight and access to the control system owned by the housing
company.



Installation of meters on the secondary circuit as well



A consumer model expressed as a function of the difference between
the real external temperature and the enforced external
temperature, which takes into consideration the discomfort resulting
from the changes in the indoor temperature of the
household/building and interpreted via the responses on the virtual
knob as well as the incentives offered by the contract. In this context,
different incentive types can be used, i.e. monetary, environmental
incentives, behavioural incentives, etc.



An economic model to assess, under different scenarios, the costs and
the benefits of implementing ADR programs both from the
consumer’s and the utility company’s side.

Modelling Requirements
Consumer and Economic
models (WP3)

System & Physical
modelling incl. dynamic
models (WP4)

Physical model of building which includes:






Characteristics of the building (size, activity, occupancy)
The inertia of the building
Consumption (consumption pattern, set-point preferences)
Controllers
DHC substation (radiators, floor heat etc.)

Dynamic and physical model of the DH system, from production unit to the
consumers, which models:
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The DHC network (pumps, pipes)
The DHC production (power, pressure, temperature,)
The DHC substation (control actions, consumption)

In addition, weather forecasting models would be required to analyse when
to preheat or cool the building.
Control & Optimisation
(WP5)

Optimisation and control frameworks to optimise the energy provided to the
building during peak loads to maximise the savings without altering the indoor
comfort, so as to encourage consumers to participate.

Data requirements

Economic Modelling:








Energy production for a typical day
Cost of production
Cost of operating CHP and other peak plants
Details regarding the production of the most preferred generation
unit
Number of users that are served by the utility company (number of
households)
Market prices for buying district heat
Types of incentives available

Consumer Modelling:










Demographic data (size and type of house and family etc.)
Historical consumption
Details regarding the adjustment of incoming flow to achieve the
temperature set point (e.g. equation and/or lookup table etc. )
Preferred indoor temperature
Outside temperature
Inconvenience (via. the virtual knob)
Type of contract with the provider
Level of energy awareness of consumers
Preferences of uses in terms of time of heating (e.g. via. a
questionnaire)

System, Physical and dynamic modelling
Production side:







Pumps
o Properties: Location, power, volume flow
o Measurement: Pressure
Pipes
o Properties: Location,diameter, volume flow, insulation,
length
o Measurement: Pressure differential, supply/return
temperature, volume flow
Productions units
o Properties: Location, power
o Measurement: Supply/return temperature, supply/return
pressure.
Auxiliary boiler
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o
o

Properties: Time series of usage, capacity, type of fuel
Measurement: Energy consumption, run-time

Consumption side:






Building
o Properties: Location, inertia, heat capacity, number of
occupants, type and usage of building, heated floor area,
ventilation, desired indoor temperature.
o Measurement: indoor temperature, outdoor temperature,
supply/return temperature, heating energy consumption
o Control variables: supply temperature
DH substation
o Properties: Heat exchanger (dimensions, efficiency), control
system, pumps, control valves (response time),
o Measurement: Supply/return temperature, flow rate, heat
transfer coefficient
Behavior
o Properties: Time series of water consumption, energy
consumption,
o Measurement: Water energy consumption, heating energy
consumption, warm water temperature, flow rate of warm
water

Realization
Main responsible
partners (Author)

LEN

Contributing partners

All partners in WP6

Priority

HIGH

3.3

UC-03: DECREASED SUPPLY TEMPERATURE IN THE DH NETWORK (LULEA)

OPTi Use Case Description
ID

03

Title

Decreased supply temperature in the DH network

Relevant OPTi pilot

Luleå trial

Description (narrative)
and business need

The overall objective of this use case is to enable the utility company to
develop a new supply temperature curve for the DH network during cold days
(when the external temperature is less than -5 degrees Celsius). In this case
the temperature curve should be changed to have a lower temperature than
the one being used now.
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To still deliver the same amount of energy when lowering the temperature,
the volume flow rate in the network has to be increased, which means that
more pumping energy is needed. The limitation in such a setting is the
capacity of the installed pumps in the network. If the capacity would be
insufficient, installation of new larger pumps is most likely needed to avoid
stagnation in flow due to low differential pressure in the grid.
While the energy used for the pumping process is expected to increase, the
economic benefits of the decreased heat production are estimated to be
greater, but still not enough to pay off the capital cost of installing new
pumps.
Lowering the supply temperature has the benefit of decreasing the heat
losses within the network and hence results in reduced energy production and
a more efficient utilization of the DH network.
The savings will especially be notable in the cases where support fuel (mostly
oil) and top-load facilities are used; it is not only economically beneficial to
lower the production but environmentally as well.
The underlying goal is to balance the supply curve so that the installed pump
capacity will be enough even if the outside temperature falls to -30 degrees
Celsius. The outside temperature is the control signal for the supply curve.
Although this use case can be a viewed as standalone, its combination with
the use cases concerning the optimization of the DH system is inevitable. For
example, if there is a narrow section in a specific area within the DH network,
it can be addressed by installing new larger pipes and hence increase the
differential pressure in the system. Additionally, most of the problems due to
reduction in supply temperature occur during the peak load, hence the peak
load reduction use case is also related to this use case.
Empirical tests in the grid as well as simulated models in NetSim with lowered
supply temperature will be conducted during the project. These tests will be
valuable when evaluating the Opti-Sim model later in the project.
Trigger

Pre-conditions and
infrastructure
requirements (if
applicable)

The use case can be initialised and executed continuously or in combination
with other use case. An appropriate trigger could be when the outside
temperature goes below -5 degree Celsius.
 The necessary measuring equipment is already integrated in the DH
network to retrieve data regarding the pressure, temperature and the
incoming and outgoing flow rates, etc.
 Special equipment that allows for monitoring and metering of the
inlet temperature and the volume of the incoming flow in users’
premises is installed
 Information concerning the current and forecasted outdoor
temperature is available
 Users have already signed contracts that enable their participation in
the DR events. According to the contract terms, the indoor
temperature in users’ premises shall not be affected.
 The frequency of the DR events and the changes in the supply
temperature should be defined and presented to the users a priori as
per contract terms
 A live feed of the DH network and all the production units is in place
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Actors (stakeholders)
OPTi Modelling






Components involved
Basic Path

and used to detect any fault that can occur within the DH network
Building owners
Utility company
Dynamic and physical model of the DH network
Economic model

Step 1.
The utility company activates the use case.
Step 2.
The utility company defines a new supply temperature curve,
which is applied to all different production facilities
Step 3.
If the differential pressures start to drop to critical values or
any other faults occur (e.g. flow limitations), the system must respond and
deviate from the new supply curve.
Step 4.
Tests will be performed where the supply temperature is
lowered for a period of a month or so. Since the curve only will be altered
during cold periods, the tests must be performed during the winter. The tests
will be monitored and analysed as it proceeds.
Step 5.
Evaluation and analysis (including economic evaluation) of the
trial data will be performed after the tests along with an economic
evaluation.
Step 6.
The use case terminates

Post-conditions

The test will be fundamental to verify the effectiveness of the economic
model as well as the physical model of the network.

Current inventory of
tools and components
(incl. maturity and
development needs)

Current inventory:


Flow meters



Temperature indicators on supply and return temperatures



Pressure (differential pressure) meters



Power (production units)



RPM of pumps



NETSIM – simulating static behaviour in the DH network.

Development needs:


Sensors to measure flow or pressure increase of pumps (To be able to
calculate the energy consumption from the pumps so as to compare
the model with ground truth)

Modelling Requirements
Consumer and Economic
models (WP3)

An economic model to assess, under different scenarios, the costs and the
benefits of applying a decreased supply temperature both from the
consumer’s and the utility company’s side taking also into consideration the
installation or/and operation of pumping stations.
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System & Physical
modelling incl. dynamic
models (WP4)

Physical and dynamic model of the DH network. In the physical model, the DH
grid will be built in a virtual environment where the pipes, production units,
valves etc. shall be modelled. The model should be dynamic to capture
dynamic phenomena, e.g. the effect of accumulated heat in pipes.

Control & Optimisation
(WP5)

The goal is to optimise the supply curve. Initially it is important to determine
what type of parameters the curve will consider. The curve that we are using
today is a function of the outside temperature in the main city. The new curve
might also consider the outside temperature in the area of Sunderbyn. The
temperature difference between these areas can be significant. The
optimisation shall also consider trade-offs (e.g. between lower DH production
and increased pumping).

Data requirements

Economic Modelling:





Energy production both based on the old and new curve (estimated
in this case)
Cost of production both based on the old and new curve (estimated
in this case)
Cost of pumping
Cost of installing new pumps

Production side:







Pumps
o Properties: Location, power, volume flow
o Measurement: Pressure
Pipes
o Properties: Location, diameter, volume flow capacity,
insulation, length
o Measurement:
differential
pressure,
supply/return
temperature, volume flow rates
Productions units
o Properties: Location, power
o Measurement: Supply/return temperature, supply/return
pressure.
Auxiliary boiler
o Properties: Time series of usage, capacity, type of fuel
o Measurement: Energ consumption, run time

Consumption side:




Building
o Properties: Location, inertia, heat capacity, number of
occupants, type and usage of building, heated floor area,
ventilation, desired indoor temperature.
o Measurement: indoor temperature, outdoor temperature,
supply/return temperature, heating energy consumption
o Control variables: supply temperature
DH substation
o Properties: Heat exchanger (dimension, efficiency), control
system, pumps, control valves (response time),
o Measurement: Supply/return temperature, flow rate, heat
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transfer coefficient
Behavior
o Properties: Time series of water consumption, energy
consumption,
o Measurement: Water energy consumption, heating energy
consumption, warm water temperature, flow rate of warm
water

Consumer Modelling:





Demographic data (size and type of house and family etc.)
Historical consumption
Preferred indoor temperature
Outside temperature

Realization
Main responsible
partners (Author)

LEN

Contributing partners

All partners in WP6

Priority

HIGH

3.4

UC-04: LIMITATIONS IN DH NETWORK (LULEA)

OPTi Use Case Description
ID

04

Title

Limitations in DH network

Relevant OPTi pilot

Luleå trial

Description (narrative)
and business need

The goal of this use case is to allow the utility company to create a dynamic
model of the DH network, where the pressure decrease can be optimized by
the installation of larger pipes or via other solutions to address the limitations
in the network.
In general every DH network has limitations, for example a DH central in a
building might be working poorly or there might be narrow DH pipes resulting
in a high pressure decrease.
In Luleå, a known limitation is the DH pipes in the area of Bergnäset. Bergnäset
is an area south of the city and on the other side of the Lulea river. The area
is connected to the city by a bridge where the DH pipes are placed. The
volume of demand served by the existing pipes on the bridge is small
compared to the demand on Bergnäset. The high pressure decrease in the DH
network affects the distribution of energy from the production unit. It may
mandate more pumping stations or in the worst-case scenario in another
production unit running on fossil fuels, e.g. oil. In particular, with medium or
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high demand the pressure decrease to the area is too large, forcing the
activation of the hot water central (HVC) in Bergnäset.
Pumping stations are located at the end of the bridge, to compensate for the
significant decrease in pressure, so as to maintain a good differential pressure
at the end points of the network.
Some interesting solutions for solving the above limitation are stated below.
1. Increase pipe diameter over the Bergnäset bridge: This will decrease
the pressure losses. However, this might be infeasible since the
bridge might not be able to support the weight of heavier pipes.
2. Increase pipe diameter with an underwater pipe solution: This will
decrease the pressure losses.
3. A gas pipeline from the CHP plant to the HVC in Bergnäset. The HVC
plant, that supports Bergnäset with extra energy, starts when the
demand of heat from Bergnäset reaches the upper limit. This occurs
when the outside temperature becomes lower than -7 degrees
Celsius. The HVC uses pellets and when needed also oil as fuel. Using
surplus gases from SSAB, the CO2 emissions to the environment will
decrease compared to the case today.
This is a use case that can be perceived as an extension of the other use cases.
No separate physical simulation model should be necessary. It only requires
an economic model to calculate the savings.
To increase the pipe diameter is a question of cost benefit analysis and tradeoffs. While one trade-off is the cost, other factors can also play a role such as
legislations (what is the pipe diameter limit), environmental considerations
and other restrictions (if any).
Trigger

Pre-conditions and
infrastructure
requirements (if
applicable)












The use case can be initialised and executed continuously or in
combination with other use cases. The use case can start when the
physical simulation model of the network is available.
The necessary measuring equipment is integrated in the DH network
to retrieve data regarding the pressure, temperature, incoming and
outgoing volume flow rates, etc.
Information regarding the production units, the power costs, etc. is
available.
Information concerning the current or forecasted outdoor
temperature is available.
A virtual map of the DH grid along with a report that summarises the
important parameters, e.g. the pressure decrease in the pipes is
available.
A live feed of the DH network and all the production units is in place
and can used to detect any fault that can occur within the DH
network.
The virtual simulation model which has the ability to simulate various
scenarios in the DH network is available. The different scenarios must
consider physical factors such as outside temperature, power from
production units etc.
If a fatal error occurs during the simulation, the simulation should
stop and give an understandable explanation as to why the simulation
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Actors (stakeholders)
OPTi Modelling



has stopped.
Utility company




Dynamic model of the DH network
Economic model

Components involved
Basic Path

Step 1.
The utility company activates the use case.
Step 2.
Given an outdoor temperature and DH production, the utility
company defines a set point for the pressure decrease that should be
observed within the pipes
Step 3.
If the pressure decrease is very high or a fatal error occurs the
use case is terminated
Step 4.
The use case is terminated
Comments: Simulation will be performed to find the pressure decrease in the
pipes at different outside temperatures and different DH consumptions
patterns. In addition, different scenarios will be examined with regard to the
trade-offs between the cost of changing the pipes and the relative advantage
of utilising the pellet boiler in Bergnäset more effectively versus the efficient
utilisation of the surplus gas in the DH network.

Current inventory of
tools and components
(incl. maturity and
development needs)

NETSIM models

Modelling Requirements
Consumer and Economic
models (WP3)

An economic model to assess the benefits and the trade-offs of utilizing the
surplus gas to a higher extent or exploiting the pellet boiler in Bergnäset more
efficiently versus the installation of new larger pipes.

System & Physical
modelling incl. dynamic
models (WP4)

Physical and dynamic model of the DH network. In the physical model, the DH
grid will be built in a virtual environment where the pipes, production units,
valves etc. shall be modelled.

Control & Optimisation
(WP5)

What would be the best way to use different fuels and production units in
terms of economy and emissions in different scenarios?

Data requirements

Economic Modelling:





Energy production
Cost of production
Cost of operation of plants and pumping
Cost of installing new pipes

Production side:


Pumps
o Properties: Location, power, volume flow
o Measurement: Pressure
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Pipes
o

Properties: Location, diameter, volume flow capacity,
insulation, length
o Measurement:
differential
pressure,
supply/return
temperature, volume flow rates
Productions units
o Properties: Location, power
o Measurement: Supply/return temperature, supply/return
pressure.
Auxiliary boiler
o Properties: Time series of usage, capacity, type of fuel
o Measurement: Energ consumption, run time

Consumer Modelling:






Demographic data (size and type of house and family etc.)
Historical consumption
Details regarding the adjustment of incoming flow to achieve the
temperature set point (e.g. equation and/or lookup table etc.)
Preferred indoor temperature
Outside temperature

Realization
Main responsible
partners (Author)

LEN

Contributing partners

All partners in WP6

Priority

HIGH
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3.5

UC-05: OPTIMIZING VALVES (LULEA)

OPTi Use Case Description
ID

05

Title

Optimizing valves

Relevant OPTi pilot
Description (narrative)
and business need

Luleå trial
The objective of this use case is to reduce the peak load energy demand by
installing the smallest possible control valves (optimally sized) at user
premises that control the hot water supply to the buildings. From a consumer
perspective, it is important that the valves are not too small so as to guarantee
the provision of hot water. The positive effect of this use case would be better
(lower) return temperature and decreased energy consumption both in the
DH substation and in the entire DHC network. Optimised hot water valves
would prevent surplus water to pass through the valves, leading to a more
even temperature of the hot water for the consumer. This is because small
and optimised valves need shorter time to determine the correct level of
opening. Bigger valves might oscillate between the open and closed states
without finding the correct level of opening, resulting in higher than necessary
hot water temperature.
Optimizing valves is favourable for both consumers and utility company since
there are hundreds of oversized control valves in the DH network which
together have a great negative impact. By using smaller valves in the DH
substations, the entire DHC network will have shorter response time after
disturbances. Since optimised control valves have potentially smaller
dimensions, the flow rate in the fully open state is less than the corresponding
flow rate with valves of larger dimensions. The result is that several more
buildings can share the flow that otherwise might have been consumed by
one building alone. Also, if too many control valves close to the DH
production open up fully it will lead to shortage in areas farther from the
production, which would lead to more pumping. In some cases LEN would
need to turn on fossil fuel plants to cover the shortage, albeit for a short time
after the disturbance.
To analyse the overall effect of the use case, it is important to make a dynamic
model that shows how decreasing all over dimensioned control valves in the
DHC network will affect the overall production and response time within the
DHC network. Another important aspect to evaluate from the perspective of
LEN is to analyse if it is profitable to help the house owner to finance the cost
of changing valves.
The analysis of the effect of optimizing control valves should reveal how the
optimization is beneficial for the building owner as well as the utility company.
Since the control valves are owned by the building owners and not the utility
company, it is important that the savings are clearly analysed on both the DH
network as well as for the DH substations. Eventually, projected savings at the
level of DH substations will incentivize building owners to finance the change
of oversized valves.
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Trigger

Pre-conditions and
infrastructure
requirements (if
applicable)
Actors (stakeholders)

OPTi Modelling
Components involved
Basic Path



The use case can be initialised and executed continuously or in
combination with other use cases.




Knowledge of all the DH substations with over 100 KW subscribed
power and knowledge of corresponding control valves.
The necessary measuring equipment is integrated in the DH network
and DH substations to retrieve data








End User
Building owners
Utility company
Economic model
Dynamic and Physical model of DH network and DH substations
Optimisation model

Step 1.
The use case is initiated.
Step 2.
A model of the DH network with substations containing control
valves is built.
Step 3.
The model is analysed to determine which control valves
should be first changed to maximize the positive effects.
Step 4.
Simulation is done to understand the effect of changing the
control valves on both the DHC network and the DHC substation.
Step 5.
The utility company changes some of the suggested control
valves.
Step 6.
A comparison between simulation and the real world data is
performed to check the accuracy of the simulation.
Step 7.
The use case terminates

Post-conditions

The pilot will be the foundation for the incentive plan and business model in
WP7.

Consumer and Economic
models (WP3)

An economic model to assess, under different scenarios, the costs and the
benefits of installing optimised valves both from the consumer’s and the
utility company’s side taking also into consideration the cost of distributing
the water.
A consumer model to simulate the discomfort resulting from the changes of
the control valves in the household/building and interpreted via the
responses on the virtual knob as well as the incentives offered by the contract.
In this context, different incentive types can be used, i.e. monetary,
environmentally, behavioural etc. One should also consider the savings in
terms of shorter response time during disturbances in the DH network

System & Physical
modelling incl. dynamic
models (WP4)





Physical model of the DH network, which is dynamic (i.e. captures
transient behaviour), and which models the flow rates, and hence the
transient power profile needed to meet a given consumption profile
for a given set of valves and exogenous parameters such as outside
temperature
Physical house building level model, which is also dynamic and which
models the temperature evolution (a variable related to comfort) and
energy consumption (a variable related to user’s cost) at consumer
premises for a given set of valves and exogenous parameters such as
outside temperature.
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Control & Optimisation
(WP5)

Framework that can determine to determine the areas where changing valves
will have the biggest positive effect on the production and reduce
disturbances the most.









Data requirements

The above two models then need to be integrated to create a holistic
system representation which outputs metrics of interest in this use
case (such as response time and energy consumption)

Simplified control models for the system including the valves need to
be derived from the physical models.
Using the control models achievable closed loop performance will be
analysed in terms of controllability / observability, disturbance
rejection properties and tracking capabilities. For Towards this end, a
cost function for the system needs to be defined.
Envelope of the operating conditions for the DHC substation needs to
be characterized in terms of available signals (data points).
Alternatively, a representative set of operating conditions needs to
be characterized in terms of available signals (data points).
Valve models for the current used ones and the potential
replacement valves need to be derived.
Boundary conditions for the valve usage need to be characterized.
This can be given in terms of actuations per time, cost per actuation,
actuation limits.
The effect of the valves on the dynamic behaviour of the building
climate and the supply network need to be modelled.

Economic Modelling:











Amount of incoming flow in DH substations
Amount of KW of consumed in the Power consumed in DH
substations
Cost of production (including. operational cost, if a more expansive
fuel is to be used)
Cost of operating CHP and other peak plants
Amount of Energy production for a typical day
Cost of distribution (including. the cost of pumping due to
temperature losses throughout the DH network)
Cost of replacing the valves (including. installation, setup and
operation cost)
Number of users that are served by the utility company (number of
households)
Market prices for buying District heating
Types of incentives available

Consumer Modelling:





Frequency of disturbances and delays
Demographic data (size and type of house and family etc.)
Baseline Historical consumption
Details regarding the adjustment of incoming flow to achieve the
temperature set point (e.g. equation and/or lookup table etc.)
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Details regarding the adjustment of incoming flow to achieve the
temperature set point (e.g. equation and lookup table etc)

System, Physical and dynamic modelling
Production side













Pumps
Properties: Location, power, volume flow
Measure: Pressure
Pipes
Properties: Location,diameter, volume flow, insulation, length
Measure: dp, supply/return temperature, volume flow,
Productions units
Properties: Location, power
Measure: Supply/return temperature, supply/return pressure.
Auxiliary boiler
Properties: Time series of usage, capacity, type of fuel
Measure: Energy consumtion, run time

Consumption side:


Building
o Properties: Location, inertia, heat capacity, number of
occupants, type and usage of building, heated floor area,
ventilation, desired indoor temperature.
o Measurement: indoor temperature, outdoor temperature,
supply/return temperature, heating energy consumption
o Control variables: supply temperature



DH substation
o



Properties: Heat exchanger (dimensiosn, efficiency), contro
system, pumps, control valves (response time),
o Measurement: Supply/return temperature, flow rate, heat
transfer coefficient
Behavior
o Properties: Time series of water consumption, energy
consumption,
o

Measurement: Water energy consumption, heating energy
consumption, warm water temperature, flow rate of warm
water

Realization
Main responsible
partners (Author)

LEN

Contributing partners

All partners from WP 6

Priority

HIGH
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3.6

UC-06: ENERGY REDUCTION (LULEA)

OPTi Use Case Description
ID

06

Title

Energy Reduction

Relevant OPTi pilot

Simulated – Luleå pilot representation in OPTi-Sim

Description (narrative)
and business need

The overall objective of this use case is to determine a scheme to re-design
(refurbish) an existing DHC system such that the resulting system will need
less primary energy (KPI value: 10%), while minimizing the economic impact
on the utility company and not affecting the comfort of the customer.

Trigger

Re-design of the DHC system


Pre-conditions and
infrastructure
requirements (if
applicable)
Actors (stakeholders)
OPTi Modelling
Components involved

Basic Path



OPTi-Sim framework with information on the physical system, the
consumer models and economic models
OPTi-Sim framework is ready for simulation



Engineers at the utility company

 Dynamic and physical model of the DH network
 Physical model of the different buildings
 Forecasting model (e.g. weather forecasting)
 Economic model
 Consumer model
 Load model (different scenarios)
Step 1.
The use case begins with the target to reduce the energy usage
for space heating and cooling.
Step 2.
The utility company in order to reduce the energy used for
heating initiates an investigation if there are opportunities to modify the
current DHC system which render less energy usage without altering the
comfort of the end consumer.
Step 3.
The engineers compose the OPTi-Sim model for the different
scenarios which need to be tested
Step 4.
The OPTi-Framework will then perform an analysis of the
current control and operation strategies and determine alternatives for
redesign of the DHC system by changing hardware and control software.
Step 5.
The alternative design is implemented in the OPTi-Sim and
evaluated.
Step 6.
The new design is implemented in the DHC system and
guidelines for operation are updated.
Step 7.
The use case terminates

Post-conditions

The simulation use case will provide the schematics for planning the
refurbishment of an existing DHC system.

Current inventory of
tools and components

N/A
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(incl. maturity and
development needs)
Modelling Requirements
Consumer and Economic
models (WP3)

Consumer model that expresses the behaviour of the consumer and an
economic model that expresses the cost of refurbishment and energy
reduction on the utility company.

System & Physical
modelling incl. dynamic
models (WP4)

Physical model of building which includes:






Characteristics of the building (size, activity, occupancy)
The inertia of the building
Consumption (consumption pattern, set-point preferences)
Controllers
DH substation (radiators, floor heat etc.)

Dynamic and physical model of the DH system, from production unit to the
consumers, which models:




The DH network (pumps, pipes)
The DH production (power, pressure, temperature,)
The DH substation (control actions, consumption)

In addition, weather forecasting models would be required to analyse when
to preheat or cool the building.
Inventory of replaceable physical components including their economic
effects.
Control & Optimisation
(WP5)

Optimization scheme that considers different replacement plans and
evaluates their energy usage and economic effect on the utility company.

Data requirements

N/A

Realization
Main responsible
partners (Author)

LTU

Contributing partners

All partners in WP6

Priority

HIGH
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3.7

UC-07: IMPROVED EFFICIENCY (LULEA)

OPTi Use Case Description
ID

07

Title

Improved Efficiency

Relevant OPTi pilot

Simulated – Luleå pilot representation in OPTi-Sim

Description (narrative)
and business need

The overall objective of this use case is to show in what way the efficiency of
the current DHC system can be improved by changing and adapting the
current control strategies and current operation strategies of the DHC system.
These changes will only be made in the control system software and in
guidelines on how to operate the system. The targeted outcome of the use
case will be less energy used while minimally effecting the end-consumer.

Trigger

Re-design of the DHC system

Pre-conditions and
infrastructure
requirements (if
applicable)
Actors (stakeholders)
OPTi Modelling
Components involved

Basic Path




OPTi-Sim framework with information on the physical system, the
consumer models and economic models
OPTi-Sim framework is ready for simulation



Engineers at the utility company

 Dynamic and physical model of the DH network
 Physical model of the different buildings
 Forecasting model (e.g. weather forecasting)
 Economic model
 Consumer model
 Load model (different scenarios)
Step 1.
The use case begins when one of the following two conditions
is fulfilled: (i) The DHC system is recurrently not able to satisfactorily
provide heating or cooling to end-customers, (ii) The cost for supplying
heating or cooling need to be reduced.
Step 2.
The utility company in order to reduce the energy used for
heating initiates an investigation if there are opportunities to control and
operate the current DHC system in a different way to fulfill the performance
requirements.
Step 3.
The engineers compose the OPTi-Sim model for the different
scenarios which need to be improved.
Step 4.
The OPTi-Framework will then perform an analysis of the
current control and operation strategies and determine alternatives to
control and operate the DHC system.
Step 5.
The alternative control and operation scheme is implemented
in the OPTi-Sim and evaluated.
Step 6.
The new control scheme is implemented in the DHC system and
guidelines for operation are updated.
Step 7.
The use case terminates
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Post-conditions

The simulation use case will provide the schematics for planning the
refurbishment of an existing DHC system.

Current inventory of
tools and components
(incl. maturity and
development needs)

N/A

Modelling Requirements
Consumer and Economic
models (WP3)

Consumer model that expresses the behaviour of the consumer and an
economic model that expresses the cost of refurbishment and energy
reduction on the utility company.

System & Physical
modelling incl. dynamic
models (WP4)

Physical model of building which includes:






Characteristics of the building (size, activity, occupancy)
The inertia of the building
Consumption (consumption pattern, set-point preferences)
Controllers
DH substation (radiators, floor heat etc.)

Dynamic and physical model of the DH system, from production unit to the
consumers, which models:




The DH network (pumps, pipes)
The DH production (power, pressure, temperature,)
The DH substation (control actions, consumption)

In addition, weather forecasting models would be required to analyse when
to preheat or cool the building.
Inventory of replaceable physical components including their economic
effects.
Control & Optimisation
(WP5)

Optimization scheme that considers different replacement plans and
evaluates their energy usage and economic effect on the utility company.

Data requirements

N/A

Realization
Main responsible
partners (Author)

LTU

Contributing partners

All partners in WP6

Priority

MEDIUM
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3.8

UC-08: OPTIMISING CONSUMER SELECTION AND INCENTIVES FOR ADR (LULEA)

OPTi Use Case Description
Title

Optimising consumer selection and incentives for ADR (and contributing
towards accomplishing the KPI5 target).

Relevant OPTi pilot

Simulated – Luleå residential pilot representation in OPTi-Sim

Description (narrative)
and business need

To evaluate the performance of incentive-based Automated Demand
Response (ADR) program and quantify its effects on user demand and user
comfort, as well as the relevant benefits in economic terms.

Trigger

Peak demand problem (during morning and afternoon peaks)

Pre-conditions and
infrastructure
requirements (if
applicable)

Actors (stakeholders)

OPTi Modelling
Components involved
Basic Path





Contracts with users that enable their participation in ADR
Appliance level metering infrastructure (not monitoring)
Automatically controlled appliances or special infrastructure for
controlling shiftable appliances
 Monitoring infrastructure - including devices displaying consumption
(in houses)
 User interfaces for interacting with them (e.g. virtual knob for
providing feedback)
 Infrastructure for feedback provisioning (e.g. virtual knob)
 Utility company
 Consumers (household residents)
 House companies
 Economic model
 Consumer model (including appliance operation modelling)
 Baseline (including weather forecast and definition of consumption
pattern)
Step 8.
The utility company estimates the required energy reduction
to be attained to avoid a specific peak
Step 9.
The utility company selects a set of consumers that will be
targeted for ADR and defines the respective consumption schedules for each
of them to be imposed during the ADR event
Step 10.
The utility company estimates the amount of incentives that
should be offered to each of the targeted users
Step 11.
The utility company executes the ADR event
Step 12.
Consumers can either accept the execution of ADR or reject it
(by opting out from the program and operating their appliances as they fit)
Step 13.
Consumers (voluntarily) send their feedback e.g. through the
virtual knob
Step 14.
The utility company evaluates the performance and
effectiveness of the ADR program in terms of
a. Consumer responsiveness
b. Load Impact
c. Discomfort Impact
d. Consumer Engagement
e. Etc.
Step 15.
If the reduction target (that corresponds to each consumer) is
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met, the utility company grants the incentives to each of them
Step 16.
If the user opt-outs from the ADR event, the utility company
imposes an opt-out penalty (various mechanisms to be defined and
evaluated)
Step 17.
The use case terminates
Post-conditions

The simulation use case will provide a quantitative analysis of the
effectiveness of ADR accompanied with incentives for tackling with the peak
demand problem.

Exception Paths

N/A

Diagram (optional)

N/A

Current inventory of
tools and components
(incl. maturity and
development needs)

N/A

Modelling Requirements
Consumer and Economic
models (WP3)

Consumer model that quantifies the benefit obtained by the operation of
specific appliances and the discomfort caused by any alternation from the
baseline schedule.

System & Physical
modelling incl. dynamic
models (WP4)

-

Control & Optimisation
(WP5)

Optimisation schemes of the selection of users and the incentives for ADR (to
be investigated if it will be used)

Data requirements

N/A

Realization
Main responsible
partners (Author)

AUEB

Contributing partners

All partners in WP6

Priority

MEDIUM
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4

REQUIREMENTS

The requirements for the OPTi framework are listed in the following tables. We have categorized the
requirements according to the different components of the OPTi framework as illustrated in Figure 5 and
presented in more detail in Deliverable D2.3 System Architecture. Each requirement category has its specific
tag, which is part of the requirement ID. The requirements are formulated according to the EARS syntax
(Mavin, 2009). Depending on the source of a requirement, it is either functional or non-functional.
Requirements that are derived from a use case or a KPI are functional and requirements that are derived
from the architecture are non-functional requirements. This character of the requirements is captured by
adding a short tag to the name entries.

Figure 6: Requirement categories and tags for the OPTi framework.

For documenting and development of the requirements, we have used a template with the following entries:


ID: Identification number of the requirement containing a meaning tag



Vers.: Version of the requirement to track changes



Name: Short name for the requirement containing a tag for functional (F) and non-functional (NF)
requirements



Author: Initials and institution of author(s)



Source: Either the system architecture, one/several use case(s) or KPI(s)



Related RQ: ID(s) of related requirements
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Partner in charge: Partner organization that is responsible for a requirement



Priority: either high or low



Status: draft, approved (appr.) or done



Requirement: Formal requirement in EARS syntax

This template was implemented in the Wiki module of the collaborative online work environment Redmine,
(see www.redmine.org) and used during the development, discussion and reviewing of the requirements
work. The extreme simplicity and easy way to get started together with the versioning and cross-referencing
of requirements enabled a transparent and traceable work process. Although the Wiki is not intended to be
used as formal requirement development tool in a commercial context, within a collaborative research
project with a heterogeneous and distributed work group the applied work process was very efficient. In
Figure 7, the development environment is shown including the discussion and the review results. The
discussion occurred within the core-team that developed the requirement, while the review was done by a
review team which has more global perspective on the requirements as a whole.

Figure 7: Example for a requirement as it was derived and documented in the Redmine Wiki (snapshot).
The currently developed requirements will be used through-out the project and potentially complemented
with more information and additional requirements in case that would be needed to successfully complete
the OPTi project.
In order to strengthen innovativeness of the project and create competitive advantage, OPTi aims to
mainstream a gender perspective in selected, relevant project activities. In the course of these activities, we
have reviewed the requirements from a gender perspective and considered the need for gender specific
requirements, especially in the categories for consumer and economic modelling.
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4.1

RQ-OF: OPTI-FRAMEWORK

ID

Vers. Name

Author

Source

RQ-OF-001

1.0

VC (IBM),
WB (LTU)

architecture RQ-SI

Requirement
RQ-OF-002

1.0

1.0

1.0

1.0

appr.

(NF) Consumer modelling
component

VC (IBM),
WB (LTU)

architecture RQ-CM

IBM

high

appr.

(NF) Economic modelling
component

GT (AUEB),
WB (LTU)

architecture RQ-EM

AUEB

high

appr.

(NF) Physical Modelling
Component

YR (TWT),
WB (LTU)

architecture RQ-PM

OPN

high

appr.

(NF) Optimisation and
Control Component

YR (TWT),
WB (LTU)

architecture RQ-OC

LTU

high

appr.

high

appr.

The OPTi-Framework shall include an Optimisation and Control Component.
1.0

Requirement

4.2

high

The OPTi-Framework shall include a Physical Modelling Component.

Requirement
RQ-OF-006

TWT

The OPTi framework shall include an Economic Modelling Component.

Requirement
RQ-OF-005

Status

The OPTi framework shall include a consumer modelling component.

Requirement
RQ-OF-004

Partner in
Priority
charge

The OPTi Framework shall include a Simulation Component, called OPTi-Sim.

Requirement
RQ-OF-003

(NF) OPTi-Sim Component

Related RQ

(NF) Data Management and
YR (TWT)
Storage

architecture RQ-DS

RTHA

The OPTi-Framework shall include a Data Management and Storage Component.

RQ-SI: OPTI-SIM

ID

Vers. Name

RQ-SI-001

1.0

Requirement
RQ-SI-002

1.0

1.0

1.0

architecture N/A

Status

TWT

high

appr.

(NF) Co-simulate simulation YR, UO, NL
models
(TWT)

architecture N/A

TWT

high

appr.

(NF) Access to Data
Management and Storage

YR, UO, NL
(TWT)

architecture RQ-DS

high

appr.

TWT

(NF) Access to Optimisation YR, UO, NL
and Control Repository
(TWT)

architecture

RQ-OC-101,
TWT
RQ-OC-102

high

appr.

The OPTi-Sim Component shall have read access to the Optimisation and Control Repository.
1.0

(NF) Graphical user
interface

YR (TWT)

architecture N/A

TWT

high

appr.

The OPTi-Sim Component shall have a graphical user interface including a graphical representation of
the DHC system.

Requirement
RQ-SI-006

YR, UO, NL
(TWT)

Partner in
Priority
charge

The OPTi-Sim Component shall have read/write access to the Data Management and Storage
Component.

Requirement
RQ-SI-005

Related RQ

The OPTi-Sim Component shall co-simulate different simulation models.

Requirement

RQ-SI-004

Source

The OPTi-Sim Component shall connect different simulation models.

Requirement
RQ-SI-003

(NF) Connect simulation
models

Author

1.0

(F) Calculated effects of
peak load reduction

HS (LEN)

UC-01

RQ-SI

LTU

low

appr.
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The OPTi-Sim Component shall calculate the effects of peak load reduction on the DH network and
production.

Requirement
RQ-SI-007

1.0

1.0

Requirement

4.3

HS (LEN)

UC-01

RQ-SI

LTU

high

appr.

The OPTi-Sim Component shall estimate the magnitude of the heat storage capacity is in the DH
network and buildings.

Requirement
RQ-SI-008

(F) Magnitude of heat
storage capacity

(F) Production simulation
from forecasts

HS (LEN)

UC-01

RQ-SI

LTU

low

appr.

The OPTi-Sim Component shall enable simulation of production from a forecast.

RQ-OC: OPTIMISATION AND CONTROL COMPONENT

ID

Vers. Name

RQ-OC-001

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

WB (LTU)

architecture RQ-OC-2XX

LTU

high

appr.

(NF) Performance
Monitoring and Evaluation

WB (LTU)

architecture RQ-OC-3XX

OPN

high

appr.

(NF) Control structure and
controller design

WB (LTU)

architecture RQ-OC-4XX

LTU

high

appr.

(NF) Control oriented
model repository

UO (TWT)

architecture RQ-DS-008

LTU

low

appr.

(NF) Control oriented
model storage

UO (TWT)

architecture RQ-DS

LTU

high

appr.

(NF) Control model
repository access

UO (TWT)

architecture RQ-DS-008

LTU

high

appr.

(NF) Control system
representation repository

WB (LTU)

architecture

RQ-OP-001,
RTHA
RQ-DS-011

high

appr.

The Optimisation and Control Component shall store control system representations in a repository
in the Data Management and Storage Component.

Requirement
RQ-OC-105

(NF) Operation strategies

The Optimisation and Control Component shall have exclusive read/write access to the control
oriented model repository.

Requirement
RQ-OC-104

appr.

high

The optimisation and control component shall exclusively store control models in the control model
repository.

Requirement
RQ-OC-103

LTU

The Optimisation and Control Component shall store control oriented models in a repository in the
Data Management and Storage Component.

Requirement
RQ-OC-102

Status

The optimisation and control component shall provide functionality to design a control system for a
given DHC system.

Requirement
RQ-OC-101

architecture RQ-DS

Partner in
Priority
charge

The optimisation and control component shall provide functionality to assess the performance of the
DHC system.

Requirement
RQ-OC-004

Related RQ

The optimisation and control component shall contain functionality to calculate efficient operation
strategies for a given DHC system.

Requirement
RQ-OC-003

(NF) Data management and
WB (LTU)
interfaces

Source

The optimisation and control component shall have functionality to interact with the data
management system.

Requirement
RQ-OC-002

Author

1.0

(NF) Control system
representation storage

WB (LTU)

architecture RQ-OC-104

LTU

high

appr.
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The Optimisation and Control Component shall exclusively store control system representations in
the control system representation repository.

Requirement

RQ-OC-106

1.0

1.0

1.0

1.0

Requirement
RQ-OC-201

1.0

Requirement
RQ-OC-202

1.0

Requirement
RQ-OC-203

1.0

Requirement
RQ-OC-204

1.0

1.0

1.0

Requirement
RQ-OC-300 1.0
Requirement
RQ-OC-301 1.0
Requirement

appr.

(NF) Approximation of
simulation models

WB (LTU)

architecture N/A

LTU

high

appr.

(NF) Simulation model
access

WB (LTU)

architecture N/A

LTU

high

appr.

(NF) Automated Demand
Response

MM (AUEB) architecture N/A

LTU,
AUEB

high

appr.

The Optimisation and Control Component shall provide functionality for the implementation of ADR
programs.
LTU,
(NF) ADR control strategies MM (AUEB) architecture RQ-OC-200
high
appr.
AUEB
The Optimisation and Control Component shall provide functionality for the implementation of ADR
control strategies.
LTU,
(F) Control strategies
MM (AUEB) UC-02
RQ-OC-201 AUEB,
low
appr.
performance constraints
OPN
The ADR control strategies shall be applied with respect to the constraints set by the physical,
consumer and economic modelling.
LTU,
(F) Demand limit strategy
MM (AUEB) UC-02
RQ-OC-200
low
appr.
AUEB
The Optimisation and Control Component shall include a demand limit strategy.
(F) ADR Performance
evaluation strategy

MM (AUEB) UC-02

RQ-OC-200, LTU,
RQ-EM-025 AUEB

high

appr.

(F) Optimisation of
operation strategies

WB (LTU)

all UCs

RQ-OC-002

LTU

high

appr.

The Optimisation and Control Component shall determine operation strategies for the DHC system
which optimise the operation for a given objective function.

Requirement
RQ-OC-206

high

The Optimisation and Control Component shall include an ADR performance evaluation strategy to
assess if the ADR contract is completed successfully or not.

Requirement
RQ-OC-205

RQ-OC-104,
RTHA
RQ-DS-011

The Optimisation and Control Component shall have read access to the simulation model storage of
the Data Management and Storage Component.

Requirement
RQ-OC-200

architecture

The optimisation and control component shall approximate the simulation models into control
oriented models which can be used for control and optimization purposes.

Requirement
RQ-OC-108

WB (LTU)

The optimisation and control component shall have exclusive read/write access to the control
system representation repository.

Requirement
RQ-OC-107

(NF) Control system
representation repository
access

(F) Optimisation of peak
load mitigation strategies

WB (LTU)

UC-02

RQ-OC-205

LTU

low

appr.

The Optimisation and Control Component shall determine operation strategies of the DHC system
which reduce the peak loads.
(F) Evaluation criteria
TE (OPN)
UC1-4,6,7
N/A
LTU
high
draft
The Control and Optimisation component shall provide at least one evaluation criterion.
(NF) Evaluation framework TE (OPN)
UC1-4,6,7
RQ-OC-300 LTU
high
draft
The Evaluation framework shall be able to utilize evaluate the criteria from time series data from
simulated or real DHC network.
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RQ-OC-302

1.0

Requirement
RQ-OC-303

1.0

Requirement
RQ-OC-304

The Evaluation framework shall be able to access Sensordata from pilot DHC-networks.
1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

Requirement
RQ-OC-902

1.0

Requirement
RQ-OC-903
Requirement

WB (LTU)

all UCs

RQ-OC-004

LTU

high

appr.

(F) Control structure
decision

WB (LTU)

UC-06

RQ-OP-004

LTU

high

appr.

(NF) Controller design
strategies

WB (LTU)

architecture RQ-OC-004

LTU

high

appr.

(F) Visualization of the
control structures

WB (LTU)

UC-06

RQ-OC-004

LTU

high

appr.

(F) Computation of
controller models

WB (LTU)

UC-07

RQ-OC-004

LTU

high

appr.

(F) Computation of control
structures

WB (LTU)

UC-06, UC07

RQ-OC-401

LTU

low

appr.

(F) Closed loop
performance prediction

WB (LTU)

UC-06, UC07

RQ-OC-300

LTU

high

appr.

The Optimisation and Control Component shall predict or estimate the performance of a given
closed-loop control model of the DHC system for a given control system representation and scenario.

Requirement
RQ-OC-901

(F) Generation of a control
systems representation

When a control oriented model with operating conditions and constraints is provided, the
optimisation and control component shall compute a a set of feasible control structures.

Requirement
RQ-OC-406

draft

When a given control structure and selection controller design strategy are provided, the control
module shall design a controller.

Requirement
RQ-OC-405

low

The optimization and control component shall visualize the current control structure along with the
DHC system.

Requirement
RQ-OC-404

LTU

The optimisation and control component shall have a set of controller design strategies available for
the computation of controller models.

Requirement
RQ-OC-403

architecture RQ-DS001

The optimisation and control component shall decide on an feasible control structure for the control
of the DHC system.

Requirement
RQ-OC-402

TE (OPN)

The Optimisation and Control Component shall generate a control system representation for
controllers in the DCS system.

Requirement
RQ-OC-401

(NF) Administration of
evaluation data

The Evaluation framework shall have a structured way of representing and storing evaluation results
that makes it possible to track the conditions for the evaluation.

Requirement
RQ-OC-400

(NF) Real DHC-net data
RQ-OC-301,
TE (OPN)
RQ-DS-002 LTU
high
draft
access
UC1-4
The Evaluation framework shall be able to access Sensordata the pilot DHC-networks, Luleå and
Mallorca.
(NF) Simulated DHC-net
RQ-OC-301
TE (OPN)
RQ-DS-002 LTU
high
draft
data access
UC5-6

1.0

(F) Valves to be changed
GT (AUEB) UC-01
RQ-OC
LTU
high
appr.
The Optimisation and Control Component shall provide a decision on which valves need to be
changed.
(F) Effects of changed
HS (LEN)
UC-01
RQ-OC
LTU
high
appr.
valves
The Optimisation and Control Component shall determine the effect of changed control valves on
the DHC system.
(F) Signal to start peak load
reduction

HS (LEN)

UC-01

RQ-OC

LTU

high

appr.

The optimisation and control component shall provide a signal to start peak load reduction.
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RQ-OC-904

1.0

Requirement
RQ-OC-905

HS (LEN)

UC-01

RQ-OC

LTU

high

appr.

The Optimisation and Control Component shall derive optimisation of different production cases.
1.0

(F) Identifying buildings for
optimisation

HS (LEN)

UC-01

RQ-OC

LTU

high

appr.

The Optimisation and Control Component shall include funtionality to identify buildings in the DHC
network, which have a high potential for peak load reduction.

Requirement

4.4

(F) Optimisation for
different prodution cases

RQ-PM: PHYSICAL MODELLING COMPONENT

ID

Vers. Name

Author

Source

Related RQ

Partner
Priority
in charge

Status

PL (OPN),
JG (LTU)

UC-03

RQ-PM002,003

OPN

high

appr.

RQ-PM001,003

OPN

low

appr.

RQ-PM001,002

OPN

high

appr.

high

appr.

RQ-PM-001 1.0

(F) DHC network model

Requirement

The physical model component shall contain a DHC network model.

RQ-PM-002 1.0

(F) DHC network model
boundary

Requirement

The DHC network model shall be a closed system.

RQ-PM-003 1.0

(F) DHC network model
medium

Requirement

The thermal distribution medium in the DHC network model shall be water.

RQ-PM-004 1.0

(F) DHC component
definition

Requirement

The DHC network consists of components including pipes, pumps,valves, heat exchangers,
production units, heat sinks (consumers).

RQ-PM-005 1.0

(F) DHC component
location

Requirement

The components of the DHC network shall have a location.

RQ-PM-006 1.0

(F) DHC component
pressure

Requirement

The components of the DHC network shall affect the pressure of the distribution medium (in the
network).

RQ-PM-007 1.0

(F) DHC component
flowrate

Requirement

The components of the DHC network shall affect the flowrate of the distribution medium in the DHC
network.

RQ-PM-008 1.0

(F) DHC pipe material
thermal storage

Requirement

The pipe model shall represent the piping material thermal storage capacity.

RQ-PM-009 1.0

(F) DHC production unit
supply

Requirement

A production unit model shall supply a pressure increase and a temperature increase to the thermal
distribution medium.

RQ-PM-010 1.0

(F) DHC production unit
fuel

PL (OPN),
JG (LTU)
PL (OPN),
JG (LTU)
PL (OPN),
JG (LTU)

PL (OPN),
JG (LTU)
PL (OPN),
JG (LTU)

PL (OPN),
JG (LTU)

VC (IBM)

PL (OPN),
JG (LTU)

PL (OPN),
VC (IBM),
NL (TWT)

UC-03

UC-03

UC-03

UC-03

UC-03

UC-03

UC-02

UC-02,
UC-03

UC-002

RQ-PM(001-013)

RQ-PM(001-013)
RQ-PM(001-013)

RQ-PM(001-013)

RQ-PM(001-013)
RQ-PM(001-013)

RQ-PM(001-013)

OPN

OPN

high

appr.

OPN

high

appr.

OPN

OPN

OPN

OPN

high

appr.

low

appr.

high

appr.

high

appr.
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Requirement

A production unit model shall consume fuel.

RQ-PM-011 1.0

(F) DHC thermal efficiency

Requirement

Pipes and heat exchangers shall include a thermal efficiency.

RQ-PM-012 1.0

(F) DHC controllable
components

Requirement

Pumps and valves models shall be actuated by a control signal.

RQ-PM-013 1.0

(F) DHC dynamics

Requirement

The physical model of the DHC network shall be dynamic.

RQ-PM-014 1.0

(F) Building model

Requirement

The physical model component shall contain a building model, which is a heat sink (consumer) to the
DHC network model.

RQ-PM-015 1.0

(F) Building model thermal
time constant

Requirement

A building model shall have a thermal storage capacity.

RQ-PM-016 1.0

(F) Building thermal
connection

Requirement

The building model shall account for heat exchange between building and the DHC system, and
between building and the environment.

RQ-PM-017 1.0

(F) Building indoor
temperature

Requirement

The building model shall include indoor temperature.

RQ-PM-018 1.0

(F) Building model
consumer interaction

Requirement

The building model shall receive input from Consumer Modelling Component.

4.5
ID

PL (OPN),
VC (IBM),
NL (TWT)
PL (OPN),
JG (LTU)
PL (OPN),
JG (LTU)
PL (OPN),
VC (IBM),
NL (TWT)

PL (OPN),
VC (IBM),
NL (TWT)
PL (OPN),
VC (IBM),
NL (TWT)

PL (OPN),
VC (IBM),
NL (TWT)
PL (OPN),
VC (IBM),
NL (TWT)

UC-03

UC-05

UC-03

UC-02

UC-02

UC-02

UC-02

UC-01

RQ-PM(001-013)

OPN

high

appr.

OPN

high

appr.

RQ-PM(001-013)

OPN

high

appr.

RQ-PM(014-018)

IBM

high

appr.

RQ-PM(001-013)

RQ-PM(014-018)

IBM

high

appr.

RQ-PM(014-018)

IBM

high

appr.

RQ-PM(014-018)

IBM

high

appr.

RQ-PM(014-018)

IBM

high

appr.

RQ-CM: CONSUMER MODELLING COMPONENT
Vers. Name

Author

Source

Related RQ

Partner in
Priority
charge

RQ-CM-001 1.0
Requirement

(F) Baseline Module
VC (IBM)
UC-02
N/A
IBM
The Consumer Modelling component shall include a Baseline Module.

RQ-CM-002 1.0

(F) Thermal Comfort
Module

Requirement
RQ-CM-100 1.0

The Consumer Modelling component shall include a Thermal Comfort Module.
(F) Context information
MM (AUEB) UC-05
RQ-CM-1xx IBM

VC (IBM)

UC-02

N/A

IBM

Status

high

appr.

high

appr.

high

appr.
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Requirement

The Baseline Modelling component shall include information about the following contextual
variables: weather conditions, market prices, time of day, day of week, holiday/non-holiday, external
temperature.

RQ-CM-101 1.0

(F) Temperature
information

Requirement

The Consumer Modelling component shall include the external temperature for calculating the
consumer baselines.

RQ-CM-102 1.0

(F) External temperature

Requirement

The Consumer Modelling component shall include information about the imposed external
temperature stemming from a look-up table that is available from the utility company.

RQ-CM-103 1.0
Requirement

(F) Baseline consumption
VC (IBM)
UC-02
RQ-CM-1xx IBM
high
The Baseline Module shall output baseline consumption for the corresponding consumer.

RQ-CM-104 1.0

(NF) Baseline consumption
gender

Requirement

The Baseline Module shall output separate baseline consumption for male and female consumers
wherever possible.

RQ-CM-200 1.0

(F) Discomfort
consideration

Requirement

This Thermal Comfort Module shall incorporate methodologies for calculating the discomfort of the
consumers.

RQ-CM-201 1.0

(F) Virtual knob input in
discomfort calculations

Requirement

The discomfort model shall take information from the virtual knob into consideration.

RQ-CM-202 1.0

(F) Changes in temperature
input in discomfort
MM (AUEB) UC-02
calculations

Requirement

The discomfort model shall consider the changes in the indoor temperature of the
household/building, where indoor temperature information is available.

RQ-CM-203 1.0

(F) Comfort temperature
range

Requirement
RQ-CM-204 1.0
Requirement
RQ-CM-205 1.0

The thermal comfort module shall output a comfort temperature range for an individual consumer.
(F) User inconvenience
VC (IBM)
UC-02
RQ-CM-2xx IBM
high
appr.
The thermal comfort module shall output user inconvenience for an indoor temperature.
(F) Change in valves
MM (AUEB) UC-05
RQ-CM-2xx IBM
low
appr.

Requirement

When a change in any of the DHC network components occurs the discomfort model shall be recomputed.

4.6

MM (AUEB) UC-02

MM (AUEB) UC-02

PW (LTU),
YR (TWT)

RQ-CM-1xx

architecture RQ-CM-1xx

MM (AUEB) UC-02

MM (AUEB) UC-02

VC (IBM)

RQ-CM-1xx

UC-02

RQ-CM-2xx

RQ-CM-2xx

RQ-CM-2xx

RQ-CM-2xx

IBM

high

IBM

high

IBM

high

AUEB

high

AUEB

high

AUEB

IBM

appr.

appr.

appr.

appr.

appr.

appr.

high

appr.

high

appr.

RQ-EM: ECONOMIC MODELLING COMPONENT

ID

Vers. Name

Author

Source

Related RQ

GT (AUEB)

architecture RQ-EM

Partner in
Priority
charge

Status

RWTH,
AUEB

appr.

RQ-EM-001 1.0

(NF) Economic modelling
component interfaces

Requirement

The EMC shall have access (read/write) to the OPTi data management and storage component.

high
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(F) Consumer contract
information for OPTI-Sim

GT (AUEB)

UC-08,
KPI-5

Requirement

RQ-EM-003,
AUEB,
010, 011,
LEN
012
The EMC shall take as input parameters related to the user contracts.

RQ-EM-003 1.0

(F) Contract terms

GT (AUEB)

WP3

Requirement

The EMC shall include data for at least the following: different consumer tariffs (pricing schemes),
contract opt-in/out options and penalties.

RQ-EM-004 1.0

(F) Market simulation
module

Requirement

The EMC algorithms for economic optimisation shall utilise synthetic input concerning market prices
and availability of resources of at least two different market structures such as day- ahead/spot and
negawatt ones.

RQ-EM-005 1.0

(F) Socio-economic
sustainability analysis

Requirement

The results (output data) from the EMC algorithms shall be used for an offline socio-economic
sustainability analysis (e.g. for cost benefit analysis after applying ADR).

RQ-EM-006 1.0

(F) Production technologies GT (AUEB)

KPI-5

(F) ADR program activation

UC-08,
KPI-5

RQ-EM-002 1.0

Requirement
RQ-EM-007 1.0
Requirement

GT (AUEB)

GT (AUEB)

UC-01, UC08, KPI-5

KPI-5

Requirement

RQ-EM-009 1.0
Requirement
RQ-EM-010 1.0
Requirement
RQ-EM-011 1.0
Requirement

RQ-EM-019 AUEB

RQ-EM-009 AUEB

appr.

low

appr.

low

low

appr.

appr.

AUEB,
RQ-EM-007,
LEN,
high
appr.
009, 010
SMPL
The EMC shall take into consideration at least two different production technologies during the cost
estimation from the provider's side.
RQ-EM-006, AUEB,
(F) Energy company
UC-01, UCGT (AUEB)
008, 010,
LEN,
high
appr.
production thresholds
02, KPI-5
014
SMPL
For planning DR events the EMC shall know the provider's upper threshold for supply via the
base/main plant corresponding to the exact period of the DR events.

RQ-EM-008
1.0

RQ-EM-002,
AUEB
015, 016

high

GT (AUEB)

RQ-EM-007,
010,
AUEB
RQ-OC-200,
201

high

appr.

When the total demand from customers is forecasted to exceed the production upper threshold of
the main plant, then the ADR program shall be activated.
RQ-EM-013,
RQ-EM-014,
(F) Social welfare modelling GT (AUEB) KPI-5
AUEB
low
appr.
RQ-CM-10x
series
The EMC shall incorporate algorithms for social welfare modelling and maximisation.
RQ-EM-011,
(F) Methodologies for DR
UC-08,
012, RQand ADR consumer's
GT (AUEB)
AUEB
high
appr.
KPI-5
OC-20x,
targeting
RQ-CM-10x
The EMC shall support methodologies for selecting users to target for DR or ADR.
RQ-EM-010,
(F) Number of targeting
UC-08,
GT (AUEB)
012, RQAUEB
high
appr.
policies
KPI-5
OC-20x
The algorithms for selecting users to be targeted for DR or ADR shall include at least two different
policies for calculating the requested reduction of consumption by consumers.
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RQ-EM-012 1.0

Requirement
RQ-EM-013 1.0

RQ-EM-010,
011, RQ(F) Consumer selection for
UC-08,
GT (AUEB)
OC-20x,
AUEB
high
appr.
ADR
KPI-5
RQ-CM-10x,
20x
When an ADR program is activated, the economic modelling component shall select users to target
for ADR.
RQ-EM-003,
(F) Consumers' savings
GT (AUEB) KPI-5
AUEB
high
appr.
009, 016

Requirement

EMC algorithms for economic optimisation shall be able to estimate the customer savings in terms of
money saved from reducing the consumption.

RQ-EM-014 1.0

(F) Providers' savings

Requirement
RQ-EM-015 1.0

Requirement

RQ-EM-016 1.0
Requirement
RQ-EM-017 1.0

GT (AUEB)

KPI-5

RQ-EM-003,
AUEB,
RQ-EM-009,
LEN
RQ-EM-016

high

appr.

EMC algorithms for economic optimisation shall be able to estimate the savings from reducing the
production/supply from the provider's side.
RQ-EM-003,
UC-08,
(F) Incentives consideration GT (AUEB)
010, 016,
AUEB
high
appr.
KPI-5
017
The economic optimisation of DHC systems through the EMC algorithms shall take into consideration
the use of different types of incentives offered by the utility company for motivating and engaging
users to change their consumption behaviour and/or participating in ADR programs.
RQ-EM-003,
010, 018,
AUEB,
(F) Monetary incentives
GT (AUEB)
RQ-CM-10x, LEN
20x
The EMC shall include monetary incentives in the definition of contracts.
(F) Behavioural
RQ-EM-015,
enhancements for
GT (AUEB) KPI-05
AUEB
RQ-CM-20x
incentives and contracts
UC-08,
KPI-05

low

appr.

low

appr.

Requirement

The EMC economic optimisation algorithms shall incorporate input depicting user's behavioural
characteristics.

RQ-EM-018 1.0

(F) Decision on awarding
the incentives

Requirement

For granting/awarding the incentives as defined by the contract, the EMC shall decide whether the
terms were met.

4.7
ID

GT (AUEB)

KPI-5

RQ-EM-015,
AUEB,
016, 017,
RWTH
RQ-CM-10x

high

appr.

RG-DS: DATA MANAGEMENT AND STORAGE
Vers. Name

Author

Source

Related RQ

Partner in
Priority
charge

Status

RQ-DS-001 1.0
Requirement
RQ-DS-002 1.0

(NF) DataStore
RE (RWTH) architecure N/A
RWTH
high
appr.
The Data Storage Component shall store the data needed by Components of OPTi-Framework
(F) Sensordata
RE (RWTH) all UCs
N/A
RWTH
high
appr.

Requirement

The Data Storage Component shall store time series data denoted Sensordata.

RQ-DS-003 1.0

(F) Modellingdata

RE (RWTH) all UCs

N/A

RWTH

high

appr.
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Requirement

The Data Storage Component shall store static data of physical infrastructure in form of models
denoted Modellingdata.

RQ-DS-004 1.0

(F) Continous Sensordata

Requirement

The Data Storage Component shall store Sensordata be without gaps in time

RQ-DS-005 1.0

(F) Sensor Naming

Requirement

Each series of Sensordata is a sensor assigned with a unique (over time) name

RQ-DS-006 1.0

(F) Sensor Missing Values

Requirement

The data management component shall fill gaps in sensor data with computed values

RQ-DS-007 1.0

(NF) Control Oriented Model
architectur
RE (RWTH)
Storage
e

Requirement

Data Management Component shall store control oriented models.

RQ-DS-008 1.0

(NF) Control Oriented
Models Repository

Requirement

The Control Oriented Model Storage shall act as a repository.

RQ-DS-009 1.0

(F) Sensor Missing Values

Requirement

The Data Management Component shall import Sensor Data from files fetched from a ftp-server.

RQ-DS0010

(NF) Control system
representation Storage

1.0

RE (RWTH) all UCs

RE (RWTH) all UCs

RE (RWTH) all UCs

RE (RWTH)

architectur
e

RE (RWTH) all UCs

RE (RWTH)

architectur
e

N/A

RQ-DS-002

N/A

RQ-OC

RQ-OC-102

N/A

RQ-OF

RWTH

RWTH

RWTH

appr.

high

appr.

appr.

RWTH

high

appr.

RWTH

high

appr.

LTU

RQ-DS-011 1.0

(NF) Control system
representation Repository

Requirement

The Control system representation Storage shall act as a repository.

RQ-OF

high

high

Data Management Component shall store control system representations.
architectur
e

appr.

RWTH

Requirement

RE (RWTH)

high

LTU

high

appr.

high

appr.
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5

KEY PERFORMANCE INDICATORS

Key Performance indicators (KPIs) provide quantifiable measures that facilitate the evaluation of a certain
process, providing an insight into the performance of the system and the potentially needed improvements.
In a small process, it is possible to find a certain KPI that captures the performance of the process, while in a
large process, it becomes more difficult to define a single KPI that provides the required insight. The principal
KPIs of the OPTi project are described in this section. These KPIs focus on the main objectives of the project
and will aid in evaluating their success. More detailed KPIs (i.e. at a lower level) will be defined by the
respective technical work packages of the project.
The defined core KPIs are the following: reduced energy consumption, reduced peak load, user thermal
comfort flexibility, user thermal comfort flexibility, capability of representing real life events, economic
benefit.
It is important to note that these KPIs are not independent. For example, decreasing the overall energy
consumption (KPI-1) will be influenced by the work on the peak load reduction (KPI-2) whereas at the same
time the expansion of the user thermal comfort zone (KPI-3) will help in achieving peak load reduction. The
reduction in energy consumption will depend on the control strategies or action taken in the simulation runs
in the virtual DHC system. Therefore, the virtual system accuracy (KPI-4) is fundamental for achieving the first
two KPIs. Finally, economic benefits will be influenced by all the KPIs defined before, because all the actions
taken within the project aim the increase the benefits either for the consumer or the utility company.

5.1

CORE KPI-1: REDUCED ENERGY CONSUMPTION

Original target: The overall energy consumption is reduced by at least 30%.
Adjusted target: The overall energy consumption is reduced by at least 10%.

5.1.1

Interpretation

Reduction of the energy consumption means that a DHC system will consume less heat or cold for space
heating/cooling and tap water heating, while maintaining customer satisfaction in terms of comfort. For the
utility companies this means that less energy will be applied for the same outcome. The applied energy can
be understood in two different ways, (i) the energy that is supplied to the distribution network (ii) the energy
that is used in the heat and cold generation which is subsequently supplied to the distribution network and
in turn to the customer.
In the first case, maintaining the customer comfort, the DHC system including the building and its substations
have to become more efficient in extracting heat or needing less heat due to better insulation of buildings.
Additionally, the distribution network can become more efficient by reducing heat losses, e.g. through
improved insulation. The latter is already well optimized in Sweden, as the average distribution losses in the
Swedish DHC systems amount to not more than 7% (Gustafsson 2011). Another opportunity for reducing
energy consumption is the assessment of the room temperature adequacy and if it well aligns with the
desired temperature set by the building managers or owners. Temperatures that exceed the desired level for
space heating will consume undesired amounts of energy. Such deviations can often be observed in older
buildings where equipment has aged or not well trimmed, or where the indoor temperature is not well
regulated.
Moreover, refurbishment and increase of insulation of buildings which has a well-known effect on energy
reduction is judged to be outside the scope of the project. Any simulation based study that would determine
the amount of increased insulation and related investments would have a rather artificial character and
largely depend on the initial conditions of the DHC network and the connected consumers. It would not
necessarily give an indication of the efficiency of the methodology, but could merely be a reflection of the
conditions that the investigation started from, which is quite circumstantial.
Page 64 of 85

D2.1: State-of-the-art, scenarios, requirements and KPIs

In the second case, the utility company may still make use of the same amount of primary energy to generate
heat and cold for the supply, but may use the residual energy to generate electricity or other forms of energy
for the market. Essentially, this means that the utility company will make more efficient use of the primary
energy. Nevertheless, the above mentioned improvements may also be used in the second case.
The principal idea is then to pursue two tracks:
1. Use cost-efficient primary energy sources and at the same time reduce the usage of auxiliary
plants.
2. Reduce the number of apartments/buildings which exceed desired temperature levels.
The reasoning behind this is: (i) Auxiliary plants have low overall relative efficiency when start-up, shutdown
and fuel transport is considered; (ii) Primary plants operate at designed optimal operational point and make
use of energy sources like waste gases. Furthermore, a better performance of the DHC network and the
customers' building can be achieved by re-designing (refurbishing) the existing DHC system and building
control. This can be complemented by applying load balancing principles and the use of passive heat storages,
i.e. new control strategies. (iii) Exceeding desired temperature levels is a pure heat loss and can be discovered
relatively easy, but it can be both tedious and costly to resolve it depending on the degree of automation in
apartments/buildings.
Due to the relatively high degree of initial energy efficiency in the investigated pilots, we acknowledge that
an energy reduction level of 30% will not be possible to be proven in this project.
Based on the initial analysis and combining the tracks 1 and 2 will yield a projected level for the energy
reduction of 10%.
The adjusted targeted value for CoreKPI-1 is therefore set to 10%
Track 1
To verify this, we will use the detailed simulation models of the Luleå Pilot. To draw conclusions on what
energy saving possibilities would be possible if the approach would be applied in full scale, the dynamic
district heating network model will be used to make simplified full system simulations, to evaluate if we can
achieve the targeted 10% reduction.
While maintaining the customer needs, the reduced energy consumption KPI will be adopted in the following
way. Two approaches (cases) are foreseen, with uncontrolled customer energy demand (primary case) and
with controlled consumer demand (secondary case).
The primary case KPI is based on the constraint that the end user chooses the requested amount of energy,
and the DHC system should comply with that demand. Accordingly, it is possible to reduce the amount of
produced energy by forecasting the demands according to the given environmental conditions and the
predicted customer behaviour. Thereby, an appropriate control scenario will be adopted that will satisfy the
user demand and at the same time, reduce the losses in the system through the right selection of the energy
sources and the optimum transfer of the heat to the end user. This is essentially a production side energy
reduction case. A baseline assessment of the energy consumption in the current situation will be compared
with an assessment of the future situation using the OPTi Framework.
The secondary case KPI is more flexible, in which the objective is to meet the customer satisfaction (comfort)
levels. In this case, the objective of the control scenario is to minimize the amount of the produced energy
and optimize the heat transfer through the distribution network in order to minimize the generated energy
without violating customer satisfaction boundaries.
Track 2
The reduction of the building/apartment temperatures to desired levels will yield an energy reduction. While
the effectiveness of this track is also highly depending on the initial situation for individual buildings, it
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requires minor investments and actions by the utilities to effectuate the reduction in a real life scenario.
Moreover, the reduction will not affect the consumer comfort in a negative way and at the same time simply
adjust the buildings/apartments to their intended operating conditions.
The track in itself will require an evaluation of the current situation in the different buildings/apartments and
then perform the necessary adjustments. The resulting gain in energy reduction can be either observed or
back calculated. A complexity in the back calculation is that there need to be an understanding how individual
local changes render energy reduction. The projection of the temperature adjustments and subsequent
energy savings on a complete network is effected by a high level of uncertainties.

5.1.2

Involved tasks

The following tasks will be utilized in the process of the evaluation of the KPI:
1. T4.3 Physical systems modeling: This task will provide a large scale and dynamical models of DHC
network including buildings/houses, producers, distribution network, pump centrals, sensors, and
additional heat storage buffers. These models will help to understand the key features of the system
and to find the major areas of improvements.
2. T5.2 Optimisation and control algorithms: In this task, different flexible control and optimization
methods will be developed and tested to improve the designated level. These methods will be
developed from micro (improve the low level small parts in the plants, like pumps) and in the macro
level (improve the large scale system performance).
3. T6.3 Validation: In this task, the developed methods, those were developed and tested in
simulations, will be tested on the pilots.

5.1.3

Definition

In this section, some definitions are provided to be used in section Error! Reference source not found.
Energy density: We define the energy density as the amount of energy stored in a given system, material, or
region of space per unit volume (Shaw 2011). If it is related to the amount of energy per unit mass, then it is
called Specific Energy.
Energy Efficiency: In general, energy efficiency refers to using less energy to produce the same amount of
services or useful output. Energy efficiency is often broadly defined by the simple ratio (Patterson 1996):

𝐄𝐧𝐞𝐫𝐠𝐲 𝐄𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲 =

5.1.4

Useful output of a process
Energy input into a process

Assessment

Track 1
The reduction of the energy consumed by (or provided to) the district heating and cooling system can be
assessed by summing the energy used by the plant by finding the amount of consumed fuel and multiplying
it by the Energy density and/or Specific Energy. Accordingly, if we have multiple plants (n) that will provide
the required energy for the DHC, the total energy that is consumed by (or provided to) the DHC system can
be calculated as
n

Total input Energy = ∑ consumed fuel of plant i × (fuel Energy density or specific Energy)
i=1
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Knowing that useful output of the DHC, which is the delivered energy in the primary KPI and the customer
comfort in the secondary case, should be kept constant during the assessment. This can be interpreted as
the improvement in the Energy Efficiency, as well.
Track 2
The reduction of the energy consumption can be quantified for a number of residential building complexes
which exhibit the described phenomena. Besides the initial assessment of the deviation in the temperature
it is necessary to consider and judge the environmental conditions at which tests are conducted. The
improvement in energy reduction can then be quantified by either calculation which is usually a rough
estimate of the saving, or by performing an assessment through experimental comparison before and after
the improvement. The involved engineers will need to judge that the environmental conditions are similar
for the two periods.
The effectiveness of the measure can then be quantified by calculating the ratio of the saved supplied energy
and the supplied energy before the improvement was made.
Combining track 1 and 2
Tracks 1 and 2 are independent of each other and can therefore be combined linearly, which means the
savings can be added.
I need to be noted that the effect on the energy reduction by track 2 is circumstantial and may not be
understood as an average saving potential for a complete DHC network with consumers. Nevertheless, the
effectiveness of this measure is exemplified.

5.2

CORE KPI-2: REDUCED PEAK LOAD

Target: The energy consumption during periods of peak load is reduced by at least 40%.

5.2.1

Interpretation

To fully cover the demand of the users, different technologies are used in the power plants with different
CO2 emissions per kWh and costs per kWh. So when there is a peak load, less profitable and environmental
friendly technologies are used, for that reason supplier companies want to avoid peak loads. Reducing peak
loads means moving the energy demand from one period to another period in other to reduce the use less
deliverables technologies. Another topic would be to reduce the overall consumption, which will be covered
in the KPI 1.
Within this project, different strategies will be used to reduce peak consumption as passive storage and user
room temperature flexibility, moving the energy from peak load period to off-peak load period.
The KPI will be evaluated in the following tasks:
1. T3.3 Economic modelling and sustainability: This task will analyse the costs of productions of various
resources of energy as well as other parameters that can influence production costs. The economical
saving of the economic model will be strongly influenced by the reduction of Peak Loads.
2. T5.3, Automated DR algorithms: A priority in this task is to design ADR algorithms to reduce Peak
Loads respecting consumers’ convenience.
3. T5.2 Optimisation and control algorithms: Control algorithms will optimize the way of reducing peak
loads and accordingly, reducing the production costs, taking into account the user comfort decrease.
4. T6.3 Validation: Peak Load findings and user behaviour in a DR will be validated in the field trials
within this task.
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5.2.2

Definitions

Demand: Energy consumed or forecasted to be consumed by a user or group of users.
Peak Load: maximum load of the system that occurs within a period of time. Taking into account the time
scope of the project, the peak load will be defined within a day.
Peak load is defined on a demand curve. There are different demand curves corresponding to a set of peak
loads in the project. Peak load will be analysed on the following demand curves:
1. Aggregated Demand. Overall demand is obtained adding all the demands in one. In Hospital Son
Llatzer will be hot water demand (from adding tap water, inductors and AHU demand) and cold water
demand, and from Lulea pilot hot water demand (adding tap water and heating water). This
parameter is relevant in order to study how to adapt demand to production, and see in which period,
higher energy production is needed in order to cover the demand with the different hot water
technologies producers.
2. Discrete Demand. This demand is for the different types of consumption depending on its use. In the
case of Son Llatzer, UHA hot water, Inductors hot water, sanitary water, UHA cold water and
Inductors cold water. In the case of Lulea, space heating and tap water heating.
3. Singular Demand. This demand is customized for specific studies. Aggregating different clients
demand from specific nodes or sectors, it can help to detect supply deficiencies or singularities of
the net in order to improve the forecasting and supply problems.

5.2.3

Assessment

As introduced before, there will be no difference in definition between forecasted demand peak load and
real demand peak load. Peak load will be define as a period of time in hours in a day where there is the
highest load in average.
The KPIs based on peak loads will be de following:
1. Aggregated Peak Load: Based in Aggregated Peak load, it’s the time where there is the highest
demand of energy. This peak load has its relevance because generation plants have to use other
technologies (a part from Co-generation) to cover the demand, using technologies less efficient. In
this case, when the demand make another technology to start generating, it will be called peak load
critical point.
2. Discrete Peak Load. Based on a particular demand in term of use, this peak load shows the energy
generator the origin on peak loads, and he can plan actions more specific, since every discrete
demand has different behaviour. For example, tap water has a different curve demand to the rest of
the demands and it is difficult to influence it if the user doesn’t change his shower slot time.
3. Singular Peak Load. When tests are not applied to the whole system and it’s applied to a specific
demands, as a particular zones demand or a specific bunch of users demand.
The KPI defined in this section will be applied to either trials, Lulea and Mallorca, however, they will be
conditioned by the costs of each production costs.
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5.3

CORE KPI-3: USER THERMAL COMFORT FLEXIBILITY

Target: The average user-accepted temperature comfort zone is widened by approx. 2 degrees Celsius or
more. In terms of the KPIs defined later in this section, this can be interpreted as Δ𝐶𝑅𝑖 ≥ 20 𝐶, to be
validated in T6.3.

5.3.1

Interpretation

Quantifying the thermal comfort flexibility of users of a DHC system is important in the context of the OPTi
project in the following ways:
4. T3.1, Consumer preference modelling: One of the objectives in T3.1 is to define consumer utility
functions that depend on the consumers’ consumption profiles and context, their comfort zones, the
baseline consumption, etc. Hence, defining the comfort zone for the consumer is central to modelling
consumer preferences.
5. T5.3, Automated DR algorithms: In the first stage in T5.3, optimization frameworks would be
investigated to determine the most optimal comfort settings over a given time window in order to
achieve the target peak demand reduction. This approach would require knowledge of the
consumers’ preference settings (for example, lower and upper temperature bounds) in order to make
use of the underlying flexibility in these settings. In Section 4.3.2 we have quantified the preference
settings and flexibility in these settings by defining “comfort zone” and “comfort range” respectively.
6. T6.3, Validation: In this task, the key findings from the project would be validated in field trials. One
of the aspects that would be validated is the change in the user’s thermal comfort flexibility as a
result of interventions such as DR.
In an attempt to quantify the thermal comfort flexibility as required by the above tasks, we present an initial
proposal below. The proposal is expected to be modified and enhanced further as we proceed with the
above-mentioned tasks.

5.3.2

Definitions

We introduce a few definitions below as a prelude for the KPIs proposed in Section 5.3.2.
User: We define a user as an entity which derives benefit in the form of thermal comfort from the DHC
system. In the case of residential buildings, the users correspond to residents who live in these buildings. In
commercial buildings, the users are the occupants e.g. employees in office buildings or patients in a hospital.
Comfort Zone: We define the comfort zone, 𝐶𝑍𝑖 for the user 𝑖 as a triplet given by equation (1). Here, 𝑇𝐿𝐵,𝑖
is the lowest temperature at which user 𝑖 is comfortable. Correspondingly, 𝑇𝑈𝐵,𝑖 is the highest temperature
at which the user is comfortable. 𝑇𝑚𝑒𝑎𝑛,𝑖 is the average comfort temperature for user 𝑖.

𝐶𝑍𝑖 = {𝑇𝐿𝐵,𝑖 , 𝑇𝑈𝐵,𝑖 , 𝑇𝑚𝑒𝑎𝑛,𝑖 }

(1)

Comfort Range: We define the comfort range 𝐶𝑅𝑖 , corresponding to a given comfort zone 𝐶𝑍𝑖 in equation
(2).
𝐶𝑅𝑖 = 𝑇𝑈𝐵,𝑖 − 𝑇𝐿𝐵,𝑖

(2)
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5.3.3

KPIs

In the KPIs proposed below, we make use of two superscripts, “baseline” and “new”, for various quantities.
The superscript “baseline” indicates the default value of the quantity, i.e. the value without any intervention
events (such as DR). The superscript “new” indicates the new value of the quantity, as a result of an
appropriate intervention (e.g. DR). It should be noted that the exact connotation of “new” depends on the
type of intervention. However, such details need to be considered only when using the KPIs during various
tasks in the project (T3.1, T5.3 and T6.3). In this chapter, we only present a generic definition of these KPIs
without specific attribution to a particular use case. The proposed KPIs are as follows:
𝑛𝑒𝑤
𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
4. Δ𝐶𝑅𝑖+ ≔ 𝑇𝑈𝐵,𝑖
− 𝑇𝑈𝐵,𝑖
.

This KPI denotes the change in the highest temperature at which the user 𝑖 is comfortable, as a result
of an intervention event. It can assume both positive and negative values. A positive value indicates
an increase in the comfort flexibility with respect to the highest temperature that the user is willing
to tolerate.
𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
𝑛𝑒𝑤
5. Δ𝐶𝑅𝑖− ≔ 𝑇𝐿𝐵,𝑖
− 𝑇𝐿𝐵,𝑖
.

This KPI denotes the change in the lowest temperature at which the user 𝑖 is comfortable, as a result
of an intervention event. It can assume both positive and negative values. A positive value indicates
an increase in the comfort flexibility with respect to the lowest temperature that the user is willing
to tolerate.
6. Δ𝐶𝑅𝑖 ≔ Δ𝐶𝑅𝑖+ + Δ𝐶𝑅𝑖− .
This KPI denotes the change in the comfort temperature range within which the user 𝑖 is comfortable,
as a result of an intervention event. It can assume both positive and negative values. A positive value
indicates an increase in the overall comfort flexibility, which can be a result of an increase in the
lowest temperature or highest temperature or both lowest and highest temperature that the user is
willing to tolerate.
𝑛𝑒𝑤
𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
7. Δ𝑇𝑚𝑒𝑎𝑛,𝑖 ≔ 𝑇𝑚𝑒𝑎𝑛,𝑖
− 𝑇𝑚𝑒𝑎𝑛,𝑖
.

This KPI denotes the change in the mean comfort temperature preference of a user 𝑖, as a result of
an intervention event. It can assume both positive and negative values.

It should be noted that these KPIs can be applied to both the trial sites in OPTi – i.e. Luleå and Mallorca.
However, the methodologies used for determination of both “baseline” and “new” values of the comfort
zone 𝐶𝑍𝑖 are expected to differ between these trial sites because of the different types of users (residential
vs. commercial) and different DHC system types. In particular, for the Luleå trial site, we plan to use a “virtual
knob” – i.e. an interactive user thermal feedback collection mechanism that would be designed in the project.
Statistical analysis can then be used to establish comfort zone for each user based on the feedback provided
by her. In contrast, in the Mallorca trial site, relevant commercial building codes (e.g. ASHRAE) can be used
to establish the baseline comfort zones. Detailed methodologies on determination of comfort zones based
on feedback from the “virtual knob” are beyond the scope of this document and will be the subject matter
of D 3.1 and D5.3. One of the underlying efforts in these methodologies would be to translate comfort zones
from the user level to a room/house/building level; that is to aggregate feedback from multiple users. The
design of the “virtual knob” will be covered in D2.2 and D2.3. One of the central goals of the project is to
increase the comfort flexibility of users by 2 degree C or more. One possible interpretation of this goal is that
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Δ𝐶𝑅𝑖 ≥ 20 𝐶, to be validated in T6.3. It should also be noted that In general, these variables appearing in
the above KPIs can be time-varying, but for simplicity of presentation we have ignored this. An appropriate
extension to the time varying case can be included, when needed. For additional reading on thermal comfort
temperature bounds, we direct the reader to references (ASHRAE, 2010) and (Tyler et. al., 2013).

5.4

CORE KPI-4: CAPABILITY OF REPRESENTING REAL LIFE EVENTS

Target: The virtual DHC system shall represent real life events with 95% accuracy.

5.4.1

Interpretation

The OPTi project develops a virtual DHC system (OPTi-Sim) for testing, demonstrating and verifying the real
world effectiveness of alternative energy sources, additional thermal storages and component
modernization in terms of cost and energy effectiveness, prior to real life deployment.
OPTi-Sim will create sufficient added value for the utility company if and only if real-life events are replicated
correctly and if the users of OPTi-Sim (operators and engineers) trust the results indicated by OPTi-Sim.
Therefore, the capability of OPTi-Sim to be able to represent real-life events need to be quantified.
From a user perspective, real-life events can be categorized as changed operating conditions of the DHC
system, engineered modifications of the DHC system, failures and degradation of system hardware. Examples
for events within the different categories are the following:


Peak load event (changed operating condition)



Adverse weather conditions (changed operating condition)



Optimisation and/or change of valves (engineered modification)



Additional thermal storages (engineered modification)



Stiction in valves (failure and degradation)

Any of the events will lead to reactions or changes in the dynamic behaviour of measurable variables, which
should occur both in OPTi-Sim and the real-life DHC system. If a user (independent of gender) is able to
perceive both events as the same event, then OPTi-Sim is correctly replicating the event and building trust of
the user to the reported result.
OPTi-Sim is composed of a large number of components which represent software and hardware available
in the real-life DHC system. While models of small scale components may be validated in an isolated fashion,
see for example (Schoukens & Pintelon, 2014) or (Ljung, 1998) as a reference, models for large scale
interconnected system, which operate in a vastly changing environment, are extremely difficult to validate
based on time series analysis of measurement data or experimental data, see for example (Horner, 2012).
Therefore, an approach to assess the replication of events within defined real-life use-cases will be used to
quantify the capabilities of OPTi-Sim.
The following tasks will be utilized in the process of the evaluation of the KPIs:
1. T4.3 Physical systems modelling: This task develops and implements large scale dynamical models
of a DHC network including buildings/houses, producers, distribution network, pump centrals, and
sensors.
2. T3.1 Consumer modelling: This task develops consumer models accounting for the thermal comfort
of involved consumers.
3. T3.3 Economic modelling: This task sets up the economic models.
4. T6.3 Validation: This task includes all tests performed in the project, for the simulator as well as field
trials for the pilots. The evaluation of KPI-4 is mainly part of this task.
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5.4.2

Definitions

In order to determine if an event is sufficiently well replicated a number of indicators can be used. Those
indicators should reflect the dynamic effects of an event. They are defined as follows:
1.

Correct timing. The event is represented sufficiently accurate in time, which means the cause
and effect relationship is correct. For a number of measured variable of a use-case, the reaction
time 𝑡𝑟,𝑟𝑒𝑎𝑙 from the event onset is recorded. Similarly, the reaction time 𝑡𝑟,𝑠𝑖𝑚 is recorded. The
users will then define a threshold 𝜏𝑟 which implies correct timing if |𝑡𝑟,𝑟𝑒𝑎𝑙 − 𝑡𝑟,𝑠𝑖𝑚 | < 𝜏𝑟

2.

Correct direction. The event will lead to a relative motion 𝑥̇ 𝑖 = 𝑑𝑥𝑖 /𝑑𝑡 of the measured
variables 𝑥𝑖 . The direction of the real 𝑥̇ 𝑖,𝑟𝑒𝑎𝑙 and the simulated 𝑥̇ 𝑖,𝑠𝑖𝑚 need to be the same for
variables selected in the use-cases, which means 𝑠𝑖𝑔𝑛(𝑥̇ 𝑖,𝑟𝑒𝑎𝑙 )=𝑠𝑖𝑔𝑛(𝑥̇ 𝑖,𝑠𝑖𝑚 ).

3.

Correct magnitude. The motion of the measured variables will lead to a 𝑑𝑥𝑖 during the event
onset and a use-case dependent time thereafter. By evaluating the gain 𝑘𝑖 = 𝑑𝑥𝑖,𝑟𝑒𝑎𝑙 /𝑑𝑥𝑖,𝑠𝑖𝑚 the
magnitude value can be quantified. The users will then define a threshold 𝜏𝑚 which implies
correct magnitude if |1 − 𝑘𝑖 | < 𝜏𝑚 .

5.4.3

Assessment

To compare simulation results with real world measurement data, an appropriate amount of each data is
usually required. Only then one can derive a meaningful performance of the developed simulation. The gold
standard here are hypothesis tests from the field of statistics used to formulate (statistically) significant
statements. Such tests are able to determine quantitatively the overall comparison of a simulation result
with respect to a given real world scenario. Since this approach is rather challenging for the amount of data
collected and generated in the project, we propose a more simple procedure. Said procedure has a
qualitative and quantitative part.
The qualitative part is basically a graphical comparison of simulation results and measured data. Each graph
ideally displays not only the principal value of the simulation and the measurement but also the
corresponding error margins. The specification of the used sensors provide numerical values for the latter.
Here, expert judgment by LTU and LEN engineers eventually confirm or disconfirm the appropriateness of
the simulation model. In principle, the overlap between the two bands hence serve as a surrogate for the
fidelity of the simulation and its ability to represent real world events. This approach can be complemented
by a more quantitative analysis if needed.
The quantitative analysis investigates whether the difference between simulated and measured data points
is significantly different from zero. If yes, this results indicates that the used model/simulation is not properly
representing the real world event it was designed to mimic. Depending on the magnitude of the deviation,
the model needs minor or major alterations and tuning. If the analysis does not result in a significant
deviation from zero, the simulation captures the real event appropriately and does not have to be adjusted.
The described approaches require the data points from the simulation and the available measurements to
be synchronized, but this requirement should only be a minor obstacle. The specification of the used sensors
provide the threshold values of the corresponding indicators as described in Section 5.4.2, the accuracy of
the simulation model has to be determined
For the use-cases which are conducted during the pilot tests, each event is described and measured variables
(𝑈𝐶)
𝑥𝑖
are selected.
A set of pilot tests will be defined and the events will be evaluated if they are correctly replicated by OPTiSim, based on the assessment of the indicators for the correctness of replication. OPTi-Sim shall be capable
of replicating 95% of the described events from the use cases.
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5.5

CORE KPI-5: ECONOMIC BENEFIT

Target: Core Impact KPI-5: Increased economic benefit for consumer and utility company by at least 15%

5.5.1

Definitions

To quantify the DR or ADR effects on user demand and user comfort, as well as the relevant benefits in
economic terms, the key indicators to be used relate to price elasticity, rate of participation, and discomfort
caused to users.
Price elasticity is a normalized indicator of the demand response intensity. This coefficient is based on the
theory of demand and supply in micro-economy.

Figure 8. Market Equilibrium

Figure 8 depicts the operation of a competitive market in general; the demand for most commodities
decreases as the price of the commodity increases as illustrated by the demand curve. When the amount of
supply and demand are equal (i.e. when the supply function and demand function intersect) the economy is
at equilibrium. At this point, the allocation of goods is performed in the most efficient way, as the amount of
goods being supplied is exactly the same as the amount of goods being demanded. However, in real life,
consumers demand can be affected by various market factors (e.g. price), thus resulting in demand curves
that can change in a nonlinear manner. Price elasticity of demand is used to describe this relative change in
demand for a commodity that would result from a change in the price of this commodity.
Price elasticity can be decomposed into three types:


Self-elasticity: measures the demand reduction in a certain time interval due to the price of that
interval. It is always negative; usage goes down as price goes up. For example, if a customer’s price
elasticity is 0.15, then a doubling (100% change) of price results in a 15% reduction in electricity usage
or other things equal. Higher elasticity values are translated into increased price response by
customers.



Cross-elasticity: measures the effect of time in a certain interval on the electricity consumption
during another interval. Namely, it measures the consequences of reduced electricity usage on other
goods. If a customer buys less electricity, then he has more money for spending them on other goods
and services.



The elasticity of substitution: measures the rate at which the customer substitutes off-peak
consumption for peak usage in response to a change to the ratio of peak to off-peak prices. It can
have a positive value (or zero) and is commonly used in analysing price response among large
industrial and commercial customers.
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Price elasticity is a useful index because it allows for comparison of the load response of customers facing
different prices. Figure 10 summarizes the results of studies that estimated the price response exhibited by
customers that participated in voluntary programs that involved time-varying prices. For each study, the low,
average (or typical), and high estimates of price response are illustrated, although the interpretation of the
low to high range values varies somewhat across studies. The results suggest that average price elasticity
values are fairly similar and serve to observe the behavioural changes of residential, industrial and
commercial customers. On the contrary, one could argue that the low and high elasticity values both for C&I
and residential customers exhibit large variations, which can be interpreted by the differences in terms of
price responsiveness across business categories and various market segments.
Various factors may influence customers’ price elasticity, including the nominal level of prices. For example,
some customers may be relatively irresponsible when prices are low but find it worthwhile to reduce load at
very high prices. This characteristic of price elasticity has important implications for the design and evaluation
of time-varying pricing and DR programs. As for the residential customer response to time-varying prices
evaluation studies often report that price elasticity is driven in part by the number of specific appliances that
are present in the home. Climate plays also a significant role, as well as the residents’ characteristics and the
events that they affect, when they are at home and likely to shut off devices or reduce usage.

Figure 9: Customer Response to Time-Varying Prices: Price elasticity Estimates (QDR, 2006)

Finally, great role in the evaluation of DR programs have the customer acceptance and their engagement and
rate of participation in dynamic pricing and DR programs. Important factors in the consumer’s decision to
participate and enrol include the level and type of incentives offered, the type of contracts and the associated
programs, the contract terms (e.g. duration and frequency of curtailments), assessment of risks and value
(e.g., financial consequences for failures), effectiveness of program design and implementation (e.g.,
marketing, technical assistant) (Hart, 1989)Error! Reference source not found.. Besides in some DR programs
(e.g., where customers do not directly respond to prices) their response is typically measured by the amount
of load reduced.

5.5.2

KPIs

In this section, a number of key performance indicators are identified and described as candidates for
evaluating DR or ADR from an economic perspective as a whole (Minou, 2014).


KPI5,1 : Difference of the real consumption from the baseline. This is the most common indicator and
is used to evaluate the accuracy of the methodology used for the baseline estimation. It can be
measured as the difference (in percentage or absolute number) in terms of loads (KWhs) of the real
consumption from the baseline consumption before, during and after the DR event.
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KPI5,2 : Demand Price Elasticity (Self Elasticity). It measures the sensitivity of customer’s demand to
price changes. It can be calculated using the following formula:

where e is change in energy demand and p is change in price.


KPI5,3 :Customer Responsiveness. It is an indicator that measures how many customers have
responded to a DR program following a DR signal sent to them, like a change in price. It can be
measured as the total number of signals sent back by the customers as an absolute number or a
percentage. The term “signal” as a feedback is defined in each case based on the particular context
of the DR program (for example the GUI utilized). Furthermore, at the time of the reaction of the
user, the related context-specific aspects can be observed and necessary metadata stored for further
use (e.g. the customer responsiveness on weekends).



KPI5,4 : Absolute or Relative Load Impact. Further to the above metric this one is used in order to
specify the intensity of customer’s response and can be measured as the number of kW of load
curtailed or the percentage (%) of customer’s total load that is curtailed during the peak and off-peak
hours.



KPI5,5 : Absolute Discomfort Impact. It is used to express how much the customer’s comfort has
changed. It is a simple but important indicator and there are various options of measuring it,
depending also on the definition of “customer’s comfort” in the specific case. An example of
discomfort is the temporary change of temperature to save energy (momentarily stopping air
conditioning in summer or heating in winter) as perceived by the consumer .



KPI5,6 : Discomfort level against total energy reduction constraint. Considering the case that there is
an objective set by the environmental/energy manager or administrator of achieving a specified %
reduction of total consumption (expressed as a “hard” constraint) in a specific household or office
premises, etc., this metric measures the level of discomfort caused by the specified reduction. This
may vary based on the different reduction strategies utilized in order to achieve the target reduction.
i.e., Discomfort level X achieved for reduction
(NewTotalConsumption - Orig.TotalConsumption ) [%]



KPI5,7 : Total energy reduction against discomfort level constraint. Compared to the aforementioned
metric this one investigates the inverse case i.e., the challenge here for the energy administrator of
the building is to achieve the maximum reduction of energy consumption without exceeding a
specific discomfort level/threshold. i.e., Given a Discomfort level X,
(NewTotalConsumption - Orig.TotalConsumption ) [%] is achieved.



KPI5,8 :Customer Engagement Index. It is an indicator that measures the number of times that a
consumer has complied with the contracts terms, i.e. granting the permission to the provider to
control the appliances in her premises, without opting out of the program. It can be measured either
as a percentage or an absolute number.

Furthermore, in order to quantify the potential net economic benefits of DR programs the following KPI can
be utilized:


KPI5,9 : Net Economic benefit for a player. This metric constitutes the difference of profits before and
after the DR program.

For an overall measure of the economic impact of a DR program on the entire society (including both players
and users), can be given by:
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KPI5,10 : Difference in Social Welfare. This is the sum of the net economic benefits of all players in the
value chain, plus the sum of net benefits of all users. It can be easily seen, however, that this amounts
to the difference of the sum of user utilities after and before DR plus the difference of the total cost
for energy production and distributions

Consequently, special methods should be developed to measure the economic and financial benefits of the
various energy value chain players arising from the load/demand reduction due to the adoption and
application of different DR programs under different types of markets. There are many factors and
externalities among players to consider when determining the economic benefits, which can be short-term
(e.g., peak reduction leading to less frequent usage of costly backup generators) and long-term (e.g., stability
of the distribution and transmission networks resulting in lower maintenance costs and better network
planning). However, at the end of the day, it all comes down to estimating and comparing the total associated
costs for each value chain player including the users, as well as the resulting difference in revenues before
and after the deployment of the DR systems and programs, in order to obtain both the net economic benefit
for each player and the difference in social welfare for the system as a whole.
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6

CONCLUSIONS

In this deliverable we presented the first technical stages of the OPTi-project, creating a solid base for the
subsequent work within the work packages of the project. The state of art written in this document,
represents a revision of the one from the proposal, updating and extending it, showing a good picture of the
main Reseach Areas covered in OPTi from a top-level perspective. However, this task is not completed, and
every work package will continuously track and update the state of art in the respective areas.
The main technical objectives of the project are quantified in the Key Performance Indicators (KPIs), in order
to focus the work develop during the project. These KPIs are not interpreted, defined and an assessment
procedure is laid out. In this way, Use Cases are defined in order to cover the KPI requirements.
Furthermore, a preliminary System Architecture is composed and used to organize the requirement in
relation to different components and their interaction. The requirements of the different components are
captured and presented.
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