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Introduction
The Celsius project aims at developing optimizing and promoting efficient decentralized
heating and cooling systems in cities by consistently contributing to the reduction of CO2
emissions and of primary energy consumption. The project involves five different cities
(Gothenburg, Cologne, Genoa, London and Rotterdam) and foresees the realization and
monitoring of 10 new demonstrators covering different efficient technologies, systems
and practices
This deliverable 2.1 was developed in the framework of WP 2 which aims to document
the design and demand specification for the demonstrators in WP3 and identifies what
opportunities there are for improving their performance. In this Deliverable the aim is to
describe the state of the art of user aspects (households) of heating and cooling systems
in apartment buildings. The document is based on the scientific literature, summarizing
key publications, and reporting on insights gained from current research in the CELSIUS
demonstrators. We have used two CELSIUS countries, Sweden and the Netherlands, to
exemplify the end user related aspects.
The document is divided in three chapters: (1) Comfort, (2) Awareness, Behaviour
change and acceptance, and (3) Energy management. Since this deliverable focuses on
end user aspects we start out to explain the basic theoretical notions of ’making oneself
comfortable’ in terms of staying warm indoors, and then move on to current approaches
concerning awareness of environmental and social aspects of domestic energy
consumption. Finally, a practically-oriented overview is given of management systems in
district heating related to end user aspects based on the Swedish situation.
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1. Comfort
1.1 Thermal comfort defined as universal physicological construct or sociocultural construct
1.1.1

Thermal comfort as universal physiological construct

Thermal comfort can be brought back to one of the basic needs of humans, according to
Maslow’s hierarchy of needs (1943). However, thermal comfort can be regarded in
different ways. One way which has been prevalent for many years, and has been
integrated in world-wide applied standards for buildings (ASHRAE), is to approach
thermal comfort as a universal physiological condition of the human body that can be
measured and determined through experiments from the early 20th century. One of the
models that became leading in many respects was developed by P.O. Fanger (1934–
2006) in the 1960s. He considered comfort to be the temperature where people (are
predicted to) express a feeling of (or close to) thermal neutrality on a scale from hot to
warm, slightly warm, neutral, slightly cool, cool and cold. Variables included are:
metabolic rate, clothing, air temperature, radiant temperature, air velocity and humidity.
According to this approach, it becomes possible “for any activity level and any clothing, to
calculate all combinations of air temperature, mean radiant temperature, relative velocity
and air humidity, which will create optimal thermal comfort for man” [Fanger, (1970),
p.15]. Consequently, it suggests that a model can calculate whether someone (or more
precisely a certain percentage of people in a group) will feel comfortable under certain
conditions, and people are considered as more or less passive receptors of this comfort.
This model is called the predicted mean vote (PMV) model, see Appendix A for an
overview of comfort models.

1.1.1.1 Psychological factors
In later years, the PMV model and the notion of comfort as technological construct was
heavily critized. An often heard critique of the PMV model is that ‘psychological factors’
are not taken into account. Rohles (1980) for example, in his ‘psychologist look at
comfort’ showed that making adjustments to the interior design of a room (e.g., add
carpets, wood panels and comfortable furniture) without changing anything in its thermal
parameters made occupants feel warmer. Similar to providing placebo medicine to
patients, just telling people that the temperature was higher than it actually was already
had this effect. While it is recognised that psychological aspects are ‘important factors’ in
the experience of thermal comfort, they tend to be dismissed as ‘very hard to deal with’
[Höppe, (2002), p.661].
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Another recurring issue with this view on comfort as a fixed condition is the focus on
averages, standardisation and uniformity. However, in contrast to predictions of the PMV
model that state people are comfortable between 20°C and 23°C (ISO NEN 7730, 2005),
studies worldwide have found people reporting to be comfortable in temperatures ranging
from 6°C to 40°C (Goldsmith, 1960; Höppe and Seidl, 1991; Nicol et al., 1999).
Apparently, people feel comfortable within a much wider range of climate conditions than
the models predict, which gives way to other notions of comfort, see Appendix A, that
have started as critique to the PMV model and the expectations of comfort that arose as
a result.

1.1.1.2 Expectations of comfort
The standards that were introduced by Fanger have been applied in our built
environment and have materialised in products that ‘provide’ comfort such as air
conditioners, (de)humidifiers, air purifiers, heaters and so on [these products and
systems are commonly referred to as heating, ventilation and air-conditioning (HVAC)
systems]. As such, they have also created conditions of inherently mechanised comfort
that people have come to expect (Shove, 2003). Expectations of comfort are influenced
by the highly varied and complex area of social, cultural, economic, and other factors that
define people’s image of comfort, and also influence the actual experience of comfort
(Bazley et al., 2012). Research by Brager and Dear (2000) including 160 different office
buildings showed that occupants of air-conditioned buildings – as opposed to naturally
ventilated buildings with higher varieties in temperatures – have developed higher
expectations for thermal consistency; they were twice as sensitive to thermal conditions
deviating from the ‘optimum’. These expectations that developed in mechanically cooled
and heated buildings stay within a relatively narrow temperature range and require more
cooling in summer and more heating in winter than expectations based on natural
ventilation conditions. Thus, these technologies strongly influence what is considered
comfortable, thus creating a ‘need’ for mechanised heating and cooling.

1.1.2

Thermal comfort as negotiable socio-cultural construct

An alternative way of looking at comfort – i.e., in contrast to seeing it as a universal
physiological condition of the human body that can be optimally provided for by the
mechanically conditioned indoor environment – is to see it as a ‘highly negotiable sociocultural construct’ [Chappells and Shove, (2005), p.32]. This approach acknowledges the
high inter- and intra-personal variety that exists between (thermal) conditions that are
considered comfortable (Van Hoof, 2008). Comfort is then seen as an achievement
rather than an attribute. A consequence of this recognition is that ‘comfortable’ means an
environment in which people can make themselves comfortable; i.e., an environment that
5
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offers sufficient possibilities for adjustment and adaptation to achieve comfort (Chappells
and Shove, 2005; Shove et al., 2008).
Chappells and Shove (2005) argue that an implication of this view for policy, which could
equally apply to design, is that instead of providing specified comfort conditions, one
should ‘provide opportunities in which people make themselves comfortable’ (p.34). In
the words of Brager and Dear (2000), a novel standard is needed that can account for
the complex and highly varying ways in which people “interact with their environments,
modify their behaviors, or gradually adapt their expectations to match their surroundings”
(p.21). Based on their extensive study, Brager and Dear (2000) propose a shift from the
lab-based PMV models that subscribe ranges between 20°C and 23°C, to an adaptive
model based on outdoor temperatures, suggesting indoor temperatures ranging from
17°C to 31°C.

1.2

Socio cultural aspects of thermal comfort

Preferences and practices of indoor climate have changed historically in response to the
scientific and technological development of indoor-climate technologies (Shove, 2003).
Wilhite et al. (1996) compared practices in Japan and Norway to show how cultural
differences coexist with technological differences and strongly influence both practices
and preferences for space heating and clearly points to their importance by stating that in
Norway, “when friends or relatives visit, an absence of a strong affirmation of coziness
constitutes a social disaster”. Kuijer and De Jong describe an historical exploration of
different practices of heating between The Netherlands and Japan (Kuijer and De Jong,
2012). The study differentiated between space heating which heats the entire space,
through convection, radiation and/or air-conditioning and involves a time-lag; and person
heating, which only heats the body, for instance a hot drink or a hot water bottle. In
between person and space are heat sources that are more or less fixed in a room but still
local, like an electric carpet, or small electrical stoves. Although the practice of space
heating is increasing, person-oriented heating practices are generally and historically
adopted more in Japan.
In a Danish setting, Gram Hanssen (2011) studied 500 Danish households living in newly
built identical homes, and found large differences in how they went about with their
heating. In indepth interviews with five households she created five narratives about the
practice of regulating the indoor climate that show differences between the families but
also display the collective structures of the practice. To draw more general conclusions,
the way ahead is not to identify more types or to quantify these types in a broader
material. Here she states ’’The learning for energy policy and other practical applications
should rather be on the insights gained from the four elements holding these practices
6
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together, which are the technologies, knowledge, habits, and meanings of residential
heat comfort. Environmental, technical, and economic interest in saving are only a few
aspects of the meanings and engagements that are important for practices of heating
and indoor climate.’’
This provides starting points for studies into thermal comfort and heating practices.
Rather than documenting all kinds of practices, the aim should be to study the elements
that practices consist of and which are shared socially and evolved over time. In the next
section, such studies in two countries which are relevant to the CELSIUS project are
shortly introduced, The Netherlands and Sweden.

1.2.1

Heating in the Netherlands

Central heating is nowadays the most commonly used way of achieving a ‘comfortable’
temperature at home. 80% of Dutch households have some form of individual central
heating system (MilieuCentraal, 2010), consisting of a central-heating boiler, radiators in
each room with separate faucets and a central thermostat. The discovery of large
amounts of natural gas on Dutch soil in the 1960s, in combination with government policy
has initiated a transformation to gas heating in a relatively short time. This transformation
has triggered a longer heating season, an increase in the average indoor temperature
and a rise in the number of rooms heated (Moll and Groot-Marcus, 2002). Between 1950
and 1980, energy demand for heating rose from 14 GJ per capita per year to 37 GJ (Van
der Wal and Noorman, 1998). Then, triggered by rising energy prices due to the oil crisis,
increased efficiency of central-heating boilers and improved insulation of homes led to a
decrease of per capita heat demand to approximately 26 GJ today (MilieuCentraal,
2010). However, the decline seems to have stagnated and energy demand for heating in
the home still accounts for an average of 51% of households’ total energy consumption.
An average Dutch household uses about 1,600 m3 of gas per year, of which
approximately 75% is used for heating (MilieuCentraal, 2010).
Central heating systems, in combination with insulation can offer a rather constant indoor
temperature. However, there are variations in experience of thermal comfort, for instance
during activities like watching TV or working at the computer people can get cold, and
v.v. when cooking or cleaning they get (too) warm. Also certain moments of the day, for
instance when coming home or waking up show peaks in heat requirements. People can
even have variation in different parts of the body that are not clothed, like hands or the
neck, or their feet which are in direct contact with the floor. In spite of high variety in heat
requirements, we see that technologies for heating homes are converging towards
increasingly inflexible systems. Central heating is already widespread and floor heating is
(slowly) on the rise for newly built homes, stimulated by policy measures as an
7
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environmentally desirable building option (Kleefkens, 2008). The newest developments
are heat pumps in combination with low-temperature-heating (LTH) in floors and walls
(MilieuCentraal, 2011). These systems work best when on constantly and offer a very
even air temperature.
Of course central heating is not the only system involved in getting and staying warm at
home. Different forms of insulation are just as important. Improved insulation of homes
has reduced heat loss and in parallel, draught. Interestingly, there are limits to the levels
of insulation that are considered acceptable. Draught is unpleasant, but when it is called
ventilation, it is good and necessary. Windows are left ajar even in winter and a warm
body in combination with fresh surrounding air is a preferred condition of comfort.
Next to space insulation, different forms of body insulation exist. Both participants with
well and poorly insulated homes made use of body insulation, of course in the form of
regular clothing, but also through extra sweaters, indoor slippers and blankets. Although
turning up the thermostat is the most common response to feeling cold, there seems to
be a wide acceptance of the extra sweater before turning up the heat. However, ‘too
much’ clothing limits freedom of movement and conflicts with a sense of fashion and
coats are not acceptable as indoor wear, for example.
Recently a Dutch campaign has started up ’Warm sweater day’ that invites people to
wear more clothes and turn down the thermostat a couple of degrees on a day in the
beginning of February. The underlying motivation is to make people aware of the trend to
turn up the heating and dress with less layers of clothes, and to create social acceptance
for looking ’different’, even while at work. Also in other countries such socially oriented
intiatives to create awareness are popping up, like in Japan with the Cool Biz day to
create general acceptance for less formal dress codes during warm days (Kuijer, 2014).

1.2.2

Heating in Sweden

In Sweden, the market of district heating (and cooling) is normally set up by a
producer/distributer and a customer, which is in many cases a housing cooperative (in
Swedish: Bostadsrättsförening). Most energy companies have a heating contract with
the real estate owner or Bostadsrättföreniging (cooperative of residents in a building).
The heat is delivered to the substation within the building, where the measure point is
placed. The heat is distributed in the buildings secondary system to the heating system.
The contract for district heating is between the energy company and the real estate
owner. The real estate owner distributes the cost for heating, based on statistical
calculations, to the residents.
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Despite the cold climate in Sweden, or perhaps because of that, there has been an
increase of indoor temperature In Swedish homes since the 1950/60s. This is due to
inexpensive energy, more sedentary activities in the home and changed habits of
clothing. Also, there is little awareness of district heating systems as suppliers of heat,
nor of the relation of behaviour to energy (Carlsson-Kunyama et al., 2004). Residents in
general have no direct contact or communication with the district heating company.
Usually the indoor temperature is regulated by the building owners. Residents can
manipulate their individual temperature, but only setting the temperature lower by
reducing the water flow in each of their radiators. A fixed rate for heating and water is
included in the rent or service costs. This might be a reason why the market of consumer
oriented products and services focused around the district heating is still not developed.
There are however some products and services on the market today, which aims to give
the user information of the energy consumption of district heating and by that, create
motives, or merely tools, for a change in behaviour in a conscious or unconscious way.
New EU building regulations will require IMD (Individual Measurement and Invoicing),
which is needed in all new builings and in all major reconstructions. This might actually
be a motivation for residents to become more active in dealing with their heating and hot
water uptake due to the price incentive, but does not give them more control of the
minimum-maximum temperature in their apartment.

1.3

Measurement techniques of thermal comfort

Building use studies uses a standard questionnaire for different purposes, ranging from
diagnostic investigations of humidity problems to post-occupancy evaluations (Leaman,
1996). In this way, building use studies have been able to build up a database that allows
comparisons to be made among building types, sectors and occupant groups. Standard
questions fall into eight groups: environmental comfort (36 questions); health symptoms
(10); satisfaction with amenities (5 to 15); time spent in the building (1); time spent at the
task (1); productivity (1 to 3); perceived control (5); and background data (3 to 10). Extra
questions are added or some questions are removed in individual studies at the clients’
request. There are various measurement techniques that are focused on the occupancy
phase of a building, such as BREEAM (Baldwin et al, 1998), and post-occupancy
evaluation (POE) (Cohen et al, 2000).
Other types of studies investigate also qualitative aspects could consist of prototype
probes, thus introducing trigger products to create reflections on the fit or conflict with
daily practices (Kuijer and De Jong, 2012), see Figure 1. Here the purpose is to get more
insight into heating practices through diaries, and by involving participants more actively
in ’acting with things’, like the red bean bag shown in Figure 1.
9
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Figure 1: Probes and trigger products for measuring social aspects of thermal comfort (from
Kuijer and De Jong, 2012).
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2. Awareness, behaviour change and acceptance
2.1 Awareness and behaviour change models
A growing amount of international literature is dedicated towards understanding and
influencing domestic use of energy resources, such as electricity, water and heat. These
approaches are geared towards addressing residents’ awareness of their resource
uptake and the consequences for the environment. For instance, in behaviour-oriented
approaches to sustainable design the aim is to influence, prompt or persuade
consumers, or users to promote energy conserving, efficient or sustainable behaviour
(Lockton et al., 2008; Lilley et al., 2010; Ham and Midden, 2010). What a person does,
for example setting the thermostat, can be viewed from a behavioural perspective. In this
view, the researcher will draw on theories from economics and psychology, try to explain
the person’s actions by trying to gain insight in the choice processes going on in the
person’s mind and try to influence this choice with different (cognitive or emotional,
implicit or explicit) strategies.
A widely used theoretical model is Ajzen’s (1991) theory of planned behaviour: “a theory
designed to predict and explain human behavior in specific contexts” (p.181). The theory
predicts intentions to perform certain behaviours, in which attitude, perceived behavioural
control and subjective norm together make up a certain level of intention. Persuasive
communications can influence and change the factors making up intentions and thus
change behaviour. Fogg (2003) has built on this idea and developed a range of design
guidelines for ‘persuasive technologies’. When applied in energy behaviour change
projects, this approach leads to devices providing for example visualised information
about the effects of a certain thermostatic setting on the energy bill or rewarding ‘correct
behaviour’ with a green light or smiley face (Ham and Midden, 2010). Methods for
evaluating people’s environmental attitude are for example the Environmental Attitudes
Inventory by Milfont and Duckitt (2010).
Different end user segments can be distinguished for apartment buildings in the
CELSIUS project, e.g. residents, building owners, housing corporations etc. These need
different intervention strategies if they are to adopt energy conservation technologies or
change their behaviour (Gaspar and Antunes, 2011). High awareness of energy related
problems among customers have shown to thoroughly increase the belief in the
consumers’ ability to make a contribution through their own energy saving actions
(Sütterlin et al, 2011). Mills and Schleich (2012) studied the influence of household
characteristics on energy consumption behaviour. From a study of more than 5000
11
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households from 11 countries in Europe they showed the role of family age-composition
patterns. Households with young children were more likely to adopt energy efficient and
energy conservation measures and technologies for environmental causes. Households
with a large share of elderly people placed more importance in financial savings.
Education was also found to affect the adoption of energy conservation and energy
efficiency measures and technologies in a positive way.

2.2 Types of motivation/incentives
An incentive that is commonly applied for steering demand for energy uptake are
financial measures. This takes individual interests as the main factor that determines
their actions. For instance through dynamic pricing systems, that offer a reduced price on
peak hours. Still, prices incentives are only partly functioning, for instance when the
expectations about savings are not reflected in the total amount of savings, and as
Strengers (2010) concludes: ‘“Its not so much the price in Dynamic Peak Pricing
systems, but more the notification of the price change that is motivating residents to take
action.” Abrahamse et al (2005) reviewed research on the effectiveness of interventions
to encourage household to reduce energy consumption, such as price systems. Reward
schemes for reduced energy consumption only showed short term results, although
frequent feedback showed merit. Increased availability of information resulted in
increased knowledge among consumers, but did not necessarily result in energy
conservation.
There has also been critique on the idea of rational decision making on the basis of
information to reduce energy consumption. For instance, there have been limited effects
on energy consumption through Home Energy Management Systems (HEMS), e.g.
energy monitors, intermediary products that can visualize, manage, and/or monitor the
energy uptake of other products or whole households (Van Dam et al., 2010). The idea of
changing other people's behaviour on the basis of rationality of choices is a rather limited
view (see also Brynjarsdóttir et al., 2012) that does not match with the complex socio
cultural influences in which those choices are embedded (Ehrnberger et al., 2013).
Alternatively through addressing the responsibility for the environment, also as citizens,
people may be become aware and more proactive. For instance through energy saving
games that are organised within families or neighborhoods to make people
environmentally aware, competitive, and taking the lead. People see this as a fun and
engaging exercise (Strengers, 2010).
It is important to note here is that there are some important differences though between
individual behaviour oriented approaches for reducing electricity uptake and those for
12
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reducing heating uptake, which will be the case for the apartment buildings connected to
the CELSIUS district heating systems. The district heating system is very difficult to
regulate to meet changes over the day. The production systems have high inertia, which
is also the case with the customers' heat usage, due to the fact that the buildings
themselves can store energy. Furthermore, despite their widespread implementation,
there is fairly low awareness of the existence, let alone benefits, of district heating in
certain areas in Sweden, even among citizens who are connected to it in their apartment
buildings (Renström and Rahe, 2013). This can be explained through the fact that it is the
building owners or board of the apartement buildings, not the residents themselves, who
have control of the temperature in the whole building. The decision to change the
temperature is therefore a collective one, which has different mechanisms and incentives
for change than those, which are individual oriented (de Jong et al., 2013). It seems more
beneficial to look for management processes of heating that support creating variation in
indoor climate combined with optimization of the district heating system; this will also give
more degrees of freedom for “smart” operation.

2.3 Acceptance
This section is based on a draft of the “20130106 Democratic Spectrum” document. The
issues to do with acceptance in CELSIUS (WP6) have been separated into those related
to economic and business models, and those related to end user participation. It is the
latter that is considered here.

2.3.1 End user participation and acceptability
End-user participation and acceptability consist of the idea that public participation and
democracy is increasing under a heading of the democratic deficit in Europe in many
fields. It is part of the natural ethic of building up trust among stakeholders, that is part of
stake-holder management. During development of projects, end user participation is
important even as early as the feasibility stage, and in operation stage it is important in
order to make energy markets more efficient and encourage behavioural change related
to energy savings. A dialogue with customers is particularly important when there is an
uncertainty in the energy market and a worry that energy companies will use their natural
monopoly at the expense of the end-users. In the CELSIUS project, demonstrator
companies have implemented a range of measures aiming to establish a dialogue with
end-users.
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2.3.1.1 The example of Goteborg Energi
Goteborg Energi has established a set of procedures to address acceptance issues.
Yearly meetings (called ‘Reko’) with customers are intented to provide information about
the company, its pricing model, price forecast, future projects and environmental issues.
Another important procedure in place at Goteborg Energi is the price dialogues, involving
representatives for different customer segements [single family house, apartment
buildings, tenant associations (bostadsrättsförening) and commercial buildings]. Other
initiatives include the awareness campaigns, advertisments and information brochures
for existing customers and a customer relation feedback system (‘Abalon’).
The main acceptability issues reported by Goteborg Energi include the competition from
heat pumps manufacturers and electricity lobbying groups and the concern from the
consumber regarding the situation of monopoly of the energy supplier.

2.3.2 The democratic spectrum
The CELSIUS (WP6) approach is very much to embed issues of acceptance within a
broad understanding of types of participatory democracy. The spectrum between – on
one hand, little or now information/participation up to full ownership or co-ownership, is
one which can be found in many other fields. At the centre of the spectrum, we identify
what we call a “normative” type of democracy, which involves active participation
between suppliers and end-users. We note that in several countries, the relationship
between corporate energy suppliers and customers has broken down. CELSIUS may be
able to lead the way in the development of consumer charters and similar. More widely,
we see the relationship between supplier and community as opposed to supplier and
individual, as a key aspect. Fortuitously, there’s a range of participation methods based
on community fora and so on. At its simplest, we would advocate coherent negotiations
between suppliers and residents’ associations. Another suggestion is that professional
facilitators will be used from an early stage of development. Whether via formal or
informal conversations between end-users, the use of social media is strongly advocated
in CELSIUS. There are several international examples of facebook and twitter being used
in the discussion of heating and cooling.

14
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3. Energy management
3.1 District Heating Substations
District heating substations are the main interface between the district heating distribution
system and the end users (buildings). An indirectly connected district-heating substation
generally features two heat exchangers, one for space heating a separate one for hot
water preparation. Directly connected substations consist of coupled systems where the
district heating water is directly circulated through building radiators.

Figure 2: Schematic representing the two different types of building connections to district
heating networks.
Another key component is heat meter systems that are used to quantify the end user
energy consumption. A schematic representation of a typical district-heating substation is
given in Figure 3. In this section the main end-user related aspects concerning districtheating substations are discussed. Firstly the main technical requirements of district
substations operation are discussed. Secondly the main characteristics of automation
and control of substations are presented. Finally the problem of demand side
management is described with an emphasis on pricing and human related factors.
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Figure 3: Schematic representing a district heating substation (Gustafsson, 2010). Incoming
district heating. (2) Returning district heating. (3) Incoming
cold tap water. (4) District heating substation. (5) Radiator system. (6) Water tap.

Figure 4: District heating substation monitoring interface (Goteborg Energi)

3.2 Main technical requirements for district heating substations
There are a number of factors affecting the performance of district heating substations. A
good performance of a district-heating substation is in the interest of both the customer
and the heat supplier. The amount of heat utilised by a building is dependent on the
16
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design of its heating system and the operating conditions of the district-heating
substation. One of the key requirements for efficiency concerns the temperature drop
across the district-heating substation (Gustafsson, 2010). To maximize the energy
efficiency in a district-heating system it is very important to have an important enough
temperature drop, which corresponds to more energy per unit volume of distributed water
being utilized by the customer. A large temperature drop is both beneficial for energy
production (for example by allowing the return temperature to increase the steamcondensation efficiency in CHP units) but also for the reduction of energy used by
distribution pumps, as less volume is required to obtain the same amount of energy.
Since district-heating companies can only invoice the actual energy delivered to the
customer, the temperature drop should mainly occur at the substation level and not
through energy losses throughout distribution. For an overview of district heating
substation design and operation technical aspects the reader is advised to refer to
(Euroheat and Power, 2009). Besides technical design specification, one of the main
aspects affecting the end user is the control of the efficiency of the districting-heating
substation level. The next section is focused on these control aspects.

3.3 Control of substations
In traditional district heating system there is usually very little control from the end user
over the district heating system. The tuning of the control system of the district-heating
substation may be delegated to a third party service company or by the DH company
through service agreements contracts. Service agreements consists of all year round
‘care-free’ services consisting of the optimization and calibration of regulation curves
defining the required radiator system supply temperature as a function of the outdoor
temperature. The appropriate calibration of these curves is a key factor to the
maximization of the temperature drop across the district-heating substation. The radiator
system supply temperature is determined by the flow through the primary side of the heat
exchanger through the operation of valves. The radiator supply temperature is measured
and used as the main controlled variable in the regulation problem with valves as the
main actuators (manipulated variables). A schematic of a typical control structure is given
in Figure 5.
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Figure 5: Schematic representing a district heating substation control structure (Gustafsson,
2010)

Figure 6: Regulation curve at district heating substation level displayed on a monitoring interface
(Goteborg Energi).

The outdoor temperature-dependent heat demand is described by the control curve,
which defines a set point for the radiator system temperature. One of the main areas of
potential improvement of district heating system is the optimisation of the control curves.
Traditionally this has been done through a process of trial and error. Figure 6 exhibits an
example of such a regulation curve. This problem was discussed in (Li & Zaheeruddin,
2004) (Gustafsson et al, 2010) and (Wong, 2011). As the control curve is mainly a static
relationship, it does not take into account the future variation in weather conditions or
18
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temperature fluctuations in the district-heating network. A significant number of studies
have dealt with the use of model predictive control to regulate building temperatures
[Dong & Lam, 2014 ; Afram et al 2014] for a review of existing approaches. One key
limitation in the use of predictive methods is the possible unavailability of a suitable
model for the building and substation and the uncertainty in end-user consumption,
especially that hot water demand. This is the main reason why reactive control has been
the main approach in practice. Although rigorous first principles have been useful to
describe the dynamics of both consumption patterns (Mata & Sasic-Kalagasidis, 2009)
and district heating systems (Xu et al, 2008), the difficulty of their practical use in control
(since they require rigorous validation and parameter estimation) have encouraged the
development of data-driven methodologies. These include the use of soft-computing
(Mastacan et al, 2007), Fuzzy logic [Li & Zaheeruddin, 2007 ; Zhang et al, 2008) and
agent-based control (Wernstedt, 2005). As heat demand and consumption do follow
typical patterns driven by weather conditions, building quality, seasonality and social
factors, district heating companies have been implementing demand side management
and peak shaving strategies in order to reduce their production and distribution costs.
Peak shaving generally describes the objective of minimizing the production costs
(usually by avoiding the use of primary energy sources) during peak demand times while
demand side management is a particular instance of peak shaving which focuses on end
user consumption. In the following sections, we describe the main drivers of heat
demand at end-user level.

3.4 Demand drivers and advanced control methodologies
The total energy load of a DH system can be seen as the sum of three different
components: a social component, a weather component and a stochastic component. In
the following subsections, the end-user related components are described in more
details.

3.4.1

Social factors

The social contribution to demand reflects the expected activities and behaviour of
people in human societies. These variations in social heat consumptions are the product
of collective (e.g. harmonised working hours in cities) and individual behaviours (hot
water consumption and window opening behaviours). By analysing years of data it is
possible to derive aggregate statistics for the consumption patterns of populations and
derive expected consumption levels for different days of the week, or different periods of
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the day. Typically long horizons monthly patterns will be more dependent on the weather
component as a result of seasonal variations. The description prediction of the end-user
behaviour for the control of heating in building systems is of critical importance to energy
producers as heat load variations at the customers side results in heat load variation
constraints at production level, which may result in costly peak production with primary
fossil energy use. A number of academic and commercial studies have been carried out
for the design forecasting methodologies: (Arvaston, 2001) and (Dautzauer, 2002)
derived prediction methods by simulating repetitive heat load patterns. (Shellong, 2011)
gives a description of various methodologies including the reference class method, the
use of time series modelling and regression techniques including artificial neural
networks. Other studies have investigated the use of (markov based) occupancy models
[Page et al, 2005 ; Duong et al, 2006 ; Bourgeois et al, 2006 ; Yu, 2010] and direct
readings from sensors (motion detection, CO2) as a direct measure to infer space heat
demand [Frauke et al, 2013; Dong & Lam, 2014]. Gadd & Werner (2013) extended the
description of daily heat load by introducing a set of variation measures based on the
study of 20 different district heating systems.

Figure 7: Typical heat consumption patterns (Torenvik & Norrkoping, 2008)
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Figure 8: Typical daily average heat load patter (Gadd & Werner, 2013)

Figure 9: Architecture of a heat demand forecast system (Shellong, 2011)
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3.4.2

Building Efficiency

A deterministic driver of individual heat demand is the quality of the building stock and
energy efficiency. Buildings with better energy efficiency exhibit diminished spaceheating demand as a result of their increased thermal insulation. The CELSIUS project
has identified the implementation of energy efficient measures as a key element of its
strategy. This includes the use of low temperature systems, the introduction of new
applications (e.g. white goods connected to the district heating networks) and the use of
visualization technology for customers (tenants) to stimulate changes in behaviour.
Energy efficiency is expected to have an impact on future heat demand and is a key
parameter of the deployment of demand side management schemes based on short-term
storage in thermal building envelopes (Wernstedt, 2005). Some European wide initiatives
have been put in place in order to assess the impact of energy efficient building
technology. The TABULA project (Typology Approach for Building Stock Energy
Assessment, 2010a), launched in 2009 aimed to establish a unified building typology for
the European housing sector, implemented in 16 countries. This project relied on a
number of aspects including statistics on construction, ventilation and energy supply
types, energy performance indicators and data regarding the quantification of the
efficiency of energy saving retrofitting measures. The results from the project have been
made available through country specific brochures and the TABULA web tool (Typology
Approach for Building Stock Energy Assessment, 2010a).

Figure 10: TABULA web-tool building classification (EPISCOPE, 2013)
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The European project EPISCOPE (Energy Performance Indicator Tracking Schemes for
the Continuous Optimisation of Refurbishment Processes in European Housing Stocks,
2013), launched in 2013 builds upon the knowledge derived from TABULA by introducing
a methodology, which aims to facilitate the transparent implementation of building
retrofitting measures in European countries. The fundamental purpose is the creation of
bottom up monitoring procedures in each European country in terms of energy
management. Based on building stock energy balance models, future scenarios and
performance targets, the monitoring process takes the form of a feedback procedure
aiming to guide the use of different policy instruments (Figure 11).

Figure 11: Schematic of the EPISCOPE feedback and scenario based methodology (EPISCOPE,
2013)
Another European initiative “Europe’s Buildings under the microscope” has been led by
the Building performance Institute Europe (Buildings Performance Institute Europe BPIE, 2011) and consists of a country-by-country review of the EU27 building stocks with
addition of Switzerland and Norway. A particular emphasis of this set of studies
concerned the evolution of the CO2 emission reduction potential and the creation of “cost
optimal” renovation methodologies (Buildings Performance Institute Europe, 2013).
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Finally another noteworthy assessment was given by the European Commission Joint
Research Centre, who gave a model-based quantitative assessment of the possible
socio-economic effects of high thermal insulation and retrofitting of individual thermal
elements according to high-energy efficiency standard (Uihlein & Elder, 2009). At the
academic level, a number of research institution have deployed effort in providing
modelling methodologies (statistical and first principles models) for the European building
stock and associated energy consumption [Mata et al, 2009; Kavgic et al, 2010 ; Swan et
al, 2010) and environmental costs based on predefined scenarios (Nemry et al, 2010,
Aberg et al, 2012). Finally ISO standard documents also give an in-depth description of
the thermal performance of buildings for space heating based on energy balance models
International Organization for Standardization (2006). In the next sections we give an
end-user focused overview of load control and demand side management
implementation in district-heating systems.

3.5 Demand Side Management
3.5.1

Demand Side Management based on short term heat storage

A possible way to implement peak shaving and demand side management is the use of
heat storage [Wigbel, 2005 ; Nielsen, 2005]. The use of heat storage in building
envelopes has become increasingly popular among district energy providers and is one
of the demonstration projects in the CELSIUS project. Sophisticated agent based control
approaches have been presented in (Wernstedt, 2005). In this approach, a system of
auction is used among a population of distribution and consumer agents. Consumer
agents (i.e. buildings c.f. Figure 12) compete to perform demand side management and
use their thermal efficiency as ‘currency’ for bidding through a first-price sealed-bid type
of auction. Another type of demand side management consists of the use of smart
meters and controllers and the application of differential pricing schemes. This type of
methodology described in the next paragraph.

Figure 12: The different layers of an agent based control strategies for demand side management
of district heating systems (Wernstedt, 2005).
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3.5.2

Demand-side management based on pricing

The overall building consumption is not the only factor affecting the operational efficiency
of a district-heating network. The regularity of consumption is also a critical aspect, which
enables district heating providers to better operate their heat production. Another
significant previously mentioned factor is the efficiency of consumption, which contributes
to the required temperature drop across a substation, as mention in section 1. An
example of the pricing policy is given in (Goteborg Energi, 2014). Increasingly,
companies and control system providers are envisaging the introduction of smart meters
in order to better account for individual consumptions. The combination of such smart
meters to price based demand side management techniques is also being investigated in
academia (Deventer et al, 2011) and in different energy companies. It is noteworthy that
the increasing use of service oriented and wireless network architectures [Wernstedt,
2005; Liu & Jiang, 2008 ; Gustafsson, 2011], clouds technology and the ‘Internet of
Everything’ will provide a new range of possibilities for demand side management but
also load control. Currently most communication systems are hierarchized with limited
horizontal exchanges between buildings. One possible area of development could
concern inter-buildings heat trading (Zhang et al, 2013). A common example is the
difference of heat daily use between commercial building and schools, where not people
are present during the night and weekends as opposed to residential dwellings. The
possibility of such system is however constrained by physical implementation costs of
building inter-building connections, whose cost will have to be evaluated. Another
possibility envisaged by some end-users is the combined use of competing micro-grid
technology (e.g. heat pumps) to provide an arbitrage between the use of electricity and
district heating for their consumption needs.

3.6

Interactive management systems for end users

Interactive systems may play an important role in shaping sustainable practices.
Contributions in the field have mostly dealt with eco-feedback devices, i.e. devices
providing feedback on certain types of energy related behaviour. The feedback usually
consists of information on electricity consumption and conservation. Major research
issues concern the relationship of the design of this feedback to comprehension,
engagement and behaviour of users and most studies target household practices.
Although applying design to engage people into the subject of sustainability is still in its
infancy, some of the first experiments using interaction design for visualizing energy use
were carried out around 2004. Froelich et al. (2011) present a comparative survey of
literature of designing feedback to make users aware of environmental factors, also
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sometimes referred to as studies of “eco-feedback”. This survey is published within the
framework of human-computer interaction and relates it to models within environmental
psychology relevant for everyday life. An example of the design of domestic ecofeedback applications, which has been studied with respect to behavior change in
households related to electricity consumption, is the Energy AWARE Clock (Katzeff and
Wangel, 2014), see Figure 13.

Fig. 13. Energy Aware Clock (Katzeff and Wangel, 2014)
The clock is a portable display that can be hung on a wall, placed on a table or carried
around freely. It is an energy display that uses a time (i.e., analogue clock) metaphor to
visualize a homes’ electricity consumption. Here the intention was to use a different
connotation than an electricity meter so as to reduce technological references to the
discourse used in the domain of electricity. Another intention was to facilitate usual
behavior patterns from the ordinary wall clock, which is glanced at often during a day.
The overall idea is to make electricity use more concrete in relation to ordinary activities
as well as being a tool that could encourage discussions about electricity consumption in
the home.
Another example for increasing awareness and creating acceptance is to make
information on energy systems and infrastructure in a city visible to a wider audience, for
example at public spaces (https://www.tii.se/projects/urbanexplorer).
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Fig. 14. Urban explorer in the city of Gothenburg (Interactive Swedish ICT,
https://www.tii.se/projects/urbanexplorer )
Such systems are in line with the idea of offering people more information on their role
and responsibility for the environment, for example with the newly required Individual
Metering in the EU, and in connection to Smart Grid applications. However, it should be
investigated first who would benefit from this type of information and related to this, what
type of awareness or behaviour the systems are supposed to support. And indeed,
another type of discussion could be whether or not people can be made responsible for a
‘greener environment’, or rather that responsibility should be put at the level of the city
and its infrastructures, thus taking a bottom up approach, for instance by creating more
understanding for micro practices of heating in urban planning and design。
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4. Conclusions
In this Deliverable 2.1 of the CELSIUS project, we have presented and discussed
different notions of comfort, ranging from widely accepted standards of temperatures, to
the idea of expectations of comfort creating a need for mechanised heating that differs
greatly from the variation of temperature in which people would feel comfortable. Other
end user related issues concerns awareness and acceptance of district heating as
energy source, which is discussed in light of the apparent lack of knowledge that end
users have of their existence and potential benefits. Providing more knowledge and
control of heating systems, for instance through tailored agreements, or individual
metering and pricing, may offer opportunities to influence demand. Thus we have created
ways to open up the discussion to offer a larger variety of temperature, control and
pricing mechanisms for end users, which may be required in some of the CELSIUS
demonstrators.
Some examples of energy management systems have been provided that are currently
on the market, including interactive systems that support a more active role for the end
user to manage their energy consumption. In the process of improving efficiency of the
demonstrators we expect to be able to develop new insights and concepts for exploring
and supporting different end user issues which will be reported in other CELSIUS work
packages.
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Appendix A: Comfort Models
Review of main thermal comfort models and comfort standards for residential
users
Summary Review
Two main thermal comfort models have been identified, namely the steady-state thermophysiological models and the adaptive models.
The parameters of thermal comfort models include:
Categories

Variables

Comments
Range from 0 (a nude body) to 3 or 4 (very
Clothing level
heavy clothing)
Personal
It is measured in met units. 1 met is energy
Variables
Metabolic rate
produced per unit surface area of an
average person seated at rest
Air Temperature
Dry-bulb temperature
An index defined as the uniform black-body
Mean
Radiant temperature that would result in the same
Temperature
radiant energy exchange as in the actual
environment
Environmental
The rate of air movement at a point, without
Variables
Relative air velocity
regard to direction
Ratio of the amount of water vapour in the
air to the amount of water vapour that the air
Relative Humidity
could hold at the specific temperature and
pressure.
Skin Temperature
A Physiological index
Core
or
Interval
A Physiological index
Temperature
Sweat Rate
A Physiological index
Defined as the ratio of the actual sweating
Physiological
Skin Wettedness
rate to the maximum rate of sweating that
Variables
would occur if the skin were completely wet
Thermal
conductance
between the core
and skin
Table 1: Parameters of thermal comfort models
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Comparisons of thermal comfort models:
Categor
ies

Model
Name

Methodolo
gy

Variables
Considered

PMVPPD

Climate
chamber
studies

Personal Variables
Environmental
Variables
Personal Variables
Environmental
Variables
Physiological
Variables
Personal Variables
Environmental
Variables
Physiological
Variables
Personal Variables
Environmental
Variables
Physiological
Variables
Psychological
variables
Personal Variables
Environmental
Variables
Physiological
Variables
Psychological
variables
Culture factors

Pierce
Thermo
TwoNode
physiolo
model
gical
models
KSU
TwoNode
model

Climate
chamber
studies

Climate
chamber
studies

Humphre
ys

Field
studies

Various
others

Field
studies

Adaptiv
e
Models

Comfort
standard Comments
s
Various
versions,
including PMV
ISO
using ET* or
7730SET*; Two-Node
1984;
model
uses
ASHRA
TSENS
and
E
55DISC indices.
1992;
Suitable for air
conditioned
buildings

Suitable
for
buildings where
no mechanical
ASHRA
systems
have
E
55been installed.
2010;
Various
field
EN1525
studies around
1:2007;
the world which
Dutch
consider
local
ATG;
cultural
and
behaviour
factors

A More Detailed Review
Thermo-physiological Model and its Standards
The Predicted Mean Vote (PMV) model (or the steady-state model) is the most
recognised thermal comfort models. It was initially developed by P. O. Fanger and his coworkers in the 1960s-1970s and was developed using principles of heat balance and
experimental data collected in a controlled climate chamber under steady state
conditions, where all occupants were treated the same and the location and adaptation to
the thermal environment were disregarded.
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A Seven-point Thermal Sensation Scale was developed to be used as a descriptive scale
that the thermal responses of subjects are measured. It is ranging from -3 (cold) to 3(hot)
with zero the ideal value (neutral). Fanger’s equations are used to calculate the PMV of a
large group of subjects for a particular combination of air temperature, mean radiant
temperature, relative humidity, air speed, metabolic rate, and clothing insulation.
The formula he proposed is listed as below:
S = M ± W ± R ± C ± K – E – RES
where
S
M
W
R
C
K
E
RES

heat storage
metabolism
external work
heat exchange by radiation
heat exchange by convection
heat exchange by conduction
heat loss by evaporation
heat exchange by respiration

Fanger also developed another equation to relate the PMV to the Predicted Percentage
Dissatisfied (PPD) which describes whether or not people will be satisfied at different
thermal sensation levels. When PMV moves away from zero in either directions (position
or negative), PPD increases. Hence this method is also called PMV-PPD.
The Pierce Two-Node model and KSU Two-Node model both define the body as two
isothermal and concentric compartments, with one core section representing where
metabolic heat is generated and one outer section which consists skin. The model takes
into account the Physiological Variable, such as thermal conductance and sweating when
calculate the thermal sensation. The difference being that KSU Two-Node Model predicts
thermal sensation differently for warm and cold environment. Under warm condition, it is
based on the changes in skin wettedness, while in cold environments it is based on the
changes in the thermal conductance between the core and skim temperature.
Various advanced thermo-physiological models were proposed based on the three
models reviewed above. For example the classical PMV are modified by using ET* (New
Effective Temperature which is the temperature of an environment at 50% relative
humidity in which a person experience the same amount heat loss as in the real
environment) and SET* (Standard Effective Temperature) rather than the operative
temperature. This results in a new PMV* proposed for dry or humid environments. The
Pierce Two Node model is also proposed to use the indices TSENS and DISC as
predictors of the thermal comfort. TSENS represents the model’s prediction of a vote on
the seven point thermal sensation scale while DISC predicts a vote on a scale of thermal
discomfort.
The thermal comfort standards ASHRAE 55-1992 and ISO7730-1984 were developed
based on the PMV-PPD model.
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Adaptive Models
Unlike the theoretical models which were developed under controlled experiments, the
adaptive model was developed based on hundreds of field studies with the idea that
occupants dynamically interact with (or adapt to) their environment. The purpose of field
studies is to study the real world. Hence the research on field studies does not attempt to
control the environmental like the PMV method. The underlying assumption of the field
studies is that people are able to control the environment in the way that they can reach a
comfort temperature.
The Adaptive Model was firstly proposed by Humphreys and Nicol when they found that
the range of comfort temperatures in ventilated buildings is much wider than what PMV
model predicted. deDear and Brager collected field survey results from around the world
and showed that the PMV prediction provides a good fit for conditioned buildings but was
not accurate when predicting thermal comforts for ventilated buildings.
A number of possible reasons have been summarised for the difference, including the
impact of psychological and cultural factors in the field, the difficulty of accurately
measuring the parameters in the PMV model and difficulty in accounting short term
fluctuations of those parameters in the fields. This leads to further development of
adaptive models around the world.
Humphreys suggested using the following equations to describe the linear relationship
between comfort temperature and outdoor temperature in a naturally ventilated building:
Tco = a. Tout + b
Where
Tco
comfort temperature
Tout
outdoor temperature
a,b
constants
Nicol, Humphreys and McCartney showed an exponentially weighted running mean
outdoor temperature which can give a more accurate prediction (a simplified version):
θrm = (1-α). θed-1 + a.θrm-1
where
α
a reference constant value (between 0 and 1)
θrm-1
running mean temperature of today
θrm
running mean temperature of yesterday
θed-1
running mean outdoor temperature of the previous day
Three standards are based on the adaptive models, namely ASHRAE 55-2010,
EN15251:2007 and dutch ATG. While the exact derivation methods and results are
slightly different among them, they are substantially the same.
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ASHRAE 55-2010 proposed a method for determining acceptable thermal conditions in
naturally conditions spaces where there must be operable windows and have no
mechanical cooling system. The formula proposed is listed below:
Tco = 0.31xTref + 17.8
Where
Tref
prevailing mean outdoor air temperature for a period between last 7 and 30 days
EN15251 is a European standard which applies for non-industrial buildings. The equation
for naturally ventilated buildings is:
Tco = 0.33xTrm7 + 18.8
Where
Trm7
an exponentially weighted running mean of the daily outdoor temperature of the
previous seven days based on the following equation:
𝑇−1 + 0.8𝑇−2 + 0.6𝑇−3 + 0.5𝑇−4 + 0.4𝑇−5 + 0.3𝑇−6 + 0.2𝑇−7 3.8
𝑇𝑟𝑚7 =
3.8
The Dutch guideline ATG was introduced before EN15251:2007 and it has following
equation:
𝑇𝑟𝑚 =

𝑇𝑖 + 0.8𝑇𝑖−1 + 0.4𝑇𝑖−2 + 0.2𝑇𝑖−3
2.4

Where
Trm
running mean outdoor temperature
Ti
average outdoor temperature
Ti-1
average outdoor temperature of the day before
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