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Preface
EnergyLab Nordhavn – New Urban Energy Infrastructures is an exciting project which will continue until the
year of 2019. The project will use Copenhagen’s Nordhavn as a full-scale smart city energy lab, with the
main purpose to do research and to develop and demonstrate future energy solutions of renewable
energy.
The goal is to identify the most cost-effective smart energy system, which can contribute to the major
climate challenges the world are facing.
Budget: The project has a total budget of DKK 143 m (€ 19 m), of this DKK84 m (€ 11 m) funded in two
rounds by the Danish Energy Technology Development and Demonstration Programme (EUDP).

Forord
EnergyLab Nordhavn er et spændende projekt der løber til og med 2019. Projektet vil foregå i Københavns
Nordhavn, og vil fungere som et fuldskala storbylaboratorium, der skal undersøge, udvikle og demonstrere
løsninger for fremtidens energisystem.
Målet er at finde fremtidens mest omkostningseffektive energisystem, der desuden kan bidrage til en
løsning på de store klimaudfordringer verden står overfor nu og i fremtiden.
Budget: Projektets totale budget er DKK 143 mio. (EUR 19 mio.), hvoraf DKK 84 mio. (EUR 11 mio.) er blevet
finansieret af Energiteknologisk Udviklings- og Demonstrationsprogram, EUDP.
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1. Aim of the report
The aim of this report is to describe thermal flexibility indicators and possible interfaces design based on
case studies of buildings in Nordhavn and literature review. This report focuses on demand-side
management potential for the heating grid in residential buildings. The possibility to increase the flexibility
provided to the heat network through specific building design is investigated. The role of the different
building parts in thermal flexibility is assessed through a parameter variation on a building model and
flexibility is evaluated through four different indicators. Furthermore, possible interface design is discussed
based on literature study. Although this report does not focus on potential energy flexibility for power
grids, buildings in Nordhavn do have the potential when heat pumps, electrical heating systems are
implemented.

2. Energy flexibility indicators
2.1

Literature review

In the study of (Valsomatzis et al., 2015) energy flexibility was given in terms of time, amount and both
time and amount. A concept of flex-offer was presented, to describe the flexibility in terms of operating
time and quantity of devices/users. Eight possible flexibility measures can be applied to the flex-offer
definition: time, energy, product, vector, time-series, assignments, absolute area-based and relative areabased. These measures can be used for comparing the flexibility of individual or sets of flex-offers under
certain circumstance.
De Coninck et al., 2016 defined a flexibility interval as a time period within the experiment duration, and
the negative and positive flexibility as the amounts of energy respectively deduced and added from the
reference load pattern during the whole flexibility interval. This information permits to assess the time
response of the system to the implemented change and can be used for both load shifting and load shaping
aims.
Masy et al., 2015 evaluated the space heating load shifting potential of buildings equipped with heat
pumps. Peak and off-peak consumption hours were defined based on a power price signal, and the
percentage of the load shifted from peak to off-peak time was calculated over a delimited period. This
flexibility indicator thus directly included a mention to the grid balance. A second flexibility indicator was
defined from the perspective of energy grid. The price incentive mechanism applied reflects the day-ahead
market price of electricity to the consumer, leading to high prices when the demand is high and/or the
production of renewable energy is low. The cost of the electricity supplied to the heat pump is therefore an
indicator of the influence of the heating load on the grid: the higher the price, the more the load is a
burden for the energy system. The authors thus defined their flexibility indicator as the position of the
average price of the heat pump’s power between the highest and the lowest available prices, shown as
equation (1).
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =

𝑝𝑝𝑒𝑒𝑒𝑒,max − 𝑝𝑝𝑒𝑒𝑒𝑒,𝑎𝑎𝑎𝑎𝑎𝑎
𝑝𝑝𝑒𝑒𝑒𝑒,max − 𝑝𝑝𝑒𝑒𝑒𝑒,𝑚𝑚𝑚𝑚𝑚𝑚
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(1)

𝑝𝑝𝑒𝑒𝑒𝑒,max is the maximum price of the electricity; 𝑝𝑝𝑒𝑒𝑒𝑒,min is the minimum price of the electricity; 𝑝𝑝𝑒𝑒𝑒𝑒,avg is

the average price of the electricity. Flexibility is equal to one if the heat pump always consumes at times
where the price is the lowest – which means that the heating system constantly has a positive influence on
the grid balance and its flexibility is optimally used.
Another indicator was defined as the volume of shifted load and in terms of procurement cost avoided:
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃 =

𝑃𝑃𝑃𝑃max − 𝑃𝑃𝑃𝑃
𝑃𝑃𝑃𝑃max − 𝑃𝑃𝑃𝑃min

(2)

Where: PC is the total procurement cost for the year with the optimal control; 𝑃𝑃𝑃𝑃max maximum

procurament cost; 𝑃𝑃𝑃𝑃min minimum procurement cost.

Following the same idea, Reynders et al., 2015 reviewed different studies putting in place a control of the
building load scheduling based on a minimization of energy prices (assuming a varying time-of-use price
scheme). Flexibility can in these cases be quantified as the financial savings achieved by changing the
consumption pattern.
The extra cost brought by flexibility strategies is also discussed in literature. Making use of storage systems
during load-shifting strategies implies some energy losses, which can lead to an overconsumption with
respect to a normally operating heating system. This goes against the goals of flexible operation, even if
priority is set on shifting a load rather than saving energy. In order to account for this phenomenon,
Oldewurtel et al., 2013 defined the power shifting efficiency as the ratio between the extra energy
consumption necessary for load shifting and the volume shifted. This indicator is not applicable to direct
assessment of the flexibility potential of a building or a system, but it is a useful complement in terms of
energy consumption.
The area of interest of this report is thermal flexibility in a district heating network, which does not present
the same variability in demand and regulation mechanisms as the electrical grid. In particular, no
differentiated heating prices have been set yet, which makes it difficult to assess flexibility from an
economical point of view by calculating the financial savings achieved by load shifting in the context of a
price-based control. Since the focus is on residential buildings, the target here will rather be to assess
flexibility in terms of comfort preservation for the occupants.

2.2

Case study of Nordhavn: Conceptual indicators

To study the thermal flexibility that the buildings in Nordhavn can provide to its district heating operator,
an investigation was carried out to investigate how different parameter changes can influence the building
flexibility potential. The focuses are on the design of building envelope and heating systems.
To assess the flexibility potential of different heating systems, three different heating systems were
selected:
•

Hydronic floor heating system

•

Radiators
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•

Fan coils

2.2.1 Methodology
Flexibility can be defined here as the ability to adapt to constraints on the heating power schedule without
compromising the occupants’ comfort. Therefore, the flexibility assessment pattern used was the following:
a change in heating schedule is performed and the evolution of indoor comfort is assessed. Complete heat
cut-offs at different moments of the day were applied to an IDA ICE model of an apartment located in
Nordhavn district and its flexibility was assessed with respects to the speed of the temperature drop. The
peak in heating power after a cut-off period was also studied and used as another tool to evaluate
adaptability to a changing heating pattern.
Temperature drop indicators
The building system was subjected to a total heat cut-off at a certain instant t0. The exact time of this cutoff is likely to significantly alter the results. Thus, six different possibilities for the cut-off moment were
evaluated in each of the cases, spread out over 24 hours in order to obtain a flexibility profile throughout a
day. The first flexibility indicator was defined for measuring the speed of the temperature drop after heat is
cut off, since temperature indicates indoor thermal comfort. The output of using this indicator is the time
(measured from t0) after which the indoor temperature drops below the lower bound of the occupants’
acceptability range. In this work, this minimum acceptable temperature was set to 20°C.
This indicator gives a concrete indication of the possibilities that the building offers in terms of heat
retention and could be used by the district heating operator to know how long the building can be
independent from the heating network – keeping in mind the assumptions regarding influential factors,
such as the heating setpoint and the outdoor temperature. The theoretical formulation of this first
indicator is shown on Equation (1).
𝐼𝐼𝐼𝐼𝐼𝐼1 = 𝑚𝑚𝑚𝑚𝑚𝑚{ 𝑡𝑡 | 𝑇𝑇(𝑡𝑡) = 20°𝐶𝐶 }

(1)

In practice, given the large fluctuation of indoor temperature, temperature can drop for some minutes
below 20°C and rise again, which is not a real threat to indoor comfort. Therefore, a tolerance factor of 10%
was introduced, which makes the indicator practically calculated as the moment when indoor temperature
has been above 20°C 90% of the time.
The average speed of the temperature drop is considered the second indicator and calculated according to
expression (2) where Tstart is the temperature at the moment of the cut-off and T is the temperature of the
considered room after a period of time texp. It gives a more theoretical indication of the ability of the
building to retain heat, which cannot be used as such for practical application but helps understand the
impact of design on heat storage and transfer phenomena, which is of great interest in this study.

Heating power-related indicators

𝐼𝐼𝐼𝐼𝑑𝑑2 =

𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −𝑇𝑇
𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒
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(2)

In order to calculate the third and fourth flexibility indicators, another protocol was set up. In that scenario,
heat is cut off from 7 AM to 4 PM on Monday, January 19th, which corresponds to a prioritization strategy.
In this strategy, dwellings are heated up in the evening and during the night, and starting one hour before
the occupants come home. In this scenario, the indoor temperature is not of interest, but focus is set on
the heating power.
The energy consumption in the period from the 19th to the 21st of January is retrieved and compared to
the energy consumption in the reference case (constant heating) during the same period. Their relative
difference constitutes the third flexibility indicator:
𝐼𝐼𝐼𝐼𝑑𝑑3 =

𝑄𝑄−𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟
𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟

(3)

In flexibility studies, it is interesting to evaluate the change in heating pattern brought by a modification in
heating schedule: if the aim is to reduce heating peaks, attention has to be given to the possibility of other
peaks created in reaction to the schedule change. These new peaks are not always an issue for the specific
flexibility strategy aimed at, but it is still important to be aware of their presence. It was therefore chosen
to measure the maximum heating power level reached between the 19th and the 21st of January in the
simulation with heating cut-off and to compare it with the maximum power level in case of normal
operation during the same period. This output constitutes the last flexibility indicator.
𝐼𝐼𝐼𝐼𝑑𝑑4 =

𝑄𝑄𝑚𝑚𝑎𝑎𝑥𝑥 −𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚, 𝑟𝑟𝑟𝑟𝑟𝑟
𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚, 𝑟𝑟𝑟𝑟𝑟𝑟

(4)

In this indicator, the peak levels that are compared are not necessarily occuring at the same moment: they
are the overall maxima over the three considered days. This approach gives an information about the extra
capacity that would be needed to accommodate the new peaks.

2.2.2 Results
1) Building envelope
Overall energy consumption
In all design configurations, shutting down heat for some hours of the day does not lead to any remarkable
increase or decrease in energy consumption. Regardless of the heating power level in normal operation,
the height of the peaks after the end of the cut-off period compensates the decrease in consumption due
to the cut-off. The total energy consumption is therefore not impacted by the flexibility strategy in this case
due to good thermal insulation. However, several studies show that when a pre-heating period is
performed before a cut-off, the storage losses occurring during that phase lead to a global increase in
energy consumption.
Cut-off time
In the majority of the cases, the 𝐼𝐼𝐼𝐼𝐼𝐼1 (time duration till indoor temperature reaches 20°C) shows a much
higher dependency on the cut-off time than the 𝐼𝐼𝐼𝐼𝐼𝐼2 (average temperature drop speed) over the first 48h
after the cut-off. This is due to the fact that indoor temperature varies significantly during the day due to
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the successive internal and external gains; therefore the cut-off time has an important impact on the time
spent before the 20°C threshold is reached. In the calculation of the average drop speed, the daily
variations are somehow erased since the average is calculated over two days. Since the temperature
profiles following different cut-offs are similar, the drop speed does not vary much.
Critical parameters
Thermal insulation has the largest impact on the temperature drop in the inhabited space after a heat cutoff. For example, a building with less than 10 centimeters insulation in the external walls is very sensitive to
a heat cut-off. Placing the apartment on a corner of the building shows negative effects on flexibility. The
higher the thermal resistance of the envelope, the larger impact thermal mass has on the flexibility. The
first step in ensuring flexibility is therefore to guarantee that the envelope has a sufficient thermal
resistance.
Orientation of the apartment shows a clear impact on heat retention: the value of 𝐼𝐼𝐼𝐼𝐼𝐼1 is 40% larger for

the apartment facing south than any other orientations. In addition, the main influence on the peak power
comes from the presence of solar gains: the peak gets twice higher than normal when the main façade is

oriented North, East or West, while it is only 20% higher than normal when the apartment is oriented
south. Similarly, while smaller windows guarantee a better heat retention, they also lead to an important
increase of the peak power (up to 50% higher than in normal conditions).
Solar gains and outdoor temperature are highly influential on the temperature drop. For example, the
duration of the comfort period (𝐼𝐼𝐼𝐼𝐼𝐼1 ) in the living room can be multiplied by 3 from a case with no solar
gains to a case with a large solar gains profile, and by 4 when outdoor temperature goes from -12 to 0°C.

Therefore, weather conditions are essential for the implementation of the flexibility indicators to a building
operated in real conditions.

2) Heating systems
Floor heating system
The increase in thickness of the concrete layer lead to a higher flexibility factor, thanks to the higher thermal mass
capacity. It was found that 12 cm of slab was the best thickness in the case study. The heat peak in the cut-off
program is significantly higher (up to 6 times) in comparison with the continuous control of the heating system. This
has to be considered in building design phase in order to face higher peaks. However, the difference in primary energy
consumption is minor. For instance, for a one-month simulation, the heat cut-off program lead to increase the energy
consumption up to only 3.8 % compared to the continuous control.

Radiators
The radiators system resulted less flexible than the floor heating system, mainly because of the lower thermal mass,
but it has a lower peak. This indicates that for the building equipment and the district heating network, the required
peak capacity is lower. However, the primary energy consumption for the radiators increased by 24 % and the daily
temperature fluctuation might affect occupants thermal comfort.

-5-

Fan coils
The fan coils system behaves similar to the radiators system. However, it shows a lower flexibility potential compared
to both radiators system and floor heating system and it requires higher primary energy consumption, +2.85 %
compared to the radiators and +9.83 % compared to the floor heating system. Meanwhile, the daily temperature
fluctuation can be a reason for complaints from the occupants. It is possible to conclude that the fan coils system is
the worst solution among the three heating systems evaluated.

Impact of outdoor temperature on thermal comfort
The indoor temperature dropped slightly below 20 °C when the outdoor temperature was lower than 0 °C. However,
for the entire year the number of hours below the limit was found to be less than 5 % of the time, which fulfills the
requirement by the standard DS EN 15251 (17 h for the floor heating system and 66 h for the radiators system). When
the outdoor temperature is lower than 0 °C for more than three days, the thermal comfort could be affected. In that
case, the thermal losses of the apartment cannot be covered by the energy accumulated during the heating period.

3. Interfaces: Encouraging flexible user behavior with in-home display
User behavior and practices play an important role for the energy use in buildings. To activate energy
flexibility of buildings it requires the active participation of users changing their behavior to be flexible. As
a norm, users receive very limited information about their electricity and thermal energy use. In order to
provide a continuous feedback to the users, in-home displays should coupled to smart meters, which can
give real-time information about the energy use. Users can use it as a feedback so that they can curtail or
shift their energy use.
According to Krishnamurti et al. 2013, the feedback could be provided as different type of information and
there are five basic categories that should be decided upon.
•

Units, could be current cost ($), cost/day, power (W or kW), energy (kWh), or carbon dioxide emissions
(CO2 tons). It has been shown that people have a preference to display the cost, either per day or per
billing period (Karjalainen 2011; Anderson and White 2009), as this is a simple unit they can
comprehend. The researchers suggested to “provide with only an aggregated summery of their current
kWh usage to better learn the relative electricity consumption of their appliances”.

•

Regarding time aggregation information, there was no clear indication, as the preferences ranged from
annual to real-time updates. However, many users agreed that they wanted to have the option to
choose between different time periods (Darby 2010; Anderson and White 2009).

•

Regarding physical aggregation, Karjalainen (2011) showed that people would like to have appliancespecific feedback given in monetary units (Anderson and White 2009).

•

Regarding format, no clear preferences were shown, as the answers vary between charts, pictures,
tables, numbers, audio and visual feedback (Anderson & White 2009; Roberts & Baker 2003).

•

Another important parameter that significantly affects the effectiveness of the displays on the
reduction of energy use is the comparators provided together with the feedback (Schultz et al. 2015),
namely there should be a comparison of the displayed value with another relevant value. Abrahamse et
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al. 2005 reviewed studies using different feedback mechanisms and found that the most effective
mechanism to achieve energy savings is the comparative feedback. The typical possibilities for
comparison are to compare to an own-previous value (historic), or to “similar household’s” value
(social), or to target set by the users. The most common preference of users is to compare their own
current use with one in the past (Karjalainen 2011; Roberts et al. 2004), while there were others who
preferred comparing their measured use to a target-value they had set themselves (Darby 2010;
Anderson & White 2009). It has been shown by Fischer (2008), that comparing with other people’s
usage is not motivating people to curtail their consumption so they wouldn’t like it to be displayed in
their in-home displays (Anderson & White 2009; Roberts et al. 2004; Paetz et al. 2011). On the other
hand, there are studies that show that comparing the usage with similar households had the greatest
impact on usage curtailment (Schultz et al. 2015; Nolan et al. 2008; Allcott 2011).
For the design of user interface, researchers of several pilot projects in the Netherlands (Kobus 2016),
defined five rules.
•

Keep the design simple with limited function and limited amount of information and to be easily
understood.

•

Should provide immediate feedback and feed forward upon users’ request.

•

Different appliances need different automation designs and different households have different needs
for automation.

•

Engaging users in the long run by providing new information and feedback daily.

•

Take privacy into account.

4. Conclusions and recommendations
This work has permitted us to understand the mechanisms of building thermal retention and thermal
flexibility. To improve building thermal performance, several critical parameters was clarified, including
thermal insulation, orientation, solar radiation, outdoor temperature, etc. The floor heating system was
found the most flexible heating system, but to achieve thermal flexibility, the building heating system need
to be designed in order to bear the high heat peaks. This should also be considered on the district heating
network side. Future work should focus on the investigation of different building shapes and indoor space
organization, and help forming a set of guidelines for an optimal building design.
It was obvious that the occupants and their behavior play a significant role in the final energy use of
buildings. Therefore, a user interface between home energy systems and users should be installed in order
to provide feedback to the occupants and influence their energy use. Attention should be paid to the
design of user interfaces.
Based on the case study and reviewed literature some suggestions could be made on what appears to be
relevant to be tested within the EnergyLab Nordhavn project. First of all, heating system flexibility obtained
from cut-off program should be tested in several apartments to further evaluate the effect of this program
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in real life. The introduced indictors then can be tested and the limitations of implement these indicators
can be examined. In terms of interfaces, e.g. in-home display, it requires that the users have the necessary
understanding and motivation for using the tool. The display should be accessible via a website and a
smartphone application; the latter was indicated to be the most frequently accessed.
Regarding the information that should be shown in the user interface, it is suggested that thermal comfort
and indoor air quality indicators (temperature, relative humidity, CO2 concentration), as well as energy use
are displayed. For all displayed values, comparative feedback could be provided as a simple image
visualization of the performance. For example, a “green smiley face” or a “red moody face”. For the
thermal comfort and indoor air quality indicators predefined limits could be set based on existing
standards. For the energy use, a comparison could be done with average values of “similar households”, if
such information is available, or else with goals that the users set themselves. It is also suggested that a
correlation with prices, thus cost for the users, is available.
Furthermore, it is recommended that the user has the possibility to create different “occupancy modes”
with pre-defined settings. For example, when leaving home the system could be set in “absence” mode
such that all lights are turned off and all the plug loads which do not serve the white appliances are also off.
Finally, it is should be emphasized that clear guidelines should be provided to the users on how to use the
system, in order to control their indoor environment, but at the same time conserve energy.
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