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Synopsis:

This report is the product of a Master thesis, dealing with the dierent challenges
which occur when implementing control
strategies in intelligent facades. This report consists of a introduction, theoreticaland practical part, and each part claries
the eect of the intelligent facade on the
indoor environment and the energy consumption. The theoretical part is conducted in BSim and consists of a sensitivity analysis and ten examinations of dierent control strategies. The practical part
is performed in a full scale experiment in
the Cube and consists of three main elds,
experiments with practical control strategies, experiments with user behaviour and
experiments with a shutter.
The overall conclusion is that the intelligent facade contributes to a satisfying indoor environment while lowering the
energy consumption of the building. However, none of the control strategies developed could exclude the use of mechanical
technologies if also satisfying the indoor environment and the users. The experiments
with the shutter showed that the technology is preferable to lower the transmission
loss through the window.

Preface
This Master thesis is written by the authors from the 4th semester on the master from
Indoor Environmental Engineering at Aalborg University. This project deals with intelligent
building facades of oces, and focuses on the control strategy in order to obtain a satisfying
indoor environment and a low energy consumption.

Reading guide
The project consists of a main report and an appendix report, together with an appendix-CD
attached in the back of the main report. When referring to an appendix it will for instance
be referred to as appendix A. On the CD the les which are used in the project are attached,
which is numbered as they are used in the report. To read some of the les it is necessary
to have the relevant program which could be; Microsoft Oce Excel, BSim, Therm, AutoIt
and MATLAB. In some of the attached annex's there is used full stop and decimal comma,
this is because not all programs are using the Danish punctuation. At the end of the report
a drawing list is presented.
Through the main report there are references to sources which are collected in the literature
list in the back of the report. The Harvard method is used for references which mean that
the sources are stated [last name, year]. If the sources are placed before a full stop, they
are referring to the concerned sentence and if the sources are placed just after a full stop
they refer to the previous part. Figures, tables and equations are numbered regarding the
chapter, e.g. the rst gure in chapter 2 will be gure 2.1, the next gure 2.2 etc. The
gures made by members of the group will not have a reference.
The authors of this project would like to express their gratitude for Associate Professor
Rasmus Lund Jensen, the technicians at Aalborg University, Research Assistant Hicham A
l'Eau and the employees at "Sparekassen Kronjylland".
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Chapter

Introduction
In the following an introduction to the project is outlined and on the basis of an analysis of
dierent technologies and a case study the research questions, which forms the basis of this
project, is presented.
During the last decades the world have been facing major environmental problems in terms
of increasing amount of CO2 emission, which inuences the green house eect and thereby
the climate. In 1990 FN decided to develop a climate convention with the purpose to stabilise
the atmospheric content of greenhouse gases at a level that prevents the dangerous climate
changes. The rst climate conference, COP1, was held in Berlin in 1995 and since then 16
other meetings have taken place, the last one in Durban, South Africa in December 2011.
[Danish museum of art and design, 2011]
Almost 40 % of the total energy consumption in Denmark is used for buildings, thus the
reduction of the energy consumption in buildings is playing an important role in the question of climate changes [Drivsholm, 2011]. During the years the building regulations have
therefore increased the requirements for the energy consumption for buildings, and in the
year 2020 the energy consumptions of buildings should be decreased by 75 % compared to
the requirements in 2008. [Erhvervs- og Byggestyrelsen, 2010] Therefore the projection of
the building is crucial to evaluate the design of the building and work in an integrated design
process, where the architect and engineers, each representing dierent tasks, work together
in the early design stages.
In the context of the decreasing energy demand for buildings, it is also required to focus
on the indoor environment, because e.g. an increase in the thermal insulation will inuence
the indoor temperature and can cause overheating in the summer periods [Larsen, 2011b].
In the new building regulation, BR10, a requirement for the temperature conditions in the
summer period is introduced, when the building is constructed according to low energy class
2015 and 2020. Furthermore, it is required to document the maximum CO2 -level in oces,
schools and institutions, and the light level in buildings in low energy class 2020.[Erhvervsog Byggestyrelsen, 2010]
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In order to obtain the ideal performance of the buildings, both regarding the energy consumption and the indoor environment, the macro- and micro climate of the building must
be considered and studied carefully:
"`We must begin by taking note of countries and climates in which homes are to be built if
our designs for them are to be correct. One type of house seems appropriate for Egypt,
another for Spain ... one still dierent from Rome ... It is obvious that design for homes
ought to conform to diversities of climate."' Vitruvius, Architect, rst century B.C.
The optimum design of the building should be adapted to the macro- and micro climate,
time of year and time of the day.

1.1 Intelligent buildings and facades
The primary and basic function of buildings is to protect the users from the weather. With
the increasing demand for thermal comfort and lower energy consumption, the assignment
of buildings is now to produce internal conditions within thermal boundaries and still reduce
the energy demand. The best solution to achieve the low energy consumption, a high thermal
comfort and to satisfy the users is by an intelligent building, which can react and adapt to
the users needs, the climate, and time of day and year. [Wigginton and Harris, 2004]
An intelligent building should...

 "know" what is happening inside and outside.
 "decide" the most ecient way of providing comfortable and productive environment
for the users.
 "respond" quickly to users requests.
The three keywords, know, decide and respond form the basis of the intelligent building and
its tasks. [Wigginton and Harris, 2004]
The building envelope, including insulation, window area, sun shading and natural ventilation, plays an important role in the performance of the intelligent building. The facade of the
building contains several technologies which can exploit the buildings micro climate directly
and reduce the energy consumption while improving the indoor environment without the use
of energy, in contrast to mechanical ventilation, heating- and cooling systems.
The intelligent facade thus plays a central role in the intelligent building. The intelligent
facade should full the same three keywords as the intelligent building, and should be able
to change its characteristics dynamically, depending of the micro climate and the users. In
order to "know", "decide" and "respond" the intelligent facade should be able to manage the
requirements and thus a control strategies for the intelligent facade needs to be developed.

1.2. Control strategies
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1.2 Control strategies
The design of control strategies for technologies depends on how they are controlled; user
control or automatic control. User control can be adjusted manually or by electric manoeuvre organs which control the technologies. User control has to be simple and easily
accessible, thus handles and manoeuvre organs should be placed visible. User control is
especially relevant for smaller oces with only a few users and small internal gains. [Byggeforskningsinstitut, 2002]
Automatic control systems consist of sensors, manoeuvre organs, controller organs and a
control box. Signals from the sensors are collected in a control box which transmits the
signals to the manoeuvre organs. The signals are then conducted to the controller organs
which control the technologies. Depending on the control form and the controlled technology
dierent sensors exist e.g.; temperature-, sun-, CO2 -sensors, weather stations and sensors
which registers the presence of persons. The manoeuvre organs manage the control organs,
e.g. the windows, dampers and etc. Automatic control systems are used in larger rooms with
varying internal gains, and are also used outside service life hours. [Byggeforskningsinstitut,
2002]
A combination of user control and automatic control can be used. The users are more optimistic about uctuations in the indoor environment if they adjust the technologies themselves, but if extreme weather conditions occur the automatic control should be able to
overrule the users, to obtain a sucient indoor environment and a lower energy consumption.[Byggeforskningsinstitut, 2002]
A control strategy should be able to control dierent technologies in proportion to the indoor
environmental requirements, the energy consumption, the outdoor conditions, the indoor
heat loads and usage patterns. The control strategy can be developed on the basis of the
time of the year and can be developed both inside and outside of the service life hours.
The overall requirements for the control strategy is thus to satisfy the users, the indoor
environment and the energy consumption, which is a challenge because of the varying and
maybe contradictory demands from each requirement. Another challenge is the potential
conict between the technologies implemented in the intelligent facade, e.g. the use of solar
shading will reduce the demand for cooling but the demand for lighting might increase and
thereby a higher energy consumption for electricity. The dierent technologies implemented
in an intelligent facade will be described further and their possible fundamental challenges
will be outlined, in order to provide a better knowledge to this project.

1.3 Description of dierent technologies
The intelligent facade and the adjacent room can be controlled by various technologies depending on their purpose, but they are typically controlled by the following technologies,
which will be included in this project:

4
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 Solar shading
 Light control
 Mechanical- and natural ventilation
 Insulating shutter
Each technology is chosen because of their inuence on both the energy consumption and
indoor environment, which is described in the following.

1.3.1 Solar shading
Solar shading is one of the most eective initiatives when passive cooling is needed. Several
types of solar shading exists; louvers, curtains, overhangs, venetian blinds and coatings on
the window glass. The solar shading may be placed inside the window, in between the
window gap or outside the window and can be a static or dynamic solution. The main
purpose of the venetian blinds is to lower the incident irradiance and avoid glare, thus a
dynamical solution is chosen for the intelligent facade in form of external venetian blinds.
The external placement ensures the best blockage of the direct solar radiation, i.e. glare.
The dynamical solution will be able to respond to the external heat loads in order to full
the thermal comfort and lower the use of energy for cooling. [Heiselberg, 2008a] The solar
shading can be scrolled up and down depending on the requirements, and the venetian blinds
are able to rotate 180 o . A picture of the external venetian blinds is shown on gure 1.1.

Figure 1.1: Venetian blinds.

The solar shading aects both the energy consumption and the indoor environment, as the
demand regarding the energy consumption and the indoor environment can be contradictory;
during the winter periods the external temperatures are low and the external heat load is

1.3.2. Light control
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thus needed in order to minimise the energy consumption for heating. In proportion to the
energy consumption the solar shading should not be utilised, but in the winter periods the
position of the sun is low and may cause glare, which means that solar shading is needed
to satisfy the optical environment. The diculty is therefore to nd the optimal control
strategy of the solar shading, which meets the requirements and will satisfy both the energy
consumption and the indoor environment.
Another challenge occurs when solar shading must work together with the other technologies
implemented in the intelligent facade. The solar shading reduces both the external heat load
but also the light level in the room. This implies that the solar shading is active in order to
reduce the cooling demand, which may result in an increased need for electric light in order
to maintain a satisfying optical environment. The challenge is to examine and decide when
the two technologies should overrule each other.

1.3.2 Light control
Light control regulates the electric lighting in relation to the natural light. Light control
ensures that electric light is only in use when needed, and a light controller will regulate
the brightness of the light and thus provide a more constant light level. In larger oces the
electric light can be regulated through the room depending on the need and the presence of
light in the room, this is illustrated in gure 1.2.

Figure 1.2: Light control [Jensen, 2010].

If periods with overheating problems occur due to heat from the sun it could be favourable
to use the solar shading and block out the sun. This might cause problems with the light
level in the room and the articial light has to be turned on. In this situation it should be
considered if the solar shading should be used until the minimum light level is reached and
then use cooling to compensate for the solar gain that is allowed in the room.
A light controller contributes to minimise the energy consumption and to optimise the optical
climate in the room. If periods with overheating problems occur due to the solar gain it could
be favourable to use the solar shading and exclude the sun. This might cause problems with
the light level in the room and the articial light has to be turned on. In this situation it
should be considered if the solar shading should be used until the minimum light level is
reached and then use cooling to compensate for the solar gain. The challenge is thus to
nd a proper solution which will both satisfy the energy consumption, the thermal climate

6
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and the optical climate. Concerning the control strategy of the light control the challenge is
to nd the optimal interplay between light control, cooling and solar shading, as described
before.

1.3.3 Mechanical- and natural ventilation
Mechanical ventilation consists of one or several inlets and outlets, and the purpose of the
ventilation is to extract polluted air from the room and add fresh air from outside. Mechanical ventilation is driven by a fan, which consumes energy, and if a heating- and/or cooling
coil is used in the aggregate extra energy is consumed when they are activated. Using heat
recovery it is possible to preheat the incoming air from the outside by using the heat from
the extracted air, this will eliminate the need for a heating coil and thus minimise the energy
consumption.
Mechanical ventilation is eective and independent of the outdoor weather conditions. By
mechanical ventilation with heating and cooling coils it is possible to obtain the desired
indoor temperatures even though large outdoor temperature variations exist both in the
summer- and winter periods.
Natural ventilation occurs through cracks, openings, windows and doors, and is driven by
buoyancy or wind. Natural ventilation is thus strongly dependent on the outdoor weather
conditions. It is required that either buoyancy forces or wind is present, and as preheating is
not possible in this project the outdoor temperatures cannot be too low or too high. Natural
ventilation can thus only be used in limited periods, and it is a challenge to examine which
periods natural ventilation can be in function without heating or cooling should be applied
to the room. [Heiselberg, 2008b]
Normally a combination of both methods is used, called hybrid ventilation. A combination
of natural and mechanical ventilation will result in lower energy consumption and a better
comfort. The natural ventilation can lower the use of mechanical ventilation in the summer
periods, and will contribute to better air quality. The challenge is thus to develop a combined
control strategy. [Heiselberg, 2008b]

1.3.4 Insulating shutter
The insulating shutter is a transparent plate, which is possible to ll with insulation, which
can be pulled in front of the window as a function of the outdoor- or indoor temperature.
A transparent plate allows the light to penetrate but may obstruct the view to the outdoor, which eect the indoor environment as the view is important to the users of buildings
[Christoersen et al., 1999]. A non transparent plate blocks the view entirely and should only
be used when the building is unoccupied or it is dark outside. In this project the shutter,
the dynamical transmission coecient, is non transparent because of the insulation, which
is shown in gure 1.3.

1.4. Case study of Sparekassen Kronjylland
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Figure 1.3: Shutter.

The shutter reduces the transmission coecient of the entire construction, and thus minimises the heat loss. The shutter can be utilised in the winter periods where a large temperature dierence between the outdoor and indoor results in a larger heat loss. If the shutter
is enabled in the winter nights a smaller heating demand might be needed in the morning
when the oce is occupied. During the summer period the shutter can exclude the external
solar gain outside of service life and thus minimise overheating. The challenge is to nd out
in which periods and which time at day the shutter should be activated.
As listed above dierent challenges are associated with the control of intelligent facades,
and in order to gain insight to the use of intelligent facades in practice, a case study of
Sparekassen Kronjylland in Randers, Denmark is performed in the following.

1.4 Case study of Sparekassen Kronjylland
The headquarter of Sparekassen Kronjylland is addressed at Tronholmen near Randers fjord,
and is build in 1999-2002 by the architect rm 3xNielsen and the consulting engineering rm
Rambøll A/S.
The building has an area of 7.600 m2 distributed on four oors, and consists of three elements;
a plateau of dark natural stone, the main building mainly consisting of glass and three smaller
guests houses of tree. In picture 1.4 the building is shown; the main building appears hovering
as it is placed at the plateau, which is slightly staggered in the back. In picture 1.4 it is also
shown how one of the three guest houses grows from underneath the head building.

8
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Figure 1.4: Sparekassen Kronjylland in Randers.

As seen in picture 1.5 a rectangular atrium is placed in the centre of the main building,
which is lighted from a big glass roof. An open staircase and several walkways are placed in
the atrium, which combines every oor. The reception and cantina is placed in the ground
oor whilst the oces, auditoriums and training rooms are placed at the other three oors.

Figure 1.5: Atrium in Sparekassen Kronjylland.

The main building is composed as a double glass facade, where the inner layer consists of
clear glass. The exterior layer is shielded by louvers of tempered glass with silkscreen and
it is possible to open three glass plates per module. The shielding has a light transmittance
of 0,4 in closed position and it functions as solar shading and is controlled electric by an
outdoor sun sensor on each facade and can be opened and closed independently depending
on the weather conditions. The gap in the double facade is ventilated in top and bottom.

1.4. Case study of Sparekassen Kronjylland

Figure 1.6: The double facade at
Sparekassen Kronjylland.
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Figure 1.7: The double facade at
Sparekassen Kronjylland.

The building has now been in service for 10 years and it is possible to evaluate the function
of the facade. This evaluation will gain insight to advantages and disadvantages connected
to the control and function of the facade. The evaluation is executed both through email
correspondence with Thorkild Petersen, who is a employee at the consulting engineering rm
Rambøll A/S and has planned the building, and a questionnaire send to the users of the
building.
The purpose of the email correspondence is to gain knowledge about the construction and
the control strategy of the intelligent facade. The email correspondence is shown in appendix
A.1. According to Thorkild Petersen it is experienced that the light level is too high in the
building and therefore interior solar shading was later applied.
As mentioned earlier, it is very important to consider the users, their wishes and attitude
towards the indoor climate. Thus this questionnaire focuses on the users experience of the
intelligent facade and the control of it, in large oces with several users. The questionnaire
is presented in appendix A.2 The questionnaire is divided into three parts, where the aim
of the rst part is to collect facts about the users and their oces; if they are sitting in a
single oce or open oce, where the oce is placed in the building and how they dress in
the summer- and winter periods. The aim of the second part is to gain information about
the control form; do the users have any inuence on the control of the outdoor solar shading
and on the ventilation of the oces. The third part concerns the users assessment of the
intelligent facade.
The questionnaire is answered by 10 people and it appears that they are all sitting in the
same oce. This will give an insight in each individual experience of the indoor environment
in the room.
First their clothing is evaluated both in the winter and summer period, to examine if this
could have any inuence on the following questions. In table 1.1 and table 1.2 the clothing
for each participant is listed for the winter and summer respectively.

10
Participant
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Clothes

Thermal resistance of clothing [Clo]

1

Trousers, blouse w. long sleeves

0,6

2

Trousers, shirt

0,6

3

Trousers, blouse w. long sleeves, shirt,

0,9

sweater, jacket
4

Trousers, shirt

0,6

5

Trousers, shirt, jacket

0,65

6

Trousers, shirt

0,6

7

Trousers, blouse w. long sleeves, jacket

0,65

8

Trousers, shirt

0,6

9

Trousers, blouse w. long sleeves

0,6

10

Trousers, blouse w. long sleeves

0,6

Table 1.1: Clothing for each participant in the winter periods. The thermal resistance of
clothing is an approximately assumption from [Hyldgård et al., 1997]

Participant
1

Clothes

Thermal resistance of clothing [Clo]

Trousers, skirt,

0,5

blouse with short sleeves, shirt
2

Trousers, shirt

0,5

3

Trousers, blouse with short sleeves,

0,5

shirt
4

Trousers, shirt

0,5

5

Trousers, shirt, jacket

0,55

6

Trousers, shirt

0,5

7

Trousers, blouse with short sleeves

0,5

8

Trousers, shirt

0,5

9

Shorts, blouse with short sleeves

0,3

10

Trousers, blouse with short sleeves

0,5

Table 1.2: Clothing for each participant in the summer periods. The thermal resistance of
clothing is an approximately assumption from [Hyldgård et al., 1997]

Some of the participants have marked several garments as with most likely will not occur
in reality, see for example participant three in table 1.1 and participant one in table 1.2. It
is thus assumed that they would wear one or two upper garments together with one lower
garment and the mean thermal resistance value from these dierent compositions are listed
in the tables. The examinations shows, that the employees in the building almost wear
the same thermal resistance of clothing on work, especially in the summer period, where

1.4. Case study of Sparekassen Kronjylland
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only participant nine have a smaller thermal resistance of clothing. The mean value for the
thermal resistance of clothing is 0,64 clo in the winter period and 0,49 clo in the summer
period.
The next step is to evaluate how they can control the indoor environment. The solar shading can be controlled through their phones while the ventilation system can be controlled
partially also through their phones. Seven people out of ten have an inuence on the control
of the solar shading, thus three people are not controlling the facade. The seven people
who controlled the solar shading also control the ventilation system together with one more,
which did not control the solar shading. Thus two people do not control the ventilation
system. There may be various reasons why employees do not control the solar shading and
the ventilation system; lack of knowledge that they are able to control these technologies,
the technologies are too dicult to control or they do not care and let their colleagues adjust
the technologies.
The participants are asked if they are bothered from noise from the electronic when the
facade adjusts automatically on a scale from 1 to 5, where 1 is no discomfort and 5 is a big
discomfort. Seven people are not bothered by the noise at all and answer 1 on the scale,
while one is bothered and answers 3 on the scale. Two are only bothered a little bit from
the noise, and answers 2 on the scale. Their dierent answers can be because of a various
distance from their working place to the facade. If the users working place is just in front of
the facade the noise from the electronic can be greater than if their working place is placed
in a larger distance from the facade. Their dierent answers can, of course, also be because
of the diversity among people. The participants are also asked if it bothers them when the
solar shading automatically regulates on a scale from 1 to 5, where no discomfort is 1 and
5 is a big discomfort. Seven people are not bothered at all, answering 1 on the scale, while
three people are bothered a little bit, answering 2 on the scale. The big picture shows that
the employees are not very bothered from the automatically control of the facade.
The participants must then evaluate their working environment on a scale from 1 to 5, where
1 is no discomfort and 5 is a big discomfort. Five out of ten participants answers 1 on the
scale, and think the automatic control have a positive eect on the light level at their working
place, while the remaining ve participants think it only has a smaller positive eect on the
light level at their working place, answering 2. The participant's opinions about the solar
shadings inuence on the visibility to the outside are more scattered. Three participants
mean that the solar shading has no inuence on the visibility to the outside, answering
1 on the scale, three people think it has a little inuence, answering 2 on the scale and
four people think it inuence the visibility to the outside, answering 3. One participant
comments: "The view can be disturbed the days with windy weather because the facade
"closes" ". This shows how the automatically controlled facade may have a positive eect
on the optical indoor environment, but because of the facades limitations it also aects the
visibility to the outside and can be a nuisance to the users of the building.
The participants are asked to evaluate the temperature in their oce on a scale from 1 to
5, where 1 is very cold and 5 is very hot. The employees have very dierent opinions about
the temperature, their evaluation on the scale from 1 to 5 is shown in table 1.3.
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Participant

Eva. of temp. [-]

Thermal resistance of clothing winter/summer [Clo]

1

2

0,6/0,5

2

4

0,6/0,5

3

2

0,9/0,5

4

5

0,6/0,5

5

3

0,65/0,55

6

2

0,6/0,5

7

2

0,65/0,5

8

3

0,6/0,5

9

4

0,6/0,3

10

-

0,6/0,5

Table 1.3: The thermal resistance of clothing from each participant in the winter/summer
period and the individually evaluation of the temperature on a scale from 1 to 5.

Participant seven comments "The temperature may be dicult to regulate in the springand autumn months, which is connected to the setting of the temperature" and participant
10 comments "Can be very dierent". This examination shows that spring- and autumn
seasons stand out from the winter- and summer seasons, thus it can be favourable to set
up dierent control strategies for these seasons. This examination also shows how scattered
people's opinion about the temperature is when they are working, even though they almost
wear the same thermal resistance of clothing. The big dierence is clear when comparing
participant three, who think the temperature is a little too cold but wears a large thermal
resistance of clothing, and participant nine, who think it is a little too hot but wears a
smaller thermal resistance of clothing than participant three. The temperature regulation
in big oces is thus very dicult because it is almost impossible to satisfy all users, which
leads to the next question.
The participants, all sitting in the same big oce, are asked if they ever feel bothered that
their colleagues wishes to work under other temperature- or light conditions than themselves.
They answer on a scale from 1 to 5 where 1 is not bothered at all and 5 are very bothered.
Two people think it does not bother them answering 1 on the scale, ve people think it
bothers them a little bit answering 2, one person think it is bothering answering 3 and one
person is more bothered answering 4. The answers are again scattered, but seven out of
ten people think it is not a big nuisance, which may be because of people's willingness to
adapt and accept their colleagues when sitting in a big oce. One participant, which is not
bothered at all, comments "There will always be dierent opinions about light and heat - in
a room where several people are gathered no matter of the rooms location or placement",
which shows the person have an understanding of these problems and therefore accept them.
Last the participants are asked if they prefer that the external solar shading adjusts automatically rather than they adjust it themselves. Only three people prefer the solar shading
adjust automatically, while six people prefer to adjust the solar shading themselves, which

1.5. Research question
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may be because of users will accept larger uctuations in the indoor environment when
they adjust the technologies themselves. One person prefer another option, which may be a
coupled control between the users and a automatically regulation.
This case study is based on literature review and a quantitative questionnaire, with a few
participants, and thus it is important not to generalise on the basis of this case study.
However the case study provided an overall picture with some guidelines, which can be used
in the development of the control strategies. Because of the high light level it was necessary
to apply interior curtains in order to lower glare. This shows how important it is to take
the micro- and macro climate into consideration when developing the control strategy. This
case study also showed that people are less bothered from the automatic adjustment of the
facade and think it has a positive eect on their working environment overall. They are
though bothered from the obstructions of the view from the solar shading and prefer to
adjust the solar shading themselves. The analysis of "Sparekassen Kronjylland" showed that
the transitional periods between winter and summer is the most troubled months regarding
the indoor environment as large weather changes occurs and the individual clothing is thus
very varying. The questionnaire also gains insight into the dierence on people's experience
of the internal temperature, which can be a big challenge in big oces. This illustrates how
important it is to take the users of the building into consideration and it can be favourable to
automatically adjust the facade regarding the energy consumption, but also allow the users
to adjust the facade because they will accept larger uctuations in the indoor environment.

1.5 Research question
As described in the introduction dierent challenges occur when developing control strategies
for intelligent facades and the dierent challenges are fundamental in the search of the
optimal control strategies. The overall research question is gathering these challenges and
forms the basis of this project:

How is it possible to develop control strategies for the intelligent facade which satisfy the
users, the indoor environment and the energy consumption?

1.6 Problem scope
The aim of this project is to develop dierent control strategies, which meet both the energy
consumption, indoor environment and the users for the following technologies; solar shading,
light control, heating system, cooling system, shutter, natural- and mechanical ventilation.
The control strategies are developed with the aim to reach a satisfying indoor environment
with the least consumption of energy. Thus the development of the control strategies is
performed in a certain priority. The aim is to regulate the indoor environment by controlling
the intelligent facade and minimise the use of energy consuming technologies and in contrast
exploit the technologies related to the intelligent facade; natural ventilation, solar shading
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and shutter. Thus passive heating and cooling is used rst and, if necessary, additional
mechanical installations are used.
Throughout this project dierent models are used in the investigation of dierent control
strategies for the intelligent facade; a full-scale model called "The Cube" and simulations
performed in the program BSim. The basic investigations are executed in BSim whereby
the project is founded to further experiments in the Cube. Each model is represented by an
oce, where the dierent control strategies are examined in comparison to a reference room.
Based on the introduction and in order to answer the overall research question dierent
scenarios regarding the dierent technologies connected to the facade, and the following
questions are to be sought:

 When should the shutter be used in order to lower the energy consumption for heating
and still obtain a satisfying indoor environment?
 When should the solar shading be activated and deactivated in the winter-, spring-,
autumn- and summer periods in order to provide passive heating and cooling and on
the same time obtain an acceptable light level?
 How should the solar shading be regulated compared to the lighting?
 At which temperatures should the control switch between mechanical and natural
ventilation?
 Is it possible to divide the year into optimal periods to obtain the best comfort and
minimum energy consumption?
The control strategies examined in BSim and in the Cube are evaluated based on Danish
weather conditions, and are thus only valid for buildings placed in Denmark or countries with
similar weather conditions. Countries with other weather conditions, hot or cold climates
requires other control strategies than these examined in this project.
During the evaluation of the indoor environment the atmospheric, optical and thermal comfort is examined. However, draught and odour is not examined in neither the simulations
or experiments. The case study of "Sparekassen Kronjylland" claried that external noise
was too disruptive and the control strategy for the oce building should be changed. The
acoustic climate thus has a large inuence on the control strategies for the intelligent facade
but as this cannot be examined in BSim, and the Cube is placed at a eld, this could not
be examined. Due to a limited project period, the examination of the control strategies
in the full scale experiments was only performed with weather conditions corresponding to
spring/autumn and control strategies for summer and winter is thus not examined. The
limited project period also limits the evaluation of the control strategies in the full scale
experiments, as the exact air change for natural ventilation is not examined.

Chapter

Criteria and models used for
analysis
In the following the criteria for evaluating the indoor environment and the energy consumption of the models are outlined and afterwards the two dierent models, representing the
oces, used in this project are described.
To investigate the dierent control strategies for intelligent facades on an oce building
both theoretical and practical investigations are conducted. The theoretical investigations
are performed in the simulation program BSim and the practical investigations are performed
in the Cube. The theoretical simulations are rst performed with the aim to gain knowledge
about the technologies which have the largest inuence on the performance of the intelligent
facade. Secondly a control strategy is developed and optimised the best possible. With
these theoretical experiences the practical experiments are performed with the purpose to
test dierent control strategies in a full scale model and hereby evaluate the technologies
performance. The investigations of the control strategies are based on the performance of
the oce regarding the indoor environment and energy consumption. The performance of
the oce is thus evaluated on the basis of the indoor environment categories and the energy
consumption according to BR10. In the following the criteria for the indoor environment
and the energy consumption are outlined and thereafter the oces modelled in BSim and
constructed in the Cube are described.

2.1 Criteria for analysis of the control strategies
To analyse the results from the simulations and the measurements and to ensure a satisfying
environment in the oce, some of the criteria within the thermal, the atmospheric and the
optical indoor environment has to be fullled. The following parameters are those who will
be analysed either in the results or they will be used when selecting the set point values for
the dierent technologies.
15
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The thermal indoor environment:
 Operative temperature
 Mean air velocity - draught

The atmospheric indoor environment:
 CO2 -level

The optical indoor environment:
 Glare
 Light level
Analysing the results for the indoor environment three dierent categories are used for the
indoor temperature and CO2 -level. These categories describes the quality of the indoor
environment in a room; category A has a high expected level, category B has an average
expected level and category C has a moderate expected level. A predicted percentage of
dissatised (PPD) for each category is established when looking at the thermal state of the
whole body. The percentage of dissatised for each category is shown in table 2.1.
Category

PPD [%]

A

<6

B

< 10

C

< 15

Table 2.1: Predicted percentage of dissatised for each category. [Dansk Standard, 2007]

In the following dierent assumptions for the thermal insulation of clothes and activity level
is outlined, these corresponds to the guidance in [Dansk Standard, 2007]. It is assumed that
the thermal insulation of the clothing during the summer is 0,5 clo, 0,8 clo during spring and
autumn and 1,0 clo during winter. Despite of a dierence in the thermal resistance of clothing
from the case study and the assumptions from [Dansk Standard, 2007], the assumptions from
[Dansk Standard, 2007] is used as this would mean that the temperature in the winter should
be at the same level as the summer. The level of activity is oce work which corresponds
to 1,2 met.

2.1.1 The thermal indoor environment
The thermal indoor environment is assessed by the operative temperature divided into summer, spring, autumn and winter and the mean air velocity is evaluated.

2.1.1. The thermal indoor environment
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2.1.1.1 Operative temperature
To ensure the users of the oce are temperate the operative temperature is measured in
the occupied zone. When analysing the temperatures the indoor environment categories, as
mentioned before, will be used to estimate the percentage of time the operative temperature is in the dierent categories. The three categories, which are represented by dierent
temperatures, are shown in table 2.2.
Category

Temperatures [o C ]

Temperatures [o C ]

Temperatures [o C ]

Summer

Winter

Spring/Autumn

A

24,5 +/- 1,0

22,0 +/- 1,0

23 +/- 1,0

B

24,5 +/- 1,5

22,0 +/- 2,0

23 +/- 1,5

C

24,5 +/- 2,5

22,0 +/- 3,0

23 +/- 3,0

Table 2.2: The temperatures for category A, B and C in the summer, winter, spring and
autumn according to own assesment and [Dansk Standard, 2007].

The temperatures listed in the table regards a one-man oce and an open-plan oce. The
temperatures for the summer- and winter periods are listed according to [Dansk Standard,
2007]. As no guidance for the spring and autumn exists in [Dansk Standard, 2007], the
desired temperatures for spring and autumn are assessed on the basis of the temperatures
for winter and summer. The four seasons each represents three months listed in the following;

 Spring: March, April, May
 Summer: June, July, August
 Autumn: September, October, November
 Winter: December, January, February
In this project the acceptable indoor environment is classied at minimum category B. Of
course, the operative temperatures are preferred to be included in category A, but category
B is also acceptable and category C is not acceptable.

2.1.1.2 Mean air velocity - draught
It is important to ensure that the users of the oce do not feel draught when working in the
occupied zone. Looking at the suggestions for avoiding draught, the air velocity has to be
below 0,15 m /s to achieve uniform properties for the whole room [Hyldgård et al., 1997]. In
order to full this, the following air changes listed in table 2.3 are recommended to use in
the four seasons of the year.
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Summer

Winter

4-6

1

[h−1 ]

[h−1 ]

Spring/Autumn
1-1,5 [h−1 ]

Table 2.3: The recommended air changes in the summer, winter, spring and autumn according to [Byggeforskningsinstitut, 2002].

In the heating season the external temperatures are very low and thus draught is very likely
to occur when using natural ventilation. In order to avoid draught, and an increasing energy
consumption to heating, it is recommended only to pulse ventilate 1 h−1 three times per day
to satisfy the thermal indoor environment. [Byggeforskningsinstitut, 2002]
If a higher air change rate is needed in the spring or autumn it is necessary to preheat the
air to at least 18 o C in order to avoid draught. Because it is not possible to preheat the air
in BSim or in the Cube it will not be possible to use a higher air change rate than 1-1,5 [h−1 ]
in the spring and autumn when using natural ventilation. [Byggeforskningsinstitut, 2002]

2.1.2 The atmospheric indoor environment
The atmospheric indoor environment is assessed with the CO2 -level which is applicable
during the whole year.

2.1.2.1

CO2 -level

The CO2 -level is also of great importance and should be considered just as careful as the
other parameters. The carbon dioxide is a pollution which is released from persons and the
outside air contains a constant level. The CO2 -level is divided into the indoor environment
categories A, B and C as for the temperatures and the acceptable levels in the dierent
categories is listed in table 2.4.
Category

CO2 [ppm]

A

350 + the outdoor level

B

500 + the outdoor level

C

800 + the outdoor level

Table 2.4: The CO2 -level divided into category A, B and C valid for the whole year [Dansk
Standard, 2007].

The above mentioned levels are valid for the whole year, but the demands for the air quality
is most likely the determining factor in the heating season[Byggeforskningsinstitut, 2002].
The rest of the year the demands for the thermal comfort that is the determining factor.
To keep the carbon dioxide on an acceptable level it is necessary to ventilate the room or
remove the source of pollution, for example remove people from the room. The acceptable

2.1.3. The optical indoor environment
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CO2 -level is classied to minimum category B. The CO2 -level are preferred to be included
in category A, but category B is also acceptable and whereas category C is not.

2.1.3 The optical indoor environment
The optical indoor environment is assessed on the basis of the light level and glare. The
light level is assessed on the basis of too low luminance-level, while glare occurs when the
luminance level is too high.

2.1.3.1 Glare
To evaluate glare it is not possible to nd a classication as for the temperature and the
CO2 -level. This is maybe because of the wide interpretation of the glare level. In the
EU-project, called ISSO-Build, an equation for discomfort caused by glare was developed.
Equation 2.1 describes the visual glare discomfort probability.[SBi, 2011]

V GDP = 6 · 10−5 · Ev + 0, 2

(2.1)

where:
VGDP

Visual Glare Discomfort Probability

Ev

The light level on a vertical plane at the eye

Equation 2.1 is visualised in gure 2.1.

Figure 2.1: Visualisation of percentage in discomfort because of glare, the x-axis is indicated
in lux.[SBi, 2011]

As shown in the gure the least dissatised due to glare is 20% and when the light level
is 13000 lux everyone feel discomfort. In order to analyse the simulation- and experiments
results later it is decided to divide the light level into percentage of discomfort. The division
is shown in table 2.5.
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Percentage in

Light level

discomfort [%]

[lux]

20 - 30

500 - 2200

30 - 40

2200 - 3800

40 - 50

3800 - 5500

Table 2.5: Glare divided into percentage in discomfort.

As the interpretation of discomfort due to glare is very wide the percent of discomfort is
divided into very broad ranges. It is desired not to have more than 50 % of dissatised
because of glare in the oce, thus 5500 lux is the largest glare level wished to obtain. If
possible, the percentage of people feeling discomfort because of glare is to be obtained the
least; 20 - 40 %.

2.1.3.2 Light level
Recommendations for the light level exist at certain kinds of work. When working at a
desktop on a computer it is recommended that the light level does not get below 500 lux at
the workplace [Dansk Standard, 1997]. But as for the glare-limitations, the light level has
been evaluated and equation 2.2 was the result and is used to estimate the visual discomfort
probability because of to low light level.[SBi, 2011]

V DP =

(1 − V LDPmin ) · (Eopt − Eh )
Eopt + V LDPmin

(2.2)

where:

VLDPmin

Lowest value the discomfort index may take (typically 0.2)

Eh

The light level at a horisontal workplace

Eopt

The desired light level at the workplace

Equation2.2 is visualised in gure 2.2.

Figure 2.2: Visualisation of percentage discomfort because of a too low light level, the x-axis
is indicated in lux.[SBi, 2011]

2.1.4. Energy frames
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The gure illustrates how the minimum percentage of dissatised due to a low light level is
20 %. When 20 % is dissatised the light level is 500 lux. When the light-level decreases to
10lux 100 % feel discomfort. According to [Arbejdstilsynet, 2012] the light-level should be
at least 500 lux at working tables and 200 lux in the room. Based on these instructions and
the gure the desired light level is shown in table 2.6.
Light level [lux]
Table

> 500

Room

> 200

Table 2.6: Desired light level.

2.1.4 Energy frames
When analysing the total energy consumption for the oces it is desired to compare the
results with the energy frames from the Danish building regulation, BR. In the regulation
for oces in BR the following energy frames is listed;
Energy frame 2010:

71, 3 +

1650
A

kWh

/m2 per year

(2.3)

Energy frame 2015, Low energy buildings:

41 +

1000
A

kWh

/m2 per year

(2.4)

Energy frame 2020, Building class 2020:

25

kWh

/m2 per year

(2.5)

where:

A

Heated oor area [m2 ]

For oces the energy consumption from heating, cooling, lighting and ventilators forms the
basis for the energy frames. The aim for the energy consumption of the building is to reach
energy frame 2020 as a maximum, and decrease the energy demand for the building to a
minimum. When the total energy consumption is summed up for each system over a year,
every system has to be multiplied with an energy factor. The energy factor is dierent for
each kind of energy used and these are outlined in the following.

Energy factor for heating:
The energy factor for the heating system varies depending on the energy frames. In BSim
heating is supplied with district heating, thus the energy factor is 1,0 for energy frame 2010,
0,8 for energy frame 2015 and 0,6 for energy frame 2020. In the Cube the heating system is
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using electricity and the energy factor is thus 2,5 for energy frames 2010 and 2015 and the
energy factor for 2020 is 1,8.[Erhvervs- og Byggestyrelsen, 2010]

Energy factor for cooling:
A cooling systems eciency is described by COP, Coecient Of Performance. This describes
the relation between the amount of cooling produced and the amount of electricity used. The
cooling system in the oce is assumed to have a constant COP of 3 and therefore it produces
3 kWh cooling for each 1 kWh electricity used. The energy factor for electricity also varies
depending on the energy frames. Due to the energy factor for all electricity, the electricity
used in the cooling system has to be multiplied with 2,5 for the energy frames 2010 and 2015
and 1,8 for the energy frame 2020.

Energy factor for lighting + ventilator:
All electricity used for operation of the ventilation system and the lighting has to be multiplied with the energy factors mentioned, thus 2,5 for the energy frames 2010 and 2015 and
1,8 for the energy frame 2020.[Erhvervs- og Byggestyrelsen, 2010]

2.2 Models
This report consists of a theoretical part and a practical part, each part containing limitations
when evaluating the dierent control strategies. Thus the theoretical part can provide information which the practical part cannot, and conversely. A combination of the theoreticaland practical part will therefore provide a better understanding of the performance of the
intelligent facade, and the aim and limitations of each part is presented in the following.
As mentioned before the theoretical part is executed in the simulation program BSim. Simulations in BSim are performed for an entire year and the weather data used are deterministic.
Thus the simulation program provides an insight in the performance of the control strategies
throughout the entire year with dierent seasons and not just for a limited time period. The
deterministic weather data in BSim makes it possible to compare dierent control strategies
with the exactly same weather conditions. The aim of the theoretical part is therefore to
obtain a basic understanding of the performance of the intelligent facade throughout the
year.
As the theoretical part cannot be conducted directly to practice, experiments are performed
in the practical part. The full-scale experiments in the Cube are performed in a limited
time period and with stochastic weather conditions. Thus the practical control strategies
illustrate how the dierent control strategies perform in practice. The full-scale experiments
also visualise the late or early activation of the dierent technologies, compared to the
simulations in BSim where some set points for the control strategies can be dicult to
translate into reality. Furthermore the practical experiments shows the dierent problems
which might occur when using the technologies, and also the eect of these problems on
the indoor environment and the energy consumption. Using full-scale experiments it is also
possible to examine the user behaviours inuence on the control strategies, which is not
possible in the simulation program BSim.

2.3. Simulations in BSim
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2.3 Simulations in BSim
The oce is drawn in the simulation program BSim which is described in appendix B.1. The
oce is drawn as an elongated room with a facade of glass in one of the ends. The oce is
built as a two persons oce, and has a oor area of 26,43 m2 and a room height of 3,2 m.
The oce in BSim is shown in gure 2.3.

Figure 2.3: Reference model in BSim

The purpose of the simulations is to calculate the energy balance through the facade only,
and it is thereby ensured that no heat loss occurs in each wall, except the facade, by facing
the inner walls to the thermal zone and the thermal resistance of the oor and ceiling is high.
The facade is facing south in order to simulate the worst case scenarios in terms of the heat
load from the sun. The window in the facade is divided into three pieces; two small windows
in the top and bottom and one large window in the middle. The windows at the top and
bottom are similar and are possible to open and close for the use of natural ventilation. The
window in the middle is xed and is not possible to open. In total the window area is 8,64 m2 .

2.3.1 The construction
The facade of the model is constructed of 0,02 m gypsum, 0,2 m glass wool and a nish of
0,02 m glass. The outer nish is glass because of the complete expression with the window.
The inner walls are constructed of 0,026 m gypsum and 0,045 m stone wool. The oor and
ceiling are constructed similar, as the oce is placed between two stories. These are constructed of 0,013 m gypsum, 0,25 concrete, 0,138 m glass wool and 0,012 m wood. The heat
accumulation of the materials are shown in table 2.7. The calculation basis and calculations
of the heat accumulation is shown in appendix D.1 and appendix D.1 on the appendix CD
respectively.
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Material

Heat accumulation [Wh/m2 K ]

Gypsum, facade

13,9

Glass wool, facade

0,62

Glass, facade

6,5

Gypsum, inner walls

6,4

Stone wool, inner walls

0,33

Gypsum, ceiling/oor

4,5

Concrete, ceiling/oor

130

Glass wool, ceiling/oor

0,43

Wood, ceiling/oor

3,4

Table 2.7: The heat accumulation of the materials in BSim.

The facade and inner walls thus have a low heat accumulation, while the oor and ceiling is
indicated as medium heavy according to [SBi, 2012].
The thermal resistance for the facade, ceiling and oor is listed in table 2.8. As the oor
and ceiling are assumed adiabatic, the thermal resistance of these is not listed.
Building envelope

Thermal resistance [m2 K/W ]

Facade

5,44

Ceiling

Adiabatic

Floor

Adiabatic

Table 2.8: The thermal resistance for the facade, ceiling and oor.

The window has a heat transmission coecient of 1,5 W /m2 K , a solar heat transmittance of
0,6 and a light transmittance of 0,7.

2.3.2 Weather data
The weather data used in BSim is based on the Design Reference Year (DRY). DRY is a
collection of hourly climate data for a given location and is given for a year. The data
are collected over a period of years, a multi-year period, and 12 representative periods are
selected from the climatic data. Thereafter the months are adjusted by given each month
true mean values and variances, which corresponds to multi-year meteorological normals,
which makes the weather data deterministic.[Technical University of Denmark, 1995]
The Danish DRY is selected based on a multi-year period of 16 years, from 1975 to 1990.
The location of the climate measuring is a military air base in Værløse, 17 km from Copenhagen.[Technical University of Denmark, 1995]

2.3.3. Setup of systems
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2.3.3 Setup of systems
The systems and technologies used in BSim to control the room are listed in the following.
The systems and technologies marked in bold are the controllable systems, thus the systems
whose set points can be adjusted during the simulations.

 People load
 Equipment
 Lighting
 Inltration
 Cooling
 Heating
 Ventilation
 Venting
 Solar shading
 Shutter
Each system will be explained further in the following together with the input values typed
in the non-regulating technologies. The control strategy of each system is divided into four
seasons, summer, spring, autumn and winter.

2.3.3.1 People load
People load describes the heat- and moisture release from persons, which are present in
the oce. The people in the oce are represented by two persons with an activity level
corresponding to sedentary work of 0,12 kW per person[SBi, 2011]. The people load is
scheduled from hour 09-17, from 08 am to 5 pm, which are the service life for the oce.

2.3.3.2 Equipment
Equipment describes the heat release from machines, equipment and appliances which are
placed in the oce. Two fully equipped computer-stations are in the room, and the computers
have been estimated to have a heat load of 0,3 kW which corresponds to two desktops and
computer screens estimated from [EDBpriser, 2012] where 70 % of the heat is emitted to the
room by convection and the rest of the heat is distributed on the surfaces of the room. The
equipment is scheduled from hour 09-17, thus it is assumed that both computers are turned
on in the service life of the oce.
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2.3.3.3 Lighting
Lighting describes the lighting installed in the oce. The system is divided into two forms
of lighting; general lighting, the ceiling light, and task lighting, a table lamp. The general
lighting is controlled by the light level in a given reference point in the zone. The reference
point is placed in the middle of the oce, 1,5 m from the window and in desk height, 0,7 m,
above the oor. The general lighting is incandescent which have a light level that corresponds
to 8 W /m2 [Energi, 2012], and the desired light level is set to 200 lux, which is guidance from
[Arbejdstilsynet, 2012]. The control form is set to continuous and thus the electric light level
can be turned up and down depending on the light level. The task lighting is set to 0,02 kW
[Prolys, 2012]. The lighting is scheduled from hour 09-17, thus it is assumed to be turned
on in the service life of the oce.

2.3.3.4 Cooling
Cooling regulates depending on the desired cooling set point and is using chilled baes. The
system cooling is chosen in order to gain insight to the cooling need, which will be used in
further analysis of the control strategies. Cooling is controlled by the indoor temperature
and when the temperature in the room reaches the specied design temperature the cooling
system provides the maximum power possible. Maximum power is set to 80 kW, in order
to ensure that enough cooling will always be available. The part of air which is assumed
submitted by convection to the air in the room is set to be 85 %. Cooling is scheduled
through the whole year in the working hours, but the set point for cooling is dierent for
the four seasons.

2.3.3.5 Heating
Heating is controlled by the internal temperature. The maximum power for the heating
system is set to 80 kW to ensure enough heating is available, and the submitted heat by
convection is 60 %[SBi, 2011]. Heating is scheduled in the service life.

2.3.3.6 Inltration
Inltration is the uncontrolled air ow through cracks and leaks in the building envelope.
The basic air change due to inltration is set to 0,2 h−1 . BSim ensures a balance between
airows (inltration, venting and ventilation) in and out of the thermal zone, and if an
unbalance occurs the air loss or excess air in the thermal zone is equalised by inltration or
exltration. That is why the actual basic air change can be dierent from the basic system
typed in the system[SBi, 2011]. Inltration is scheduled for always.

2.3.3. Setup of systems
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2.3.3.7 Ventilation
A variable air volume, VAV, control system is used in order to vary the air change depending
on the loads. According to BR10 no direct requirements for the ventilation rate for oces is
listed, but the ventilation rate should be documented and accepted by the municipal council.
Thus the basic air change rate is calculated on the basis of the indoor temperature and CO2 3
level in category A. A basis air change of 0,025 m /s is required in the winter period where
the CO2 -level is dimensioning and the required basis air change in the summer period is
3
0,065 m /s , where the temperature is the dimensioning. During spring the necessary basis
3
3
air change is 0,041 m /s and autumn 0,044 m /s , also on the basis of the temperature. See
appendix D.2 and appendix D.2 on the appendix CD for calculations of the air changes.
According to [Dansk Standard, 2007] the recommended ventilation rate is 7 l /s per person
plus for buildings with low emission 0,7 l /s per m2 oor area, thus a maximum air change
3
on 0,03248 m /s is desired in the oce as it also manages the calculated basis air changes.
The damper in the ventilation channel cannot close entirely and thus has an opening on
30 % to 100 %, which means the minimum air change in the ventilation system is 0,01 m3 /s .
According to BR10 the air change should be minimum 5 l /s pr. person plus 0,35 l /s per m2
3
oor area, thus 0,02 m /s . This requirement is used as an guidance to set the minimum air
3
change in the oce. A basic air change is thus set to 0,02 m /s and a VAV max factor of 1,624
3
is used, which means the air change can be raised to 0,03248 m /s if needed. This means an
maximum air change of 1,38 h− 1 is allowed in the oce. According to section 2.1.1.2 this
air change exceeds the maximum air change allowed in the winter period to avoid draught.
However, the heat recovery system ensures an inlet temperature of 18 o C when the outdoor
temperature does not decrease -5 o C assumed the indoor temperature during winter is 22 o C,
thus the exceed air change during winter is acceptable.
No heating- or cooling coil is used in the ventilation system, as the systems heating and
cooling will satisfy these demands. Despite of the lack of a heating- and cooling coil the
desired inlet temperature may be meet because of the heat recovery, but is not ensured. The
maximum inlet temperature is not ensured and may be exceeded. The desired minimum inlet
temperature is set to 18 o C in order to avoid draught [Byggeforskningsinstitut, 2002] and
the desired maximum inlet temperature is set to 21 o C for all seasons. The maximum inlet
temperature is estimated on the basis of the minimum temperature in category A during
winter and it is assumed that both external- and internal heat loads contributed to maintain
the indoor temperature in the summer, spring and autumn. The ventilations system has a
heat recovery factor of 0,85. The mechanical ventilation system is controlled by the indoor
temperature and CO2 -level. Ventilation is scheduled for the service life.

2.3.3.8 Venting
Natural ventilation is also applied to the room as an addition to the mechanical ventilation
system, thus the two systems can function at the same time. The system venting controls
the natural ventilation. Natural ventilation can only occur in the lower an upper window,
and because of only having these windows single sided ventilation is used in the oce.
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Venting control is setup to regulate the openings of the windows to maintain a desired
indoor temperature and CO2 -level. It is thus assumed that the users of the oce open the
windows at specic values for the temperature and CO2 -level. Natural ventilation is thus
controlled by the CO2 -level and the indoor temperature, and limited by the external wind
speed. The maximum air change is depending on the time of year. In the summer-,springand autumn period the maximum air change is set to 1,5 h−1 , which is based on the criteria
for draught listed in section 2.1.1.2. In the winter periods it is not possible to use large
amounts of natural ventilation because the outdoor air temperatures are too low and there
is no opportunity to preheat the air. The air quality is usually the dimensioning in the winter
period and it is chosen to use pulse ventilation to minimise the use of mechanical ventilation.
It is possible to exchange the room air with what corresponds to 1 h−1 every three hours for
maximum 10 minutes without causing draught. BSim calculates on hourly basis and thus
it is not possible to implement the pulse ventilation directly, so pulse ventilation is applied
three times per day, in hour 10, 13 and 16. The factor is set to 0,67. The time schedule
generally is the service life.

2.3.3.9 Solar shading
Solar shading is placed as venetian blinds at the three windows. The reectance of the blinds
is 0,4 and the transmittance is 0, which are valid for outdoor aluminium blinds [Danmarks
Tekniske Universitet, 2008]. The width of the blinds are 0,075 m and the distance between
the blinds are 0,065 m, which are the measures from the Cube. The shading is controlled
by the solar gain through the window and indoor temperature. The angle of the blinds
is adjusted by a given delta sun. The solar coecient is 0,2 for outdoor venetian blinds
[Christiansen, 2008]. Solar shading is scheduled to service life.

2.3.3.10 Shutter
The shutter can be pulled in front of the window depending of the outdoor temperature.
2
The shutter has a thermal resistance of 2 m K /W , and as the shutter is not transparent it is
only scheduled outside service life.

2.4 Measurements in the Cube
The Cube is a building constructed for experiments and is thus unoccupied. The building
is located on a eld at Sønder Tranders near Aalborg, see picture 2.4, where the building is
placed undisturbed from the surroundings and is surrounded by open land. In gure 2.5 the
Cube is shown.

2.4. Measurements in the Cube

Figure 2.4: Placement of the Cube.
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Figure 2.5: The Cube.

The building consists of an oce, a machine room, a technique room and two measuring
rooms, see gure 2.6. The two measuring rooms are identically constructed and are faced
south. Each room has a facade almost only consisting of a window. The rooms has an area
of approx 4 m2 each and a room height of 6 m.

Figure 2.6: Floor plan of the Cube.

The room placed towards west, see picture 2.7, is referred to as the measuring room, which
is equipped with the dynamical facade. In this room dierent control strategies are tested.
The room placed towards east, see picture 2.8, is referred to as the reference room, and this
room represents the measuring room without a dynamical facade, thus no solar shading,
shutter or natural ventilation are applied.

30

Chapter 2. Criteria and models used for analysis

Figure 2.7: The measuring room.

Figure 2.8: The reference room.

The window placed in the facade has a height of 4 m and a width of 1,5 m. As in the BSim
model, the window is divided into three pieces; two small windows in the top and bottom
and one larger window in the middle. The windows at the top and bottom are similar and
can be opened and closed for the use of natural ventilation. The window in the middle is
xed and is not possible to open.

2.4.1 The construction
The facade is constructed of 0,1 m isowand, 0,6 m insulation and 0,015 m chipboard and the
two other walls towards the outside is constructed of 0,1 m isowand, 0,3 m insulation and
0,015 m chipboard. The inner wall separating the two room are build up of two 0,015 m
wood and 0,095 m insulation in between. The inner wall separating the two rooms from
the technique room is constructed of two 0,015 m wood and 0,19 m insulation in between.
The oor is constructed of 0,15 m concrete and 0,2 m sundolitt, and the roof consists of
two 0,115 m wood boards with 0,3 m insulation in between. The transmission coecient for
the outer- and inner walls, ceiling and oor is listed in table 2.9. The calculation basis for
the transmission coecients is shown in appendix E.1, and the transmission coecients are
calculated in appendix E.1 on the appendix CD.

2.4.2. Measuring period
Building component

31
Transmission coecient [W/m2 K ]

Facade towards south

0,05

Outer walls west and east

0,1

Floor

0,16

Roof

0,1

Inner wall towards tech. room

0,19

Inner separating wall

0,1

Table 2.9: The transmission coecients for the outer- and inner walls, ceiling and oor in
the Cube.

The window has a transmission coecient of 1,5 W/m2 K , a solar heat transmittance of 0,61
and a light transmittance of 0,78.

2.4.2 Measuring period
The measurements are performed in May and the beginning of June 2012, thus in the spring
period and just in the beginning of the summer period. In Denmark the weather is strongly
aected by the polar front which wanders back and forth across the country which means
Denmark experiences varies weather changes even throughout one week. One day warm
winds can pass Denmark leaving hot temperatures and the next day cold winds can be
brought to Denmark leaving cold temperatures and rain.[Carstensen, 2009] Due to these
large weather conditions in these periods, the indoor climate is very dicult to control. The
questionnaire from "Sparekassen Kronjylland" also illustrated that the employees have the
most problems controlling the systems in these periods. The varying weather conditions also
confuse the users of the oce resulting in inappropriate clothing compared to the weather.
The measuring period is thus very important to examine.

2.4.3 The technologies
The technologies used in the Cube are listed in the following. The technologies marked in
bold are the controllable technologies, thus the technologies whose set points can be adjusted
during the measuring period.

 Internal loads
 Lighting
 Recirculation system
 Heating
 Mechanical ventilation
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 Natural ventilation
 Solar shading
 Shutter
Each technology is described further and the set point values for the non-regulating technologies are presented.
The technologies mechanical- and natural ventilation and the solar shading are controlled
by a system made by the rm WindowMaster. The system is controlling the facade based
on set points set for the rooms and the weather. At the same time the system collects all
data about changes it has done to the facade together with the conditions in the room and
outside.

2.4.3.1 Internal loads
The internal loads are the heat load from a person and one laptop, which together provide
a heat gain of 176 W. The internal loads are represented in dierent ways in the two rooms
because of the setup of the experiment. In the measuring room the internal loads are
represented as a fan that ensures mixing in the room. The eect of the fan is 176 W. In the
reference room a mannequin and lamps releases 176 W.

2.4.3.2 Lighting
Fluorescent light is used as lighting in the two rooms. The lighting in the reference room
is always turned on in the service life using a constant eect, 31 W, in order to simulate
the typical oce without any light control. The measuring room has a light sensor which
continually controls the lighting, from 0 W to 31 W, in order to obtain the desired light level
on 200 lux.

2.4.3.3 Recirculation system
A mechanical recirculation ventilation system with a cooling coil is used with the purpose
to cool the reference room. Inlet is placed below the oor and the cooled air is supplied
through ventilation bags and is removed by the outlet placed in the top of the room. The
inlet ow rate is constant and ensures mixing in the room. The constant ow rate is 150 l /s
and the inlet temperature is controlled by the exhaust temperature whose set point is set to
26 o C, according to indoor environment category C. The system has a SFP-value, Specic
Fan Power, of 1000 J /m3 and the cooling coil is assumed to have a constant COP factor of 3.

2.4.3. The technologies
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2.4.3.4 Heating
The heating system is controllable and is represented in each room by an electric radiator.
The heating system is controlled by the internal temperature and the set point is 22 o C in
both rooms, according to indoor environment category A for spring and autumn.

2.4.3.5 Mechanical ventilation
A mechanical ventilation system is placed in the measuring room to supply fresh air. Based
on a steady state calculation of the required air change in order to comply with the desired
CO2 -level, see appendix D.2 and appendix D.2 on the appendix CD, and the requirements
3
for fresh air supply to oces the supply air is set to 0,03248 m /s [Dansk Standard, 2001].
The ventilation system has a SFP-value on 500 J /m3 . The mechanical ventilation system
has a constant ow rate in the service life in order to ensure fresh air supply to the room
and is turned o outside service life.

2.4.3.6 Natural ventilation
The two windows in the measuring room each have a maximum opening area of 0,26 m2
and allows single sided buoyancy ventilation. Natural ventilation is controlled by the indoor
temperature and is limited by the external temperature, rain and wind speed.

2.4.3.7 Solar shading
Exterior venetian blinds are placed in the measuring room. The width of the blinds are
0,075 m and the distance between the blinds are 0,065 m. The reectance of the blinds is
0,4 and the transmittance is 0, which are valid for outdoor aluminium blinds [Danmarks
Tekniske Universitet, 2008]. The solar shading is activated by the solar radiation to the
room. The position of the slats are able to adjust from 0 % to 100 %, see gure 2.9, and
are controlled by a temperature set point and limited by the external temperature and wind
speed.

Figure 2.9: Dierent positions of the venetian blinds.
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2.4.3.8 Shutter
An exterior shutter is placed at the measuring room. The shutter is a mock-up delivered
by INWIDO which is a Swedish company developing windows and doors. The shutter is
used both with and without insulation in order to examine the eect. The shutter without insulation consists of an aluminium frame and plastic, and has a thermal resistance of
2
0,6982 m K /W . The shutter with insulation, 29 mm polystyrene with a thermal conductivity
2
of 0,035 W /mK , has a thermal resistance of 1,5268 m K /W . The thermal resistances are calculated in Therm and are described in appendix section B.2. A detailed description of the
shutter is outlined in section 5.7.

Chapter

Sensitivity analysis of parameters
In this chapter a sensitivity analysis is developed on a model with an intelligent facade, to
visualise which parameters are the most important to the indoor environment and the energy
consumption. The sensitivity analysis is modelled in the building simulation program BSim,
where the intelligent facade is built upon a room. In the following a presentation of the
sensitivity analysis, the results and a general discussion is outlined.
To optimise the use of the intelligent facade both in terms of the indoor environment and
the energy consumption a sensitivity analysis is performed to examine the aect of each
technology related to the intelligent facade and the adjacent room. The dierent technologies
examined in the sensitivity analysis are: solar shading, shutter, natural- and mechanical
ventilation. The controllable technologies are selected on the basis of their inuence on
both the comfort and the energy consumption of buildings. Each controllable technology
is controlled by one or more parameters which inuences the overall performance of the
facade. The parameters are investigated through the sensitivity analysis with the purpose to
examine the individually inuence on the comfort and energy consumption, which will help
develop a full control strategy which contains all the controllable technologies.
Each controllable technology can be implemented in BSim, and the underlying parameters
for each technology are thereby selected from the interface in BSim. The parameters chosen
to be examined in the sensitivity analysis is shown in table 3.1.
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Mechanical ventilation
3

Supply air [m /s ]
Cooling temperature [ o C]
Set point CO2 -level [ ppm]

Natural ventilation
3

Max air change [m /s ]
Set point temperature [ o C]
Set point CO2 -level [ppm]

Solar shading
Max sun [W /m2 ]
Max temperature [ o C]
Sun limit [ kW]

Shutter
Temperature limit [ o C]
Table 3.1: Parameters examined in the sensitivity analysis.

The parameters shown in table 3.1 are chosen based on assessment from which will have an
inuence on the model, both regarding indoor environment and energy consumption. On
the basis of the chosen parameters, the sensitivity analysis is performed in the following.

3.1 The sensitivity analysis
A sensitivity analysis indicates the parameters which are most inuential on the results of
the models, the sensitivity analysis is further described in appendix C.1. The purpose of
this sensitivity analysis is to determine the parameters which are important to the model
result, the indoor environment and energy consumption, and which are unimportant. This
sensitivity analysis will form the basis of the control strategies and several general diagrams
will be established in order to guide the users of the intelligent facade when designing the
control strategy for a certain facade.
The sensitivity analysis consists of three main steps:
1. The pre processor
2. The model execution
3. The post processor
Ad 1.) In the pre processor the input factors for the model execution is created, meaning
a sample of the population is generated. The pre processor is run in SimLab, which is a
program developed especially for Monte Carlo based sensitivity- and uncertainty analysis,

3.1.1. Analysis of parameters
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see a further explanation of Monte Carlo in appendix C.1. The sample is created by the
Latin Hypercube method, which is a stratied sampling and thus achieves a better coverage
of the sample space of the input factors, see appendix C.1. An unequal large seed number
of 20787543 is randomly chosen, and the number of executions is chosen to 500 with the
purpose to generate 50 times the number of parameters.
Ad 2.) Each input factor generated in the pre processor are used in the model execution,
which is run in the building simulation program BSim, where the oce is modelled. A further
description of the model is described in chapter 2. The time consuming model execution in
BSim is run by AutoIt, by which all simulations are run automatically from the generated
input-le from SimLab, see a further explanation of AutoIt in appendix B.3.
Ad 3.) The results executed from the model are processed and the sensitivity analysis is
performed in excel with the Pearson Product Moment correlation coecient, see a description
in appendix C.1. The dierent results are thereafter used to indicate the parameters which
inuence the indoor environment, in form of indoor temperature, CO2 - and glare level. The
indoor temperature and CO2 -level is divided into percentage of time these are included in the
indoor environment categories A, B and C and no category. Furthermore the temperature is
divided into category A± and category B±, meaning + indicates the hours above the upper
temperature limit in the corresponding indoor environment category and - indicates the
hours above the lower temperature limit in the corresponding indoor environment category.
The glare level is divided into percentage in discomfort. The energy consumption is also
analysed by which parameters that aects the heating-, cooling-, mechanical ventilationand lighting demand. The simulations are run in a four season BSim model, thus the results
will be presented for the four dierent seasons.

3.1.1 Analysis of parameters
In order to generate a sample during the pre processor each controllable parameter, listed in
table 3.1, is assigned to a probability density function and a range. The probability density
function is selected for each parameter, and is chosen on the basis of the desired result and
the ranges. The ranges are chosen from literature or estimated with help from literature,
see a further explanation of the chosen ranges in appendix C.1. In a sensitivity analysis the
output generally depends more on the selected ranges than on the distributions [A. Saltelli,
2004], and due to the carefully selected areas of variance each parameter is assigned to
uniform, which means that each parameter is equal likely to occur [Wolfram, 2012]. The
controllable parameters and the corresponding area of variance are listed in table 3.2.
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Mechanical
Parameter

Area of variance

Supply air

0,02 - 0,03248 m /s

Cooling temperature

23 - 27 o C

Set point CO2 -level

700 - 1150 ppm (incl. outdoor level)

3

Natural ventilation
Parameter

Area of variance

Max air change

0 - 1,5 h−1

Set point temperature seasonal:

Summer
Winter
Spring/Autumn

24,5 - 27 o C

Set point CO2 -level

700 - 1150 ppm (incl. outdoor level)

22 - 25 o C
23 - 26 o C

Solar shading
Parameter

Area of variance

Max sun

0 - 800 [W /m2 ]

Max temperature

10 - 40 o C

Sun limit

0 - 20 kW

Shutter
Parameter

Area of variance

Temperature limit

0 - 30 o C

Table 3.2: Parameters examined in the sensitivity analysis.

The le generated in SimLab is attached on the appendix CD as appendix C.1. The content
of the SimLab le is saved as a spreadsheet which is also attached on the appendix CD as
appendix C.1.

3.2 Results
After the sensitivity analysis is run in BSim the results are collected in a spreadsheet for
further analysis. The simulation les made in BSim is attached on the appendix CD in the
folder appendix C.3 and also the result les are attached in appendix C.3. The results are
presented in graphs where it is shown how sensitive the model is to the parameters by the
Pearson correlation factor.
The Pearson correlation factor is used to generate the output of the sensitivity analysis.
Thus the sensitivity analysis shows the correlation between one of the parameters listed in
table 3.2 and the indoor environment or energy consumption. The Pearson correlation factor
is a value between -1 and 1 which indicates how correlated the input and the output of the

3.2.1. Indoor environment results
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model are. A high positive value indicates that the model is highly correlated whereas a
value close to zero indicates a low or no correlation. A negative correlation means that the
model has an inverse or negative correlation meaning if one variable changes, the other variable changes in the opposite direction. For example the correlation between the supply air
and the energy consumption for the mechanical ventilation can be examined, which would
result in a high positive Pearson correlation factor, thus the correlations are strong.
In the following an extract of the results graphs regarding the indoor environment and the
energy consumption are shown. The graphs will also provide an overview of the combinations of the indoor environment and energy consumption which are made to examine if any
parameters eects equally. The remaining graphs is shown in appendix C.2. Each graph is
illustrated by the indoor environment or energy consumption and the Pearson correlation
factor for the corresponding input parameters. The denomination of each input parameter
is abbreviated, and the abbreviations are shown in table 3.3.
Temperature limit for shutter

SH temp limit

Maximum sun set point for solar shading

SS max sun

Maximum temperature set point for solar shading

SS temp max

Supply air for mechanical ventilation

MV supply

Temperature set point for cooling for mechanical ventilation

MV cool temp

CO2 set point for mechanical ventilation

MV setp CO2

Maximum air change for natural ventilation

NV max air change

CO2 set point for natural ventilation

NV setp CO2

Temperature set point for natural ventilation, summer
Temperature set point for natural ventilation, spring/autumn

NV setp temp S
NV setp temp S/A

Temperature set point for natural ventilation, winter

NV setp temp W

Table 3.3: Abbreviations of input parameters.

If the indoor environment categories or the energy consumption is not aected by any parameters, meaning the Pearson coecient is zero, the results are not presented.

3.2.1 Indoor environment results
The Pearson correlation factor for the temperature divided into indoor environment categories in the summer is shown in gure 3.1.
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0,3

Pearson correlation factor

0,2
SH temp limit
SS max sun

0,1

SS temp max
SS sun limit

0

MV supply
MV cool temp
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MV setp CO2
NV max airchange
NV setp CO2

-0,2

NV setp temp S
-0,3
Cat. A

Cat. B

Cat. C

Indoor environment categories

Figure 3.1: The Pearson correlation factor for the indoor environment categories regarding
the temperature in summer.

The gure shows that the CO2 set point for natural ventilation have the greatest inuence
on the percentage of time where the temperatures are included in indoor environment category A. The Pearson correlation factor is positive and thus a large CO2 set point for natural
ventilation results in a large percentage of time where the temperature is included in indoor
environment category A. Furthermore the gure shows that the parameters aects the hours
where the temperature is included in category B inverse to the hours in category A. Thus,
if the CO2 -level set point is large the percentage of time the temperature is included in
indoor environment B is reduced. The parameters are not aecting the percentage of time
in category C remarkable, but the hours where the temperatures are included in category
C can be aected by changing mainly temperature set points for the technologies and the
maximum air change for natural ventilations.
Figure 3.1 does not show if the parameters have a positive inuence on the hours where the
temperatures are hot or cold, and therefore the hours where the temperatures are divided into
A± and B± in the summer is also showed. A+ represents the hours with high temperatures
outside category A and A- represents the hours with low temperatures outside of category
A. The same is valid for B±. This is illustrated in gure 3.2.

3.2.1. Indoor environment results
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Figure 3.2: The Pearson correlation factor for the temperature in summer divided into A±
and B±.

The graph illustrates how the CO2 set point for natural ventilation only inuence the hours
where the temperature is above indoor environment category A and B. If the CO2 set
point for natural ventilation is small then the hours where the temperature is above indoor
environment category A and B decreases, because natural ventilation is activated earlier.
The graph also shows that, in most cases, if a positive Pearson correlation factor in the
categories A+ and B+ is changed, the eect on category B- is inverse. Generally the parameters do not aect the temperatures much apart from the mechanical ventilation air
supply and cooling temperature, and the natural ventilations set point for the CO2 -level
and temperatures in the spring and autumn. Similar gures, for the indoor environmental
categories and category A± and B±, representing the winter, spring and autumn periods are
shown in appendix C.2. Examine the gures for spring and autumn especially one parameter, namely the temperature set point for the shutter, have a large inuence on both seasons.
The parameters eecting the percentage where the CO2 -level is divided into indoor environment categories A, B, C and no category is shown in gure 3.3.
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Figure 3.3: The Pearson correlation factor for CO2 -level divided into the indoor environment
categories.

The temperature set point and maximum air change for natural ventilation have a great inuence on the percentage of time the CO2 -level is included in indoor environment category
A because of a high positive Pearson correlation factor. Due to the negative Pearson correlation coecient for the percentage of time the CO2 -level is included in indoor environment
category B an C, a large air change for natural ventilation results in an increased percentage
of time the CO2 -level is included in category A and thus an decrease in the percentage of
time the CO2 -level is included in category B and C. This is applicable for almost all parameters as category B and C are aected inverse by category A. The set point for the CO2 -level
for both mechanical- and natural ventilation does not inuence the CO2 -level remarkably,
probably due to the fairly small source of pollution.
The parameters aecting the percentage of time the glare level is divided into percentage in
discomfort is shown in gure 3.4, and the only parameter which have a large eect on the
glare level in the room is the maximum sun for the solar shading. This is obvious because
solar shading is the only technology which can exclude the sunlight.

3.2.2. Energy results
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Figure 3.4: The Pearson correlation factor for glare divided into percentage in discomfort.

The Pearson correlation factor for maximum sun for solar shading is negative, thus a large
value of maximum sun results in an increased percentage of time the glare level is included
in 20 - 30 % percentage in discomfort and thereby an decreased percentage of time the glare
level is included in 30 - 50 % percentage in discomfort

3.2.2 Energy results
Regarding the energy consumption it is almost impossible to aect one of the energy consumptions in a positive directing without eecting another energy consumption in a negative
direction using the same parameter. This is illustated by the Pearson correlation factor for
the energy consumptions shown in gure 3.5.

Figure 3.5: The Pearson correlation factor for the energy consumptions.

The parameter which has the largest inuence on the energy consumption for heating is
the temperature set point for the shutter and second CO2 set point for natural ventilation,
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then the supply air for mechanical ventilation. Activating the shutter at a high temperature
the energy demand for heating decreases, and a large CO2 set point for natural ventilation
results in a decreased ventilation loss and thus decreased heating demand. A high amount of
supply air will, on the other hand, also result in a larger ventilation loss and thus increased
heating demand. The temperature set point for the shutter also has a great inuence on
the cooling demand as the solar energy transmittance of the shutter is zero. The gure
also shows how the maximum sun limit for the solar shading have a positive large Pearson
correlation factor for cooling and thus a large eect on the energy consumption for cooling.
Meaning, a large value for the maximum sun limit for the solar shading results an increased
solar radiation to the room and thereby increases the energy consumption for cooling. On the
opposite, the maximum sun limit for the solar shading have a negative Pearson correlation
factor for lighting and thus a large value for the maximum sun limit for solar shading results
in a small energy consumption for lighting. However, in most cases only minor negative
changes will occur and the total eect will turn out positive. The Pearson correlation factor
for the total energy consumption is shown in the last column and it appears possible to eect
the energy consumption in a positive way.

3.2.3 Indoor environment vs. energy
A comparison of the correlation factors for the percentage of time the temperatures are
included in the indoor environment categories in winter and the total energy consumption
is shown in gure 3.6.
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Figure 3.6: The Pearson correlation factor for the temperature categories A and B for winter
and the total energy consumption.

The parameter which aects the temperatures the most is the temperature set point for the
natural ventilation. The Pearson correlation factors for the temperature set point for natural
ventilation is large and positive for the percentage of time the temperature is included in
category A and is large and negative for the percentage of time the temperature is included
in category B. Meaning a large temperature set point for natural ventilation increases the
percentage of time the temperature is in category A and decreases the percentage of time
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the temperature is in category B, probably due to the low external temperatures. The gure
also shows that this parameter has no eect on the total energy consumption, and thus this
parameter is favourable to change if it is desired to improve the temperature.
A comparison of the percentage of time the CO2 -level is divided in the indoor environment
categories and the total energy consumption is shown in gure 3.7.

Figure 3.7: The Pearson correlation factor for the CO2 -level divided into indoor environment
categories A and B and the total energy consumption.

The gure shows that if the temperature set point for natural ventilation for spring and
autumn is increased to decrease the percentage of time the CO2 -level is in category B the
change will have a negative eect on the total energy consumption.

3.3 Discussion
The sensitivity analysis is performed to illustrate how the set points for the technologies of
the oce inuence the indoor temperature, the CO2 -level, the glare level and the energy
consumption of the mechanical installations. Based on this analysis the technologies which
are preferable to use during an optimisation for the indoor environment is outlined in the
following for each season.
The parameters which have the largest inuence on the percentage of time the indoor temperature is in indoor environment category A during summer is the natural ventilation. Next
the set points for the solar shading are to prefer to optimise as these also inuences the indoor temperature. Of course the supply air and set point for the cooling temperature also
have a great inuence on the temperature, but as these are energy consuming they are not
preferred to utilise, except when absolute necessary.
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According to the sensitivity analysis the only parameter which is favourable to optimise
regarding the indoor temperature during winter is the set point for natural ventilation, due
to the low external temperatures.
The parameter which has the greatest inuence on the indoor temperature during spring and
autumn is the shutter, as this technology reduces the percentage of time the temperatures
are below indoor environment category A and B. When optimising for overheating problems
during autumn natural ventilation is preferable to use.
As the result graphs for the percentage of time the temperature is divided into indoor
environment category A, B, C and no category did not illustrate if a change in the parameter
in- or decreases the indoor temperature, it is thus recommended to optimise based on the
A± and B± graphs, if these are available.
The parameters which have the largest inuence on the CO2 -level is, of course, naturaland mechanical ventilation as these provides fresh air to the room. Natural ventilation has
the greatest inuence, which is also preferable due to the energy consumption of mechanical
ventilation.
The overriding parameter inuencing glare is, of course, max sun set point for the solar
shading as this parameter controls the activation of the solar shading and thereby excludes
the light.
Almost applicable for each result graph regarding the indoor environment is that when one
parameter is aecting the percentage of time the parameter is included in indoor environment
category A or 20-30 % percentage in discomfort, the remaining categories are aected inverse.
This is obivious as the amount of hours has to be removed from one category when the
amount of hours are increased in another category.
The mechanical installations examined in the sensitivity analysis are; heating- and cooling
system, lighting and mechanical ventilation. The parameters which are preferable to change
during an optimisation for the energy consumption for these installations are presented in
the following.
The parameters which are preferable to adjust when lowering the heating demand are the
shutter, natural- and mechanical ventilation. The temperature set point for the shutter is
also preferred to optimise when decreasing the cooling demand. The max sun set point for
the solar shading has a large inuence on both cooling and lighting, just the inverse eect.
Of course, the smallest possible air supply for the mechanical ventilation system is preferred
when minimising the energy consumption for the ventilator. Examining the total energy
consumption of the systems, the shutter and max sun set point for the solar shading have
a large inuence and second natural ventilation. When optimising the energy consumption
it is thus important not to focus only on one installation, but to examine if the parameter
aects two installations inverse. Therefore the total energy consumption will be preferable
to utilise when optimising, as this provides an idea for the total energy consumption.
When optimising both with respect to the indoor climate and the energy consumption it
is preferred to utilise the graphs which shows the parameters inuence on both the energy
consumption and the indoor climate. A brief discussion of these is shown in the following.
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The parameters which have the largest inuence on the indoor temperature during summer
are listed above. Comparing these with the total energy consumption it appears that the
parameters which have the largest inuence on the indoor temperature have a rather small
inuence on the energy consumption, and the parameter which have a large inuence on
the total energy consumption have a rather small inuence on the indoor temperature. The
same regards for winter. According to the sensitivity analysis the conditions are therefore
relatively positive when optimising the indoor temperature and energy consumption for the
summer and winter.
Examining spring and autumn this is though the same case, as the parameter which has the
largest aect on the indoor temperature is the max sun set point for the solar shading. The
temperature set point for the shutter is the only parameter which has a large inuence on
the indoor temperature and the total energy consumption at the same time.
Natural ventilation, which have a large inuence on the amount of hours the CO2 -level is
included in category A, also have a large inuence on the energy consumption. In fact, none
of the technologies which have a large inuence on the amount of hours the CO2 -level is in
category A have a small inuence on the energy consumption. It is therefore important to
examine which parameter that has the largest inuence on the CO2 -level compared to the
smallest total energy consumption. Thus the maximum air change for natural ventilation is
favourable to optimise, because this have a large eect on the CO2 -level and at the same
time a smaller inuence on the total energy consumption. The only parameter which has
a large inuence on the total energy consumption without inuencing the CO2 -level is the
shutter.
The parameter which have the largest inuence on the amount of percentage in discomfort
due to glare also have a large inuence on the total energy consumption, and conversely. In
this case the only solution is thus to choose the priority of energy consumption or indoor
environment.
The overall conclusion of this sensitivity analysis is to carefully consider the eects of the
technologies both in relation to the indoor environment and energy consumption, as some
parameters have the inverse eect on these. The graphs comparing the indoor environment
and the energy consumption is therefore highly recommended to use when developing the
control strategies. After the sensitivity analysis is executed the chosen intervals for the set
points for the solar shading is considered unrealistic, thus the sensitivity analysis might
deviate from a sensitivity analysis with realistic intervals.

Chapter

Simulations in BSim
In the following chapter dierent control strategies for the oce are examined and developed
in BSim. The requirements and procedure for the development are listed, and the control
strategy and set point for each controllable technology are described. The results and justications for each simulation are presented and nally a general discussion of the control
strategies is outlined.
The theoretical simulations are performed in BSim where a reference room is used as a
basis for developing the control strategies, an description of the room is shown in section
2.3. The reference room is build up as a typical oce with a constant internal load and
the following systems; heating, mechanical ventilation, cooling, solar shading, light control,
natural ventilation and a shutter. An oce with a similar construction to the reference
model is enhanced and the facade is optimised to determine the exact and optimal control
strategy for the oce. The control strategies for the technologies are optimised on the basis
of the sensitivity analysis and the heat balance of the room with the aim to examine the
performance of the intelligent facade. The sensitivity analysis is described in section 3.2 and
the heat balance of the room is described in section 4.1. The development of the control
strategies consists of several steps, which will be evaluated.

4.1 Requirements and procedure for the development of
control strategies
When optimising the control strategy for the facade the goal is to assess each step and
compare the new results with the results from the reference room. The purpose is to gain
insight into how an adjustment of the facade will be favourable or unfavourable for the
energy consumption and the indoor environment. Before optimising the control strategies
aims, both for the energy consumption and the indoor environment, is established and listed
in table 4.1.
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Goal

Specic values

Energy frame 2020

25 kWh /m2 per year

Indoor air temperature summer

Category A & B

23 - 26 o C

Indoor air temperature winter

Category A & B

20 - 24 o C

Indoor air temperature spring/autumn

Category A & B

21,5 - 24,5 o C

Indoor air quality

Category A & B

0 - 850 ppm

20-40 % in discomfort

500 - 3800 lux

Total energy consumption

Glare

Table 4.1: Goal for optimisation.

The procedure is to optimise with respect to the indoor environment and the energy consumption, to ensure that the users do not feel undue discomfort and while the energy consumption
is minimal. Based on this a control strategy where the energy consumption is attempted
reduced to a minimum while the indoor environment is kept on an acceptable level should be
developed. The control strategies are developed using the sensitivity analysis and the heat
balance of the room is shown in equation 4.1.

φext + φint + φheat = φtrans + φvent + φacc

(4.1)

where:

φext

External heat gain [W /m2 ]

φint

Internal heat gain [W /m2 ]

φheat

Heat gain from heating system [W /m2 ]

φtrans

Transmission loss [W /m2 ]

φvent

Ventilation loss [W /m2 ]

φacc

Accumulated heat [W /m2 ]

According to the heat balance of the room several gains and losses inuences the indoor
temperature; external- and internal heat gains, heat gain from heating, accumulated heat
and transmission- and ventilation losses. The internal heat gains cannot be lowered or
removed from the room and the control strategy for the heating system ensures that heating
is turned o when the temperature is above 23 o C in summer, 20 o C in winter and 21,5 o C
in spring and autumn, thus these cannot be inuenced. The transmission loss through the
window can be lowered by the shutter, but it is not desired to use the shutter in the service
life. The accumulation of the building can neither be changed, thus only the external heat
gain, i.e. solar gain, can be lowered or the ventilation loss in terms of natural ventilation
loss can be increased in the service life.

4.2. Set point and control strategy for each technology
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4.2 Set point and control strategy for each technology
Each controllable technology has an individual set point in order to control their activation
order. The set points and control strategies for the controllable technologies; heating, cooling,
natural ventilation, solar shading and shutter are described in the following. The set points
for the technologies are assessed with the following priority:

 Solar shading
 Natural ventilation
 Mechanical ventilation/Heating
 Cooling
This priority is chosen on the basis of the energy consumption for each technology, i.e.
the technologies with no energy consumption, solar shading and natural ventilation, is rst
activated and if these are not sucient the technology which consumes the least energy,
mechanical ventilation and heating, is thereafter activated and at last the technology using
the largest amount of energy, cooling, is activated. The basis for the chosen priority for the
mechanical ventilation system and the cooling is explained further in appendix D.5. The
set point for each technology is thus based on the priority, meaning the set point for solar
shading and natural ventilation is set according to indoor environment category A, the set
points for mechanical ventilation and heating is set according to indoor environment category
B and last cooling is set according to indoor environment category C. Thereby the aim is to
examine if the passive technologies and the technologies using the least energy are able to
temperate the indoor environment.

4.2.1 Heating
Heating is thermostatically controlled by a radiator. The heating system is controlled linearly
by the outdoor temperature, meaning that the system provides the maximum power possible
at the outdoor design temperature and uses the least power possible at the set point temperature, which is the temperature desired. At a higher outdoor temperature the heating system
is turned o.[SBi, 2011] The desired temperature is divided into summer, spring/autumn and
winter. The set point temperature for summer is 23 o C, for spring/autumn 21,5 o C and the
set point temperature for winter is 20 o C, which is the minimum temperatures for category
B.

4.2.2 Cooling
The set point for cooling is 27 o C, 26 o C, 25 o C which is the maximum indoor air temperature
for category C in the summer, spring/autumn and winter periods respectively. The set point
for cooling based on indoor environment category C is chosen based on the large energy
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consumption for cooling. The cooling system provides the maximum power possible when
the temperature in the room reaches 28 o C, 27 o C, 26 o C in the summer, spring/autumn and
winter period respectively. The control of the cooling system is the same as the heating
system.

4.2.3 Ventilation
The ventilation system is controlled both by the CO2 -level and the indoor temperature.
The ventilation system is rst controlled by the CO2 -level and subsequently by the indoor
temperature, see gure 4.1 for the control strategy for summer. The control strategies for
spring, autumn and winter are similar with the corresponding set point. The set point for
the CO2 is 850 ppm for all seasons, according to indoor environment category B, and the
set point temperature is 26 o C, 24,5 o C and 24 o C for summer, spring/autumn and winter
respectively, according to the maximum temperature in category B.

Figure 4.1: Control strategy for the mechanical ventilation system in BSim for the summer
period.

4.2.4 Venting
Venting is also controlled rst by the CO2 -level the then by the indoor temperature. The
external wind speed limits the use of natural ventilation and if the wind speed exceeds 10 m /s
the windows are deactivated. The control strategy for venting in BSim is shown in gure
4.2 for summer. The control strategies for spring, autumn and winter are similar with the
corresponding set point. Set point for the CO2 -level is 700 ppm for all seasons according to
indoor environment category A. The set point for temperature is 25,5 o C in summer, 24 o C
in spring and autumn and 23 o C for the winter period.

4.2.5. Solar shading
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Figure 4.2: Control strategy for the venting system in BSim for the summer period.

4.2.5 Solar shading
The solar shading is controlled both by the solar gain through the windows and the indoor
temperature, and is controlled continuous. When the solar shading is activated because the
solar gain through the window exceeds the set point, max sun, the shading rst adjusts in
order to comply with the set point, max sun. If the solar gain subsequently increases and
exceeds the value, max sun, the shading is readjusted in order to comply with a new set
point, max sun + delta sun. If the temperature exceeds the set point for activating the solar
shading the shading is activated provided the solar gain is above the sun limit[SBi, 2011].
The solar shading is also dependent on the external wind speed and if it exceeds 10 m /s the
solar shading is deactivated to protect the solar shading. The control strategy for the solar
shading is shown in gure 4.3 for summer. The control strategies for spring, autumn and
winter are similar with the corresponding set point. The set point for the maximum solar
gain is 165 W /m2 and delta sun is 75 W /m2 for each season, based on the assumptions listed
in appendix D.3 and D.4. The maximum temperature is set to 25,5 o C in the summer, 24 o C
in spring/autumn and 23 o C in the winter, according to indoor environment category A.
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Figure 4.3: Control strategy for the solar shading in BSim for the summer period.

4.2.6 Shutter
The shutter is activated outside of the service life when the outdoor temperature is below
the given set point for the outdoor temperature of 5 o C. The control strategy for the shutter
in BSim is shown in gure 4.4 for all seasons.

Figure 4.4: Control strategy for the shutter system in BSim.

4.3. Theoretical control strategies
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4.3 Theoretical control strategies
The theoretical control strategies are based on the reference room and thus the results
for the reference room will be described. The aim of the simulations conducted in the
following is to evaluate the performance of dierent control strategies of the intelligent facade,
including; solar shading, natural ventilation and shutter. The control strategies for the
intelligent facade are evaluated based on the indoor environment and the energy consumption
of the oce. First a simulation of the reference room, with the described technologies
and the corresponding set points, is conducted. On the basis of the requirements listed in
section 2.1, the output values for the indoor environment; indoor air temperature, CO2 level, and glare are then examined and commented for each simulation. The results for
the indoor temperature and CO2 -level are presented in form of the indoor environment
categories while glare is divided into percentage in discomfort. Too low light level is not
examined in the BSim simulations because the electric lighting always obtains a light level
on 200 lux, and it is assumed that the task lighting will ensure the desired light level of
500 lux on the desk. The output values for the energy consumption; cooling- and heating
demand, energy consumption for electric lighting and energy consumption for ventilators
are then also examined for each simulation. The energy consumption for each mechanical
technology is presented including the energy factors for energy frame 2015. In order to
evaluate the energy consumption the energy consumption for each mechanical technology,
including the corresponding energy factors, is presented for the energy frame 2010, 2015
and 2020. Based on the results for the indoor environment and energy consumption for the
reference room the control strategies for the technologies are then further developed with the
aim to achieve a control strategy complying with the requirements listed in section 4.1. The
simulations in BSim are conducted throughout a year and the results in BSim are presented
in hour-values. In the following dierent control strategies and their inuence on the indoor
environment and energy consumption for 10 simulations are presented and at last a partial
conclusion of these simulations is outlined.

4.3.1 Reference model
After the set-up of the model the simulation for the reference model is conducted and the
results are analysed and commented in the following.

4.3.1.1 Indoor environment
The indoor air temperature is evaluated on the basis of the indoor environment categories
A, B, C and no category for each season. The percentage of time the indoor environment is
in category A, B, C and no category for each season is showed for the operative temperature
in gure 4.5.
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Figure 4.5: The percentage of time the indoor environment is in category A, B, C and no
category for the temperature.

During the summer period the operative temperature is included in category C 87 % of the
service life because of overheating problems which occurs already in the beginning of the
service life. In the winter period 9 % of the operative temperature is in category C, 4,5 %
because of too low temperatures and 4,5 % because of overheating. The low temperatures
mostly occur in the morning. The overheating problems occur after hour 14 and until the
next pulse ventilation at hour 16. In spring the operative temperature is in category C
31 % of the service life. This is also due to overheating problems which especially are located in May. In autumn the operative temperature is in category C 30 % of the service
life, again due to overheating problems which mainly occur in August and September. The
overheating problems occur because the solar shading, natural ventilation and mechanical
ventilation cannot lower the temperatures suciently. Regarding the operative temperature in the oce the thermal comfort needs to be improved remarkably, rst by looking at
possible optimisations of the control strategies for solar shading and natural ventilation and
secondly optimising the control strategy for mechanical ventilation and, if necessary, cooling.
Examining the indoor temperature prole in the oce the heat accumulation of the oce is
illustrated. An example of the temperature prole the 5th of June is shown in gure 4.6.

Indoor temperature [[°°C]

28
27
26
25
24
23
22
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Hour at day

Figure 4.6: The temperature prole the 6th of june.

4.3.1. Reference model
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The temperature prole have a large variation from 24 o C to 27,5 o C through one day, which
indicates that the heat accumulation of the oce does not have a large inuence on the
temperature prole. If the heat accumulation of the oce was large the temperature prole
would have been more stable and the accumulated heat during the day would have been
released during the night where no external- or internal heat gains are present.
The distribution of the CO2 -level in indoor environment category A, B, C and no category
is shown in gure 4.7

Figure 4.7: Percentage of time the CO2 -level is included in indoor environment category A,
B, C and no category.

The CO2 -level is included in indoor environment category A and B as desired and needs no
further examination.
The percentage of time the glare level is in percentage in discomfort is shown in gure 4.8.

Figure 4.8: Percentage of time the glare level is in percentage in discomfort.

The glare level is acceptable during the service life, thus no further examination is performed
for glare.

4.3.1.2 Energy consumption
The energy consumption for each mechanical installation in the reference simulation is shown
in gure 4.9.
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Figure 4.9: Energy consumption for each mechanical technology for the reference model.

Cooling is the technology which is using the largest amount of energy in the oce while
lighting is the technology using the second largest amount of energy. The mechanical ventilation system is using the least energy, and the total energy consumption for the technologies
is 844 kWh per year. To examine this value in context the energy frames 2010, 2015 and
2020 for the oce in this simulation is compared to the dierent energy frames outlined in
section 2.1. The result is shown in gure 4.10.
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Figure 4.10: Energy frame for the oce compared to energy frames 2010, 2015 and 2020.

The energy frames for 2010, 2015 and 2020 are all complied as the energy frames for the oce
according to the dierent energy frames are 34,2 kWh /m2 pr. year, 32 kWh /m2 pr. year and
23,3 kWh /m2 pr. year respectively. Even though the energy frames are complied a further
optimisation of the control strategy still needs to be performed, as the aim is to minimise
the energy consumption of heating, mechanical ventilation and cooling and to optimise the
use of the intelligent facade, thus the shutter, solar shading and natural ventilation.

4.3.2. 1. simulation - set point for solar shading
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Dierent control strategies for the technologies are now developed and examined on the basis
of the reference model. All the new results will be presented for the indoor environment and
the energy consumption in appendix D.7 on the appendix CD and only the relevant results
are presented in the report. The results will be compared with the criteria and possible
problems will be attempt solved with the sensitivity analysis in section 3.1.

4.3.2 1. simulation - set point for solar shading
Examine the energy consumption of the oce cooling has the largest consumption of the
system, thus this is desired lowered. According to the sensitivity analysis the parameter
which has the largest aect on the energy consumption for cooling is the set point for max
sun for solar shading, which also have the biggest inuence on the total energy consumption,
see gure 3.5 in section 3.2. Looking at the indoor temperature in the reference room
during the summer, spring and autumn periods the oce suers from overheating problems.
According to the heat balance of the room, see equation E.14, the external heat gain can
be excluded and the ventilation loss can be increased to lower the overheating problems. As
the external temperature during the summer is assessed high the eectiveness of the natural
ventilation system is maybe not high, it is assessed that the solar gain is to be decreased in
the summer period.
On the basis of the above examination the set point for solar gain, max sun, for the solar
shading is changed as listed in table 4.2.
Max sun [W /m2 ]
Summer

60

Spring & Autumn

100

Table 4.2: Max sun for solar shading in summer, spring and autumn.

The set points are iterated from several simulations by the method trial and error. Decreasing
the set point further will increase the heating demand.

4.3.2.1 Simulation results
Based on the new set point for the solar shading the relevant results are presented in the
following in terms of indoor environment and energy consumption. If the results have not
changed from the previous simulation these are not shown.

Indoor environment
The percentage of time the indoor environment is in category A, B, C and no category for
each season is listed for the operative temperature in gure 4.11.
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Figure 4.11: The percentage of time the indoor environment is in category A, B, C and no
category for the temperature.

The oce still suers from overheating during the three seasons. The percentage of the
operative temperatures outside of category A and B for each season is shown in table 4.3
and compared with the reference model.
Summer
Simulation

Proportion of overheating [%]

Reference

88

1.

63
Spring

Simulation

Proportion of overheating [%]

Reference

31

1.

21
Autumn

Simulation

Proportion of overheating [%]

Reference

31

1.

24

Table 4.3: Proportion of overheating problems in summer, spring and autumn for the reference and rst simulation.

The overheating problems is thus lowered compared to the reference model, but not sucient.
Thus further initiatives need to be applied to the model.
The percentage of time the CO2 -level is included in indoor environment category A, B, C
and no category is shown in gure 4.12.

4.3.2. 1. simulation - set point for solar shading
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Figure 4.12: Percentage of time the CO − level is included in indoor environment category
A, B, C and no category.

The proportion of the CO2 -level has decreased by one percent from category A to category
B. This is due to a smaller use of natural ventilation because solar shading is excluding a
larger amount of external solar gain and thus the demand for natural ventilation is decreased
compared to the reference model.
The percentage of time the glare level is in percentage in discomfort is shown in gure 4.13.

Figure 4.13: Percentage of time the glare level is in percentage in discomfort.

As the solar shading is activated in larger periods the percentage of glare is increased by 8 %
to category A and this optimisation thus has been favourable also for glare.

Energy consumption
The energy consumption for each mechanical installations in this and previous simulations
is shown in gure 4.14.
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Figure 4.14: Energy consumption for each mechanical technology for previous and current
simulation.

This simulation increases the heating with 4,5 % because solar shading is activated in more
hours compared to the reference model. The heating demands before and after this simulation is shown in table 4.4 for each month.
Heating demand for reference

Heating demand for 1. simulation

[kWh]

[kWh]

January

45

45

Febuary

36

36

March
April

40
21

55
22

May

0

0

June

0

0

July

0

0

August

0

0

September

0

0

October
November

5
49

7
53

December

48

48

Table 4.4: Heating demand before and after rst simulation for each month.

This illustrates that the heating demand is increased in the months in bold; March, April,
October and November. The demand for lighting has slightly increased by 0,9 % because
of the earlier activation of the solar shading. The energy consumption for cooling and
mechanical ventilation has decreased, as expected. Especially the energy consumption for
cooling has decreased by 50 % and the energy consumption for mechanical ventilation has

4.3.3. 2. simulation - set point for solar shading
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decreased by 5 %. The total energy consumption is thus decreased by 14 %. The energy
consumption for the oce according to BR10 is shown in gure 4.15.

Figure 4.15: Energy frame for the oce compared to energy frames 2010, 2015 and 2020.

The earlier activation of the solar shading decreased the energy frames of the oce, and the
energy frames 2010, 2015 and 2020 are thus still complied, but a further decrease is desired.

4.3.3 2. simulation - set point for solar shading
Due to investigation using trial and error was conducted on the basis of the seasons, the
previous simulation increased the heating demand in the oce. In order to avoid this increased heating consumption new set points for the solar gain for the solar shading is used
for the months where heating was increased, thus March, April, October and November.
The increasing heating demand indicates that the set point for solar shading was decreased
too much and thereby excluded solar gain which could contribute to passive heating of the
oce. The new set point for these four months are found by trial and error to 150 w /m2
remaining the set point for May and September at 100 w /m2 in order to decrease the heating
demand but not inuence the indoor temperature and glare level signicantly. The year is
now divided into several seasons.

4.3.3.1 Simulation results
Based on the adjusted set point for the solar shading the relevant results are presented in
the following in terms of indoor environment and energy consumption.

Indoor environment
The percentage of time the indoor environment is in category A, B, C and no category for
spring and autumn is shown in gure 4.16.
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Figure 4.16: The percentage of time the indoor environment is in category A, B, C and no
category for the temperature.

The percentage of the operative temperatures outside of category A and B for spring and
autumn is shown in table 4.5 and compared with the rst simulation.
Spring
Simulation

Proportion of overheating [%]

1.

21

2.

23
Autumn

Simulation

Proportion of overheating [%]

1.

24

2.

25

Table 4.5: Proportion of overheating in spring and autumn for rst and second simulation.

The new set point has increased the overheating problems by 2 % in spring and 1 % in
autumn. The change in the operative temperature is, of course, because of the delayed
activation of the shading. An example of the inuence of the delayed activation of the solar
shading is shown for the 29th of April in gure 4.17.
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Figure 4.17: Temperature prole and shading factor for rst and second simulation.

The gure shows the indoor temperature and shading factor for the rst and second simulation. When the solar shading factor is 1 the venetian blinds are fully closed and when the
solar shading factor is 0 the venetian blinds are fully opened. Because solar shading is rst
activated at hour 10 and not hour 9 in the second simulation the temperature is inuenced
to rise just above 24,5 o C, the maximum temperature in indoor environment category B for
spring and autumn. Looking at the rst simulation the solar shading is activated at hour 9
and thus the temperature never reaches the upper temperature limit in the service life.
The percentage of time the glare level is in percentage in discomfort is shown in gure 4.18.

Figure 4.18: Percentage of time the glare level is in percentage in discomfort.

Only one percentage of the glare level has been move from category A to B in this simulation.

Energy consumption
The energy consumption for each mechanical installation in the rst and second simulation
is shown in 4.19.
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Figure 4.19: Energy consumption for each mechanical technology for previous and current
simulation.

This simulation decreased the heating demand almost to the heating demand used in the
reference model, only 1,8 % apart. The energy consumption for cooling, lighting and mechanical ventilation have only increased very little or not at all. The total energy consumption is
thus decreased by 0,7 %. The energy consumption for the oce according to BR10 is shown
in gure 4.20.

Figure 4.20: Energy frame for the oce compared to energy frames 2010, 2015 and 2020.

The energyes frames decreased a little and are thus still complied. The energy frame for
2020 is now 19,7 kWh /m2 pr. year.
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4.3.4 3. simulation - max air change for natural ventilation
The lowering of the set point for the solar gain for the solar shading in the rst simulation
did not handle the overheating problems in the oce completely. According to the heat
balance of the room and the sensitivity analysis the next step is to increase the air change
for the natural ventilation, see gure 3.1 in section 3.2. According to the sensitivity analysis
the set point for the CO2 -level for natural ventilation has the largest inuence, but it is
not desired to change the set point for this parameter as the CO2 -level in the room is
satisfying. The supply air for mechanical ventilation has the second largest inuence, but
since mechanical ventilation consumes energy this is deselected. The maximum air change
for natural ventilation is thus increased to 4 h−1 , a factor 2,67, as it is allowed to increase the
air change in oces to 4 - 6 h−1 in the summer period according to [Byggeforskningsinstitut,
2002]. The aim is to lower the overheating problems during the summer period and to lower
the energy consumption for cooling which is also in accordance with the sensitivity analysis,
see gure 3.5 in section 3.2.

4.3.4.1 Simulation results
Based on the increased air change for natural ventilation the relevant results are presented
in the following in terms of indoor environment and energy consumption.

Indoor environment
The percentage of time the indoor environment is in category A, B, C and no category for
the summer season is listed for the operative temperature in gure 4.21.

Figure 4.21: The percentage of time the indoor environment is in category A, B, C and no
category for the temperature.

The oce still suers from overheating problems during the summer period, but the proportion of overheating problems has decreased remarkably. The percentage of the operative
temperatures outside of category A and B for summer is shown in table 4.6 and compared
with the second simulation.
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Summer
Simulation

Proportion of overheating [%]

2.

62

3.

34

Table 4.6: Proportion of overheating in the summer.
During the summer period the overheating problems mostly occur in July, which have
76 hours with overheating and August which have 75 hours with overheating. In June,
47 hours with overheating problems exists. The overheating problems occur at the end of
the service life where heat is accumulated in the oce. Examining the days with overheating
problems it occurs that the temperatures are especially high for the rst days in the weeks
just after the weekend and fth day just before the weekend. Heat is accumulated during
the weekend and the temperature is dicult to lower in the rst days of the week, see gure
4.22.
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Figure 4.22: Temperature prole from the beginning of the weekend the 22th of June to the
next weekend the 30th of June.
This gure shows the temperature prole from the beginning of the weekend the 22th of June
to the next weekend the 30th of June. The temperature reaches 32 o C in the weekend and
is only just below the maximum temperature in category B during summer, 26 o C, thus the
temperature quickly rises during the day to exceed the desired temperature limit. During
the weekend it is possible to lower the indoor temperature further. In the middle of the
week the indoor temperature is at a satisfying level in the morning and only just exceeds the
upper temperature limit. For the worst days in the summer the indoor temperature almost
does not decrease below the temperature limit, this is illustrated in gure 4.23 which shows
the temperature prole from the beginning of the weekend at the 6th of July to the end of
the next weekend the 14th of July. The indoor temperature is only just reaching beyond the
temperature limit at night, which results in very high temperatures during the service life.
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Figure 4.23: Temperature prole from the beginning of the weekend the 6th of July to the
next weekend the 14th of July.

Energy consumption
The energy consumption for each mechanical installation in the reference-, rst-, secondand third simulation is shown in gure 4.24.
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Figure 4.24: Energy consumption for each mechanical technology for previous and current
simulation.

The lighting demand did not change during this simulation and the heating demand increased
by 0,45 % because heating is needed one morning in June. The energy consumption for
cooling and mechanical ventilation is, as expected, decreased. The cooling demand has
decreased by 20 % while the energy consumption for mechanical ventilation have decreased
by 4 %. This is thus a total decrease in the energy consumption by 4 %. The energy
consumption for the oce according to BR10 is shown in gure 4.25.
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Figure 4.25: Energy frame for the oce compared to energy frames 2010, 2015 and 2020.

The energy frames are lowered again, and are thus still complied. The energy frame for 2020
is now 18,9 kWh /m2 pr. year.

4.3.5 4. simulation - night cooling
In order to lower the overheating problems during the summer period it is possible to use
night cooling in the oce, which most likely will also decrease the cooling demand. Looking
at the heat balance listed in equation E.14 the only possible night cooling is to use natural
ventilation, as mechanical ventilation is deselected because of its energy consumption. The
external- and internal heat gains are not present during the night and it is again not possible
to decrease the transmission loss or change the accumulation of the building. Mechanical
ventilation is of course not a desired cooling strategy because of the energy demand. By
using natural ventilation during the night it is assessed that all windows are secured against
burglary.
Natural ventilation is used during the night in the summer period with the temperature
set point 23,5 o C and a maximum air change of 4 h−1 . The set point for the night cooling
is the lowest temperature limit in indoor environment category A and thus it is possible
to cool to this temperature limit in order to ensure the thermal comfort is satisfying at
the beginning of the service life. Natural ventilation during night is only controlled by the
internal temperature and not the CO2 -level. The schedule is from hour 17.00 to 8.00 from
Sunday evening until Thursday evening.

4.3.5.1 Simulation results
Based on the increased air change for natural ventilation the relevant results are presented
in the following in terms of indoor environment and energy consumption.

4.3.5. 4. simulation - night cooling
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Indoor environment
The percentage of time the indoor environment is in category A, B, C and no category for
the summer season is listed for the operative temperature in gure 4.26.

Figure 4.26: The percentage of time the indoor environment is in category A, B, C and no
category for the temperature.

The proportion of the overheating problems has decreased but overheating still exists. The
percentage where the operative temperatures is outside of category A and B for summer is
shown in table 4.7 and compared with the third simulation.
Summer
Simulation

Proportion of overheating [%]

3.

34

4.

24

Table 4.7: Proportion of overheating in the summer.

The overheating problems still mostly occur in July, which have 54 hours with overheating
and August which have 49 hours with overheating. In June 39 hours with overheating problems exist. Comparing the temperature prole with the third simulation for the two weeks
shows the eect of the night cooling. Figure 4.27 and 4.28 shows the temperature prole
from both simulations from the beginning of the weekend the 22th of June to the 30th of
June and from the beginning of the weekend the 6th of July to the end of the weekend the
14th of July.
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Figure 4.27: Temperature prole from the beginning of the weekend the 22th of June to the
next weekend the 30th of June.

Figure 4.28: Temperature prole from the beginning of the weekend the 6th of July to the
next weekend the 14th of July.

Both gures illustrate how the temperatures are decreased during the night, even below the
temperature limit, and so is the temperature peaks during the day also decreased. Despite the
low temperatures during the night no temperatures decreases beyond the lower temperature
limit, 23,5 o C, during the service life, and the heating demand is thus interesting to examine
in the following to see if the heating system prevents the temperatures to get below 23,5 o C.

Energy consumption
The energy consumption for each mechanical installation in the previous and this simulations
are shown in gure 4.29.

4.3.5. 4. simulation - night cooling

73

900
Energy consumption [kWh]

800
700
600

Reference

500

1. simulation

400

3. simulation

300

3. simulation

200

4. simulation

100
0
Heating

Cooling

Lighting

Mec. ventilation

Total

Figure 4.29: Energy consumption for each mechanical technology for previous and current
simulation.

Surprisingly the heating demand has only increased by 0,05 % because of an heating demand
one day at noon in August. The energy consumption for cooling decreased by 16 % and the
energy consumption for mechanical ventilation decreases by 1,4 %. The lighting demand has
a minor decrease by 0,3 % because the lower indoor temperature allows solar shading to be
activated during a smaller period, compared to simulation three. The total energy consumption has decreased by 2,3 % per year. The energy consumption for the oce according to
BR10 is shown in gure 4.30.

Figure 4.30: Energy frame for the oce compared to energy frames 2010, 2015 and 2020.

The energy frames decreased a little and are thus still complied. The energy frame for 2020
is now 18,4 kWh /m2 pr. year.
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4.3.6 5. simulation - set point for natural ventilation
To decrease the overheating problems further the sensitivity analysis is used. The next step
is to lower the temperature set point for natural ventilation, see 3.1 in section 3.2, which is
also in accordance with the heat balance. By lowering the temperature set point for natural
ventilation it is also assumed that the cooling demand is decreased. An examination of
the heating and cooling demands for each month is examined and it is preferable to lower
the temperature set point for April, May, June, July, August and September and thereby
decrease the cooling demand. See appendix D.6 for the examination. The temperature set
points for natural ventilation is shown in table 4.8.
Set point temperature [o C]
Summer

24

April, May and September

23

Table 4.8: Temperature set point for natural ventilation in summer months, April, May and
September.

The temperature set points are placed 1 o C below the initial set points for the corresponding
seasons.

4.3.6.1 Simulation results
Based on the temperature set point the relevant results are presented in the following in
terms of indoor environment and energy consumption.

Indoor environment
The percentage of time the indoor environment is in category A, B, C and no category for
summer, spring and autumn is listed for the operative temperature in gure 4.31.

Figure 4.31: The percentage of time the indoor environment is in category A, B, C and no
category for the temperature.
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The portion of the overheating problems has not decreased much compared to the previous
simulation. The percentage of the operative temperatures outside of category A and B for
summer is shown in table 4.9 and compared with the fourth simulation.
Summer
Simulation

Proportion of overheating [%]

4.

24

5.

21
Spring

Simulation

Proportion of overheating [%]

4.

23

5.

21
Autumn

Simulation

Proportion of overheating [%]

4.

24

5.

22

Table 4.9: Portion of overheating problems during summer, spring and autumn.

According to the table overheating still occur in summer, spring and autumn and the change
of set point for natural ventilation only decreased the portion of overheating a little. By
studying the external temperature where the indoor temperature exceeds the upper temperature limit it is shown that natural ventilation cannot cool the room because the outdoor
temperature is very high. This is illustrated in gure 4.32.

Figure 4.32: Indoor- and outdoor temperature prole for the service life the 3th of June to
the 9th of June.
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The gure shows the indoor- and outdoor temperature prole for the service life the 3th of
June to the 9th of June. The outdoor temperature is very high and thus the oce cannot
be cooled further by natural ventilation.

Energy consumption
The energy consumption for each mechanical installation in the previous simulations and
this simulation is shown in gure 4.33.
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Figure 4.33: Energy consumption for each mechanical technology for previous and current
simulation.

The heating demand has increased by only 0,1 % while the cooling demand has decreased
by 3 % and mechanical ventilation by 1,45 %. The energy consumption for lighting has
not decreased. The total energy consumption is decreased by only 0,6 % . The energy
consumption for the oce according to BR10 is shown in gure 4.34.

Figure 4.34: Energy frame for the oce compared to energy frames 2010, 2015 and 2020.
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The energy frames decreased a little and are thus still complied. The energy frame for 2020
is now 18,3 kWh /m2 pr. year.

4.3.7 6. simulation - set point for solar shading
The previous simulation, lowering the set point for the natural ventilation, did not inuence
much at either the internal temperatures or the energy consumption of the building. The
next passive solution to cool the room is to examine the solar shading again. According to the
sensitivity analysis the next step is to lower the temperature set point for solar shading and
thereby lower the overheating problems and energy consumption for cooling, see gure 3.1
and 3.5 in section 3.2. According to the forth simulation the overheating problems mostly
occurs in the summer months, April, May and September, thus the new temperature set
points for the solar shading is shown in table 4.10.
Set point temperature [o C]
Summer
April, May and September

24,5
23

Table 4.10: Temperature set point for solar shading in summer months, April, May and
September.

The temperature set points are placed 1 o C below the initial set points for the corresponding
seasons, just as for natural ventilation.

4.3.7.1 Simulation results
Based on the temperature set point the relevant results are presented in the following in
terms of indoor environment and energy consumption.

Indoor environment
The percentage of time the indoor environment is in category A, B, C and no category for
spring, autumn and summer is listed for the operative temperature in gure 4.35.

Figure 4.35: The percentage of time the indoor environment is in category A, B, C and no
category for the temperature.
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The portion of the overheating problems has not decreased compared to the previous simulation. Looking back at previous simulation this is due to solar shading is already activated
when the temperature exceeds the temperature set point for solar shading, 24 o C. This is
illustrated in gure 4.36.
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Figure 4.36: Indoor temperature and the solar shading factor from the 29th of July to the
2th of August.

The gure shows the indoor temperature and the solar shading factor from the 29th of July
to the 2th of August. The gure shows that when the temperature set point for solar shading
is reached the solar shading is already activated because the set point for the solar gain has
been exceeded. The decrease in temperature set point did not decrease the overheating
problems, because solar shading was already activated and thereby the external solar gain
has already been excluded. As solar shading can only exclude the incoming solar gain and
not cool the internal heat gains, solar shading cannot be optimised further to lower the
temperatures during spring, summer and autumn.

Energy consumption
The energy consumption of the oce did not change, thus the oce still has an energy frame
of 18,3 kWh /m2 per year according to the 2020 demands and thereby still full the criteria
for the energy consumption.

4.3.8 7. simulation - set point for shutter
Solar shading and natural ventilation have now been fully utilised during the past simulation
for summer, spring and autumn. The oce still suers from overheating problems in these
months and the desired strategy is too temperate the room by only adjusting the facade.
Looking at the sensitivity analysis for summer the next passive step is to increase the temperature set point for the shutter, see gure 3.1 in section 3.2. This may also decrease the
proportion of too low temperatures and according to the sensitivity analysis this will also
decrease the cooling- and heating demand, see gure 3.5 in section 3.2. The temperature set
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point for the shutter is thus raised to 40 o C for the entire year to ensure it is always activated
outside of service life.

4.3.8.1 Simulation results
Based on the temperature set point the relevant results are presented in the following in
terms of indoor environment and energy consumption.

Indoor environment
The percentage of time the indoor environment is in category A, B, C and no category for
spring, autumn and summer is listed for the operative temperature in gure 4.37.

Figure 4.37: The percentage of time the indoor environment is in category A, B, C and no
category for the temperature.

The portion of the overheating problems has decreased during summer, spring and autumn
while it has increased by a small amount in winter. The proportion of overheating problems
is shown in table 4.11.
Summer
Simulation

Proportion of overheating [%]

6.

21

7.

17
Spring

Simulation

Proportion of overheating [%]

6.

20

7.

15
Autumn

Simulation

Proportion of overheating [%]

6.

22

7.

18

Table 4.11: Portion of overheating problems during summer, spring and autumn.
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The overheating problems have decreased during the summer, spring and autumn because
the solar gain during the weekends is excluded by the shutter. This is illustrated in gure
4.38.
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Figure 4.38: Indoor temperature prole from Saturday the 6th of July to Monday the 8th
of August.

The gure shows the temperature prole from Saturday the 6th of July to Monday the
8th of July for simulation six and seven. In simulation six the shutter was not activated
and in simulation seven the shutter was activated. The indoor temperature has decreased
signicantly during the weekend and the temperature has also decreased during the night,
thus the initial temperature at the beginning of the service life is lower in simulation seven
than simulation six and therefore the temperature does not peak a the same temperature
level during the service life. This is illustrated on the 10th of September in gure 4.39.
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Figure 4.39: Indoor temperature prole the 10th of September.

The gure shows the temperature prole for a day in September. The temperature is a little
lower during night and thus the temperature is kept just underneath the upper temperature
limit for autumn, 24,5 o C.
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Surprisingly the portion of the lower temperatures has not changed, this is because the
shutter was already activated when the temperature were beneath the lower temperature
limit, see gure 4.40.
20

15
6. sim.: Indoor temp. [°C]
7. sim.: Indoor temp. [°C]

10

Lower temp. limit [°C]
6. sim.: Shutter x 10 [-]

5

7. sim.: Shutter x 10 [-]
0
1

3

5

7

9

11 13 15 17 19 21 23
Hour in day

Figure 4.40: Indoor temperature prole and position of the shutter the 8th of January.

The gure shows the indoor temperature and position of the shutter the 8th of January.
When the shutter is labelled zero the shutter is deactivated and when labelled one the
shutter is activated. As the shutter is positioned at the same for both simulations, the
indoor temperature is thus also the same. The problems of the cold temperatures exist
throughout the service life. The temperature beneath the lower temperature limit, 20 o C,
just falls below the limit. In table 4.12 the temperature just beneath the temperature limit
and the corresponding hours are shown.
Temperature [o C]

Number of hours

19,79

1

19,84

1

19,79

1

19,94

1

19,96

1

19,98

13

19,99

10

Table 4.12: Temperatures beneath the lower temperature limit for winter.

The hours where the temperature is 19,98 o C and 19,99 o C are distributed throughout the
service life in the winter. The remaining hours are placed in the beginning of the service life,
hour 9. Because the temperature drops just below the lower temperature limit no further
examination is made.
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The percentage of overheating problems in the winter period has not changed during this
simulation. An examination of the overheating problems shows that these occur because
the wind speed exceeds the limit, 10 m /s and thus solar shading and natural ventilation is
deactivated. This is illustrated in gure 4.41.
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Figure 4.41: Indoor temperature- and wind speed prole the 26th of February.

The gure shows the temperature- and wind speed prole in the service life the 26th of
February. As the wind speed exceed the limit almost at the beginning of the service life
solar shading and natural ventilation cannot be activated and thus the indoor temperature
rises.

Energy consumption
The energy consumption for each mechanical installation in this and previous simulations is
shown in gure 4.42.
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Figure 4.42: Energy consumption for each mechanical technology for previous and current
simulation.

4.3.9. 8. simulation - set point for mechanical ventilation

83

The total energy consumption for the technologies has decreased by 5,6 % and especially the
demand for cooling is decreased by 21,2 %. The demand for heating has decreased by 7,4 %,
the energy consumption for lighting and the mechanical ventilation has not changed. The
energy consumption for the oce according to BR10 is shown in gure 4.43.

Figure 4.43: Energy frame for the oce compared to energy frames 2010, 2015 and 2020.

The energy frames 2010 and 2015 are still complied and the energy frame of the oce is now
17,2 kWh /m2 per year according to the 2020 demands, which means the energy frame 2020 is
still complied.

4.3.9 8. simulation - set point for mechanical ventilation
The passive technologies have now been exploited as far as possible for spring, autumn and
summer, and because the wind speed is limiting the passive technologies during the winter
period these technologies cannot be used in the further optimisations. The next step is
therefore to use the technology which consumes the least energy, mechanical ventilation.
According to the sensitivity analysis overheating problems can be lowered by decreasing the
cooling temperature set point for mechanical ventilation in each season, see gures C.2 to
C.5 in appendix C.2. The supply for the mechanical ventilation system is variable and thus
this cannot be changed. Furthermore it is desired not to change the temperature set point
for natural ventilation during winter as pulse ventilation is used, even though this parameter
has the largest eect on the temperature in the winter. The new temperature set points for
the mechanical ventilation system is shown in table 4.13.
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Set point temperature [o C]
Summer

25

Spring & Autumn

23,5

Winter

23,5

Table 4.13: The temperature setpoints for mechanical ventilation summer, spring, autumn
and winter.

The temperature set points are placed 1 o C from the initial set point for summer, spring and
autumn. For winter the set point is only placed 0,5 o C below the initial set point, because of
the set point for natural ventilation during winter is 23 o C, in order to maintain the priority
activation of the systems.

4.3.9.1 Simulation results
Based on the temperature set point the relevant results are presented in the following in
terms of indoor environment and energy consumption.

Indoor environment
The percentage of time the indoor environment is in category A, B, C and no category for
each season is listed for the operative temperature in gure 4.44.

Figure 4.44: The percentage of time the indoor environment is in category A, B, C and no
category.

The portion of the overheating problems has decreased during summer, spring and autumn
while it has not changed in the winter. The proportion of overheating problems is shown in
table 4.14.
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Summer
Simulation

Proportion of overheating [%]

7.

17

8.

14
Spring

Simulation

Proportion of overheating [%]

7.

15

8.

13
Autumn

Simulation

Proportion of overheating [%]

7.

18

8.

16
Winther

Simulation

Proportion of overheating [%]

7.

6

8.

6

Table 4.14: Portion of overheating problems during summer, spring, autumn and winter

Overheating still occurs in each season, thus the mechanical ventilation system is limited
by its capacity and the lack of a cooling coil and cannot decrease the overheating problems
further.

Energy consumption
The energy consumption for each mechanical installation in the previous and this simulations
are shown in gure 4.45.
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Figure 4.45: Energy consumption for each mechanical technology for previous and current
simulation.

86

Chapter 4. Simulations in BSim

The total energy consumption for the technologies has increased by 0,5 %. The heating
and cooling demand has decreased, heating by 1,6 % and cooling by 4,2 %. The energy
consumption for mechanical ventilation has increased by 10 % . The energy consumption for
the oce according to BR10 is shown in gure 4.46.

Figure 4.46: Energy frame for the oce compared to energy frames 2010, 2015 and 2020.

The energy frames increased a little but is still complied. The energy frame for 2020 is now
17,3 kWh /m2 pr. year.

4.3.10 9. simulation - set point for cooling system
The last option is now to decrease the set point for the cooling system. As the mechanical
ventilation system has a new control strategy for each season it is also possible to lower the
initial set points for cooling and still maintain the priority of the systems. It is possible to
lower the set point to the upper temperature limit for category B.
Set point temperature [o C]
Summer
Spring & Autumn
Winter

26
24,5
24

Table 4.15: Temperature set point for cooling in summer, spring, autumn and winter.

4.3.10.1 Simulation results
Based on the temperature set point the relevant results are presented in the following in
terms of indoor environment and energy consumption.

4.3.10. 9. simulation - set point for cooling system
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Indoor environment
The percentage of time the indoor environment is in category A, B, C and no category for
each season is listed for the operative temperature in gure 4.47.

Figure 4.47: The percentage of time the indoor environment is in category A, B, C and no
category for the temperature.

The temperature is now included in category A and B during each season, except the few
temperatures which drops just below the lower temperature limit in category B in the winter
period which was considered acceptable.

Energy consumption
The energy consumption for each mechanical installation in the previous simulations and
this simulation is shown in gure 4.48.
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Figure 4.48: Energy consumption for each mechanical technology for previous and current
simulation.

The heating demand has increased by 3 % because of the increased cooling demand throughout the year. The cooling demand has increased by 46 % and the mechanical ventilation has
decreased by 0,9 %.
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The total energy consumption is thereby increased by 9,5 %. The energy consumption for
the oce according to BR10 is shown in gure 4.49.

Figure 4.49: Energy frame for the oce compared to energy frames 2010, 2015 and 2020.
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The energy frames have increased and the energy frame 2020 of the oce is 19 kWh /m2 per
year. The energy frames for the oce is still complied by the energy frame 2020, but if the
overheating problems found in simulation eight are examined further the simulations shows
that several overheating problems can be eliminated by solar shading and natural ventilation
if the wind speed limit is changed. This is illustrated in gure 4.50.
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Figure 4.50: Temperature- and wind prole during service life the 17th of April.

The gure shows the temperature- and wind prole during service life the 17th of April from
this simulation and previous simulation. The temperature exceeds the upper temperature
limit, 24 o C, at hour 11 where the wind speed also exceeds the wind speed limit. Thus
solar shading and natural ventilation is deactivated and cannot eliminate the overheating
problems, which cooling eliminates in this simulation where the temperature is held at the
upper temperature limit.

4.3.11. 10. simulation - wind speed for solar shading and nat. ventilation
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4.3.11 10. simulation - wind speed for solar shading and nat. ventilation
The previous simulations illustrated how it is not possible to obtain the desired goals with
the current conditions. However, the last simulation increased the energy demand for cooling
and it is though chosen to illustrate how it is possible to decrease the energy consumption of
the oce by increasing the wind speed limit in order to exploit the intelligent facade further.
By using solar shading and windows which are able to handle larger wind conditions the
energy consumption for mechanical ventilation and cooling may be lowered. The wind speed
limit is increased to 12 m /s as it is assessed this limit is realistic and not excessive.

4.3.11.1 Simulation results
Based on this optimisation the relevant results are presented in the following in terms of
indoor environment and energy consumption.

Indoor environment
The percentage of time the indoor environment is in category A, B, C and no category for
each season is listed for the operative temperature in gure 4.51.

Figure 4.51: The percentage of time the indoor environment is in category A, B, C and no
category for the temperature.

The temperature has not changed from previous simulation and is still satisfying.

Energy consumption
The energy consumption for each mechanical installation in the previous simulations and
this simulation is shown in gure 4.52.
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Figure 4.52: Energy consumption for each mechanical technology for previous and current
simulation.

The heating demand has increased by 5 % because of the increased ventilation loss by natural
ventilation. The cooling demand has decreased by 34 % and the mechanical ventilation has
decreased by 1,4 % due to the exploitation of natural ventilation and solar shading. The
total energy consumption has decreased by 4,3 % which results in the energy frames shown
in gure 4.53.
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Figure 4.53: Energy frame for the oce compared to energy frames 2010, 2015 and 2020.

The energy frame 2020 is now 18,2 kWh /m2 per year which means the energy frame 2020
is still reached. It is thus only possible to achieve the goals for the indoor environment by
the use of mechanical ventilation and cooling. If the energy consumption for mechanical
ventilation and cooling should be decreased further natural ventilation and solar shading
should be utilised until the wind speed exceeds 12 m /s or maybe higher.
The simulations in BSim illustrated how the changing weather conditions for each month
aects the indoor climate and energy consumption. The year is not just divided into four
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seasons, but ve periods where especially the weather conditions for the months included in
spring and autumn were very dierent and thus requires additional attention when evaluating
the control strategy. The control strategies for each season is shown in the drawing list E.8.2.

4.4 Discussion
The simulations executed in BSim provide a basic understanding of the performance of
the intelligent facade throughout an entire year. Ten simulations was executed and each
simulation illustrates how a change in the set point for the technologies listed in section 4.2
eects the indoor climate and the energy consumption of the oce. The technology, change
of set point and corresponding schedule for each simulation is shown in table 4.16.
Sim.

Changed set point & technology

Schedule

1.

Max sun setp. for solar shading: 60 W /m2

Summer
Spring & Autumn

2.

Mar., Apr., Oct. & Nov.

3.

Max sun setp. for solar shading: 100 W /m2
Max sun setp. for solar shading: 150 W /m2
Max. air change for nat. vent.: 4 h−1

4.

Night ventilation

Summer

5.
6.

Summer

Temp. setp. for nat. vent.: 24

oC

Summer

Temp. setp. for nat. vent.: 23

oC

Apr., May & Sep.

Temp. setp. for solar shading: 24,5 o C
Temp. setp. for solar shading: 23

7.

Temp. setp. for shutter: 40

8.

Temp. setp. for mec. vent.: 25

Summer
Apr., May & Sep.

oC

Entire year

oC

Summer

oC

Temp. setp. for mec. vent.: 23,5 o C
Temp. setp. for mec. vent.: 23,5
9.

Spring & Autumn
Winter

oC

Temp. setp. for cooling system: 26

Summer

oC

Temp. setp. for cooling system: 24,5

Spring & Autumn

oC

Temp. setp. for cooling system: 24 o C
10.

Wind speed lim. for nat. vent. & solar shad.: 12

Winter
m/

s

Entire year

Table 4.16: The technology, change of set point and corresponding schedule for each simulation.

During the simulations the control strategies for the following technologies are thus optimised; Solar shading, natural ventilation, shutter, mechanical ventilation and the cooling
system. Comparing the new set points with the initial set points all are lowered, meaning
all technologies are activated earlier. The control strategy of the facade was rst optimised,
but as these technologies could not obey the requirements for the indoor environment alone,
the mechanical ventilation and the cooling system was also utilised.
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During the simulations the control strategies for the solar shading and natural ventilation
for spring and autumn was changed remarkable, as these seasons was divided. The control
strategy for natural ventilation is divided into the months, April, May and September,
which are close to the summer months and have a lower temperature set point than the
months, March, October and November, which are close to the winter months. The control
strategy for the solar shading is divided into ve seasons instead of the initial four seasons.
The months, March and November, which are close to the winter months have a larger
temperature set point than the months, April and October, located in the transition seasons.
The months, May and September, which are close to the summer months have the lowest
temperature set point. The division of the months illustrates how dicult the transition
seasons are to dene, which is also outlined in the case study of "Sparekassen Kronjylland".
When developing control strategies for the intelligent facade it is thus crucial to carefully
consider the transition seasons, and maybe divide these into seasons where the months
roughly have the same external conditions instead of dividing them into the usual spring
and autumn seasons. Common for both technologies is the limiting wind speed which is
raised to 12 m /s to utilise the technologies of the facade even more.
According to the indoor environment, in terms of the indoor temperature, the overall problem for each season is overheating problems. In order to evaluate the overall eect for each
simulation, the indoor temperature divided into indoor environment category A, B, C and
no category is shown for each simulation in the following. During the examination of the
technologies, the eect is compared to the sensitivity analysis, if possible. The indoor temperature divided into indoor environment category A, B and C is shown for each simulation
for the summer period in gure 4.54.
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Figure 4.54: The distribution of the indoor temperature in indoor environment category A,
B and C in the summer for each simulation.

According to the indoor temperature in the summer period simulation 3, increasing the
maximum air change for natural ventilation, had the largest inuence on the percentage
of time the indoor temperature is included in indoor environment category C. Simulation
1, max sun set point for solar shading, and simulation 4, implementation of night cooling,
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also had a great inuence on the indoor temperature. Simulation 6, lowering temperature
set point for solar shading, did neither inuence the indoor temperature during summer as
the solar shading was already fully utilised due to the max sun set point for solar shading.
Simulation 5, lowering of temperature set point for natural ventilation, did not inuence the
indoor temperature as much as expected, probably because of high external temperatures.
Comparing these observations with the sensitivity analysis these are contradictory as both
the temperature set point and the maximum air change for natural ventilation have the
same eect according to the sensitivity analysis. Furthermore, the max sun set point for
solar shading did not have a large inuence in the sensitivity analysis, which was the case
during the simulations.
The indoor temperature divided into indoor environment category A, B and C is shown for
each simulation for the winter period in gure 4.55.
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Figure 4.55: The distribution of the indoor temperature in indoor environment category A,
B and C in the winter for each simulation.

The control strategy for the winter period is not changed until simulation 7, increase of temperature set point for the shutter. The increased temperature set point for the shutter did not
decrease the low indoor temperatures in the winter, but a further examination showed that
the shutter was already activated due to the initial temperature set point. The overheating
problems in the winter was only decreased by the use of the cooling system, simulation 9,
thus these problems could not be lowered by the intelligent facade. The indoor temperature
divided into indoor environment category A, B and C is shown for each simulation for the
spring period in gure 4.56.
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Figure 4.56: The distribution of the indoor temperature in indoor environment category A,
B and C in the spring for each simulation.

Simulation 1, decrease of max sun set point for solar shading, had the largest inuence on
the indoor temperature during spring. Simulation 7, raised temperature set point for the
shutter, also had a great inuence on decreasing the overheating problems. According to the
sensitivity analysis neither the maximum sunlimit for the solar shading or the temperature
set point for the shutter had any remarkable inuence on the overheating problems. The
temperature set point for natural ventilation did however have a large inuence, which is
not the case for the simulations. The sensitivity analysis is thus, again, contradictory.
The indoor temperature divided into indoor environment category A, B and C is shown for
each simulation for the autumn period in gure 4.57.
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Figure 4.57: The distribution of the indoor temperature in indoor environment category A,
B and C in the autumn for each simulation.

The simulations with the largest inuence on the overheating problems during autumn are
also simulation 1 and 7.
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Summing up on the performance of the technologies for summer, winter, spring and autumn it is clear that the inuence on the indoor temperature varies for each season. For
the summer period it is preferable to decrease overheating problems by obtaining the largest
possible air change for natural ventilation and also by the use of natural ventilation during
night. Next the solar shading should also be utilised as this also have a large eect on the
overheating problems. Even though an increased air change was favourable for the summer
period this is not possible to implement during spring and autumn due to the possibility
of draught. The favourable technology to optimise during spring and autumn is thus the
set points for the solar shading and shutter, as these have the largest inuence on the overheating problems. However, the shutter is only used outside of service life and the large
eect of the shutter is due to the solar energy transmittance of zero, thus solar radiation
is excluded of the oce. Therefore the solar shading might also be favourable to utilise
outside of service life instead of the shutter. During winter the only possibility to lower
overheating problems was the energy consuming use of the cooling system. A review of the
ten simulations shows that, for all seasons, the indoor temperature could not be included in
indoor environment category A and B only by using the intelligent facade. In order to lower
the overheating problems mechanical ventilation and the cooling system had to be exploited.
The inuence of the set points on the CO2 -level is shown in gure 4.58.
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Figure 4.58: The distribution of the CO2 -level in indoor environment category A, B and C
for each simulation.

The gure shows the distribution of the CO2 -level in indoor environment category A, B and
C for each simulation. The new set points for the technologies did not change the CO2 -level
much, as the maximum CO2 -level is already obtained and none of the optimisations was
to directly optimise the CO2 -level. The CO2 -level is only decreased a bit in simulation 8,
decrease of temperature set points for mechanical ventilation, and 10, increase of the wind
speed limit. Due to the satisfying CO2 -level in the oce the simulations did not show the
fully eect of the optimised control strategies, compared to if the source of pollution was
larger.
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The distribution of the glare level in percentage in discomfort for each simulation is shown
in gure 4.59.
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Figure 4.59: The distribution of the glare level in percentage in discomfort for each simulation.

Simulation 1, decrease of maximum sun set point for solar shading, have the largest inuence on the glare level and simulation 10, increase of wind speed limit, have the second
largest inuence. Thus solar shading is, of course, the paramount technology when lowering
the glare level. Just as the CO2 -level, the glare level was always satisfying during each
simulation. The goal for the energy consumption for the oce was already complied in
the reference model, but during the optimisation of the control strategies for the intelligent
facade the energy consumption for each mechanical installation changed. To examine the
control strategies inuence on the energy consumption of the oce, the energy consumption
for each mechanical installation for each simulation is shown in gure 4.60.
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Figure 4.60: The energy consumption for each mechanical installation for each simulation.

The gure shows the energy consumption for each mechanical installation added up. Examining the energy consumption for the cooling system and mechanical ventilation, simulation
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1, decrease of maximum sun set point for solar shading, simulation 10, decrease of wind
speed limit, simulation 7, increase of temperature set point for the shutter, and simulation
3, increase of maximum air change, had the most favourable inuence on the energy consumption, in above mentioned priority. Of course simulation 9, decrease of temperature
set point for the cooling system, increased the energy consumption for cooling. The energy
consumption for the lighting both de- and increased during the simulations. In contrast to
the cooling demand, the lighting decreases in simulation 1, 7 and 10. However, the increase
in the demand for lighting is very small compared to the decrease of the cooling demand,
thus the cooling demand is favourable to decrease rather than the lighting demand. When
increasing the wind speed limit for natural ventilation and solar shading in simulation 10 the
total energy consumption is inuenced positive. Thus it is favourable to implement a solar
shading and natural ventilation which can handle large wind speeds. The results for the
sensitivity analysis are again contradictory, as the maximum set point for the solar shading
and temperature set point for the shutter did not have a large inuence on the energy consumption for mechanical ventilation according to the sensitivity analysis. On the other hand
the sensitivity analysis showed that the max set point for the solar shading and temperature
set point for the shutter had a large inuence on the energy consumption for the cooling
system, just as for the simulations.
The simulations shows that the overheating problems during summer, spring and autumn
are solved mainly by the set points for solar shading and the shutter, which are also the
technologies which have a positive eect on the energy consumption for the cooling system
and mechanical ventilation. Thus solar shading and the shutter are very favourable to utilise
during spring, autumn and summer. The maximum air change for the natural ventilation is
also favourable to optimise as it had a positive eect on the over temperatures in summer
and the energy consumption for cooling.
During the theoretical simulations in BSim it was clear that some limitations are applied
to the model, which was not preferable according to the desired control strategies. In order
to examine the control strategy for natural ventilation as desired, a lower temperature limit
for opening the windows should be possible to implement. During spring and autumn the
desired control strategy is only to ventilate the room by natural ventilation when the outdoor temperature is 18 o C or above in order to avoid draught, but this limitation cannot be
implemented in BSim, so natural ventilation always occur during spring and autumn when
the temperature- or CO2 set points are exceeded. Furthermore natural ventilation is not
desired when the outdoor temperatures are high compared to the indoor temperature. Natural ventilation should thus also only be possible to utilise when the outdoor temperature
is below 25 o C. Pulse ventilation is the desired control strategy during the winter period
because of low external temperatures. But because BSim calculates in hourly values it is
only possible to pulse ventilate during one hour at a time, meaning the air change rate is
distributed throughout the hour.
The simulations in BSim only showed an overview of the control strategies throughout the
year and with the basis of these theoretical observations, practical experiments are performed
in the Cube to execute further examinations of the control strategies.

Chapter

Experiments in the Cube
In this chapter dierent control strategies are developed and examined by practical experiments in the Cube. The requirements and the procedure for the development of the control
strategies are presented, and the set points and control strategy for each controllable system
is outlined. The results from the experiments with dierent control strategies, experiments
with user behaviour and the shutter are presented and in the end a general discussion of the
control strategies are outlined.
The experimental aspect of the control strategies are performed in the Cube which consists
of the two rooms described in chapter 2. The measuring room has the following systems;
heating, solar shading, shutter, light control, mechanical- and natural ventilation and thus
appears as an oce with a dynamic facade. In the measuring room the control strategy is
tested and further developed. The reference room is only controlled by the systems; cooling
and heating and the purpose of the reference room is to compare this with the measuring
room by the indoor temperature and energy consumption. When testing and developing
the control strategy a certain procedure is used to obtain the desired results and both the
desired results and the procedure for the development of the control strategy is outlined in
the following. Furthermore the tightness and eect of the shutter, both with and without
insulation, is tested on the facade of the measuring room. This is tested with experiments
which are described later on in the report.

5.1 Requirements and procedure for the development of the
control strategy
The goal of the experiments in the Cube is to assess each step and compare the results
from the measuring room with the results from the reference room. Thus the purpose is to
gain insight into how an adjustment of the facade will be favourable or unfavourable for the
energy consumption and the indoor environment. The aim for the indoor temperature is to
be within category B or better and the aim for the energy consumption is to evaluate the
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amount of energy saved by comparing the measuring- and reference room. The light level in
the measuring room is measured and should full the requirements for glare and the light
level, see table 5.1.

Glare

Goal

Specic values

20-40 % in discomfort

500 - 3800 lux

Light level at table

> 500 lux

Light level in the room

> 200 lux

Table 5.1: Requirements for glare and light level.

The aim for the experiments is to satisfy the indoor environment and lower the energy
consumption in the measuring room to the minimum, compared to the reference room.
When the control strategy and its results is analysed it will be compared to a evaluation tree
which is described in the following section.
The results from the experiments with the control strategies are evaluated together with
an evaluation tree which evaluates the outdoor- and indoor conditions and decides if any
systems should have been activated or deactivated on the basis of heat balances through the
facade the current day. The setup of the Cube is then changed with the comparison taken
into account. The setup in the Cube is changed based on several experiments with the same
setup which is compared with the evaluation tree.

5.2 Evaluation tree
The time period for the evaluation tree are divided into three; service life, outside service life
day and outside service life night. During the service life four technologies are used; solar
shading, heating, natural and mechanical ventilation. The control strategy for the Cube
during service life is shown in picture 5.1.

5.2. Evaluation tree
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Figure 5.1: The control strategy for the Cube during service life.

During the evaluations, four input parameters are used; solar radiation at the facade, the
wind speed, rain and the external- and internal temperatures. These input parameters
evaluate the internal conditions in the room and decides which technologies to be used. At
evaluation one, the internal conditions are evaluated on the basis on a comparison of the
desired indoor temperatures, and the current indoor temperature. The classication of the
temperature is decided on the basis of gure 5.2.

Figure 5.2: Evaluation of the temperature conditions of the room.
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If the indoor temperature is "cold" heating must be activated, and if the indoor temperature
is "hot" evaluation 2 is used. If the indoor temperature is "temperate" the indoor temperature must be monitored in order to evaluate if either heating, solar shading or nothing
should be used. If the indoor temperature is temperate but the external temperature or
the incoming solar radiation is going to decrease it may be necessary to activate heating to
avoid a internal temperature drop. However if the external temperature or incoming solar
radiation is increasing, the solar shading, natural ventilation or cooling can be applied to
avoid a temperature peak.
Evaluation 2 is based on the heat balance and evaluates if the solar shading should be
activated or if nothing needs to be done. A heat balance for the window with and without
shading is established and the heat balance with the lowest heat gain is chosen. The heat
balance is chosen on the basis of gure 5.3 which shows a simple on/o control for the solar
shading based on the desired indoor temperature of 23 o C.

Figure 5.3: Evaluation of the solar shading.

After evaluation 2 the temperature is evaluated by evaluation 1 again. If the temperature is
still "hot" evaluation 3 is used, which determines if mechanical or natural ventilation should
be activated. These are activated on the basis of the external temperature and wind speed.
If the wind speed exceeds 10 m /s , natural ventilation cannot be activated. The decision
for which type of ventilation system used is based on gure 5.4. It is favourable to use
natural ventilation because it has no energy consumption, but it could be necessary to use
mechanical ventilation if the solar shading and natural ventilation are not able to keep the
temperature at a acceptable level. Furthermore natural ventilation is only used when the
outdoor temperatures are not extreme in order to avoid an additional heating- or cooling
demand.

5.2. Evaluation tree
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Figure 5.4: Evaluation of which ventilation system should be used.

Outside of service life during night time evaluation 1 is used and if the temperature is "cold"
it is possible to use a shutter. See the control strategy for the Cube outside of service life
during the night in gure 5.5.

Figure 5.5: The control strategy for the Cube outside of service life during the night.

The decision in evaluation 4 is also based on the heat loss in the room, for the two heat
balances through the window with and without shutter see appendix E.2. The evaluation is
based on gure 5.6.

104

Chapter 5. Experiments in the Cube

Figure 5.6: Evaluation of the shutter should be on or o during time out of service life.

Outside of service life during day time the control strategy shown in gure 5.7 is used.

Figure 5.7: The control strategy for the Cube outside of service life during the day.

Outside of service life during daytime evaluation 1 is used and on the basis of that evaluation
5 is used, see the gures 5.8 and 5.9, for the control strategy outside of service life during
the day. Evaluation 5 is also based on the heat balance, and it is possible to do nothing or
adjust the solar shading or the shutter. If the indoor temperature is "cold" the technology
with the heat balance providing the largest heat gain or smallest heat loss is chosen and if
the indoor temperature is "hot" the technology providing the smallest heat gain or largest
heat loss is chosen. The decision is made based on the gures 5.8 and 5.9, and the heat
balance for each parameter is shown in appendix E.2. The temperature dierence is 20 o C
for gure 5.8 and 6 o C for gure 5.9.

5.3. Set point and control strategy for each technology

Figure 5.8: Evaluation 5 for "hot" room.
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Figure 5.9: Evaluation 5 for "cold" room.

This evaluation tree is an adjusted version based on an original version made by Frederik
Vildbrand Winther. The original le and the adjusted version are attached on the appendix
CD as appendix E.2. When the evaluation tree is compared with the experiments, the
following set points for each technology are used.

5.3 Set point and control strategy for each technology
The practical control strategies are performed during the daytime and each controllable technology in the Cube has an individual set point in order to control their activation order. The
set points and control strategies for the controllable technologies; heating, natural ventilation
and solar shading are described in the following. The shutter is used in the night time and
is described in section 5.7.

5.3.1 Heating
The heating system has a set point temperature of 22 o C according to the lowest temperature
in the indoor environment category A. This temperature is chosen to ensure the indoor
temperatures will not be to cold in the room during the day. The heating system is controlled
by the internal temperature in the room and has a on/o controller.

5.3.2 Natural ventilation
The temperature set point for the windows are the maximum temperature in indoor environment category A, 24 o C, and natural ventilation can only occur when the external
temperature has exceeded 10 o C. If it is raining the windows are restricted only to open
10 % and the maximum wind speed when raining is 4 m /s . In general opening the windows
should be limited at a wind speed of 10 m /s . The opening of the windows is controlled by a
PD-controller. The proportional control, P, adjusts the opening of the windows proportional
to the error, the error between the actual temperature and the desired temperature. The
proportional gain is set to 20 which means that the opening increases with 20 % when the
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error, temperature dierence, is 1. The derivative, D, acts on the rate of change of the control error which provides a fast response. The derivative gain is 5 and indicates how much
a temperature increase between two adjustments aects how much the windows open when
adjusted. Natural ventilation is controlled by the WindowMaster system.

5.3.3 Solar shading
The venetian blinds are activated at a global solar radiation above 190 W/m2 on the facade,
based on the theoretical simulations in BSim, see appendix E.3 for further explanation. The
solar shading is deactivated when the global solar radiation is below 150 W/m2 on the facade
to create a buer. The position of the venetian blinds are controlled by a desired indoor
temperature, 23 o C according to the average value in indoor environment category A. The
position of the venetian blinds are controlled by a P-controller with a gain of 0,25. Solar
shading is controlled by the WindowMaster system. The solar shading is deactivated when
the outdoor temperature is below 5 o C.

5.4 Setup for the experiments
In order to evaluate the control strategies in the Cube and the eectiveness of the shutter,
and to obtain the desired goals described earlier, dierent measuring devices are used, both
inside the two rooms and also outside of the Cube. Each room have the same measuring
devices, however glare is not measured in the reference room. A description of the setups in
the two rooms and outside will be described in the following. The setup is also applicable
for the experiments with the users and the shutter.

5.4.1 Measurements in the measuring- and reference room
The signicant parameters in the rooms are the energy consumption of the electrical equipment installed and the indoor environment. The measuring points and the corresponding
measuring device with the measuring uncertainties are listed in table 5.2.
Measuring device

Measuring point

Uncertainty %

Luxmeters

Glare at table and on the walls (measuring room)

±3

Thermocouple

Temp. gradient at 0,1, 1,1 and 1,7 m above oor

±1

Temp. in the recirculation system (reference room)
Energy meter

Energy cons. of the heating systems, lighting & fan

±2

Pyranometer

At the window to measure incoming solar rad.

M: ±2 / R: ±3

Table 5.2: Description of measurements in the measuring- and reference room. M is the
measuring room, R is the reference room.

5.4.2. Measurements outside the Cube
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A further explanation of the calibrations and uncertainties for each equipment together
with the total uncertainty is shown in appendix E.4. The total uncertainty for the low
temperatures are ±3,17 % in the measuring room and ±3,16 % in the reference room. The
total uncertainty for the high temperaturetures are ±2,24 % in the measuring room and
±2,23 % in the reference room. The total uncertainty for the energy consumption in the
measuring room is ±2,1 % and ±2,25 % for the reference room.
The placement of the measuring instruments in the measuring- and reference room is shown
in gure 5.10.

Figure 5.10: Placement of the measuring instruments in the measuring- and reference rooms.
Thermocouples in the in- and outlet are only measured in the reference room and the lux
level is only measured in the measuring room.

Besides the above mentioned measuring points the opening of the windows and the position
of the solar shading in the measuring room are also logged by WindowMaster to examine the
position of these when examining the indoor environment and energy consumption during
an experiment. To ensure mixing in the room a fan is placed at the oor in the measuring
room and the recirculation system ensures mixing in the reference room. The CO2 -level is
not measured in the two rooms as fully mixing occurs in the two rooms, and based on the
basis air change provided to the room the CO2 -level will not exceed 700 ppm in the one-man
oce, see the calculations in appendix D.2 on the appendix CD.

5.4.2 Measurements outside the Cube
Measurements outside the two rooms are also performed as some of the technologies used
are controlled by external conditions and the external conditions also inuence the energy
balance of the rooms. The measuring instruments, their measuring uncertainties and the
measuring points are listed in table 5.3.
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Measuring device

Measuring points

Uncertainty %

Wind speed at 9 m above terrain

±4

Sunshine sensor, BF3

Global solar radiation on the facade

±12

Sunshine sensor, BF3

Diuse solar radiation on the facade

±12

Ext. temp. at the roof by WindowMaster

±2

Temperature in technique room

±1

Rain at the roof by WindowMaster

-

Ultrasonic anemometer

Temperature sensor
Thermocouple
Rain sensor

Table 5.3: Description of measurements outside the measuring- and reference room.

An anemometer placed ten meters above terrain is connected to the WindowMaster system and restricts the natural ventilation if the wind speed exceeds 10 m /s . However, the
anemometer is not calibrated and thus the WindowMaster system does not limit the natural ventilation. Therefore a separate ultrasonic anemometer is set up beside the Cube to
examine when the natural ventilation should be limited.

5.5 Experiments with practical control strategies
Based on the described setup with the described technologies and the corresponding set
points the practical control strategy are examined and further developed, if necessary. The
aim of the following experiments is to evaluate the control strategy for the facade during
a day, representing a normal service life for an oce. The control strategy is examined for
dierent weather conditions in order to evaluate the eect of the solar shading and natural
ventilation.In the following a description of how the experiments are executed and how the
results are analysed is outlined, followed by an analysis of the results.

5.5.1 Experiments
The practical control strategies are evaluated during the day time and are run in approximately seven hours during the day, which is almost similar to a normal working day. Each
control strategy will run for a couple of days preferably with changing weather. As the
intelligent facade is only applied to the measuring room, the practical control strategies will
gain insight to the eect of the intelligent facade; the solar shading and natural ventilation,
on both the indoor environment, heat balance and energy consumption. A comparison of
the energy consumption, heat balance and the indoor environment, between the referenceand measuring room, together with the activation of the solar shading and natural ventilation, shows the eect of the intelligent facade. Based on these comparisons the results for
each experiment is thus analysed and suggestions for changes in the control strategy will be
discussed.

5.5.2. Analysis of results
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5.5.2 Analysis of results
The result for each experiment is evaluated on both the indoor environment, heat balance
of the room and energy consumption of the systems which are examined by the activation
of natural ventilation and solar shading. An explanation of how the results are analysed is
outlined in the following.

5.5.2.1 Indoor environment
The indoor environment is evaluated in form of the indoor temperature for both rooms and
the glare- and light level in the measuring room. Each parameter is logged every ten minute
through the measuring period and when analysing the results a mean value for every hour
is found. The temperature is then evaluated in 1,1 m height above oor based on the indoor
environment categories, the glare level is evaluated by the percentage in discomfort for each
wall in the room and the table. The light level is evaluated based on the hours below the
desired light level at the table and in the room.

5.5.2.2 Energy consumption
The energy consumption is evaluated based on the energy demand for heating and lighting
in both rooms and the cooling demand from the recirculation system is evaluated in the
reference room. The energy consumption for the lighting and heating is logged every minute
and the energy consumption for the mechanical ventilation and recirculation system is calculated based on the ventilation rate and COP-value of the system. The energy consumption
of the ventilation system is not calculated in the measuring room as the performance of this
ventilation system is uncertain and randomly switches on and o.

5.5.2.3 Heat balance
A heat balance representing the heat gains and losses in both rooms also illustrates the
eect of the intelligent facade. The eect of the facade is based on a comparison of the nal
heat loss or -gain for the measuring- and reference room. In the heat balance the incoming
solar radiation, heating system, internal heat gains, the inltration, the transmission- and
ventilation loss are included. The incoming solar radiation is logged every ten minute, while
the heating system and the internal heat gains are logged every minute. The inltration
and transmissions loss is calculated based on the indoor- and outdoor temperature, which is
logged every ten minute. The inltration loss also includes accidental opening of windows
and doors. The ventilation loss in the reference room is calculated on the basis of the
recirculation system, based on the inlet- and outlet temperature logged every ten minute.
The ventilation loss for the measuring room is not included in the heat balance due to
uncertain performance of the system. The calculation basis for the heat balance is shown in
appendix E.5.
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5.5.2.4 Logging of solar shading and natural ventilation
Solar shading and natural ventilation is logged by WindowMaster. WindowMaster does
not log with a certain interval, but is logging randomly. Solar shading is logged more
frequently than natural ventilation. Solar shading is logged every minute or more often
while natural ventilation is logged with intervals from ve minutes to 20 minutes according
to the measuring results. The intervals between each logging for natural ventilation are
increased when activated.
In the following the results for the practical control strategies are presented. The results for
the experiments are shown in appendix E.6 on the appendix CD.

5.5.3 1. experiment - 1st control strategy - Partial cloudy day
The rst measurement is based on initial set points described in section 5.3 with the purpose
to evaluate the control strategy established on the criteria for the indoor environment.
The experiment is performed the 11th of May 2012 from 09.00 to 16.00, thus 7 hours. The
global and diuse solar radiation, the outdoor temperature and wind speed during the measuring period is shown in gure 5.11.

Figure 5.11: The global and diuse solar radiation, the outdoor temperature and wind speed
the 11th of May.

The sky was partial cloudy throughout the day, the maximum wind speed was 13,8 m /s and
the external temperature was between 11 o C and 18 o C during the measuring day. Due to
no rain detected and the wind speed and external temperature limit was not exceeded in
the beginning of the service life, all technologies should be able to function normally until
around 12.40. From that time the wind speed exceeds the limit of 10 m /s in longer periods
and the natural ventilation should be set out of function. A picture representing the outdoor
conditions are shown in gure 5.12.

5.5.3. 1. experiment - 1st control strategy - Partial cloudy day
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Figure 5.12: Outdoor conditions the 11th of May.

The weather conditions are representing a typical day in spring or autumn.

5.5.3.1 Results for reference room
The results for the reference room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the reference
room is shown in gure 5.13.

Figure 5.13: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperature is outside of category A and B in 57 % of the service
life, which is because of overheating problems at the end of the service life, from 12.00 to
16.00. The temperature exceeds 26 o C from 13.00 to 14.00, which means the cooling system
should be activated.
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Energy consumption
The energy consumption for the mechanical installations in the reference room is shown in
table 5.4.
Installation

Energy consumption [ kWh]

Heating

0,53

Lighting

0,54

Cooling

3,80

Total

4,87

Table 5.4: Energy consumption for mechanical installation in the reference room.

The heating system is only activated from 09.00 to 09.15 during the day and cooling is
activated throughout the day, but is using the largest energy consumption from 12.00 to
15.00 where the overheating problems occur.

5.5.3.2 Results for measuring room
The results for the measuring room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the measuring
room is shown in gure 5.14.

Figure 5.14: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperature is outside of category A and B in 29 % of the service
life, which is because of too low temperatures during the morning from 9.00 to 11.00. The
temperature is though only just below category B, 21,46 o C, in hour 10.00 to 11.00, and due
to uncertainties this temperature might be temperate.
The distribution of glare in percentage in discomfort is shown in gure 5.15 for the table
and the walls against east, west and north.

5.5.3. 1. experiment - 1st control strategy - Partial cloudy day
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Figure 5.15: The distribution of glare in percentage in discomfort.

The glare level is satisfying at all positions besides at the table. Two hours during the service
life the glare level exceeds 10000 lux which occurs at noon, from 12.00 to 14.00. The light
level is examined and is never below 200 lux in the room or 500 lux at the table.

Energy consumption
No energy is consumed in the room this day.

5.5.3.3 Validation of the 1. experiment
In the following the performance and settings of the facade during the day is also evaluated
for the day compared to the outdoor conditions and the indoor temperature. Furthermore,
the eect of the facade is validated on the basis of the indoor temperatures and the energy
consumption of the measuring and reference room.
The position of the solar shading and the global solar radiation during the measuring period
is shown in appendix E.6 in gure E.1, together with the position of the venetian blinds
compared to the indoor temperature. The gure shows how the solar shading is positioned
during the day, the global solar radiation, the outdoor temperature and the limits where
the solar shading is activated and deactivated. The solar shading is activated from around
9.30 due to the limit for activation is exceeded. At that time the indoor temperature is not
satisfying and it could be considered if the solar shading also should be limited by the indoor
temperature. In the afternoon the solar radiation falls below 150 w /m2 and the solar shading
is deactivated. The position of the venetian blinds is 50 % until 13.00 where the temperature
rises in the room, then the position rises until 68 % until the temperature falls at 14.45. The
windows have not been activated throughout the day.
The temperature prole in the reference- and measuring room and the global solar radiation
during the measuring period is shown in gure 5.16.
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Figure 5.16: The temperature prole in the reference- and measuring room during the measuring period and the global solar radiation.

At the beginning of the measuring periods the two rooms did not have the same initial
temperatures, but the gradient of the graphs shows the increase of the temperatures in the
two rooms. At the beginning of the service life the solar shading is not yet activated in the
measuring room and no heating or lighting is activated. In contrast, heating and lighting
is activated in the reference room, which explains the increased temperature gradient in
the reference room compared to the measuring room. The solar shading is activated at
9.30 in the measuring room and thus the increase in temperature is larger in the reference
room as the global solar radiation also rises. Because of the activated solar shading, the
temperature is held below the upper temperature limit compared to the reference room where
the temperature exceeds the upper temperature limit. When the solar shading is deactivated
at 14.40 the temperature gradients for the two rooms are almost identical. Comparing
the day with the decision tree the solar shading should rst be activated when the indoor
temperature exceeds 23 o C, see gure 5.2, and the solar shading was already activated, due
to the global solar radiation on the facade, when the indoor temperature was 22 o C this day.
This did though not inuence the indoor temperature remarkably as the heating system was
not activated, thus the internal heat gains and the residual incoming solar gain could heat
the room. The heat balance for the two rooms are shown in gure 5.17.

Figure 5.17: Heat balance for the two rooms.
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The gure shows the heat gains and heat losses for the measuring period. Due to the
solar shading the solar radiation is lower in the measuring room compared to the reference
room. Especially the solar gains and ventilation losses were dierent and the total result is
a heat gain in the measuring room of 0,20 kW and a heat gain of 0,23 kW in the reference
room. Thus the use of solar shading had a positive eect on this day, ensuring the indoor
temperature did not exceed the upper temperature limit in the measuring room.
An comparison of the energy consumption for the mechanical installations are shown in
gure 5.18.
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Figure 5.18: Comparison of the energy consumption for the mechanical installations.

The heating system was only activated in the reference room, but compared to the initial
temperatures of the two rooms, heating should have been activated in the measuring room instead. The total uncertainty for the equipment when examining low temperatures is ±3,17 %
in the measuring room and by an initial temperature of 20,5 % the deviation is larger than
the uncertainty, thus the setup is most likely the error. The energy consumption of lighting
is in contrast comparable, as no demand for lighting exists in the measuring room because of
the sucient light level. The cooling system has used a large amount of energy as the indoor
temperature reaches 26 o C. The use of lighting and cooling could have been avoided because
the indoor light level was sucient and the use of solar shading could eliminate the cooling
demand. Thus an energy consumption of 4,3 kWh could have been avoided. However, if the
mechanical ventilation system was in function this would consume 0,31 kWh, thus 4 kWh
could have been avoided, still ensuring fresh air to the room.

5.5.4 2. experiment - 1st control strategy - Partial cloudy day
The second experiment is based on the same initial set points as the 1st experiment described
in section 5.3 with the purpose to evaluate the control strategy during a larger period with
changing weather conditions.
The measurement is performed the 13th of May 2012 from 09.00 to 16.00, thus 7 hours.
The global and diuse solar radiation, the outdoor temperature and wind speed during the
measuring period is shown in gure 5.19.
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Figure 5.19: The global and diuse solar radiation, the outdoor temperature and wind speed
the 13th of May.

The sky was partial cloudy, thus changing weather with sun and clouds throughout the day.
The maximum wind speed was 8,6 m /s and the external temperature was between 9 o C and
16,5 o C during the day.
A picture representing the outdoor conditions are shown in gure 5.20.

Figure 5.20: A picture of the outdoor conditions the 13th of May.

The measuring day represents a typical day in spring or autumn.

5.5.4.1 Results for reference room
The results for the reference room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the reference
room is shown in gure 5.21.

5.5.4. 2. experiment - 1st control strategy - Partial cloudy day
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Figure 5.21: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperature is outside of category A and B in 72 % of the service
life, which is because of overheating problems at the end of the service life from 12.00 to
16.00 and too low temperature from 9.00 to 10.00. The temperature exceeds 26 o C from
13.00 to 15.00, which means the cooling system should be activated.

Energy consumption
The energy consumption for the mechanical installations in the reference room is shown in
table 5.5.
Installation

Energy consumption [ kWh]

Heating

1,73

Lighting

0,54

Cooling

4,40

Total

6,67

Table 5.5: Energy consumption for the mechanical installation in the reference room.

The heating system is only activated from 09.00 to 09.50 during the day and cooling is
activated throughout the day, but is using the largest energy consumption from 13.00 to
15.00 where the overheating problems occur.

5.5.4.2 Results for measuring room
The results for the measuring room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the measuring
room is shown in gure 5.22.

118

Chapter 5. Experiments in the Cube

Figure 5.22: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperature is outside of category A and B in 86 % of the service
life, which is because of too low temperatures from the beginning of the service life until
15.00. The minimum temperature during the day is 21,00 o C, and due to the uncertainties
of the equipment two of the hours may have been satisfying.
The glare level is satisfying at all the examined positions and the light level is examined and
is never below 200 lux in the room or 500 lux at the table.

Energy consumption
The energy consumption for the mechanical installations in the measuring room is shown in
table 5.6.
Installation

Energy consumption [ kWh]

Heating

1,92

Lighting

0

Ventilation

0

Total

1,92

Table 5.6: Energy consumption for mechanical installation in the measuring room.

The heating system is activated on and o in the beginning of the service life, and is deactivated from 10.20 and the rest of the day.

5.5.4.3 Validation of the 2. experiment
In the following the performance and settings of the facade during the day is also evaluated
for the day compared to the outdoor conditions and the indoor temperature. Furthermore,
the eect of the facade is validated on the basis of the indoor temperatures and the energy
consumption of the measuring and reference room.
The position of the solar shading and the global solar radiation during the measuring period
is shown in appendix E.6 in gure E.2, together with the position of the venetian blinds
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compared to the indoor temperature. The position of the venetian blinds is increased to
maximum 64 % in the beginning of the service life and uctuates in the rst 1,5 hour. The
rest of the day the position of the venetian blinds are positioned at 50 %. Throughout the
entire day the windows was not activated.
The temperature prole in the reference- and measuring room and the global solar radiation
during the measuring period is shown in gure 5.23.

Figure 5.23: The temperature prole in the reference- and measuring room during the measuring period and the global solar radiation.

The two rooms almost had the same initial temperature at the beginning of the service
life but the slope of the temperature gradient is steeper in the reference room than in the
measuring room as no solar shading excludes the solar gain in the reference room. The
temperature then rises and exceeds the upper temperature limit in the reference room at
10.00. Looking at the heat balance in gure 5.24, the incoming solar radiation is much
larger in the reference room than the measuring room. This illustrates that the overheating
problems could have been avoided by the use of solar shading.
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Figure 5.24: Heat balance of the two rooms.
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Energy consumption [kWh]

The measuring room has a total heat gain of 0,32 kW and the reference room has a total
heat gain of 0,50 kW. The indoor temperature is too low in 6 hours out of 7 hours during
the service life in the measuring room. The lowest temperature obtained in the measuring
room is 21 o C and taken the uncertainty of the equipments into consideration an indoor
temperature of 22 o C is still not reached. Thus the external heat gain was favourable to
exploit in order to increase the indoor temperature. Comparing with the decision tree, see
gure 5.2, solar shading should also only be activated if the indoor temperature reaches
23 o C, which illustrates that the solar shading is activated too soon this day, because of
the global solar radiation. The use of solar shading is thus favourable for this day, but it
should not be activated from the beginning of the service life, as the external heat should
be exploited. An comparison of the energy consumption for the mechanical installations are
shown in gure 5.25.
5
4,5
4
3,5
3
2,5
2
1,5
1
0,5
0

Measuring room
Reference room

Heating

Lighting

Ventilator/Cooling

Mechanical installations

Figure 5.25: Comparison of the energy consumption for the mechanical installations.

During this day the measuring room has larger energy consumption for heating which is also
reected in the heat balance of the two rooms. Because the temperature reaches 26 o C the
cooling system used a large amount of energy. However, the lighting and cooling system
could have been eliminated and the energy consumption could be lowered by 4,6 kWh still
securing fresh air to the reference room.

5.5.5 3. experiment - 1st control strategy - Partial cloudy day
The third experiment is also based on initial set points described in section 5.3 with the
same purpose as for the previous experiments; to evaluate the control strategy during a
larger period with changing weather conditions.
The experiment is performed the 15th of May 2012 from 08.40 to 15.40, thus 7 hours. The
global and diuse solar radiation, the outdoor temperature and wind speed during the measuring period is shown in gure 5.26.
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Figure 5.26: The global and diuse solar radiation, the outdoor temperature and wind speed
the 15th of May.

The sky was partial cloudy, thus changing weather with sun and clouds throughout the day.
Rain was detected throughout the day in periods. The maximum wind speed was 6 m /s and
the external temperature was between 9 o C and 16,5 o C during the day. From 9.20 the wind
speed and external temperatures limits was not exceeded and all technologies should be able
to function normally.
A picture representing the outdoor conditions are shown in gure 5.27.

Figure 5.27: A picture of the outdoor conditions the 15th of May.

The weather conditions are representing a typical day in spring or autumn.

5.5.5.1 Results for reference room
The results for the reference room are presented in the following in terms of the indoor
environment and energy consumption.
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Indoor environment
The indoor temperature distributed in the indoor environment categories for the reference
room is shown in gure 5.28.

Figure 5.28: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperature is outside of category A and B in 14 % of the service
life, which is due to high temperatures from 9.40 to 10.40. However, the temperature only
just exceeds the upper temperature limit by 0,02 o C and due to uncertainties of equipment
the temperature might be satisfying.

Energy consumption
The energy consumption for the mechanical installations in the reference room is shown in
table 5.7.
Installation

Energy consumption [ kWh]

Heating

0

Lighting

0,54

Cooling

3,43

Total

3,97

Table 5.7: Energy consumption for the mechanical installation in the reference room.

The heating system is not activated during the day, whereas the cooling and lighting is
activated throughout the day.

5.5.5.2 Results for measuring room
The results for the measuring room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the measuring
room is shown in gure 5.29.
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Figure 5.29: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperature is outside of category A and B in 86 % of the service
life, which is because of too low temperatures throughout the service life except from 09.40
to 10.40. The minimum temperature during the day is 19,70 o C.
The glare level is satisfying at all the examined positions, meaning that the percentage in
discomfort is between 20-30 %. The light level is examined and is never below 200 lux in the
room or 500 lux at the table.

Energy consumption
No energy was consumed in the room this day.

5.5.5.3 Validation of the 3. experiment
In the following the performance and settings of the facade during the day is also evaluated
for the day compared to the outdoor conditions and the indoor temperature. Furthermore,
the eect of the facade is validated on the basis of the indoor temperatures and the energy
consumption of the measuring and reference room.
The position of the solar shading and the global solar radiation during the measuring period
is shown in appendix E.6 in gure E.3, together with the position of the venetian blinds
compared to the indoor temperature. The solar shading is activated in periods of dierent
sizes throughout the day. Even though the outdoor temperature falls below 10 o C the position of the solar shading does not correspond to this period. The period where the solar
shading is deactivated corresponds to when the global solar radiation limits are crossed, but
the period should be longer because of the too low outdoor temperature. The position of
the venetian blinds is increased in the very beginning of the service life but is positioned at
50 % throughout the rest of the day. Due to the low indoor temperature the windows was
not activated throughout the day.
The temperature prole in the reference- and measuring room and the global solar radiation
during the measuring period is shown in gure 5.30.
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Figure 5.30: The temperature prole in the reference- and measuring room during the measuring period and the global solar radiation.

The two rooms does not have the same initial temperatures at the beginning of the service
life, but the steep slope of the temperature gradient for the reference illustrates that the
incoming solar gain is larger in the reference room than in the measuring room. However,
the incoming solar radiation in the reference room is not enough to increase the indoor
temperature to exceed the upper temperature limit. Comparing with the decision tree,
in section 5.2, the solar shading should have been activated in the reference room at 8.50
because of the temperature. The heat balance of the two rooms are shown in gure 5.31.
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Figure 5.31: Heat balance of the two rooms.

The measuring room has a total heat gain of 0,15 kW and the reference room has a total heat
gain of 0,13 kW, which means that the heat balance of the measuring room should have the
largest increase in the indoor temperature, due to having the largest heat gain through the
day. This is not the case in this experiment because the indoor temperature has not increased
in the measuring room compared to the increase of 1 o C in the reference room through the
day. The measuring room may have been aected by the mechanical ventilation system this
day, which could have caused a decrease in the heat balance for the measuring room. The
deviations can also be due to uncertainties of the equipment. The indoor temperature is
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too low in 6 hours out of 7 hours during the service life in the measuring room, thus the
external heat gain was favourable to exploit in order to increase the indoor temperature. An
comparison of the energy consumption for the mechanical installations are shown in gure
5.32.
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Figure 5.32: Comparison of the energy consumption for the mechanical installations.

The energy consumption for cooling and lighting was also redundant during the examination
because solar shading could have been used. The energy consumption could be lowered by
3,7 kWh, still using the amount of energy for the mechanical ventilation to ensure fresh air
to the room.

5.5.6 4. experiment - 1st control strategy - Partial cloudy day
The forth experiment is also based on initial set points described in section 5.3.
The experiment is performed the 16th of May 2012 from 09.00 to 16.00, thus 7 hours. The
global and diuse solar radiation, the outdoor temperature and wind speed during the measuring period is shown in gure 5.33.

Figure 5.33: The global and diuse solar radiation, the outdoor temperature and wind speed
the 16th of May.
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The sky was partial cloudy, thus changing weather with sun and clouds throughout the
day. Rain was detected until 13.00 and the maximum wind speed was 5,8 m /s . The outdoor
temperature is varying between 9 o C and 17 o C during the day.
A picture representing the outdoor conditions are shown in gure 5.34.

Figure 5.34: A picture of the outdoor conditions the 16th of May.
The weather conditions are representing a typical day in spring or autumn.

5.5.6.1 Results for reference room
The results for the reference room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the reference
room is shown in gure 5.35.

Figure 5.35: Indoor temperature distributed in indoor environment category A, B, C and no
category.
The gure shows that the temperature is outside of category A and B in 43 % of the service
life, which is due to overheating problems in the end of the service life, from 13.00 to 16.00.
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Energy consumption
The energy consumption for the mechanical installations in the reference room is shown in
table 5.8.
Installation

Energy consumption [ kWh]

Heating

0,22

Lighting

0,54

Cooling

3,43

Total

4,18

Table 5.8: Energy consumption for the mechanical installation in the reference room.

The heating system is activated from 9.00 to 9.05 and cooling and lighting is activated
throughout the day. Cooling is using the largest amount of energy at the end of the service
life where the indoor temperature is too high.

5.5.6.2 Results for measuring room
The results for the measuring room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the measuring
room is shown in gure 5.36.
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Figure 5.36: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperature is outside of category A and B in 86 % of the service
life, which is because of too low temperatures throughout the service life except from 15.00
to 16.00. The minimum temperature during the day is 20,31 o C.
The glare level is satisfying at all the examined positions and the light level is examined and
is never below 200 lux in the room or 500 lux at the table.
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Energy consumption
The energy consumption for the mechanical installations in the measuring room is shown in
table 5.9.
Installation

Energy consumption [ kWh]

Heating

0,25

Lighting

0

Ventilation

0

Total

0,25

Table 5.9: Energy consumption for mechanical installation in the measuring room.

The heating is activated a few minutes at 9.15 and at 10.10.

5.5.6.3 Validation of the 4. experiment
In the following the performance and settings of the facade during the day is also evaluated
for the day compared to the outdoor conditions and the indoor temperature. Furthermore,
the eect of the facade is validated on the basis of the indoor temperatures and the energy
consumption of the measuring and reference room.
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The position of the solar shading and the global solar radiation during the measuring period
is shown in appendix E.6 in gure E.4, together with the position of the venetian blinds
compared to the indoor temperature. The position of the venetian blinds is 50 % throughout
the experiment because the indoor temperature set point is not exceeded. The windows was
not activated this day.
The temperature prole in the reference- and measuring room and the global solar radiation
during the measuring period is shown in gure 5.37.

Upper temperature limit
Reference room
Measuring room
Lower temperature limit
Global solar radiation

0
09:00

10:00

11:00

12:00

13:00

14:00

15:00

Service life

Figure 5.37: The temperature prole in the reference- and measuring room during the measuring period and the global solar radiation.
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The two rooms do not have the same initial temperatures at the beginning of the service life,
but the slope of the temperature gradient increases for the reference room from 10.30 where
the solar shading is rst activated because of the global solar radiation. The activation of
the solar shading is varying throughout the day due to the global solar radiation. Compared
with the decision tree, in section 5.2, solar shading should not be activated in the measuring
room as the temperature never reaches 23 o C. The activation of the solar shading could, as
before, be favourable to do dependent of the indoor temperature. The heat balance for the
two rooms are shown in gure 5.38.

Figure 5.38: Heat balance of the two rooms.

The measuring room has a total heat gain of 0,17 kW and the reference room has a total
heat gain of 0,22 kW. The solar heat gain is very large in the reference room and thus
solar shading could have been used to exclude this heat gain and avoid over temperatures.
However, the indoor temperature is too low in 6 hours out of 7 hours during the service
life in the measuring room, thus the external heat gain was favourable to exploit in order
to increase the indoor temperature. An comparison of the energy consumption for the
mechanical installations are shown in gure 5.39.
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Figure 5.39: Comparison of the energy consumption for the mechanical installations.
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The energy consumption for cooling and lighting was also redundant during the examination
because solar shading could have been used. The energy consumption could be lowered by
3,66 kWh, taken the mechanical ventilation into account to supply fresh air to the room.

5.5.7 Validation of the 1st control strategy
The previous experiments performed between the 11th of May and the 16th of May are
evaluated and the control strategy, which is the same for each experiment, is discussed.
In general the indoor temperature in the measuring room was too low through the experiments, were as the temperature in the reference room was too high some of the days. As
implied in the validations of the individual experiments, the facade is activated to early, as
the solar gain could be used as passive heating in the measuring room. A suggestion for
better utilisation of the solar gain could be to limit the activation of the solar shading by
the indoor temperature, which is also applicable in the evaluation tree. According to the
current programming of the WindowMaster system the indoor temperature only regulates
the position of the venetian blinds but does not limit the activation of the solar shading, thus
it is not possible to test this strategy. Due to low indoor temperature in the measuring room
the windows have not been activated in the experiments and it is not possible to evaluate
this technology.
For the energy consumptions in the reference room, the use of the solar shading is benecial
to lower the amount of energy used for cooling. And even if the solar shading is applied in
the room it is still possible to deactivate the lighting, as it is shown in the measuring room
where the light level is sucient at all times even though the solar shading is activated.
It is not possible to limit the activation of the solar shading by the indoor temperature, thus
it is decided to increase the set points for the global solar radiation where the solar shading
is activated and deactivate. The new set point for the activation is evaluated on the basis
of the solar radiation where the over temperatures occur in the reference room, thus set to
300 W /m2 . The set point for deactivating the solar shading is chosen to 200 W /m2 .
Due to speculations of the temperature sensors of the heating system in the measuring room,
a cylinder with a integrated ventilator is used at the temperature sensor, in order to ensure
the sensor is registering the correct temperature.
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5.5.8 5. experiment - 2st control strategy - Cloudy day
The experiments are performed the 17th of May 2012 from 10.30 to 15.30, thus 5 hours.
The global and diuse solar radiation, the outdoor temperature and wind speed during the
measuring period is shown in gure 5.40.
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Figure 5.40: The global and diuse solar radiation, the outdoor temperature and wind speed
the 17th of May.

The sky was cloudy, thus changing weather with sun and clouds throughout the day and
no rain was detected. Because the maximum wind speed was 14,4 m /s and the outdoor
temperature was varying between 8,3 o C and 11,9 o C, the technologies should be limited in
periods of the day.
A picture representing the outdoor conditions is shown in gure 5.41.

Figure 5.41: A picture of the outdoor conditions the 17th of May.

The external conditions are representing a typical day in spring or autumn.

132

Chapter 5. Experiments in the Cube

5.5.8.1 Results for reference room
The results for the reference room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the reference
room is shown in gure 5.42.

Figure 5.42: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperature is outside of category A and B in 40 % of the service
life, which is due to overheating problems from 13.30 to 15.30.

Energy consumption
The energy consumption for the mechanical installations in the reference room is shown in
table 5.10.
Installation

Energy consumption [ kWh]

Heating

0

Lighting

0,54

Cooling

3,86

Total

4,4

Table 5.10: Energy consumption for the mechanical installation in the reference room.

The heating system is not activated during the service life and cooling and lighting is activated throughout the day. Cooling is using the largest amount of energy at the end of the
service life where the indoor temperatures approaches 26 o C.

5.5.8.2 Results for measuring room
The results for the measuring room are presented in the following in terms of the indoor
environment and energy consumption.
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Indoor environment
The indoor temperature distributed in the indoor environment categories for the measuring
room is shown in gure 5.43.
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Figure 5.43: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperature is included in category A and B the entire day, the
indoor temperature is thus satisfying.
The distribution of glare in percentage in discomfort is shown in gure 5.44 for the table
and the walls against east, west and north.

Figure 5.44: The distribution of glare in percentage in discomfort.

The glare level is only satisfying at the wall against west. 20% of the time the glare level
is above 50 % in discomfort on the wall against north and 20% of the time the glare level
is between 40-50 % in discomfort at the wall against east, which occurs from 12.30 to 13.30.
The glare level at the table is outside of category A and B 80 % of the service life, which
occurs from 10.30 to 14.30. The light level is examined and is never below 200 lux in the
room or 500 lux at the table.

Energy consumption
No energy is consumed in the room this day.
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5.5.8.3 Validation of the 5. experiment
In the following the performance and settings of the facade during the day is also evaluated
for the day compared to the outdoor conditions and the indoor temperature. Furthermore,
the eect of the facade is validated on the basis of the indoor temperatures and the energy
consumption of the measuring and reference room.
The position of the solar shading and the global solar radiation during the measuring period
is shown in appendix E.6 in gure E.5, together with the position of the venetian blinds
compared to the indoor temperature. The position of the venetian blinds already starts to
adjust at 12.30 where the solar shading is not yet activated. This could indicate an electrical
error occurred as the solar shading should have been activated or due to uncertainties of the
equipment controlling the solar shading. Even though the set point for the solar shading is
exceeded the solar shading is rst activated from 14.45. The venetian blinds are positioned
from 50 % to 100 % dependent of the indoor temperature. The natural ventilation have not
been in use the entire day.
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The temperature prole in the reference- and measuring room and the global solar radiation
during the measuring period is shown in gure 5.45.
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Figure 5.45: The temperature prole in the reference- and measuring room during the measuring period.

The two rooms almost have the same initial temperatures at the beginning of the service life
and when the solar radiation raises the slopes of the temperature gradients are the same for
both rooms as solar shading is not yet activated in the measuring room. When solar shading
is activated, at 13.45, the slope of the temperature gradient for the reference room increases
compared to the slope of the temperature gradient for the measuring room. According to the
decision tree, see gure 5.2, the solar shading should have been activated already at 12.00
because the indoor temperature reaches 23 o C in the measuring room. Despite the solar
shading is rst activated at 13.45 the temperature never reaches the upper temperature
limit in the measuring room. However, the position of the venetian blinds is increasing in
the afternoon and thus excluding the natural light. If the solar shading was activated from
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noon the temperature gradient would maybe not increase rapidly and thus the position of
the venetian blinds did not have to be almost closed. The heat balance of the two rooms are
shown in gure 5.46.

Figure 5.46: Heat balance of the two rooms.

The measuring room had a total heat gain of 0,23 kW which balances the room and ensures
an temperate temperature. The reference room had a total heat gain of 0,21 kW. The
heat balance shows that the indoor temperature in the measuring room should have had
the largest increase through the day. This was not the case as the reference room had the
biggest increase in the indoor temperature through the day of 1,8 o C compared to 0,8 o C in
the measuring room. This might be due to uncertainties of the equipment or the mechanical
ventilation system may have been in function during the day and thus a heat loss would
have occurred.
An comparison of the energy consumption for the mechanical installations are shown in
gure 5.47.
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Figure 5.47: Comparison of the energy consumption for the mechanical installations.
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Again, the energy consumption for cooling and lighting was redundant during the examination because solar shading could have been used. The energy consumption could be lowered
by 4,1 kWh and only using the energy consumption for the mechanical ventilation which
ensures fresh air to the room.

5.5.9 6. experiment - 2st control strategy - Partial cloudy day
The experiments are performed the 18th of May 2012 from 10.00 to 16.00, thus 6 hours.
The global and diuse solar radiation, the outdoor temperature and wind speed during the
measuring period is shown in gure 5.48.

Figure 5.48: The global and diuse solar radiation, the outdoor temperature and wind speed
the 18th of May.

The sky was partial cloudy, thus changing weather with sun and clouds throughout the
day and no rain was detected. The maximum wind speed was 8,3 m /s and the outdoor
temperature was varying between 10 o C and 16 o C.
A picture representing the outdoor conditions is shown in gure 5.49.

Figure 5.49: A picture of the outdoor conditions the 18th of May.
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The external conditions are representing a typical day in spring or autumn.

5.5.9.1 Results for reference room
The results for the reference room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the reference
room is shown in gure 5.50.

Figure 5.50: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperature is outside of category A and B in 80 % of the service
life, which is due to overheating problems from noon and the rest of the day.

Energy consumption
The energy consumption for the mechanical installations in the reference room is shown in
table 5.11.
Installation

Energy consumption [ kWh]

Heating

1,55

Lighting

0,54

Cooling

5,36

Total

7,45

Table 5.11: Energy consumption for the mechanical installation in the reference room.

The heating system is activated in the beginning of the service life and again just before
noon. Cooling and lighting is activated throughout the day. Cooling is using the largest
amount of energy from 13.00 and the rest of the service life where the indoor temperatures
approaches 26 o C.
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5.5.9.2 Results for measuring room
The results for the measuring room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the measuring
room is shown in gure 5.51.
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Figure 5.51: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperature is included in category A and B the entire day, the
indoor temperature is thus satisfying.
The distribution of glare in percentage in discomfort is shown in gure 5.52 for the table
and the walls against east, west and north.

Figure 5.52: The distribution of glare in percentage in discomfort.

The glare level is only satisfying at the walls against west and east. On the wall against
north the glare level exceeds what is acceptable in 60 % of the service life and at the table
it is acceptable in 40 % of the service life. The glare problems occur in the hours 12.00 to
14.00. The light level is examined and is never below 200 lux in the room or 500 lux at the
table.
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Energy consumption
The energy consumption for the mechanical installations in the measuring room is shown in
table 5.12.
Installation

Energy consumption [ kWh]

Heating

1,48

Lighting

0

Ventilation

0

Total

1,48

Table 5.12: Energy consumption for mechanical installation in the measuring room.
The heating and ventilation system was activated during the service life and there was no
need for lighting.

5.5.9.3 Validation of the 6. experiment
In the following the performance and settings of the facade during the day is also evaluated
for the day compared to the outdoor conditions and the indoor temperature. Furthermore,
the eect of the facade is validated on the basis of the indoor temperatures and the energy
consumption of the measuring and reference room.
The position of the solar shading and the global solar radiation during the measuring period
is shown in appendix E.6 in gure E.6, together with the position of the venetian blinds
compared to the indoor temperature.
The temperature prole in the reference- and measuring room and the global solar radiation
during the measuring period is shown in gure 5.53.
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Figure 5.53: The temperature prole in the reference- and measuring room during the measuring period.
The initial temperatures are not the same for the two rooms in the experiment, but throughout the day the curves in- and decrease at the same time. At 13.00 the temperature decreases
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in the reference room due to the cooling system. In the measuring room the temperature
also decreases, maybe because solar shading was activated. According to the WindowMaster
system the natural ventilation has not been in use the entire day together with the solar
shading. The position of the venetian blinds are 50 % all day until 14.30 where it changes
position the rest of the day to a maximum position of 74 %. According to the decision tree,
see gure 5.2, the solar shading should be activated from around 13.00 because the temperature reaches 23 o C and the global solar radiation is sucient to activate the shading.
Because the temperature in the reference room almost reaches 28 o C and the measuring just
reaches 23 o C it could be assumed that the solar shading had been used but just not logged.
In the reference room cooling was also used which is compounding the assumption. The heat
balance of the two rooms are shown in gure 5.54.

Figure 5.54: Heat balance of the two rooms.

The measuring room had a total heat gain of 0,38 kW and the reference room had a total
heat gain of 0,61 kW. The heating systems are almost using an equal amount of energy.
An comparison of the energy consumption for the mechanical installations are shown in
gure 5.55.
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Figure 5.55: Comparison of the energy consumption for the mechanical installations.
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The energy consumption for cooling and lighting was redundant during the examination
because solar shading or natural ventilation could have been used. The energy consumption
could be lowered by 5,6 kWh and only using the energy consumption for the mechanical
ventilation which ensures fresh air to the room.

5.5.10 7. experiment - 2st control strategy - Cloudy day
The experiment is performed the 19th of May 2012 from 09.00 to 16.00, thus 7 hours. The
global and diuse solar radiation, the outdoor temperature and wind speed during the measuring period is shown in gure 5.56.

Figure 5.56: The global and diuse solar radiation, the outdoor temperature and wind speed
the 19th of May.

The sky was cloudy with only limited sun, thus changing weather with little sun and many
clouds throughout the day. Rain was detected between 10.00 and 11.00, and the maximum
wind speed was 2,2 m /s . The outdoor temperature is varying between 13 o C and 16 o C during
the day. A picture representing the outdoor conditions are shown in gure 5.57.

Figure 5.57: A picture of the outdoor conditions the 19th of May.

The weather conditions are representing a typical day in spring or autumn.
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5.5.10.1 Results for reference room
The results for the reference room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the reference
room is shown in gure 5.58.

Figure 5.58: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperatures are included in indoor environment category A and
B in the entire measuring period, thus the temperatures are satisfying.

Energy consumption
The energy consumption for the mechanical installations in the reference room is shown in
table 5.13.
Installation

Energy consumption [ kWh]

Heating

0

Lighting

0,54

Cooling

3,26

Total

3,8

Table 5.13: Energy consumption for the mechanical installation in the reference room.

The cooling system and lighting is activated throughout the day, where the heating is not in
use. The energy used for cooling is distributed over the entire day and because the indoor
temperature never reaches even 23 o C the cooling system should not have been in use at any
time of the service life.

5.5.10.2 Results for measuring room
The results for the measuring room are presented in the following in terms of the indoor
environment and energy consumption.
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Indoor environment
The indoor temperature distributed in the indoor environment categories for the measuring
room is shown in gure 5.59.
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Figure 5.59: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperature is outside of indoor environment category A and B
in 29 % of the service life, because of too low temperatures from 9.00 to 10.00 and 11.00 to
12.00. The minimum temperature during the day is 21,3 o C, and due to uncertainties of the
equipment these might also be satisfying.
The glare level is satisfying at all the examined positions and the light level is examined and
is never below 200 lux in the room or 500 lux at the table.

Energy consumption
No energy was consumed in the room this day.

5.5.10.3 Validation of the 7. experiment
In the following the performance and settings of the facade during the day is also evaluated
for the day compared to the outdoor conditions and the indoor temperature. Furthermore,
the eect of the facade is validated on the basis of the indoor temperatures and the energy
consumption of the measuring and reference room.
According to the WindowMaster system the solar shading and natural ventilation was not
activated during the experiment. The position of the solar shading and the global solar
radiation during the measuring period is shown in appendix E.6 in gure E.7, together with
the position of the venetian blinds compared to the indoor temperature. The position of
the venetian blinds is zero the entire day, except in 20 minutes around 10.00. This could
indicate that the solar shading might have been activated, which is supported by the global
solar radiation which peaks at this time.
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The temperature prole in the reference- and measuring room and the global solar radiation
during the measuring period is shown in gure 5.60.
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Figure 5.60: The temperature prole in the reference- and measuring room during the measuring period and the global solar radiation.

The dierence between the initial temperatures of the two rooms is 0,5 o C in the morning
and at the end of the experiments the temperature dierence is 0,8 o C. This indicates that
the heat gains and losses in the two rooms should be similar which is also veried by the
curves which follow each other the entire day.
The heat balance for the two rooms are shown in gure 5.61.

Figure 5.61: Heat balance of the two rooms.

The measuring room has a total heat gain of 0,16 kW and the reference room has a total
heat gain of 0,11 kW. Again the measuring room has the largest total heat gain through the
day. Uncertainties of the equipment and the mechanical ventilation system are still possible
errors.
An comparison of the energy consumption for the mechanical installations are shown in
gure 5.62.
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Figure 5.62: Comparison of the energy consumption for the mechanical installations.

The energy consumption in the reference room could have been avoided, as the light level
was sucient in the measuring room. The energy used for cooling is due to the energy
consumption for the ventilator for the cooling system, and only a minor amount of energy
for cooling which was not even necessary during the day. The amount of energy which could
have been saved during the day, the two rooms compared, is 3,5 kWh.

5.5.11 8. experiment - 2st control strategy - Clear sky
The experiment is performed the 23th of May 2012 from 09.00 to 16.00, thus 7 hours. The
global and diuse solar radiation, the outdoor temperature and wind speed during the measuring period is shown in gure 5.63.

Figure 5.63: The global and diuse solar radiation, the outdoor temperature and wind speed
the 23th of May.

The sky was clear all day with only small clouds and no rain was detected. The maximum
wind speed was 8 m /s and the outdoor temperature was varying between 20 o C and 26 o C
during the day.
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A picture representing the outdoor conditions are shown in gure 5.64.

Figure 5.64: A picture of the outdoor conditions the 23rd of May.

The weather conditions are representing a day in the summer season.

5.5.11.1 Results for reference room
The results for the reference room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the reference
room is shown in gure 5.65.

Figure 5.65: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperatures are outside of category A and B in 57 % of the
measuring period, due to over temperatures. The period with over temperature occurs
between 10.00 and 14.00.
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Energy consumption
The energy consumption for the mechanical installations in the reference room is shown in
table 5.14.
Installation

Energy consumption [ kWh]

Heating

0

Lighting

0,54

Cooling

6,78

Total

7,32

Table 5.14: Energy consumption for the mechanical installation in the reference room.

The cooling system and lighting is activated throughout the day and the heating is not
activated. The energy used for cooling is distributed over the entire day with the largest
consumption in the hours from 12.00 to 16.00.

5.5.11.2 Results for measuring room
The results for the measuring room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the measuring
room is shown in gure 5.66.
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Figure 5.66: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperature is outside of category A and B in 28 % of the service
life, because of over temperatures in the end of the service life. One hour the temperature
is 24,47 o C and due to an uncertainty of 2,24 % on the equipment this might be an over
temperature. Furthermore the largest is 24,8 o C which on the other hand might be satisfying
due to the uncertainties.
The glare level is satisfying at all the examined positions and the light level is examined and
is never below 200 lux in the room or 500 lux at the table.
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Energy consumption
No energy was consumed in the room this day.

5.5.11.3 Validation of the 8. experiment
In the following the performance and settings of the facade during the day is also evaluated
for the day compared to the outdoor conditions and the indoor temperature. Furthermore,
the eect of the facade is validated on the basis of the indoor temperatures and the energy
consumption of the measuring and reference room.
The position of the solar shading and the global solar radiation during the measuring period
is shown in appendix E.6 in gure E.8, together with the position of the venetian blinds
compared to the indoor temperature. As shown in the gure the position of the venetian
blinds is 60 % in the beginnig of the day and during the day the position is increased until at
11.00 where the position is 96 % the rest of the day. The windows are activated from 11.40
and throughout the day, and the opening factor varies between 10 and 82. According to the
evaluation tree the windows should have been closed at 14.15 where the external temperature
exceeds 25 o C. Due to the high outdoor temperature the windows should have deactivated at
this time. However, the windows are not limited by the outdoor temperature, and can thus
not detect when it is no longer benecial to use natural ventilation. A mechanical ventilation
system should have overruled natural ventilation.
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The temperature prole in the reference- and measuring room and the global solar radiation
during the measuring period is shown in gure 5.67.
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Figure 5.67: The temperature prole in the reference- and measuring room during the measuring period and the global solar radiation.

In the beginning of the experiment the initial temperatures are not the same in the two
rooms, thus the temperature in the reference room is 23,3 o C and the temperature in the
measuring room is 22,1 o C. The temperature curve for the reference room follows the curve
for the global solar radiation until the direct solar radiation do not reach the room at 11.30.
In the measuring room the solar shading was activated the entire day.
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In gure 5.68 the indoor temperature in the measuring room is compared to the outdoor
temperature.

Figure 5.68: The outdoor- and indoor temperature for the measuring room.

The gure indicates that from around 13.30 the outdoor temperature is higher than the
indoor temperature and the outdoor air is heating the room instead of cooling, thus the
windows should have been closed at that time.
The heat balance for the two rooms are shown in gure 5.69.

Figure 5.69: Heat balance of the two rooms.

The measuring room had a total heat gain of 0,23 kW and the reference room has a total
heat gain of 0,33 kW. The solar gain has been the dominating factor in the reference room
through the day.
An comparison of the energy consumption for the mechanical installations are shown in
gure 5.70.
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Figure 5.70: Comparison of the energy consumption for the mechanical installations.

As described earlier hours with over temperatures was obtained in the measuring room,
even though that both the solar shading and natural ventilation was activated almost from
the beginning of the day. The initial temperature of the measuring room was 22 o C which
is an ideal case because the temperature is included in category A. However, at days like
this an initial temperature just obeying indoor environment category B, 21,5 o C, could be
benecial. If another controller with a faster response was used for the windows, it may have
been possible to keep the indoor temperature in category A and B. If this is not possible it
is necessary to use cooling in the room as in the reference room.

5.5.12 9. experiment - 2st control strategy - Clear day
The experiment is performed the 25th of May 2012 from 08.45 to 15.45, thus 7 hours. The
global and diuse solar radiation, the outdoor temperature and wind speed during the measuring period is shown in gure 5.71.

Figure 5.71: The global and diuse solar radiation, the outdoor temperature and wind speed
the 25th of May.

The sky was clear with only few clouds, thus changing weather with sun and clouds throughout the day. The maximum wind speed was 4,3 m /s and the outdoor temperature is varying
between 20,5 o C and 27,8 o C.
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A picture representing the outdoor conditions are shown in gure 5.72.

Figure 5.72: A picture of the outdoor conditions the 25th of May.

The weather conditions are representing a typical day in summer.

5.5.12.1 Results for reference room
The results for the reference room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the reference
room is shown in gure 5.73.

Figure 5.73: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperatures are outside of category A and B in 72 % of the service
life due to over temperatures. The over temperatures occurs from 10.00 and through the rest
of the day. The last hour of the day is not characterised as a hour with over temperatures,
but because the temperature is 24,46 o C and due to uncertainties of the equipment it may be
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a hour with over temperature. The indoor temperature peaks just before 12.00 and during
the afternoon it decreases.

Energy consumption
The energy consumption for the mechanical installations in the reference room is shown in
table 5.15.
Installation

Energy consumption [ kWh]

Heating

0

Lighting

0,54

Cooling

6,55

Total

7,09

Table 5.15: Energy consumption for the mechanical installation in the reference room.

Due to high temperatures the cooling system is activated throughout the day and the energy
consumption is increasing through the day as the temperature increases. When the indoor
temperature peaks the cooling system also peaks and decreases slightly the rest of the day.
Throughout the day the light is turned on.

5.5.12.2 Results for measuring room
The results for the measuring room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the measuring
room is shown in gure 5.74.
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Figure 5.74: Indoor temperature distributed in indoor environment category A, B, C and no
category.
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The gure shows that the temperature is outside of category A and B in 72 % of the service
life, because of too high temperatures in the last ve hours of the day. The temperature
increases through the entire service life with changing slopes.
The glare level is satisfying at all the examined positions and the light level is examined and
is never below 200 lux in the room or 500 lux at the table.

Energy consumption
No energy was consumed in the room this day.

5.5.12.3 Validation of the 9. experiment
In the following the performance and settings of the facade during the day is also evaluated
for the day compared to the outdoor conditions and the indoor temperature. Furthermore,
the eect of the facade is validated on the basis of the indoor temperatures and the energy
consumption of the measuring and reference room.
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The position of the solar shading and the global solar radiation during the measuring period
is shown in appendix E.6 in gure E.9, together with the position of the venetian blinds
compared to the indoor temperature. In the gure it is shown that the solar shading was
activated all day and that the position of the venetian blinds started at 74 % and was 96 %
from around 10.15.
The temperature prole in the reference- and measuring room and the global solar radiation
during the measuring period is shown in gure 5.75.
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Figure 5.75: The temperature prole in the reference- and measuring room during the measuring period and the global solar radiation.

As shown in the gure the initial indoor temperature in the reference room is higher than
the indoor temperature in the measuring room. But as the reference room is being cooled by
the recirculation system the indoor temperature decreases to be lower than the measuring
room's indoor temperature at 13.30. This is because the measuring room is being natural
ventilated with air which, in the beginning of the experiment, was lower than the indoor
temperature. The outdoor temperature and the indoor temperature of the measuring room
is shown in gure 5.76.

154

Chapter 5. Experiments in the Cube

T
Temperatur
re [oC]

28

26

24

Indoor temperature
Outdoor temperature

22

20
08:45

09:45

10:45

11:45

12:45

13:45

14:45

15:45

Service life

Figure 5.76: The temperature prole in the reference- and measuring room during the measuring period and the global solar radiation.

In the gure it is shown how the outdoor temperature around 10.30 increases and exceeds
the indoor temperature. Natural ventilation was activated about this time in the measuring room, thus the indoor temperature increases instead of decreases. This shows that the
natural ventilation should be limited by a maximum outdoor temperature and not only by
a minimum outdoor temperature, which is also in accordance with the evaluation tree.
The heat balance for the two rooms are shown in gure 5.77.

Figure 5.77: Heat balance of the two rooms.

In the measuring room the solar gain is remarkably less than in the reference room due to
the intense use of the solar shading. The total heat gain was 0,25 kW in the measuring room
and 0,37 kW in the reference room.
An comparison of the energy consumption for the mechanical installations are shown in
gure 5.78.
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Figure 5.78: Comparison of the energy consumption for the mechanical installations.

In the measuring room it would have been necessary to use cooling as the solar shading and
natural ventilation were not able to keep the indoor temperature at an acceptable level. The
lighting was turned on in the reference room, which was unnecessary as the glare level and
light level was not exceeded in the measuring room throughout the day, even though the
solar shading was activated through the day.

5.5.13 10. experiment - 2st control strategy - Partial cloudy day
The experiment is performed the 30th of May 2012 from 09.00 to 15.00, thus 6 hours. The
global and diuse solar radiation, the outdoor temperature and wind speed during the measuring period is shown in gure 5.79.

Figure 5.79: The global and diuse solar radiation, the outdoor temperature and wind speed
the 30th of May.

The sky was partial cloudy, thus changing weather with sun and clouds throughout the day
and no rain detected. The maximum wind speed was 5 m /s and the outdoor temperature
was varying between 11,6 o C and 20,1 o C during the day.
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A picture representing the outdoor conditions are shown in gure 5.80.

Figure 5.80: A picture of the outdoor conditions the 30th of May.

The weather conditions are representing a typical day in spring or autumn.

5.5.13.1 Results for reference room
The results for the reference room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the reference
room is shown in gure 5.81.

Figure 5.81: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperatures are outside of category A and B in 67 % of the
service life. This is due to over temperatures from 11.00 in the morning.
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Energy consumption
The energy consumption for the mechanical installations in the reference room is shown in
table 5.16.
Installation

Energy consumption [ kWh]

Heating

0

Lighting

0,54

Cooling

4,18

Total

4,72

Table 5.16: Energy consumption for the mechanical installation in the reference room.

The cooling system and lighting is activated throughout the day and the heating system is
not in use. The amount of energy used for cooling is increased throughout the day, beginning
from 9.00.

5.5.13.2 Results for measuring room
The results for the measuring room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the measuring
room is shown in gure 5.82.
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Figure 5.82: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperature is outside of category A and B in 17 % of the service
life, because of too low temperatures from 9.00 to 10.00. The minimum temperature during
the day is 20,7 o C.
The distribution of glare in percentage in discomfort is shown in gure 5.83 for the table
and the walls against east, west and north.
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Figure 5.83: The distribution of glare in percentage in discomfort.

At the table the glare level is too high in 25 % of the service life and causes discomfort in
the period from 13.00 to 14.00. The light level is examined and is never below 200 lux in the
room or 500 lux at the table.

Energy consumption
The energy consumption for the mechanical installations in the measuring room is shown in
table 5.17.
Installation

Energy consumption [ kWh]

Heating

0,22

Lighting

0

Ventilation

0

Total

0,22

Table 5.17: Energy consumption for mechanical installation in the measuring room.

The heating system was activated in the rst 5 minutes of the day.

5.5.13.3 Validation of the 10. experiment
In the following the performance and settings of the facade during the day is also evaluated
for the day compared to the outdoor conditions and the indoor temperature. Furthermore,
the eect of the facade is validated on the basis of the indoor temperatures and the energy
consumption of the measuring and reference room.
The position of the solar shading and the global solar radiation during the measuring period
is shown in appendix E.6 in gure E.10, together with the position of the venetian blinds
compared to the indoor temperature. The solar shading was activated the entire day except
from 20 minutes from 13.25 where the solar shading was deactivated. The reason for the
deactivation of the solar shading is unknown as no limits were breached. The position of the
venetian blinds is 50 % from the beginning of the day and starts to increase from around
11.40 due to the temperature set point of 23 o C. When the solar shading is activated again
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at 13.45 the position of the venetian blinds is 96 % which corresponds to almost fully closed.
The position of the venetian blinds could have responded earlier to avoid that the position
is changed to almost maximum. In this way it may have been possible to secure a satisfying
visibility from the room.
The temperature prole in the reference- and measuring room and the global solar radiation
during the measuring period is shown in gure 5.84.
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Figure 5.84: The temperature prole in the reference- and measuring room during the measuring period and the global solar radiation.

The initial temperature in the measuring room is 20,7 o C and causes discomfort in the
beginning of the service life also when taken the uncertainties of the equipment into account.
The reference room is in comparison having an acceptable initial temperature, but already
at 11.00 the indoor temperature is too high and is increasing the rest of the day. The curves
for the two rooms are following each other and are having the same breaks, but still the
slope of the reference room is steeper and the temperature dierence of the two rooms are
increased during the day. The lower slope of the measuring room's indoor temperature is
due to the use of solar shading this day.
The heat balance for the two rooms are shown in gure 5.85.

Figure 5.85: Heat balance of the two rooms.
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The measuring room has a total heat gain of 0,26 kW and the reference room has a total
heat gain of 0,53 kW. The solar gain was almost ve times larger in the reference room
than in the measuring room. The eect of the solar shading was benecial for the measuring
room, as no over temperatures occurred compared to the reference room which was plagued
by over temperatures almost the entire day.
An comparison of the energy consumption for the mechanical installations are shown in
gure 5.86.
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Figure 5.86: Comparison of the energy consumption for the mechanical installations.

Because the light level and indoor temperature was sucient all day in the measuring room,
the amount of energy used in the reference room could have been avoided by use of the solar
shading. The amount of energy that could have been saved during the day, the two rooms
compared, is 4,4 kWh.

5.5.14 Validation of the 2nd control strategy
The previous experiments performed from the 17th of May to the 30th of May are evaluated
in the following and the control strategy, representing the experiments, is discussed.
These experiments are performed in a period where the external temperatures are warmer
compared to the previous control strategy, as some of the days could be characterised as
summer. The indoor temperatures are also increased as the rooms are exposed by a larger
amount of solar radiation, as fewer clouds are present in the experiments.
It has thus been dicult to evaluate if the new set point for the activation of the solar
shading has been benecial. The experiments show that the solar shading is reacting on
the new set point, but in these experiments no problems with too low indoor temperatures
occurred. In the experiments with the 2nd control strategy glare problems occur and some
of these may have been avoided if the solar shading was activating earlier. It is dicult
to determine if the increased glare problems are due to the new control strategy for the
solar shading, as the solar radiation was larger during the experiments with the 2nd control
strategy. Because of the increasing problems with glare caused by the new set point and
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the fact that the experiments have been exposed to a lot of sunshine, a solution could be
to make a control strategy that combines the glare level in the room, the solar shading and
natural ventilation. A solution could be a control strategy which utilises natural ventilation
and activates the solar shading due to the indoor temperature or the glare level. When the
solar shading is activated the position of the venetian blinds should be regulated to avoid
the direct and reected sun in the occupied zone and thereby avoid glare problems.
When opening the windows the activation is limited by a low temperature where, if the
outdoor temperature is below, the natural ventilation is not activated even if the indoor
temperature limit is exceeded. But when the outdoor temperature is too high, when it
is not benecial to use the natural ventilation, there is no limit to deactivate the natural
ventilation. In the 2nd control strategy these problems occur and the natural ventilation
should be deactivated and the indoor temperature should be lowered by the solar shading
or a cooling system.
These experiments show that it is dicult to avoid the use of mechanical cooling in the
periods with high outdoor temperatures. The solar shading should be utilised as much as
possible without making a total blockage of the view to the outside. The initial indoor
temperatures should be just above the lower indoor temperature limit to avoid that the
indoor temperatures exceeds the upper temperatures limits too fast, thus night cooling is
preferable.
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5.6 Experiments with user behavior
The previous experiments was only evaluated based on the indoor environment and energy
consumption of the oce, and did not take the users of the oce into consideration. The
case study of "Sparekassen Kronjylland" showed that the users had dierent opinions about
the optimal temperature in the oce and they were also disturbed from the solar shading
as it obstructed the view. Based on the experiences of the case study two experiments with
users are performed in order to evaluate the users perception on the control strategy for the
facade.

5.6.1 Experiments
The experiments with user behaviour are performed just as the practical control strategies.
The intelligent facade is adjusting according to the second control strategy throughout the
day and simultaneously the user of the oce has the possibility to take over the control of
the facade, thus control the natural ventilation and the solar shading. After ve minutes
the automatic control takes over again. The set up of the rooms is described in section
2.4. The internal heat load in the measuring room is not represented by the fan in these
experiments, but by a person and a laptop. Thus the fan does not ensure fully mixing as this
would aect the user's perception of the temperature in the room due to draught. During
the experiments the user is asked to evaluate the indoor temperature, glare- and light level
and note when and why the user takes over the automatic control.
The experiments are evaluated based on the measurements for the indoor environment by
comparing the measuring- and reference room and by evaluating the measured results by the
notes taken from the users during the day. Furthermore the user interference on the control
strategy is also evaluated based on the energy consumption for the mechanical installations,
to examine if an extra amount of heating or lighting is used.
In the following the results for the experiments with user behaviour are presented. The
results for the experiments are shown in appendix E.7 on the appendix CD.

5.6.2 1. experiment with user behaviour: Partial cloudy day
The experiment is performed the 31st of May 2012 from 09.00 to 16.00, thus 7 hours. The
global and diuse solar radiation, the outdoor temperature and wind speed during the measuring period is shown in gure 5.87.
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Figure 5.87: The global and diuse solar radiation, the outdoor temperature and wind speed
the 31th of May.

The sky was partial cloudy throughout the day, the maximum wind speed was 9,4 m /s , no
rain was detected and the external temperature was between 11 o C and 16 o C during the
measuring day. Due to no detection of rain, the wind speed and external temperature limits
were not exceeded, all technologies should be able to function normal throughout the day.
A picture representing the outdoor conditions are shown in gure 5.88.

Figure 5.88: Outdoor conditions the 31th of May.

5.6.2.1 Results for reference room
The results for the reference room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the reference
room is shown in gure 5.89.
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Figure 5.89: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperature is outside of category A and B in 71 % of the service
life, due to over temperatures from 11.00 to 16.00.

Energy consumption
The energy consumption for the mechanical installations in the reference room is shown in
table 5.18.
Installation

Energy consumption [ kWh]

Heating

0

Lighting

0,54

Cooling

5,13

Total

5,77

Table 5.18: Energy consumption for mechanical installation in the reference room.

The heating system is not activated during the day and cooling is activated throughout
the day, but is having the largest energy consumption from 13.00 to 16.00 where the over
temperature problems occur.

5.6.2.2 Results for measuring room
The results for the measuring room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the measuring
room is shown in gure 5.90.
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Figure 5.90: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperature is outside of category A and B in 43 % of the service
life, which is because of overheating problems from 11.00 to 13.00 and from 14.00 to 15.00.
The indication of the indoor environment corresponds well with the user's perception of the
thermal comfort, as the user notes that the oce was never cold but occasionally warm.
The distribution of glare in percentage in discomfort is shown in gure 5.91 for the table
and the walls against east, west and north.

Figure 5.91: The distribution of glare in percentage in discomfort.

The glare level is only satisfying at the wall against west as the glare level is too high at
the walls against east and north. The glare level is especially high on the table where the
glare level is 40 % or above in 86 % of the service life. However, the user only felt bothered
of glare around noon. This illustrates the wide interpretation of glare, as the user was not
bothered signicantly. The light level is examined and is never below 200 lux in the room
or 500 lux at the table. The user notes that in general the reectance of the venetian blinds
provides a good light level.

Energy consumption
No energy was consumed in the room this day.
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5.6.2.3 Validation of the 1. experiment with user control
In the following the user's interference on the control strategy is evaluated based on the
notes from the user, the indoor environment and the energy consumption of the room.
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The temperature prole in the reference- and measuring room and the global solar radiation
during the measuring period is shown in gure 5.92.
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Figure 5.92: The temperature prole in the reference- and measuring room during the measuring period and the global solar radiation.

The position of the solar shading and the global solar radiation during the measuring period
is shown in appendix E.7 in gure E.11, together with the position of the venetian blinds
compared to the indoor temperature. The gure shows how the solar shading is positioned
during the day, the global solar radiation, the outdoor temperature and the limits where the
solar shading is activated and deactivated.
The solar shading is activated from the beginning of the service life due to the limit for
activation is exceeded. At 9.20 the user of the oce takes over the control and deactivates
the venetian blinds in order to obtain a higher light level in the room. As the temperature
rises the user opens the windows at 10.30, and at 11.00 the user opens the windows even
more. At 11.10 the solar shading was automatically activated and the user changed the
position of the venetian blinds from 0 to 25% to increase the light level in the room. At
11.30 the user closed the windows due to draught at the ankles. At 12.00 the position of
the venetian blinds are adjusted to 50% to avoid glare in the room, and the windows are
automatically opened again. The room is unoccupied from 12.10 to 12.40. From 12.15 and
until 13.00 the windows are automatically closed again, and the position of the venetian
blinds is continuously increased to 100%. From 13.00 to 14.50 the room is automatically
controlled as the user is not bothered from the adjustments, except the position of the
venetian blinds are set to 50% by the user. The user notes that the temperature is a little
hot, but the airow from natural ventilation allows the temperature to be at little bit higher.
At 14.50 the solar shading was deactivated and the opening of the window increased, both
by the user. At 14.55 the solar shading was automatically activated and due to an increased
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indoor temperature the user did not interfere. At 15.30 the user changed the position from
100% to 50%.
Due to the deactivated solar shading the increasing external heat gain is not excluded from
the room and thus the temperature in the measuring room rises until 11.00 where the user
opens the windows even more and solar shading is automatically controlled. Due to the
unoccupied oce for half an hour and the activation of natural ventilation and solar shading
the indoor temperature falls below the upper temperature limit. The temperature increases
when the oce is occupied again and the position of the venetian blinds is adjusted to 50%.
The temperature again exceeds the upper temperature at 14.00 and due to the automatical
activation of the solar shading the temperature again falls below the temperature limit.
The user behaviour of the oce thus have an inuence on the indoor temperature prole
during the day, as especially the solar shading bothered the user. However, compared to
the reference room, a mixture of both automatic- and user control had a positive inuence
on the temperature prole as the temperature in the reference room exceeded far above the
upper temperature limit.
As heating and lighting was not necessary during this experiment, the users inuence on
the control did not aect the energy consumption of the room. However, if a mechanical
ventilation system with cooling coil was activated in the oce ensuring the temperature to
never exceed the upper temperature limit this would have been activated and resulted in a
increased energy consumption.
The experiments also showed that the user preferred to temperate the room by the use of
natural ventilation instead of the solar shading. This was due to the restricted view to
the outside using solar shading and natural ventilation also provides fresh air to the room.
Furthermore, the user did also accept larger temperatures in the room because of the air
change by natural ventilation and while having a view to the outside.

5.6.3 2. experiment with user behaviour: Partial cloudy day
The experiment is performed the 1th of June 2012 from 09.00 to 16.00, thus 7 hours. The
global and diuse solar radiation, the outdoor temperature and wind speed during the measuring period is shown in gure 5.93.
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Figure 5.93: The global and diuse solar radiation, the outdoor temperature and wind speed
the 1th of June.
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The sky was cloudy until noon and partial cloudy the rest of the day, the maximum wind
speed was 9,8 m /s , rain was detected from 15.00 to 16.00 and the external temperature
was between 7 o C and 14 o C during the measuring day. A picture representing the outdoor
conditions are shown in gure 5.94.

Figure 5.94: Outdoor conditions the 1th of June.

5.6.3.1 Results for reference room
The results for the reference room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the reference
room is shown in gure 5.95.

29%

28%
Category A
Category B
Category C
No category
14%
29%

Figure 5.95: Indoor temperature distributed in indoor environment category A, B, C and no
category.
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The gure shows that the temperature is outside of category A and B in 58 % of the service
life, which is because of over temperatures from 11.00 to 14.00 and 15.00 to 16.00. However,
the upper temperature limit is just only exceeded from 11.00 to 12.00 and from 15.00 to
16.00, and due to uncertainties of the equipment these temperatures might be temperate.

Energy consumption
The energy consumption for the mechanical installations in the reference room is shown in
table 5.19.
Installation

Energy consumption [ kWh]

Heating

0

Lighting

0,54

Cooling

4,57

Total

5,11

Table 5.19: Energy consumption for mechanical installation in the reference room.

The heating system is not activated during the day and cooling is activated throughout the
day.

5.6.3.2 Results for measuring room
The results for the measuring room are presented in the following in terms of the indoor
environment and energy consumption.

Indoor environment
The indoor temperature distributed in the indoor environment categories for the measuring
room is shown in gure 5.96.
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Figure 5.96: Indoor temperature distributed in indoor environment category A, B, C and no
category.

The gure shows that the temperature is outside of category A and B in 14 % of the service
life, due to over temperatures from 15.00 to 16.00. The indication of the indoor environment
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corresponds well with the user's interpretation of the thermal comfort, as the user notes
that the oce was temperate throughout the day. The distribution of glare in percentage in
discomfort is shown in gure 5.97 for the table and the walls against east, west and north.

Figure 5.97: The distribution of glare in percentage in discomfort.

The glare level is satisfying at all the walls but not the table where the glare level exceeds
5500 lux in two hours in the service life. The user only felt glare a few times during the
service life for very short periods, when the sky was clear. The light level is examined and
is never below 200 lux in the room or 500 lux at the table. The user notes that in general
the light level was a little low, but due to the external low light level the user accepted the
low light level and did not turn on the light.

Energy consumption
No energy was consumed in the room this day.

5.6.3.3 Validation of the 2. experiment with user control
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In the following the user's interference on the control strategy is evaluated based on the
notes from the user, the indoor environment and the energy consumption of the room.
The temperature prole in the reference- and measuring room and the global solar radiation
during the measuring period is shown in gure 5.98.
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Figure 5.98: The temperature prole in the reference- and measuring room during the measuring period and the global solar radiation.
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The position of the solar shading and the global solar radiation during the measuring period
is shown in appendix E.7 in gure E.12, together with the position of the venetian blinds
compared to the indoor temperature. The gure shows how the solar shading is positioned
during the day, the global solar radiation, the outdoor temperature and the limits where the
solar shading is activated and deactivated.
The solar shading is not activated in the beginning of the service life even though the limit
for activation is exceeded, and the user did not interfere. At 10.35 the user opened the
windows as the temperature in the room rose. Throughout the morning the user notes that
the glare level has been changing in the room because of the clouds at the sky, and as the
solar shading cannot exclude the solar radiation at exactly the same time glare is observed,
the solar shading is activated with a blind position of 50% at 10.40 in order to lower the
glare level. At 11.30 the positions of the venetian blinds are automatically adjusted to 100%
and the user adjust the position to 50% again in order to obtain the view to the outside.
At 11.45 the position of the venetian blinds are automatically controlled until 14.00, where
the position are placed at 50%, again by the user. At 14.30 the user deactivates the solar
shading as the indoor temperature is temperate due to the natural ventilation and a view to
the outside is desired. Because the automatic control of the solar shading keeps activating
the solar shading, the control form for solar shading is set to only adjusting manually. The
user notes that it is very disturbing that the automatic control of the solar shading keeps
taking over the manual control. Natural ventilation is limited from 15.00 to 16.00 as rain
was detected.
Due to the low external heat loads the user's interference with the control of the intelligent
facade did not inuence the indoor temperature distribution in the indoor environment
categories. The upper temperature limit is only exceeded in the last hour of the service life
because the solar shading is forced deactivated by the user and natural ventilation is limited.
Comparing the indoor temperature in the measuring room with the reference room, this
control strategy of the intelligent facade had a positive inuence on the thermal comfort.
As heating and lighting was neither necessary during this experiments, the users inuence
on the control did not aect the energy consumption of the room. However, if a mechanical
ventilation system was activated in this experiment to ensure the temperature never exceeded
the upper temperature limit, this would have been activated in the end of the service life
and resulted in a energy consumption.

5.6.4 Validation of experiments with user behaviour
The experiments showed that the users preferred to temperate the room by the use of natural ventilation instead of solar shading. This illustrates that the users are probably not
aware of the solar radiations impact on the indoor temperature when the sky is not totally
clear. Furthermore, the user was disturbed when the automatic control took over the manual
control when a view to the outside was desired.
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The two experiments with user behaviour showed that the problems outlined from the case
study of "Sparekassen Kronjylland" were also present during these experiments. Both the
users of the experiments and the users of the case study prefer to control the solar shading
themselves as a view to the outside is highly valued. It is also applicable for both the
case study and the experiments that people have a wide interpretation on both the indoor
temperature and the glare level, and the experiments illustrated how the users accepts higher
temperature- and glare peaks when they control the facade themselves. Based on the case
study and the two experiments a combination of user- and automatic control is preferable.
When designing the control strategies for the intelligent facade it is also preferable to try
avoid blocking the view to the outside as this is of great importance for the users and
thus these would most likely take over the control manual. Furthermore the use of natural
ventilation have a great inuence on the air quality of the room and thus the users preferred
to temperate the room using natural ventilation.

5.7. Experiments with the shutter
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5.7 Experiments with the shutter
The experiments with the shutter are performed during night, and thus the setup in the
Cube deviates from the previous experiments. The aim is to examine the tightness of the
shutter and the eect of the shutter on the heat balance of the measuring room. The shutter
system is shown in gure 5.99 and the construction of the shutter is described in the following
together with the experiments and the results.

Figure 5.99: The shutter system implemented on the facade.

5.7.1 Construction and implementation of the shutter
The construction of the shutter is shown in gure 5.100 and 5.101.

Figure 5.100: The construction of
the shutter on the facade.

Figure 5.101: The inside of the
shutter in front of the window.

174

Chapter 5. Experiments in the Cube

The frame of the shutter is constructed of aluminium and a two-layer plastic construction.
The layers are both 1 mm thick and the cavity between is 18 mm. The thermal resistance
2
2
of the shutter is 0,6982 m K /W and with insulation the thermal resistance is 1,5268 m K /W .
The calculations of the thermal resistance is performed in the program "Therm", which is
outlined in appendix B.2.
In gure 5.100 it is shown how the shutter is placed on the facade aligned with the frame
of the window when it is deactivated. The shutter is controlled manually from the inside
of the Cube and is driven by a motor driven threaded rod. When the shutter is activated
it appears as shown in gure 5.101 from the inside of the shutter. The cavity is 105 mm
wide between the surface of the window and the surface of the plastic in the shutter. When
examining the air tightness of the shutter the air ow rate in the cavity due to leakage is
determined. In gure 5.102 and 5.103 a close up of the joints, respectively the east and vest
joint are shown.

Figure 5.102: The joint at the eastern side of the shutter.

Figure 5.103: The joint at the western side of the shutter.

When the shutter is activated the joint at east aligns and the brush strips are placed correct,
but at the west joint the shutter is not aligned with the construction and the brush strips do
not have the desired eect. However, even if the west joint was aligned as the east joint the
brush strips would probably not seal joints properly and it might not be possible to avoid
a leakage. Due to the described problem the following experiment will be performed on the
shutter.

5.7.2 Experiments
To test the leakage of the shutter a tracer gas system is used. The tracer gas, CO2 , is applied
with a constant amount to the cavity between the window and the shutter. The CO2 is
applied through a perforated rubber hose placed along the edge of the window, see gure
5.104. The placement of the hose is to ensure mixing between the applied CO2 and the air in
the cavity. At the window four symmetrically xed rubber hoses are placed, each connected
to the tracer gas analyser to measure the CO2 -level in the cavity, these are marked with
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red in gure 5.104. Based on the setup the air change rate in the cavity is calculated, see
further explanation in section 5.7.3. Because of the rather big crack in the joints two kinds
of experiments are performed; without duct tape and with duct tape. When the duct tape
is applied to the shutter the joints are sealed on both sides of the shutter.

Figure 5.104: Setup of measurement with CO2 -level.

When the experiment to test the leakage of the shutter is running during the night, the eect
of the shutter is also examined. The reference- and measuring room have the same setup;

 Internal heat loads 176 W
 Heating system with set point of 22 o C
The internal heat load in the measuring room is a fan which ensures fully mixing in the room.
A similar internal heat load is thus also placed in the reference room. To ensure fully mixing
in the reference room the recirculation system is turned on and the exhaust has a set point
at 26 o C. In the beginning of the experiment the rooms has the same initial temperatures
and throughout the night the rooms are only aected by the weather conditions besides the
internal heat loads, heating systems and recirculation system (only reference room). The
experiments are running in approximately 15 hours. The total uncertainty of the equipment
used for these experiments is ±3 %.
After running the experiments over several nights with dierent installation of the shutter,
results are collected for the following setups listed in table 5.20.
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Tape
With
Experiment 1
Experiment 2

With

X

X
X

X

Without
X

X

Experiment 3
Experiment 4

Without

Insulation

X
X

Table 5.20: Setup of experiments.

5.7.3 Analyse of the results
The leakage of the shutter is examined in terms of the thermal resistance and the transmission coecient. These are calculated based on the air change rate in the cavity between
the shutter and the window. The air change rate in the cavity is calculated based on the
constant emission of tracer gas to the room. Knowing the leakage of the shutter the thermal
resistance and transmission coecient can iterative be calculated based on a spread sheet
prepared by Frederik V. Winther. The calculation basis for the leakage is shown in appendix
E.8 and the spread sheets is shown in appendix E.8 on the appendix CD.
In the following the results for the four experiments using the shutter are presented. The
results for the experiments are shown in appendix E.9 on the appendix CD.

5.7.4 1. experiment - without tape and insulation
The experiment was performed during the night between the 14th and 15th of May. The
average air change rate over the night was 26 h−1 based on a constant applied tracer gas rate
3
of 0,04 m /h . The air change rate is descending during the night, but is constant uctuating.
Based on the average air change rate over the night the shutter and the cavity, between the
2
shutter and the window, has a thermal resistance of 0,42 m K /W . Together with the thermal
2
resistance of the window, of 0,67 m K /W , the total transmission coecient of the window +
cavity + shutter is 0,92 W /m2 K . The eect of the improved thermal resistance on the heat
balance is examined.
In gure 5.105 the heat balances of the rooms are shown.

5.7.5. 2. experiment - with tape and without insulation
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Figure 5.105: Heat balance in the rooms in the 1st experiment.

The gure shows that the shutter has improved the transmission loss for the window +
shutter system in the measuring room by 38 % compared to the window system in the
reference room. The total heat balance for the two rooms are; a heat gain in the measuring
room of 0,27 kW and a heat loss in the reference room of 0,04 kW. However, the heating
system is only activated in the measuring room as the reference room had a higher initial
indoor temperature. Despite these results the indoor temperature in the measuring room
did not increase more than the temperature in the reference room, they are following each
other the entire night. The temperatures are shown in gure 5.106.
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Figure 5.106: Indoor- and outdoor temperature proles.

The temperature dierences between the start and end of the experiment was 1,3 o C and
1,9 o C for the measuring room and the reference room respectively. As the temperature
increases in the reference room does not correspond to a heat loss through the night, an
uncertainty of the equipment or an error in the heat balance might be present. However,
the eect of the shutter is still positive looking at the total heat balance, even without tape
and insulation.

5.7.5 2. experiment - with tape and without insulation
The experiment was performed during the night between the 2nd and 3rd of June. The
average air change rate over the night was 1,97 h−1 based on a constant applied tracer gas
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3

rate of 0,01 m /h . The air change rate is fairly constant through the night.
Based on the average air change rate over the night the shutter and the cavity has a thermal
2
resistance of 0,67 m K /W . Thus, the total transmission coecient of the window + cavity +
shutter is 0,75 W /m2 K .
The eect of the improved thermal resistance on the heat balance is examined. In gure
5.107 the heat balances of the rooms are shown.
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Figure 5.107: Heat balance in the rooms in the 2nd experiment.

The heat balance shows that the transmission loss through the window system with shutter in
the measuring room is 42 % lower than for the window in the reference room. The measuring
room has a heat gain of 0,05 kW and the reference room has a heat loss of 0,03 kW. The
dierence of the heat balances of the two rooms is thus 80 W, and that the measuring room
is positively aected by the shutter system.
The temperature proles for the indoor and outdoor temperatures are shown in gure 5.108.
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Figure 5.108: Indoor- and outdoor temperature proles.

The small dierence in the heat balance is also reected in the gure above where the
temperature proles for the two rooms are coincident through the experiment. The eect of
the shutter has improved by adding tape on the joints at the possible leakages.

5.7.6. 3. experiment - without tape and with insulation
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5.7.6 3. experiment - without tape and with insulation
The third experiment was performed during the night between the 30th and 31st of May.
For this and the next experiment insulation was added to the cavity between the window
and the shutter. The average air change rate over the night was 61 h−1 based on a constant
3
applied tracer gas rate of 0,05 m /h . Through the night the air change rate is uctuating,
but is overall fairly constant.
Based on the average air change rate over the night the shutter, with insulation, and the
2
cavity has a thermal resistance of 0,44 m K /W thus, the total transmission coecient of the
window + cavity + insulation + shutter is 0,91 W /m2 K .
In gure 5.109 the heat balances of the rooms are shown.
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Figure 5.109: Energy balance in the rooms in the 3rd experiment.

The shutter system improves the transmission loss for the window system in the measuring
room with 42 % compared to the reference room. In the reference room the heating system
was activated in short periods and the heating system in the measuring room was deactivated.
The total heat balance for the measuring room was a heat gain of 0,06 kW compared to a
heat loss of 0,01 kW for the reference room. Even though the dierence between the rooms
are fairly small, it may be visible when looking at the temperature proles for the rooms in
gure 5.110.
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Figure 5.110: Indoor- and outdoor temperature proles.
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The gure shows that the indoor temperature dierence is decreased during night, which is
also in accordance with the total heat balance for the two rooms.
The eect of adding insulation to the shutter system, but without taping the joints, have a
small eect compared to the previous experiment without tape and insulation, due to the
air change rate caused by the leakage in the joints.

5.7.7 4. experiment - with tape and insulation
The last experiment was performed during the night between the 15th and 16th of May.
In this experiment insulation was added to the cavity between the window and the shutter
and the joints were taped. The average air change rate over the night was 1,74 h−1 based
3
on a constant applied tracer gas rate of 0,01 m /h . Through the night the air change rate
was constant except a little change in the middle of the experiment. Based on the average
air change rate over the night the shutter, with insulation and tape, and the cavity has a
2
thermal resistance of 0,1,4 m K /W thus, the total transmission coecient of the window +
cavity + insulation + shutter is 0,48 W /m2 K . In gure 5.111 the heat balances of the rooms
are shown.
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Figure 5.111: Energy balance in the rooms in the 3rd experiment.

The eect of the shutter is remarkable in this experiment as the transmission loss over the
window + shutter system in the measuring room is improved with 71 % compared to the
window in the reference room. The heating system was activated in periods during the
night in the measuring room and deactivated in the reference room. Due to the shutter the
measuring room is not aected by the solar gain as much as the reference room and therefore
the measuring may have to compensate by activating the heating. The total heat gain for
the measuring room was 0,14 kW compared to a heat loss of 0,04 kW for the reference room.
The temperature proles for the rooms are shown in gure 5.112.
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Figure 5.112: Indoor- and outdoor temperature proles.

The gure shows that the indoor temperature decreases in the reference room compared to
the measuring room, which is caused by the dierence in the heat balance.
By adding both the insulation and the tape to the shutter system, the transmission coecient
is improved by 48 % compared to the transmission coecient in the 1st experiment.

5.7.8 Validation of the facade
The previous experiments performed over four nights in May and June are evaluated in the
following and the eect of the shutter is discussed.
Through the four experiments the eect of the shutter is examined and table 5.21 shows the
results for the air change rate, the thermal resistance of the shutter and the transmission
coecient for the entire window system.
Air change rate
[

h−1 ]

Thermal resistance
[

m2 K /

W]

Transmission coecient
[ W / m2 K ]

Experiment 1

26

0,42

0,92

Experiment 2

1,97

0,67

0,75

Experiment 3

61

0,44

0,91

Experiment 4

1,74

1,4

0,48

Table 5.21: The results for the four experiments.

The table shows that the thermal resistance for the shutter system is increased when the
joints are taped during the experiments 2 and 4. The eect of applying tape is remarkable,
where as just applying insulation and no tape had almost no eect, which is due to the
leakage of the shutter. When no tape is added the joints are 7 mm wide and the brush strips
assumed used to tighten the joints are apparently not able to avoid leakage as shown with the
air change rate in table 5.21 for the experiments 1 and 3. Furthermore, the insulation used
in the shutter was aected by the weather conditions, as the plate became bended through
the experiments and did not t the shutter properly.
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Improvements for the shutter are preferable in terms of the brush strips and the insulation.
The use of tape is not a proper solution to tighten the joints, thus the brush strips could be
replaced by a rubber strip. This may tighten the joints and improve the eect of the shutter.
Furthermore the choice of insulation type should be revised and an insulation type which is
temperature-resistant chosen.

5.8 Discussion
The experiments in the Cube was performed for three dierent areas; practical control strategies, experiments with user behaviour and experiments with the shutter. In the following
the three kinds of experiments are discussed with the purpose to evaluate how the intelligent
facade performed or maybe should have performed.

5.8.1 Experiments with the practical control strategies
In table 5.22 the changes between the two control strategies used in the experiments are
outlined.

Solar shading
Activation [W /m2 ]
Deactivation [W /m2 ]

1. strategy

2. strategy

190

300

150

200

Table 5.22: Changes of the control strategies performed in the experiments.

The experiments with the control strategies show how the intelligent facade is performing
on the given set points and how this performance inuences the indoor environment and
energy consumption. The experiments with the purpose to evaluate the control strategies
in the Cube are performed over several days with changing weather conditions. The rst
control strategy for the Cube was based on set points dened with the BSim simulations for
the dierent systems. In the second control strategy the set points for the activation and
deactivation of the solar shading was changed.
In the experiments with the rst control strategy the outdoor conditions all corresponds to
days in spring or autumn. Because the measuring room is aected by the performance of
the facade, this room was assumed to have the best possible indoor environment with the
least use of energy, compared to the reference room. The reference room is not aected by
an intelligent facade thus the conditions in the room illustrate a situation with a stationary
facade. Through all the experiments the windows for natural ventilation was not activated.
Valid for all the experiments with the rst control strategy the initial indoor temperature
in the measuring room is below the limit for too low temperatures, 21,5 o C. The heating
system should activate in all cases and ensure a minimum indoor temperature of 22 o C,
but only in two of the experiments the heating system is activated, even though the indoor
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temperature never reaches 21,5 o C more than one hour in three experiments. These problems
indicate that the thermostats of the heaters are measuring a dierent temperature than the
thermocouples, which is also in accordance with the uncertainty of the equipments.
The performance of the intelligent facade during the days have not been optimal compared
to the indoor temperature as the solar shading in the experiments is activated in the morning
hours as soon as the global solar radiation limit is exceeded. The control of the solar shading
is performing correct compared to the corresponding control strategy, but by activating the
solar shading the solar gain is limited to the room and passive heat is excluded.
When the solar shading is activated the initial position of the venetian blinds is 50 %. In
all the experiments, except of one, the position is not changed because of the temperature
limit of 23 o C is never reached. The only experiment where the indoor temperature reaches
23,5 o C, according to the thermocouples, the position of the venetian blinds are changing.
The passive solar gain which is excluded may have been able to heat the room to a satisfying
indoor temperature and it should be considered to limit the activation of the solar shading by
a minimum indoor temperature. This is also in accordance with the evaluation tree, where
solar shading never should be activated unless the desired indoor temperature is exceeded.
By applying the indoor temperature limitation, the limit for the global solar radiation should
correspond to the solar radiation which causes glare in the room. During the experiments
problems with glare only existed in one of the experiments where the glare level at the table
was too high. The solar shading was activated in most of the time during these experiments,
thus the glare level may rise if the solar shading is activated dependent on the indoor temperature.
The energy consumption for lighting and cooling in the reference room was in all the experiments possible to avoid compared to the measuring room. As the light level was sucient in
all the experiments in the measuring room the energy consumption used for lighting in the
reference room could be avoided. As for the energy consumption for cooling in the reference
room, this was also possible to avoid as the indoor temperature never reaches 26 o C in the
measuring room and the solar shading was not used 100 % of the service life.
Due to the described problems and possible solutions, the solution to improve the indoor
temperatures in the further experiments was to increase the set point for the activation and
deactivation of the solar shading.
With the second control strategy the weather conditions changed and the days were representing both summer and spring/autumn. Only one experiment stands out compared to the
rest, as over temperatures occur from the beginning of the service life and the rest of the
day in the measuring room. In the other experiments the temperature is temperate in the
measuring room when taking the equipments uncertainties into account. In the reference
room the indoor temperature is too high in the days with summer conditions, while the other
days the temperature is almost acceptable.
All days the solar shading is activated during the service life and the position of the venetian
blinds is changed. Only one day stands out due to the solar shading was only activated in
20 minutes because of a too low global solar radiation. Even though the solar shading was
not activated, the indoor temperature in the measuring room was not too high at any time.
The rest of the days the solar shading is activated due to the limit for the global solar ra-
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diation is exceeded. Even though the indoor temperature is acceptable in almost all cases,
the initial position of the venetian blinds is 50 % when the solar shading is activated, but increases to 100 % during the day and in some cases rapidly after the solar shading is activated.
This causes no view to the outside and the visual comfort may be decreased depending on
the individual opinion for the users of the oce.
To avoid the intense use of the solar shading the natural ventilation should be exploited as
much as possible. Natural ventilation has been used in almost all the experiments. In general
the natural ventilation has adjusted as the control strategy imply, but the controller could in
some cases act faster and the controller for the opening degree should be increased, meaning
that the opening of the window should be increased. When the experiments were evaluated
it was discovered that for some of the days, even though the solar shading was activated
all day and the venetian blinds was fully closed, the indoor temperature increased. This
was due to the natural ventilation which ventilated with warm outdoor air. This illustrates
that the natural ventilation should be limited of both a maximum indoor temperature and
a minimum and maximum outdoor temperature.
Looking at the glare level in the experiments the level is too high in some of the cases especially at the table and at the wall against north. The problems occurred at periods where the
solar shading was not fully closed or not activated. To avoid a fully activation of the solar
shading, to avoid the glare problems, all day on a sunny day, the position of the venetian
blinds could be changed depending on the position of the sun. Another solution is to place
curtains in the room which should be manually controlled.
As the light level was sucient in all the experiments in the measuring room, the energy
consumption used for lighting in the reference room could be avoided. As for the energy
consumption for cooling in the reference room, this was also possible to avoid in some cases
as the indoor temperature never reaches 26 o C in the measuring room, except of one experiment. Problems could occur in the summer period as the temperatures both at day and
night are high and it could be dicult to cool the room during the night.
The experiments for the practical control strategies also visualised the set point for the solar
shading and that the chosen set point of 60 W /m2 for the summer period in BSim is a very
low value. If this set point is used in practice, the solar shading would have been activated
all day in the service life.
According to the experiments with the practical control strategies it is experienced that the
intelligent facade cannot obtain temperate temperatures when the outdoor temperatures are
high. Thus additional cooling most likely should be applied to the room. When evaluating
the control strategies at high outdoor temperatures, another setup could be preferred. A
setup with two similar rooms each containing the technologies; a heating system and mechanical ventilation both with a heating- and cooling coil should be applied to the rooms,
while only the intelligent facade should be applied to the measuring room. Using this setup
the eect the intelligent facade has on the energy consumption would have been clear as the
extra amount of energy used in the reference room is the amount of energy reduced by the
intelligent facade. By the use of mechanical ventilation the indoor environment could also
be optimised, but only by consuming extra energy.
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5.8.2 Experiments with user behaviour
The experiments with user behaviour illustrated that dierent opinions about the thermal
comfort exists. The user in the rst experiment allowed the indoor temperature to be higher
than the user in the second experiment. The user in the rst experiment allowed temperatures that would correspond to over temperatures according to the indoor environment
categories. The user in the second experiment was temperate at temperatures similar to the
accepted indoor environment categories. The users in the two experiments agreed on the
control of the solar shading and the windows. Compared to the experiments without users,
the solar shading was used more in these experiments than the users preferred. If the sun
was directly on the user the solar shading was used to avoid direct sun, but as soon as the
sun was not directly at the working place, the solar shading was removed or the position of
the venetian blinds adjusted. Both users preferred to exploit the natural ventilation instead
of the solar shading, as a view to the outside is important.
The experiments with user behaviour shows that in order to satisfy the users of the oce
user control of the intelligent facade should also be available. A possible solution is that
when the weather conditions allow user control it should be utilised, but at the same time
the automatic system is running and it should be considered to limit the user control when
the weather conditions are too extreme and let the system control the facade. In situations
where the indoor conditions are being extreme, for example if the indoor temperature is
above 26 o C, the control system should overrule the user and, in this example, start cooling
the room, as the user might discover to late that the room should be cooled. In this situation it could be necessary to mechanical cool the room, which would increase the energy
consumption. This could be avoided if the control system was controlling the room and used
the solar shading or natural ventilation more than the user wanted.
In the experiments with user behaviour another setup would have been favourable. If the
reference room and measuring room had similar setups and the measuring room also an
intelligent facade, it would be possible to compare the automatical control strategy and the
user control. Furthermore, if a mechanical ventilation system was applied in both rooms and
activated at a given set point, the user control inuence on the energy consumption would
have been illustrated.

5.8.3 Experiments with the shutter
The experiments performed with the shutter is shown in table 5.23.

Experiments with the shutter
Tape

With / Without

Insulation

With / Without

Table 5.23: Experiments performed with the shutter.
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For the experiments with the shutter, the eect of the shutter was examined. The experiments showed that just using the shutter without taping the joints or use insulation, the
shutter has an eect and decreases the transmission coecient for the window of 1,5 W /m2 K
to a value of 0,92 W /m2 K for the window and the shutter. The eect of the shutter is only
improved during the experiments and by taping the joints and applying insulation the eect
is improved the most. If applying both the insulation and taping the joints the transmission
coecient for the entire system is decreased to 0,48 W /m2 K and the transmission loss by
71 %. Thus the use of the shutter has a favourable eect.
The joints are taped due to the poor closing of the joints with the brush strip. The close
up of the joints could be improved by using a rubber strip, which would be able to tighten
the joints, as the solution with tape is not a realistic solution as it is a manual process. The
type of insulation used in the shutter system should also be considered to be changed with
a material which is temperature-resistant as the temperatures are high in the shutter.

Chapter

Conclusion
In the following a conclusion of this report is outlined on the basis of the theoretical simulations and practical experiments.
The aim of this report is to examine the dierent challenges which occur when developing control strategies for intelligent facades. The project is founded on the introduction
which outlines the dierent problems regarding the intelligent facades and a case study of
"Sparekassen Kronjylland" outlines the user's considerations of the performance of the intelligent facade. Based on this the following research question was thus sough answered in
this report:

How is it possible to develop control strategies for the intelligent facade which satisfy the
users, the indoor environment and the energy consumption?
In order to answer this question a theoretical- and practical part is performed in this report,
as these parts each clarify the eect of the intelligent facade on the indoor environment, the
energy consumption and the user behaviour.
The theoretical part is based on a sensitivity analysis executed in BSim. The sensitivity
analysis illustrated the parameters which had the biggest inuence on the dierent technologies. The sensitivity analysis was then used to analyse the theoretical control strategies in
BSim. The passive solutions were exploited rst to avoid a unnecessary increase in the energy
consumption. The use of the results for the sensitivity analysis showed that the parameters
which, according to the sensitivity analysis, had a large inuence on the results were not
the case when the parameter was changed in BSim. However, this was only the case with
some of the parameters which could indicate an error in the sensitivity analysis. A possible
error could have been caused by the choice of intervals for the parameters when executing
the sampling. The executed sensitivity analysis should therefore be used carefully.
The theoretical control strategies modelled in BSim illustrated the eect of dierent control
strategies throughout the year. The simulations claried that the transition seasons are very
important to consider, as the weather conditions for these two seasons are varying, and it
is thus favourable to divide the two seasons. The seasons should be divided in terms of
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the weather conditions, thus; March, April, October and November has one control strategy
almost similar to winter. The months; May and September then has another control strategy
almost similar to summer.
The main problem in the theoretical control strategies was overheating problems and thus
control strategies which handle these problems are examined. The over temperature problems could not be handled only by the use of the intelligent facade; solar shading, natural
ventilation and shutter, but additional cooling was necessary in form of mechanical ventilation and a cooling system. However, the use of natural ventilation and solar shading can be
exploited further if the wind speed limit was increased, but only if the facade has a sturdier
construction.
When solving overheating problems during summer both the solar shading and the air change
for natural ventilation is preferable to use due to the high impact on the indoor temperature
but also due to the favourable decrease in the energy consumption for cooling and mechanical
ventilation. The use of night cooling in terms of natural ventilation is also very favourable
to the indoor temperatures and the energy consumption of the cooling systems, as the initial
temperature is lower in the beginning of the service life and thus large temperature peaks
during the service life is avoided. During spring and autumn solar shading is preferable
as passive cooling due to a large inuence on the indoor environment. As the external
temperatures may be low during spring and autumn this can cause draught and thus an
increased air change is not recommended.
Valid for both summer, spring and autumn the set point for natural ventilation does not
have a large eect on the indoor temperatures. The early activation of the solar shading
has a positive inuence on the glare level. However, the early activation of the solar shading
increases the energy consumption for lighting. But comparing the de- and increase in the
energy consumption for lighting and cooling a larger decrease is observed for cooling than
lighting, thus solar shading is favourable for both the indoor climate and energy consumption.
The shutter also have a large positive inuence on the indoor temperature and cooling
demand during spring, autumn and summer as the solar energy transmittance of the shutter
is zero. As mentioned previous the solar shading and natural ventilation is limited by the
wind speed which have a large inuence on the results for winter. Due to the wind speed
the over temperature problems can only be lowered by the use of the cooling system. The
CO2 -level was not aected much during the simulations as the CO2 -level was satisfying
from the reference model.
The practical control strategies performed in the Cube illustrated the eect of the facade
when it is used in practice by comparing the results from the measuring room with the
reference room. Experiments with the rst control strategy showed that the main problems
was too low temperatures during the experiments as the solar shading was activated almost
all days due to the global solar radiation limit was exceeded. Due to the early activation of
the solar shading the passive heat gain was not exploited, even though it would be favourable
for the indoor temperature, which was also experienced when comparing the activation of
the solar shading with the evaluation tree. To exploit the passive heat gain the activation
of the solar shading should also depend on the indoor temperature, besides the limit for the
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global solar radiation. A comparison of the energy consumed in the two rooms showed that
the energy used for lighting and cooling in the reference room could have been avoided as no
problems with the light level and over temperatures occurred in the measuring room. Thus
the intelligent facade and light control have a positive eect on the energy consumption.
During the experiments with the second control strategy, increased set points for the solar
shading, problems with glare and in some days over temperatures occurred, mostly because
of warmer external conditions. The new set point for the activation of the solar shading
may have caused some of the problems with glare which showed that a limitation for the
light level causing glare should be implemented in the control strategy of the solar shading,
thus a control strategy where both glare and the indoor temperature are considered. Even
though the solar shading and the natural ventilation was activated in the periods with over
temperatures the technologies could not avoid or decrease the over temperatures. This could
be solved by another controller, as the opening degree of the windows is very slow and the
opening degree should be increased faster.
Another solution is to implement a limitation in the control strategy of the natural ventilation which limits the use of the windows when the outdoor temperature is higher than
the indoor temperature. These experiments show that the natural ventilation was used in
periods with high outdoor temperatures which caused the indoor temperature to increase
further. Even though the solar shading and the windows was exploited further it may not be
possible for the technologies to avoid the over temperatures and to ensure the indoor temperatures in periods with high external heat loads, a cooling system should be implemented.
The experiments with user behaviour showed that the perception of the indoor temperature
is individual as the users in the two experiments opened the windows at dierent indoor
temperatures. Through the experiments the users preferred to use the solar shading less
than intended by the control strategy. Furthermore the experiments showed that the users
preferred to cool the room by natural ventilation as fresh air was supplied and the view to
the outside was not limited. The user control was contradictory to the automatic control,
as the users deactivated the solar shading several times and changed the position of the
venetian blinds to 50 %. This illustrates that the user most likely does not notice the passive
heating of the sun unless the solar radiation aect the user directly, and that the view to
the outside is crucial to the users. The experiments illustrated the wide interpretation of
the glare level and indoor temperature and thus additional user control to the automatic
control can be favourable. The main idea is to control the intelligent facade automatic and
let the user manually take over the control, unless extreme outdoor weather conditions occur.
The experiments with the shutter illustrated that the shutter has a positive eect on the
transmission loss of the window construction, even by 71 % with insulation. In order to exploit the shutter fully the joints should be sealed better than with the present brush strips.
Experiments, where tape was used to seal the joints, showed that the eect of the shutter is
increased and by further adding insulation to the cavity the transmission coecient of the
window + shutter is improved with 68 %.
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A combination of the practical and theoretical parts illustrated that by obtaining the correct
control strategy of intelligent facades the energy consumption of buildings can be lowered.
However, if the indoor environment should be satisfying, additional energy consuming technologies cannot be avoided in weather conditions with high external heat loads.

Chapter

Further studies
Based on the report it is evaluated that further studies are possible to performed in terms of the
control strategies on the intelligent facade both in the theoretical and practical examinations.
The recommendations for further studies are outlined in the following.
For the theoretical part of the report performed in the simulation program BSim a few
changes could be made to improve the use of the program. Basically the systems; solar
shading, shutter, natural and mechanical ventilation could be improved by applying additional temperature set points. In the control of the solar shading the controller SolarCtrl are
activating the solar shading as soon when the max sun limit is exceeded. If the solar shading
in addition could evaluate the indoor temperature before activating, the passive solar gain
may be exploited further and the use of heating decreased. For the natural ventilation system is should be possible to control at which outdoor temperatures the natural ventilation
is desired utilised. The control for this could be a simple minimum- and maximum limit for
the outdoor temperature applied under the VentingCtrl as the temperatures may be desired
dierent for each season. The mechanical ventilation system was used in the project it was
desired to use the minimum- and maximum inlet temperatures in the VAVCtrl. But because
no heating- or cooling coil was applied it was not possible to ensure the inlet temperature
and the mechanical ventilation system ventilated directly with the outdoor temperature and
utilised the heat recovery as much as possible when needed. In this case it was desired that
the mechanical ventilation system only ventilated when the inlet temperature limits was
obeyed. For the shutter system it could have been useful to have the opportunity to limit
the shutter by a upper outdoor temperature to use the shutter as a sun screen to exclude
the heat load.
For the practical experiments in the Cube several improvements could be added to the systems, regarding both the WindowMaster system, the shutter, the experiments and the setup
in the Cube.
Due to the limited period of the project, it has only been possible to examine the technologies in the spring season and the experiments and results are thus limited. This leads to
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several studies which could not be examined during the experiments because of the weather
conditions. Other additional experiments with users may have been favourable to get a wider
interpretation of how users of an intelligent facade, as the one in the Cube, would like the
facade to perform. The two experiments with user behaviour showed that the users desired
that the facade performed in another way than the control strategy for the systems which
should be investigated further.
Experiments with the focus to optimise the chosen set points for the systems could improve
the performance of the entire system. As only one optimisation is performed in this report
several experiments could be executed to optimise the facade. The experiments are very
time consuming as the strategies should be evaluated based on experiments with similar set
points, but performed under dierent weather conditions.
As mentioned another setup of the reference- and measuring room could have been preferable
to evaluate the exact eect of the intelligent facade. A setup with two similar rooms each
with the technologies; heating and mechanical ventilation both with a heating- and cooling
coil should be applied to the room while only the intelligent facade should be applied to the
measuring room. Using this setup the eect of the intelligent facade on the energy consumption would have been clear as the extra amount of energy used in the reference room is the
amount of energy reduced by the intelligent facade. The experiments with user behaviour
could also be examined with this setup or a setup where the reference room also have a
intelligent facade. The reference room will then show how the facade performs without interruption from a user while the facade in the measuring room is controlled by the user.
For the setup of the control strategies in the WindowMaster system dierent suggestions for
the systems solar shading and natural ventilation was discussed in the report. In general the
WindowMaster interface for all the systems that is implemented can be dicult to understand and could be more user-friendly.
In the Cube the temperature sensor for the WindowMaster system is placed on a wall next
to the bottoms to control the facade. Because the boxes are placed close to each other the
temperature sensor is not measuring the exact indoor temperature, but a warmer temperature as the electronics heats the sensor. The sensor should be removed as it is the sensor
which controls the facade.
The performance of the shutter during day time is not examined, and the control strategy
outside of service life during the day time listed in the evaluation tree was thus not examined. An evaluation of this control strategy could be favourable to conduct in the full scale
experiments as the shutter might be favourable as passive heating and cooling.
As evaluated in the report the control strategy for the natural ventilation should be examined
further. If natural ventilation was fully limited by the external temperatures it would not
be possible to ventilate with warm air which is not benecial to the room. Thus the control
strategy should be expanded with the possibility to have a upper external temperature limit.
Furthermore another control strategy for the solar shading could be interesting to apply and
examine. If possible the activation of the solar shading should be limited by the indoor
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temperature in the room, as the passive heat from the sun is favourable to exploit compared
to the energy consuming heating system. Applying this limit it would still be necessary to
limit the activation by the global solar radiation as problems with glare may occur. The
set point for the global solar radiation should therefore correspond to the level which causes
glare. By applying the mentioned set points the fully eect of the desired control strategy
for the Cube could be examined both in accordance to the eect on the indoor temperature
and the energy consumption for cooling and heating.
For the shutter system some improvements could be applied to improve the eect of the
shutter. As shown in the report the brush strips were not sucient to close the joints and
should be replaced with a rubber strip. This replacement could be very valuable for the
Cube as it is proved that the transmission coecient for the window and shutter is improved
with 68 %. Furthermore the insulation used in the shutter during the experiments showed
out to be a poor solution as it became deform because of the temperatures in the shutter.
Thus, the insulation used in the shutter should be temperature-resistant.
Further interesting experiments with the shutter is to examine the possibility of preheating
air for natural ventilation. This should be investigated by applying holes in the top and
bottom of the shutter. If the shutter is not insulated the shutter is translucent and can be
used during the service life. Such experiments will show the potential of the shutter but
also the inuence on the control strategy for natural ventilation if preheating of the air is
possible. However, using the shutter during the service life should be evaluated carefully as
experiments with users illustrated that the view to the outside is very important to the user.

Appendix

Correspondances
This chapter presents the email correspondence with Thorkild Petersen from Rambøll A/S
and the questionnaire to the users of Sparekassen Kronjylland, Randers.
This chapter is presented in Danish, because the email correspondence and questionnaire
was send in danish. As a translation of these may lead to misreadings or misunderstandings
the email correspondences and questionnaire are not translated to English.

A.1 Email correspondence

A.1.1 Email to Rambøll A/S:
Hej Rambøll,
Vi er to masterstuderende fra Aalborg universitet, Indeklima og Energi, som er ved at skrive
afgangsprojekt omkring styringsstrategier af intelligente facader. I den forbindelse er vi ved
at lave en casestudy for at undersøge hvordan brugerne af eksisterende bygninger med intelligente facader oplever hverdagen. Som casestudy har vi udvalgt Sparekassen Kronjylland i
Randers, som I har været rådgivende ingeniører på. Derfor håber vi på, at I kan hjælpe os
med at få afklaret nogle specikke spørgsmål omkring facaden på denne bygning.
Vi kunne godt tænkte os at vide lidt om hvordan facaden er bygget op, og hvordan den
yderste del af dobbelt facaden er opbygget, er det herpå solafskærmningen er placeret? I
skriver på jeres hjemmeside at den yderste facade består af vandrette lameller? Derudover
vil vi også gerne høre om naturlig ventilation er tænkt ind i dobbelt facaden, og hvis den er,
hvordan? Hvordan styres facaden? Er den styret efter indeklima og/eller energiforbruget?
Og er det muligt at brugerne kan overtage den automatiske styring? På forhånd tak for
hjælpen,
Mvh. Stine og Anne, 10. semester på Indeklima og Energi, Aalborg Universitet
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A.1.2 Answer from Thorkild Petersen, Rambøll A/S:
Hej Anne Mette
Tak for din mail.
Jeg har forstået ingeniørprojektering af huset der er aeveret i 2001 og således før man
benævnte den type facader "`intelligente"'.
Der er tale om en dobbeltfacade hvor klimaskærmen afsluttes ved den indvendige del helt
traditionelt, uden på denne facade er ophængt en glasfade på stålskellet hvor der i hvert
modul og etage er mulighed for at åbne 3 glas plader. Glaspladerne er designet således at
de lader ca. 40 % af lyset igennem ved lukket position og mellemrummet mellem glas og
klimaskærm er ventileret med åbninger i top og bund.
Glasplader kan åbnes automatisk via solføler placeret på hver facade og kan manuelt betjenes
af bruger pr. modul.
Afskærmningen reguleres så vidt jeg husker ikke af temperaturforhold i huset.
Efter at huset er taget i brug har det vist sig at lydniveauet er for højt til skærmarbejde derfor
er der senere monteret supplerende indvendigt afskærmning formentlig manuelt betjent.
Håber ovennævnte kan være til hjælp ellers er du velkommende til at kontakte mig.
Med venlig hilsen Thorkild Petersen
M +4551617783 thp@ramboll.dk
Rambøll Olof Palmes Allé 22 DK-8200 Aarhus N www.ramboll.dk

A.2 Questionnaire for the users of Sparekassen Kronjylland,
Randers
Hvilket slags kontor sidder De i?
 Storrumskontor
 Enkeltmandskontor
Kommentar:

Sidder De i et kontor ud mod facaden?
 Ja
 Nej
Kommentar:

Hvordan går De oftest klædt på arbejde om vinteren?
Kryds venligst de beklædningsgenstande af, som De typisk har på.

A.2. Questionnaire for the users of Sparekassen Kronjylland, Randers

 Lange bukser
 Nederdel
 Shorts
 Kjole
 Trøje med korte ærmer
 Trøje med lange ærmer
 Skjorte
 Sweater
 Jakke
 Andet
Kommentar:

Hvordan går De oftest klædt på arbejde om sommeren?
Kryds venligst de beklædningsgenstande af, som De typisk har på.

 Lange bukser
 Nederdel
 Shorts
 Kjole
 Trøje med korte ærmer
 Trøje med lange ærmer
 Skjorte
 Sweater
 Jakke
 Andet
Kommentar:

Har De nogen indydelse på regulering af den udvendige solafskærmning?
 Ja
 Nej
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 Andet
Kommentar:

Har De nogen indydelse på regulering af ventilationsanlægget?
 Ja
 Nej
 Andet
Kommentar:

Vurdering af gener i forhold til facaden
Sæt venligst kryds. 1 er ingen gene og 5 er stor gene.
Generer støj fra elektronikken Dem når facaden automatisk justerer? 1 2 3 4 5
Generer det Dem når den udvendige solafskærmning automatisk lukker/åbner? 1 2 3 4 5
Kommentar: Vurdering af arbejdsmiljø
Sæt venligst kryds. 1 er ingen gene og 5 er stor gene.
Har det en positiv indvirkning på Deres arbejdsmiljø (lydniveauet ved Deres arbejdsplads)
at facaden selv justerer? 1 2 3 4 5
Føler De at den udvendige solafskærmning forstyrrer Deres udsyn til det fri? 1 2 3 4 5
Kommentar:

Vurdering af temperatur Sæt venligst kryds. 1 er meget koldt og 5 er meget varmt.
Føler De, at der ofte er for koldt eller varmt på Deres kontor? 1 2 3 4 5
Kommentar:

Foretrækker De, at den udvendige solafskærmning justerer automatisk frem for
De selv skal justere denne?
 Ja
 Nej
 Andet
Kommentar:

Vurdering af storrumskontor Hvis De sidder på enkeltmandskontor, bedes De venligst
se bort fra det følgende spørgsmål. Hvis De sidder på storrumskontor, sæt venligst kryds. 1
er lille belemring og 5 er stor belemring.
Føler De dem nogensinde belemret af, at Deres kollegaer vil arbejde under andre temperaturog lysforhold end Dem? Hvis ja, hvor stor en belemring? 1 2 3 4 5

A.2. Questionnaire for the users of Sparekassen Kronjylland, Randers
Kommentar:

Tak for din besvarelse!
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Descriptions of programs
In the following the dierent programs used in the report are described. First the basis of
calculation of the simulation program BSim is described and next a brief description of the
program Auto-IT and Therm is outlined.
In the following the basis of the calculations and limitations in the simulation program
BSim is presented with the aim to understand the main dierence between the full scale
experiments and the simulations. Furthermore the program Auto-IT is described with the
codes used for execution the sensitivity analysis and Therm is briey described.

B.1 BSim
The simulation program BSim is developed by "`Statens byggeforskningsinstitut"' and can
be used for analysis of buildings indoor environment, energy consumption, light conditions,
moisture simulations, natural ventilation and the use of solar cells. In this project the
program is used to simulate the indoor environment and energy consumption of an oce.

B.1.1 Basis of calculations
A building modelled in BSim may consist of one or several thermal zones which are separated
from each other and the outdoor. In this project the oce only consists of one zone, as the
zone is assessed fully mixed.
All the conditions in BSim are calculated on the basis of hourly values. The numerical
model used in BSim is discretised, meaning changes in the model are observed by time
steps in which the conditions are calculated as being constant. In order to obtain a similar
situation to a full scale model, where the changes are continuous, small time steps should
be used. In the simulations in this report 100 time steps per hour is used, meaning the
conditions are calculated every 36 second and a mean value of the conditions are calculated
and presented for each hour on the basis of the time steps.[SBi, 2011]
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The building materials and zone air is divided into control volumes with corresponding
control nodes, see gure B.1.

Figure B.1: Control volumes with corresponding control nodes for the zone air and building
materials. [SBi, 2011]

The condition in each control node is then assessed to be valid for each control volume. In
building materials the thermal condition is calculated on the basis of heat ows in and out
of the control node and for zone air the conditions are changed momentarily on the basis of
the inuence of the surroundings. The building materials are assessed as homogeneous and
consistent of only one material. The distance between the control nodes is 0,05 m through
the materials and a control node is always placed at the boundary of the layer, meaning a
material layer will always have three control nodes.[SBi, 2011]

B.2 Therm
The program, Therm, is used to calculate the thermal resistance of the shutter system. In
the program the construction is typed in as a drawing with thicknesses of the construction
parts. Afterwards each part is given properties and the boundary conditions are chosen
among dierent opportunities given in the program. The shutter is calculated both with and
without insulation which constructions are shown in gure B.2 and B.3.

B.2. Therm
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Figure B.2: The construction of the
shutter without insulation.

Figure B.3: The construction of the
shutter with insulation.

The dierent layers (from left to right) and their properties are outlined in the following;

 Without insulation

 Outside
 Plaster
 Air
 Plaster
 Inside
 With insulation

 Outside
 Plaster
 Air
 Plaster
 Insulation
 Inside
Part

Thickness

Thermal conductivity

[ mm]

[ W /mK ]

Plaster

1

0,35

Air

18

0,026

Insulation

29

0,035

Table B.1: Properties of the parts in the shutter system.

The temperature to the inside is 21 o C and -18 o C to the outside.
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B.3 AutoIt
This program is used to create a script which "controls" the computer, make "MouseMove"s
and press keys in the order written in the script. Using this program it is possible to run the
time consuming 500 models for the sensitivity analysis, which otherwise should be conducted
manually. The script written for running the 500 models is using a loop function that repeats
the same procedure again and again. The steps through the written script are:

 Open the next model in the loop
 Change the parameters one at a time by switching between the BSim-model and the
spreadsheet with the values for the parameters
 Run the model
 Save the results in a text-le
 Repeat from the beginning
The les from AutoIt are to nd as appendix B.3 on the enclosed appendix CD and the
scripts are shown in the following.
The le set to run is "run_simulations.exe" which runs the le parametre.exe.

B.3.1 run_simulations.exe
opt("SendKeyDelay", 250)
Opt("WinTitleMatchMode", 2) ;1=start, 2=subStr, 3=exact, 4=advanced, -1 to -4=Nocase
WinActivate("BSim")
sleep(500)
For $i = 1 to 500 step 1
MouseMove(45, 50, 10)
MouseClick("left")
sleep(500)
send( $i & "a")
send("down")
send("enter")
sleep(500)
send("enter")
sleep(500)
Run("C:\SA\input\parametre.exe")
sleep(66000)
WinActivate("BSim")
sleep(250)
MouseClick("left" , 500, 50)
sleep(250)

B.3.2. parametre.exe
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MouseMove(480, 80, 10)
MouseClick("left")
sleep(250)
Send("enter")
WinWait("BSim")
Sleep(13000)
MouseMove(670, 82, 10)
MouseClick("left")
Sleep(500)
MouseClick("left")
Sleep(500)
send("tab")
send("a")
send("!x")
sleep(500)
send("enter")
sleep(500)
Next

B.3.2 parametre.exe
opt("SendKeyDelay", 250)
Opt("WinTitleMatchMode", 2) ;1=start, 2=subStr, 3=exact, 4=advanced, -1 to -4=Nocase
WinActivate("Excel")
send("Û")
send("HOME")
send("c")
sleep(750)
WinActivate("BSim")
MouseMove(13, 75, 10)
MouseClick("left")
MouseMove(30, 113, 10)
MouseClick("left")
MouseMove(52, 128, 10)
MouseClick("left")
MouseMove(70, 165, 10)
MouseClick("left")
MouseMove(110, 237, 10)
MouseClick("left")
; Skodden
MouseMove(165, 250, 10)
MouseClick("right")
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MouseMove(550, 210, 10)
MouseClick("left")
sleep(750)
send("TAB")
send("
v")
send("enter")
WinActivate("Excel")
send("right")
send("c")
WinActivate("BSim")
; Solafskærmningen
MouseMove(165, 270, 10)
MouseClick("right")
MouseClick("left" , 450, 310,
send("
v")
; 1. runde
MouseMove(550, 200, 10)
MouseClick("left")
MouseClick("left" , 450, 290,
send("
v")
sleep(500)
WinActivate("Excel")
send("right")
send("c")
sleep(500)
WinActivate("BSim")
MouseClick("left" , 450, 340,
send("
v")
WinActivate("Excel")
send("right")
send("c")
WinActivate("BSim")
MouseClick("left" , 450, 360,
send("
v")
send("ENTER")
sleep(500)
; Mekanisk ventilation
WinActivate("Excel")
send("right")
send("c")
WinActivate("BSim")
MouseMove(50, 490, 10)
MouseClick("left")
MouseMove(110, 610, 10)
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2)

2)

2)

2)

B.3.2. parametre.exe
MouseClick("right")
sleep(750)
MouseClick("left" , 490, 310, 2)
send("
v")
MouseClick("left" , 490, 435, 2)
send("
v")
WinActivate("Excel")
send("right")
send("c")
sleep(750)
;skift ark + 1. runde
WinActivate("BSim")
MouseMove(450, 200, 10)
MouseClick("left")
MouseClick("left" , 450, 380, 2)
send("
v")
WinActivate("Excel")
send("right")
send("c")
WinActivate("BSim")
MouseClick("left" , 450, 400, 2)
send("
v")
; 2. runde
WinActivate("Excel")
send("left")
send("c")
WinActivate("BSim")
MouseClick("left" , 580, 257)
MouseClick("left" , 580, 285)
MouseClick("left" , 450, 380, 2)
send("
v")
WinActivate("Excel")
send("right")
send("c")
WinActivate("BSim")
MouseClick("left" , 450, 400, 2)
send("
v")
; 3. runde
WinActivate("Excel")
send("left")
send("c")
WinActivate("BSim")
MouseClick("left" , 580, 257)
MouseClick("left" , 580, 300)
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MouseClick("left" , 450, 380, 2)
send("
v")
WinActivate("Excel")
send("right")
send("c")
WinActivate("BSim")
MouseClick("left" , 450, 400, 2)
send("
v")
MouseClick("left" , 580, 257)
MouseClick("left" , 580, 270)
send("Enter")
;Naturlig ventilation
WinActivate("Excel")
send("right")
send("c")
WinActivate("BSim")
MouseMove(120, 630, 10)
MouseClick("right")
sleep(750)
MouseClick("left" , 480, 355, 2)
send("
v")
WinActivate("Excel")
send("right")
send("c")
; skift ark + 1. runde
WinActivate("BSim")
MouseMove(550, 195, 10)
MouseClick("left")
MouseClick("left" , 480, 285, 2) ; CO2
send("
v")
WinActivate("Excel")
send("right")
send("c")
WinActivate("BSim")
MouseClick("left" , 470, 260, 2) ; Temperatur
send("
v")
; 2. runde
WinActivate("Excel")
send("left")
send("c")
WinActivate("BSim")
MouseClick("left" , 560, 235)
MouseClick("left", 560, 295)
MouseClick("left" , 480, 285, 2)
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B.3.2. parametre.exe
send("
v")
WinActivate("Excel")
send("right 2")
send("c")
WinActivate("BSim")
MouseClick("left" , 470, 260, 2)
send("
v")
; 3. runde
WinActivate("Excel")
send("left 2")
send("c")
WinActivate("BSim")
MouseClick("left" , 560, 235)
MouseClick("left", 560, 345)
MouseClick("left" , 480, 285, 2)
send("
v")
WinActivate("Excel")
send("right 3")
send("c")
WinActivate("BSim")
MouseClick("left" , 470, 260, 2)
send("
v")
MouseClick("left" , 560, 235)
MouseClick("left" , 560, 305)
send("Enter")
WinActivate("Excel")
MouseMove(15, 200, 10)
MouseClick("right")
sleep(750)
send("t")
Sleep(500)
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Stochastic modelling
In the following the use of the sensitivity analysis is described together with an explanation of the Latin Hypercube sampling method and the Pearson Product Moment correlation
coecient. The explanations of the selections of the ranges are also outlined.

C.1 Sensitivity analysis
The purpose of the sensitivity analysis is to investigate how the performance of a model
responds to variation in its inputs, meaning that the sensitivity analysis studies the relationship between the input and the following output of the model. Through the sensitivity
analysis of the model the following can be determined, among other things: [A. Saltelli,
2004] [Hamby, 1994]
1. If the model resembles the process which is studied.
2. Which parameters contribute the most to the output variability and which require
additional research for strengthening the knowledge base.
3. Which parameters are insignicant and can be eliminated from the nal model.
Ad 1) It is examined if the model reects the process involved by comparing the results with
the expectations of the model process. If the model is strongly dependent on supposed noninuential factors, then in this case the sensitivity analysis visualise that the model needs to
be revised. The sensitivity analysis may in this case visualise if the model needs to be revised.
It is also possible to gain insight to incorrectly chosen parameters in the model.[A. Saltelli,
2004]
Ad 2) The sensitivity analysis gives an insight into the estimates of the parameters, whether
or not these are suciently precise to give reliable results for the model performance. If not,
the parameters which gave the greatest uncertainty must be further investigated in order to
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give a reliable model. If the results are coincident with the expected results, meaning they
have a little or negligible eect on the result, then the sensitivity analysis gives an insight
of how to improve the model by prioritising the most inuential parameters of the model.
It is thereby examined which parameters can be estimated and which parameters should be
further examined. [A. Saltelli, 2004] [Hamby, 1994]
Ad 3) Insignicant parameters are those who are not aecting the variation of the output. If
working with a complex model it is favourable to simplify the model, and it is thereby possible
to locate and eliminate insignicant and negligible parameters by a sensitivity analysis. This
analysis makes it thereby possible to locate the parameters which can be eliminated without
changing the result signicantly. [A. Saltelli, 2004] [Hamby, 1994]

C.1.1 Monte Carlo method
SimLab is designed for Monte Carlo based uncertainty and sensitivity analysis. The Monte
Carlo method are based on performing multiple evaluations with randomly selected input
with the purpose to use the results to determine the uncertainty in the model predictions
and the input parameters which gave rise to these uncertainties. The Monte Carlo method
involves ve steps, which are all included in the three steps in the sensitivity analysis,
mentioned in the report, chapter 3.1. [A. Saltelli, 2004] [Joint Research Center - European
Comission, 2011]
In the rst step the range and distributions are selected for each input parameter, in the
next step theses ranges and distributions are used in order to generate a sample, usually
called "`sample distribution"' (These two steps are both included in the pre processor, see
chapter 3.1). The sample is then feed to the model in the third step, and the model outputs
are produced (The model execution, chapter 3.1). In the fourth and fth step the model
are evaluated in an uncertainty- and sensitivity analysis (The pre processor, chapter 3.1).
[A. Saltelli, 2004] [Joint Research Center - European Comission, 2011]
The selected probability distribution and ranges in the rst step, the selected sampling
method in the second step and the correlation method used in the fth step are described
further in the following.

C.1.1.1 Probability distribution
A probability distribution is used to describe the parameters impact on the models output.
In this sensitivity analysis a uniform probability distribution are chosen for each parameter.
In the uniform distribution the parameter is described by a range, i.e. the smallest and
largest value which the parameter can obtain. A uniform distribution is often used if the
distribution is not known or if the probability is only know in a few points. [Brohus, 2011]
The density function for the uniform distribution of a random variable X is given by:

C.1.2. Selection of range
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fx (x) =




for a ≤ x ≤ b,

1
b−a

otherwise ,

0

Where a and b are parameters given that a is minimum and b is maximum, a < b. The
1
density function takes a constant value of b−a
, the area under the density function is thus 1.
An example of a uniform probability function is shown in gure C.1. [Ayyub and McCuen,
2003]

Figure C.1: Uniform probability function.

The simple geometry of the uniform density function means that the mean corresponds to
the central distance, while the variance corresponds to the central moment of inertia. The
mean and the variance of the uniform distribution is calculated by the equations C.1 and
C.2 respectively. [Ayyub and McCuen, 2003]

a+b
2

(C.1)

(b − a)2
12

(C.2)

µx =

σx2 =

C.1.2 Selection of range
In the rst step the range is chosen, and because of the great importance of the selected
ranges in the sensitivity analysis the selection of the ranges are described further in the
following. In general the ranges are chosen from literature or hand calculations.

C.1.2.1 Mechanical ventilation
Supply air: The minimum air change rate is set to 0,02 m /s according to the requirements
3

for a minimum ventilation rate from the Danish building regulation. The value corresponds
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to two persons and a oor area of 27 m2 . According to DS/EN15251 the ventilation rate
3
could be set to 0,03248 m /s based on category B and in a low polluting building with two
persons. This value is set as the maximum value that the ventilation system can provide.
Cooling temp: This temperature range is set for the time of year where cooling could be
necessary. The lowest value of 23 o C is according to the mean value in indoor environment
category C for spring and autumn, which would be the lowest chosen set point for cooling.
It is assessed that cooling is not needed in winter. The highest value of 27 o C is according
to the maximum temperature in category C in the summer period.
Set point CO2 -level: The maximum value is the maximum value for indoor environment
category C, see chapter 2 and the lowest value is category A. The outdoor CO2 -level is
included in both values.

C.1.2.2 Natural ventilation
Max air change: The maximum air change is based on SBI202: "`Natural ventilation in
commercial buildings"'[Byggeforskningsinstitut, 2002]. Because of the low outdoor air temperatures during the winter and no opportunity to preheat the air, natural ventilation is only
used in the winter period as pulse ventilation. It is however possible to obtain an air change
of 1,5 h−1 in summer, spring and autumn without draught. The maximum air change is thus
set to 1,5 h−1 in the summer, spring and autumn and in the winter the air change rate is
1 h−1 three times a day.
Set point temperature: Is the minimum and maximum values for the four seasons from
indoor environment category C and A respectively, see chapter 2.
Set point CO2 -level: The maximum value is the maximum value for indoor environment
category C, see chapter 2 and the lowest value is category A. Both values are included the
outdoor CO2 -level.

C.1.2.3 Solar shading
Max sun: The area of variance is chosen on the basis of the BSim help le for solar shading
[SBi, 2011].

Max temperature: The area of variance is chosen on the basis of the BSim help le for
solar shading [SBi, 2011]. It is known that the temperature limit is set high for the maximum
value, as a level that will not be acceptable at any point.
Sun limit: The area of variance is chosen on the basis of the BSim help le for solar shading
[SBi, 2011]. It is know that the maximum value is not realistic in reality, as the sun has a
solar radiation of approx. 1370 [W /m2 ] on earth [Online, 2012].

C.1.3. Latin Hypercube sampling
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C.1.2.4 Shutter
Temperature limit: The minimum and maximum value is assessed from temperatures
during the nights in Denmark in the winter period [DMI, 2011].

C.1.3 Latin Hypercube sampling
The second step in the Monte Carlo method is to choose the sampling method, where Latin
Hypercube is chosen which is a constrained Monte Carlo sampling scheme. Latin hypercube is a stratied sampling method. In stratied sampling the population is divided into
a number of disjoint subpopulations, N, with equal marginal probability, called strata. One
observation, Xj , j = 1,2...k, of each input factor is made in each stratum using a simple and
random selection (i.e. each observation is equally likely to be selected). One of the realisations on X1 is randomly selected and matched with another randomly selected realisation
of X2 , and so on up till Xk . Together these form the rst sample, x1 . One of the remaining
realisations on X1 is then matched at random with one of the remaining realisations on X2 ,
and so on to get x2 . A similar procedure is followed for x3 , ..., xN and the Latin hypercube
sample is found. [A. Saltelli, 2004] [Hamby, 1994]
Because of the stratied sampling, Latin Hypercube achieves a better coverage of the sample
space of the input factors. If the output is dominated by a few components of the input
factors, then stratied sampling will ensure that each component is represented no matter
which component might turn out to be important, this makes the Latin Hypercube sampling
better than random sampling. [A. Saltelli, 2004] [Hamby, 1994]

C.1.3.1 Seed and number of executions
In SimLab two inputs for Latin Hypercube is required, the seed and the number of executions.
An iterative function is used based on a user dened starting point, when the random
numbers generation in SimLab is implemented. The primer value for this procedure is the
seed. It is advised to use a large value with seven digits or above. A randomly uneven
number of eight digits are chosen in this project.[Hamby, 1994]
The larger number of executions, the greater accuracy. It is advised not to use a number
smaller than 3/2 of the number of input factor, and a larger value of e.g. 10 times the
number of factors should be used. To gain accurate results the 5 input factors are multiplied
with 100, meaning the number of executions are 500. [Hamby, 1994]

C.1.4 Pearson Product Moment correlation coecient
The nal step is to locate how the input parameters inuence the output parameters. A
simple measure of the sensitivity is the Pearson Product Moment correlation coecient, r.
The Pearson's r is used to determine if there is a linear relationship between two parameters.
The Pearson's r is dened in equation C.3. [A. Saltelli, 2004] [Hamby, 1994] [Lane, 2012]
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((xij − xj )(yi − y
P
rx,y = P
( (xij − xj )1/2 )( (yi − y)1/2
P

(C.3)

Where:

y=

X yi
N

(C.4)

xi =

X xij

(C.5)

N

where:

y

Output

x

Input

[A. Saltelli, 2004]
The Pearson's r is thereby a measure between the linear relationship between input and
output, and ranges from +1 to -1. A correlation of +1 means that there is a linear relationship
between the input- and output variables, while a correlation of -1 means the output is
inversely related to the input. The larger the value of r indicates a stronger linear relationship
between the input- and output values. [A. Saltelli, 2004] [Lane, 2012]

C.2 Results for the sensitivity analysis
The graphs from the sensitivity analysis and modelled by the Pearson correlation factor is
shown in the following. The graphs shown in the report is also shown in this section for
easier comparison of the graphs. If the Pearson correlation factor is zero the results are not
shown. However, if only one output is dierent from zero in a graph, a zero point is also
shown.

C.2.1 Indoor environment results
The Pearson correlation factor for the indoor temperature divided into indoor environment
category A, B and C for the summer period is shown in gure C.2.

C.2.1. Indoor environment results
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Figure C.2: The Pearson correlation factor for summer divided into categories.

The Pearson correlation factor for the indoor temperature divided into indoor environment
category A, B and C for the winter period is shown in gure C.3.
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Figure C.3: The Pearson correlation factor for winter divided into categories.

The Pearson correlation factor for the indoor temperature divided into indoor environment
category A and B for the spring period is shown in gure C.4.
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Figure C.4: The Pearson correlation factor for spring divided into categories.

The Pearson correlation factor for the indoor temperature divided into indoor environment
category A and Bfor the autumn period is shown in gure C.5.
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Figure C.5: The Pearson correlation factor for autumn divided into categories.

The Pearson correlation factor for the indoor temperature divided into indoor environment
category A± and B- for the summer period is shown in gure C.6.

C.2.1. Indoor environment results
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Figure C.6: The Pearson correlation factor for temperature in summer divided into categories
A± and B±.

The Pearson correlation factor for the indoor temperature divided into indoor environment
category A- and B- for the winter period is shown in gure C.7.
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Figure C.7: The Pearson correlation factor for temperature in winter divided into categories
A± and B±.

The Pearson correlation factor for the indoor temperature divided into indoor environment
category A- and B- for the spring period is shown in gure C.8.
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Figure C.8: The Pearson correlation factor for temperature in spring divided into categories
A± and B±.

The Pearson correlation factor for the indoor temperature divided into indoor environment
category A± for the autumn period is shown in gure C.9.
0,6
0,5

Pearson correlation factor

0,4
0,3

SH temp limit

0,2

SS max sun
SS temp max

0,1

SS sun limit

0

MV supply
-0,1

MV cool temp

-0,2

MV setp CO2

-0,3

NV max airchange

-0,4

NV setp CO2

-0,5

NV setp temp S/A

-0,6
Cat. A +

Cat. A -

Indoor environment categories

Figure C.9: The Pearson correlation factor for temperature in autumn divided into categories
A± and B±.

The Pearson correlation factor for the CO2 -level divided into indoor environment category
A, B and C is shown in gure C.10.

C.2.2. Energy results
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Figure C.10: The Pearson correlation factor for CO2 divided into categories.

The Pearson correlation factor for the glare divided into percentage in discomfort is shown
in gure C.11.

Figure C.11: The Pearson correlation factor for glare divided into percentage in discomfort.

C.2.2 Energy results
The Pearson correlation factor for energy consumption for heating, cooling, lighting, ventilator and total energy consumption is shown in gure C.12.
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Figure C.12: The Pearson correlation factor for the energy consumptions.

C.2.3 Indoor environment vs. energy
The Pearson correlation factor for the temperature divided into the indoor environment
categories A and B for summer and total energy consumption is shown in gure C.13.
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Figure C.13: The Pearson correlation factor for the temperature divided categories A and B
for summer and the total energy consumption.

The Pearson correlation factor for the temperature divided into the indoor environment
categories A and B for winter and total energy consumption is shown in gure C.14.

C.2.3. Indoor environment vs. energy
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Figure C.14: The Pearson correlation factor for the temperature divided into categories A
and B for winter and the total energy consumption.

The Pearson correlation factor for the temperature divided into the indoor environment
categories A and B for spring and total energy consumption is shown in gure C.15.
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Figure C.15: The Pearson correlation factor for the temperature divided into categories A
and B for spring and the total energy consumption.

The Pearson correlation factor for the temperature divided into the indoor environment
categories A and B for autumn and total energy consumption is shown in gure C.16.
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Figure C.16: The Pearson correlation factor for the temperature divided into categories A
and B for autumn and the total energy consumption.

The Pearson correlation factor for the CO2 -level divided into the indoor environment categories A and B and total energy consumption is shown in gure C.17.

Figure C.17: The Pearson correlation factor for CO2-level divided into categories A and B
and the total energy consumption.

The Pearson correlation factor for glare divided into percentage in discomfort and total
energy consumption is shown in gure C.18.

C.2.3. Indoor environment vs. energy
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Figure C.18: The Pearson correlation factor for glare divided into percentage in discomfort
and the total energy consumption.

Appendix

Simulations in BSim
This chapter presents the calculation basis for heat accumulation of the materials in BSim,
and the assumptions for the set point for solar shading and the investigations which are used
during the optimisation of the control strategies in BSim.

D.1 Calculation basis of heat accumulation
The heat accumulation of each material in BSim is calculated from equation D.1.

c = ρ · cp · t

(D.1)

where:
c

Heat accumulation [Wh /m2 K ]

ρ

Density of material [kg /m3 ]

cp

Thermal capacity [J /kgK ]

t

Thickness of material [m]

The density, thermal capacity, thickness and heat accumulation of the materials are listed
in appendix D.1 on the appendix CD.

D.2 Calculation basis of air changes
This chapter describes the calculation basis of the average air changes demanded to obtain
the desired indoor temperature and CO2 -level.
The necessary air changes are calculated on the basis of the desired average indoor temperature and the desired maximum CO2 -level.
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D.2.1 Necessary air change based on the indoor temperature
The basis air change, n, is calculated by equation D.2 [Larsen, 2011a].


n=

φi,day + φsun,day
− HT
24 − (ti,m + tu,m )


/HV

(D.2)

where:

n

Air change rate [h−1 ]

ti,m

The average indoor temperature [o C]

tu,m

The average outdoor temperature [o C]

φi,day

The internal heat loss [Wh/24hours]

φi,day

The external heat loss [Wh/24hours]

HT

Specic heat transmission [W/o C]

HV

Specic ventilation loss [W/o C]

D.2.2 Necessary air change based on the

CO2

-level

The CO2 -level, cop , in the room, is calculated by equation D.3.

cop =

G
(1 − e−nτ ) + (c0 − cin )enτ + cin
n · VR

(D.3)

where:

cop

CO2 -level [ppm]

G

Contaminant load [ m3 /h]

n

Basic air change [h−1 ]

VR

Room volume [m3 ]

τ

Time [h]

c0

Contaminant concentration in the room at time τ = 0 [m3 /m3 ]

cind

Contaminant concentration in the supply air [m3 /m3 ]

D.2.3 Chosen air changes
The data required to calculate the average air change rate is listed in appendix D.2 on the
appendix CD where the calculations also are performed.
Table D.1 shows the required basic air change based on the indoor temperature and CO2 level. The desired average indoor temperatures are 24 o C in summer, 22 o C in winter and
23 o C in spring and autumn. The dominating air change is marked with bold for each month.

D.3. Evaluation of max sun
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3

Air change based on temp. [m /s ]

Air change based on CO2 − level [ppm]

January

0,005

February

0,009

March

0,013

April

October

0,023
0,041
0,058
0,065
0,065
0,044
0,023

0,023
0,023
0,023
0,023

November

0,010

December

0,005

May
June
July
August
September

0,023
0,023
0,023
0,023
0,023

0,023
0,023
0,023

Table D.1: Average air change for "normal" oce.

During the winter period the CO2 -level is the dominating parameter and during summer
the temperature is the most dominating parameter. During spring and autumn both the
CO2 -level and temperature are dominating. On the basis of the calculations the largest
air change during summer is 0,065 m3 /s , during winter 0,023 m3 /s and during autumn the
temperature is the most dominating parameter, requiring 0,044 m3 /s . During spring the
temperature is also the most dominating parameter, requiring an air change on 0,041 m3 /s .

D.3 Evaluation of max sun
In the following the maximum solar radiation which is allowed before the solar shading
should be activated is discussed. The initial conditions are temperate in the room, and it is
possible to turn on the light and a cooling unit is installed. Two scenarios are possible;

Before activating the solar shading:
Heat gain from the sun
Heat loss from the cooling unit
How much cooling should be applied to the room to remove the solar gain?

After activating the solar shading:
Heat gain from the lighting
Heat loss from the cooling unit
How much cooling should be applied to the room to remove the gain from the lighting?
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D.3.1 Before the solar shading
D.3.1.1 Heat gain from the sun
The gain from the sun is calculated in the basis of the solar shading is activated at a solar
radiation of 150 W /m2 . Just before the solar shading is activated the heat gain from the sun
is 150 W /m2 · 8,64 m2 (glass area) · 0,6 (solar heat transmittance) = 777,6 W.

D.3.1.2 Heat loss from the cooling unit
The required cooling to remove the total heat gain from the sun of 777,6 W is calculated.
The unit has a COP-factor of 3 and the energy consumption for the cooler is 777,6 W / 3 =
259,2 W. Because of the electricity factor of 2,5 the cooling unit has a energy consumption
of 259,2 W · 2,5 = 648 W.

D.3.2 After the solar shading
D.3.2.1 Heat gain from the lighting
It is assumed that 8 W /m2 shuld be installed to achieve 200 lux in the room. This corresponds
to a heat gain from the lighting of 8 W /m2 · 27 m2 = 216 W. Because of the electricity factor
of 2,5 the lighting has a energy consumption of 216 W · 2,5 = 540 W.

D.3.2.2 Heat loss from the cooling unit
The needed cooling is calculated to remove the total heat gain from the lighting of 216 W.
The unit has a COP-factor of 3 and the energy consumption for the cooler is 216 W / 3 =
72 W. Because of the electricity factor of 2,5 the cooling unit has a energy consumption of
72 W · 2,5 = 180 W.

D.3.3 Results
Before the solar shading is activated the energy consumption is 648 W compared to after
the solar shading is activated the energy consumption is 720 W. Because of the results
for the second scenario it is possible to wait with activating the solar shading and increase
the maximum solar radiation. To calculate the new maximum solar radiation it should be
calculated backwards from the 720 W. The 720 W corresponds to what the cooling unit
can use and therefore it is calculated backwards to correspond to a solar gain: 720 W / 2,5
(energy factor) = 288 W · 3 (COP-factor) = 864 W. To calculate the heat gain from the sun
back to correspond to a solar radiation on the facade: 864 W / 0,6 (solar heat transmittance)
= 1440 W / 8,64 m2 (glass area) = 166,7 W /m2 . The conclusion is that the maximum solar
radiation on the facade before the solar shading should be activated is 166,7 W /m2 .

D.4. Necessary solar gain to obtain desired light level
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D.4 Necessary solar gain to obtain desired light level
The desired minimum light level in the reference point in the oce is 200 lux. In order to
obtain this desired light level in the room, the necessary solar gain on the facade is calculated.
The necessary solar gain is calculated on the basis of equation D.4.

Illuminance = Luminousef f iciency · irradiation · LT · SFf actors

(D.4)

where:
Illuminance

The desired illuminance level [lm /m2 ]

Luminousefficiency

Luminous eciency [lm /W ]

Irradiation

Irradiation on facade [W /m2 ]

LT

Light transmittance [-]

SFfactors

Sun light factor [−]

The desired illuminance level is 200 lux, the light transmittance is 0,7, the sun light factors
are listed in table D.2 and the luminous eciencies are listed in table D.3.
SF1 (Direct) [−]

SF2 (Diuse) [−]

SF3 (Reected) [−]

Upper window

0,002

0

0

Middle window

0,013

0,166

0,007

Lower window

0,002

0

0,03

Table D.2: Sun light factors for the windows.

Luminous eciency [l m/W ]
Direct radiation (clear sky), KD

103

Diuse radiation (clear sky), Kcl

146

Overcast sky, Koc

121

Table D.3: Luminous eciency.

Based on these assumptions the results are listed in table D.4.
Irradiation [W/m2 ]
Clear day (100 % direct and 10 % diuse)

68,4

Overcast sky (100 % diuse)

14,2

Table D.4: Irradiation on facade to get 200 lux on the table.
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D.5 Priority of mechanical installations
The priority of the mechanical ventilation and the cooling system in BSim is based on a
stationary calculation of the energy consumption for these systems when 200 Wcooling is
needed. The energy consumption for the mechanical ventilation system is based on the
required ventilation rate and SFP-value. The required ventilation rate is calculated based
on equation D.5. [Dansk Standard, 2002]

Φvent = ρ · cp · q · (ti − tu )

(D.5)

where:

Φvent

Ventilation loss [W]

ρ

Density of air [kg /m3 ]

cp

Thermal capacity of air [J /kgK ]

q

Required air ow [m /s ]

ti

Internal temperature [o C]

te

External temperature [o C]

3

The density of air is estimated to 1,2 kg /m3 , the thermal capacity of air 1005 J /kgK , the
internal temperature is constant and 26 o C and external temperature is also constant and
16 o C based on [Dansk Standard, 2002]. Based on this the calculated required air change is
0,014 l /s . The ventilation system has a SFP value on 1800 J /m3 and thus the eect for the
mechanical ventilation system is 27 W.
The cooling system has a COP value of 3, and the eect is thus 66,7 W when cooling 200 W.
The calculations are shown in appendix D.5 on the appendix CD.
Based on these calculations the cooling system is using the largest energy consumption and
thus mechanical ventilation has to be fully exploited and activated before the cooling system.

D.6 Investigations in BSim
The cooling- and heating demand for each month is shown in gure D.1 to gure D.12 for
January to December respectively.
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Figure D.1: Cooling- and heating demand for January.
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Figure D.2: Cooling- and heating demand for February.

Heating demand

234

Appendix D. Simulations in BSim

March
2
1,5
1

[kWh]

0,5
0
1

2

3

4

5

6

7

8

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

Cooling demand
Heating demand

-0,5
-1
-1,5
-2
-2,5

Figure D.3: Cooling- and heating demand for March.
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Figure D.4: Cooling- and heating demand for April.
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Figure D.5: Cooling- and heating demand for May.
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Figure D.6: Cooling- and heating demand for June.
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Figure D.7: Cooling- and heating demand for July.
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Figure D.8: Cooling- and heating demand for August.
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Figure D.9: Cooling- and heating demand for September.
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Figure D.10: Cooling- and heating demand for October.
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Figure D.11: Cooling- and heating demand for November.

December
2

1,5

[kWh]

1

Cooling demand
0,5
Heating demand

0
1

2

3

4

5

6

7

8

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

-0,5

-1

Figure D.12: Cooling- and heating demand for December.

The gures show the heating and cooling demand for each month. The cooling demand is
especially high in April, May, June, July, August and September. In order to examine when
the overheating problems occur in spring and autumn the hours with overheating problems in
these seasons are also outlined. The hours with overheating problems in spring and autumn
is shown in table D.5.
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Month

Hours with overheating problems

March

13

April

31

May

91

September

96

October

21

November

8

Table D.5: Hours with overheating problems in spring and autumn.

The table shows that over temperature occur in the months in spring and autumn where the
cooling demand also is the largest, and in order to lower the energy consumption for cooling
it can be preferable to utilise the passive cooling technologies available in this model. Thus
passive cooling should be utilised in April, May, June, July, August and September

Appendix

Experiments in the Cube
This chapter describes the calculation basis of the transmission coecients of the building
envelope. Furthermore the chosen set point for the solar shading in the Cube and the calculations behind the evaluation tree are presented. The calculation basis for the analysis of
results is then outlined, and the logging results for the solar shading for the experiments are
presented. Last the calculation basis for the ecient thermal resistance for the shutter is
presented.

E.1 Calculation basis of the transmission coecient
The calculations of the transmission coecients for walls and window are shown in the
following, both equations are from [Dansk Standard, 2002]. The calculation assumptions
and calculations are shown in appendix E.1 on the appendix CD.
The transmission coecient for the walls is calculated on the basis of equation E.1.

X
1
= Ri + Re +
R
U

(E.1)

where:

U

Transmission coecient [W /m2 K ]

Ri

transitional thermal resistance at internal surface [m

Re

transitional thermal resistance at external surface

R

Thermal resistance for each layer [m

2K

2K

/W ]
2K
m
[
/W ]

/W ]

The transmission coecient for the window is calculated on the basis of equation E.2.

Uwindow =

Ag · Ug + Ig · Ψg + Af + Af r · Uf + If r · Ψf r
Ag + Af + Af
241

(E.2)

E
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where:

Uwindow

Transmission coecient of window [W /m2 K ]

Ug

Transmission coecient at center of the window [W /m2 K ]

Uf

Transmission coecient the lling [W /m2 K ]

Ufr

Transmission coecient for frames [W /m2 K ]

Ag

Area of glass [m2 ]

Af

Area of frames [m2 ]

Ag

Area of lling [m2 ]

Ig

Circumference of glass [m]

Ik

Lenght of cold bridges [m]

Ψg

Linear thermal resistance for the glass [W /mK ]

Ψk

Linear thermal resistance for cold bridges [W /mK ]

R

Thermal resistance for each layer [m

2K

/W ]

E.2 Calculation basis of the evaluation tree
Evaluation 2 and 6 is based on the heat balances through the window in the facade. The
evaluation is based on the maximum heat gain to the room, if the activated solar shading
provides a smaller heat gain than if the solar shading is not activated, then the solar shading
must be activated to avoid the external heat gain to the room. The heat balances for the
solar shading and the window without solar shading is shown in equation E.3 and E.2.

Φsun · g · ff · fs,shad · Awindow = Uwindow · Awindow · (ti − te )

(E.3)

where:

ff

Portion of glass [−]

fs,shad

Shading factor for solar shading [−]

ti

Internal temperature [o C]

te

External temperature [o C]

The heat balance for window with and without the shutter is shown in equations E.4 and
E.5

Φinternal = Uwindow · Awindow · (tset − text )
where:

Φinternal

Internal heat load [W /m2 ]

tset

Set point temperature [o C]

(E.4)

E.3. Set point for solar shading in the Cube

Φinternal = Uwindow+shutter · Awindow · (tset − text )
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(E.5)

where:

Uwindow+shutter

Transmission coecient for the window and shutter [W/m2 K ]

E.3 Set point for solar shading in the Cube
The set point for the solar shading is based on the set point for spring and autumn found in
the BSim simulations, 100 W /m2 . The set point for the solar shading is based on the BSim
simulations, as no guidance for the solar radiation exists.
The solar shading in the Cube is controlled by the global solar radiation on the facade while it
is controlled by the incoming solar radiation in BSim, thus the set point has to be converted.
The set point is calculated without the solar shading factor and shadow factor, and is thus
converted by equation E.6.

Φsun = g · fβ · fglazing · A · Isun

(E.6)

where:

Φsun

Heat load from solar radiation [W]

g

Solar energy transmittance for the window [−]

fβ

Angle factor [−]

fglazing

Portion of window glass [−]

A

Area of window [m2 ]

Isun

Solar radiation on the facade [W /m2 ]

The heat load from solar radiation is 100 W/m2 distributed on a glass area of 3,61 m2 , thus
361 W/m2 . The solar energy transmittance is 0,61, the angle factor 0,9, the portion of glass
0,77 and area of window 4,67 m2 . Based on these assumptions the solar radiation on the
facade is 186 W/m2 . The set point for the solar shading should thus be set to 186 W/m2 , but
as the set points in the Cube can only be set to round number, the set point is 190 W /m2 .

E.4 Uncertainty of equipment
When performing experiments a number of parameters inuence the measuring results. The
uncertainty is caused by the setup and the measuring equipments. Even though the measuring equipment is calibrated uncertainties still exist for each equipment. The uncertainties
for each equipment are thus outlined in the following and in the end the total uncertainties
for the equipment are presented.
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In the following the uncertainty and calibration of the thermocouples, energy meters for the
heating systems and lighting, the ultrasonic anemometer, the pyranometers, the luxmeters,
the outdoor temperature sensor, the thermostat for the heaters and the gas tracer analyser
is outlined.

E.4.1 Thermocouples
The thermocouples are very sensitive to electrical noise, and in order to avoid disturbance
on the measurements a distance of 40 cm has to be present between the thermocouple cables
and 220 V cables [Hyldgård, 1997]. However, due to the high amount of equipment used in
the measuring rooms this was not fullled. Deviations in the thermocouples alloys exist and
thus the thermocouple used for the measurements are calibrated to avoid measuring errors.
The thermocouples were already placed in the Cube for previous experiments, and thus two
thermocouples were calibrated by dened reference temperatures to evaluate the previous
calibrations. The calibrated thermocouples have a uncertainty of ± 0,086 K [N. Artmann,
2008]. The uncertainty of the thermocouples are estimated to ±1 %.

E.4.2 Energy meter
The energy metering of the two heating systems, the lighting and the fan is metered by
"Power KWh Detective" which has an uncertainty of ±2 % [Energi, 2012].

E.4.3 Ultrasonic anemometer
The ultrasonic anemometer measuring the wind speed is also calibrated. The ultrasonic
anemometer is calibrated by a wind tunnel, and has an uncertainty of ±4 % [LTD, 2001].

E.4.4 Sunshine sensor, BF3
The sunshine sensor measuring the global- and diuse solar radiation is also calibrated. The
sunshine sensor is calibrated at the same time as all the pyranometers available at the university. The pyranometers are placed in a dark room, and the pyranometer measuring closest
to zero is used as reference for the calibration of the other pyranometers. The calibration of
the pyranometers is thus not very precise. The overall accuracy of the global solar radiation
has an uncertainty of ±12 %. The overall accuracy of the diuse solar radiation has an
uncertainty of ±15 %. [John Wood, 2002]

E.4.5 Thermostat for heating systems
The thermostats for the heating systems have an uncertainty of ±0,2 o C [DEVI]. The uncertainty is estimated to 0,1 %.

E.4.6. Luxmeters

245

E.4.6 Luxmeters
The luxmeters measuring the glare level in the room is calibrated by a reference luxmeter.
The luxmeters have a uncertainty of ±3 % [Hagner].

E.4.7 Pyranometer in the rooms
The pyranometer placed in the measuring room, Wilhelm Lambrecht KG, is calibrated as
the sunshine sensor, BF3. The pyranometer has an uncertainty of ±2 % [Lambrecht]. The
pyranometer placed in the reference room, Kipp & Zonen CM10, is also calibrated as the
sunshine sensor, BF3. The pyranometer has an uncertainty of ±3 % [BLICHFELD, 2012].

E.4.8 Outdoor temperature sensor
No specications for the outdoor temperature sensor from WindowMaster is found, but a
uncertainty of ±0,5 o C or ±2 % is estimated.

E.4.9 Micromanometer
The micromanometer, called FCO510, was used to adjust the airow in the recirculation
system and has an uncertainty of ±0,25 % [Limited, 1997].

E.4.10 Tracer gas analyser
For the tracer gas analyser, called INNOVA Multi-gas monitor, a span gas calibration was
performed using a zero gas and a 1000 ppm CO2 . The uncertainty of the INNOVA Multi-gas
monitor is ±2,5 % [Brüel & Kjær, 1990].

E.4.11 Flowmeter
The owmeter, called Purgemaster Flowmeter, was used with the tracer gas analyser. The
owmeter is calibrated and has an uncertainty of ± 2 % [Thompson Equipment Company,
2010].
During the evaluation of the experiments the total uncertainty for the low- and high indoor
temperatures, the uncertainty for the energy consumption and the uncertainty for glare is
used. Furthermore the uncertainty for the measurements of the tracer gas is used. Thus the
total uncertainties for these are calculated below. All the total uncertainties are estimated
from quadrature addition [N. Artmann, 2008].
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E.4.12 Total uncertainty for low indoor temperature
The total uncertainty for the low indoor temperatures is estimated by the uncertainties from
the pyranometer, the thermocouples and the thermostats of the heating systems. The total
uncertainty for the low indoor temperatures in the measuring room is calculated by:

U=

p
22 + 12 + 0, 22 = ±2, 24%

(E.7)

The total uncertainty for the low indoor temperatures in the reference room is calculated
by:

U=

p
32 + 12 + 0, 22 = ±3, 17%

(E.8)

E.4.13 Total uncertainty for high indoor temperature
The total uncertainty for the high indoor temperatures is estimated by the uncertainties
from the pyranometer and the thermocouples. The total uncertainty for the high indoor
temperatures in the measuring room is calculated by:

U=

p
22 + 12 = ±2, 24%

(E.9)

The total uncertainty for the high indoor temperatures in the reference room is calculated
by:

U=

p
32 + 12 = ±3, 16%

(E.10)

E.4.14 Total uncertainty for the energy consumption
The total uncertainty for the energy consumption is estimated by the uncertainties from the
energy measurements and the thermostats of the heating systems in the measuring room.
The total uncertainty for the energy consumption for the measuring room is calculated by:

U=

p
22 + 0, 22 = ±2, 01%

(E.11)

The total uncertainty for the energy consumption is estimated by the uncertainties from
the energy measurements, thermocouples, the micromanometer and the thermostats of the
heating systems in the reference room. The total uncertainty for the energy consumption
for the reference room is calculated by:

U=

p
22 + 12 + 0, 22 + 0, 252 = ±2, 26%

(E.12)

E.4.15. Total uncertainty for glare
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E.4.15 Total uncertainty for glare
The total uncertainty for glare is only inuence by the lux meters, thus ±3 %

E.4.16 Total uncertainty for the tracer gas
The total uncertainty for the tracer gas is estimated by the uncertainties from the tracer gas
analyser and the owmeter. The total uncertainty for the tracer gas system is calculated by:

U=

p
22 + 2, 52 = ±3, 2%

(E.13)

E.5 Calculation basis of the heat balance
The calculation basis for the heat balance is shown in the following. The calculation assumptions and calculations are shown in appendix E.6 on the appendix CD.
The heat balance of the room is shown in equation E.14. All equations are from [Dansk
Standard, 2002].

Φsun + Φinternal + Φheat = Φtrans + Φvent + Φacc

(E.14)

where:

Φheat

Heat gain from heating system [W /m2 ]

Φtrans

Transmission loss [W /m2 ]

Φvent

Ventilation loss [W /m2 ]

Φacc

Accumulated heat [W /m2 ]

The incoming solar gain and the internal heat gains and heat gain from the heating systems
are measured in the rooms. The transmission loss for the outer walls and the window is
calculated on the basis of equation E.15.

Φtans,out = U · A · (ti − te )

(E.15)

where:

Φtans

Transmission loss for outher walls [W]

The transmission loss for the inner walls is calculated on the basis of equation E.16.

Φtans,in = U · A · ∆T

(E.16)
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where:

Φtans,in

Transmission loss for the inner walls [W]

∆T

Internal temperature dierence [o C]

The linear thermal transmittance for the window is calculated on the basis of equation E.17.

Φlin = Ψ· l · (ti − te )

(E.17)

where:

Φlin

Linear thermal transmittance [W]

Ψ

linear thermal transmittance for the joint [W /mK ]

l

Length of joint [m]

The inltration loss is calculated on the basis of equation E.18. The inltration loss also
includes accidental opening of the windows and doors. [Aggerholm and Grau, 2008]

Φinf il = ρ · c · (0, 04 + 0, 06 · q) · (ti − te )

(E.18)

where:

Φinfil

Inltration oss [W]

ρ

Density for air [kg /m3 ]

c

Specic heat for air [J /kgK ]

q

Airow [m /s ]

3

The ventilation loss for the recirculation system is calculated on the basis of equation E.19.

Φvent = ρ · c · q · (ti − te )

(E.19)

where:

Φvent

Ventilation loss [W]

E.6 Results for the experiments with practical control
strategies
In the following the position of the solar shading and the position of the venetian blinds are
shown for each experiment. The position of the solar shading and the global solar radiation
during the measuring period is shown in the upper part of the gures, while the position of
the venetian blinds compared to the indoor temperature is shown in the lower part of the
gures.
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Figure E.1: 1. experiment.

E.6. Results for the experiments with practical control strategies
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Figure E.2: 2. experiment.
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Figure E.3: 3. experiment.
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Figure E.4: 4. experiment.

253

Figure E.5: 5. experiment.
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Figure E.6: 6. experiment.
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Figure E.7: 7. experiment.
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Figure E.8: 8. experiment.
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Figure E.9: 9. experiment.
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Figure E.10: 10. experiment.

E.7. Results for the experiments with user behaviour
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E.7 Results for the experiments with user behaviour
In the following the position of the solar shading and the position of the venetian blinds are
shown for the experiment with users. The position of the solar shading and the global solar
radiation during the measuring period is shown in the upper part of the gures, while the
position of the venetian blinds compared to the indoor temperature is shown in the lower
part of the gures.
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Figure E.11: 1. experiment with user behavior.
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Figure E.12: 2. experiment with user behavior.

E.7. Results for the experiments with user behaviour
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E.8 Calculation basis of the ecient transmission coecient
In the following the calculation basis for the air change rate in the cavity between the shutter
and window is presented. Based on the basis air change rate the ecient thermal resistance
and the ecient transmission coecient for the shutter is calculated, and the calculation
basis for this is also outlined in the following.

E.8.1 Calculation of air change rate
The air change rate is calculated based on the constant-emission method, where a constant
rate of tracer gas is emitted to the cavity during the experiment. Thus the air change rate
is calculated based on equation E.20. [Grieve, 1989]

n=

F
V ·C

(E.20)

where:
n

Air change rate [h−1 ]

F

Rate of tracer gas [m /h ]

V

Volume of air [m3 ]

C

Concentration of tracer gas [m /m3 ]

3

3

E.8.2 Calculation of ecient thermal resistance
The ecient thermal resistance of the shutter system is calculated based on the ecient
transmission coecient of the entire construction, based on equation E.21.

R=

1
Uef f

−

1
Uglazing

(E.21)

where:
2K

R

Ecient thermal resistance of shutter [m

Ueff

Ecient transmission coecient of the entire construction [W /m2 K ]

Uglazing

Transmission coecient for the glazing [W /m2 K ]

/W ]

The ecient transmission coecient of the entire construction is calculated by equation E.22.

Uef f =

Φsurf
ti − te

(E.22)

E.8.2. Calculation of ecient thermal resistance
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where:

Φsurf

Heat ow through the surfaces [W /m2 ]

ti

Internal temperature [o C]

te

External temperature [o C]

The heat ow through the surfaces are calculated by equation E.23.

Φsurf =

Uglazing
ti − tsurf

(E.23)

where:

tsurf

Surface temperature of the window [o C]

The surface temperature of the window is calculated iterative by solving the four heat balances for the entire construction. The four heat balances are calculated in the four points in
gure E.13.

Figure E.13: The construction of the window and shutter.

The gure shows the window, at point one, the cavity between the window and shutter,
point two, the shutter facing indoor, point three, and the shutter facing outdoor, point four.
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The heat balance for the rst point is shown in equation E.24 and consists of convection,
radiation and conduction. [Hansen et al., 2006]

αconv,surf · (tsurf − tcavity ) + surf · shutter · Ss · Ψsurf,shutter∗

(E.24)

3

· (4T ) · (tsurf − tshutter∗ ) + Uglazing · (tsurf − ti ) = 0
where:

αconv,surf

Convective heat transfer coecient [W /m2 K ]

tcavity

Temperature in the cavity [o C]

surf

Emission coecient for the surface of the window [−]

shutter

Emission coecient for the shutter facing outside [−]

Ss

Stefan Boltzmanns constant [W /m2 K4 ]

Ψsurf,shutter∗

View factor between the window and shutter [−]

T

Absolute mean temperature for surfaces of the cavity [K]

tshutter∗

Temperature in the surface of the shutter facing inside [o C]

The heat balance for the second point is shown in equation E.25 and consists only of convection. [Hansen et al., 2006]

αconv,surf · (tcavity − tsurf ) + αconv · (tcavity − tshutter ) + Q · ρc · (tcavity − te ) = 0
tshutter

Temperature in the surface of the shutter facing outside [o C]

Q

Airow [m

ρ

Density for air [kg /m3 ]

c

Specic heat for air [J /kgK ]

3/
s

(E.25)

] per m2 shutter area

The heat balance for the third point is shown in equation E.27 and consists of convection,
radiation and conduction. [Hansen et al., 2006]

surf · shutter∗ · Ss · Ψsurf,shutter∗ · (4T 3 ) · (tshutter∗ − tsurf ) + αconv∗
1
· (tshutter∗ − tcavity ) +
=0
Rshutter · (tshutter∗ − tshutter )
where:

shutter∗

Emission coecient for the shutter facing inside [−]

αconv∗

Convective heat transfer coecient in the cavity [W /m2 K ]

tsurf

Surface temperature of the window [o C]

(E.26)

E.8.2. Calculation of ecient thermal resistance
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The heat balance for the forth point is shown in equation 4.7 and consists of convection,
radiation and conduction. [Hansen et al., 2006]

shutter · Ss · Ψsky,shutter · (4T 3 ) · (tshutter − tsky ) + αconv,amb
1
· (tshutter − tsky ) +
=0
Rshutter · (tshutter − tshutter∗ )

(E.27)

The input values for the calculations and the calculations are executed in appendix E.9 on
the appendix CD.
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