
 

 

 
 

M A S T E R     T H E S I S    P R O J E C T 
Indoor Environmental and Energy Engineering 

Department of Civil Engineering 
Aalborg University  

 
 

 

 
 

Marta Bonet Arbos, Leire Chavarri Remiro and Aleksandra Maria Tutaj 
 

Supervisors: Per Kvols Heiselberg, Chen Zhang and Hicham Johra 
Collaboration with: VentilationsVinduet 

June 2019 
 

 

INTELLIGENT VENTILATED WINDOW 

PERFORMANCE AND FURTHER IMPROVEMENTS: 

A CASE STUDY IN A DANISH PRIMARY SCHOOL 
 

 





MSc at School of
Engineering and Science
Thomas Manns Vej 23
9220 Aalborg ?st

Title:

Intelligent ventilated window per-
formance and further improvements:
a case study in a Danish Primary
School

Project:

Master Thesis

Project period:

September 2018 - June 2019

Participants:

Marta Bonet Arbos
Leire Chávarri Remiro
Aleksandra Maria Tutaj

Supervisors:

Per Kvols Heiselberg
Chen Zhang
Hicham Johra

Pages: 139
Finished: 7th June 2019

Synopsis:
Indoor environment of the buildings has a
major impact on the health and well-being
of the occupants. Therefore, it is necessary
to design a ventilation system that pro-
vides enough fresh air to remove the con-
taminants, providing comfortable indoor
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prove the indoor climate avoiding a decen-
tralized ventilation system. This clean and
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Abstract

Buildings in a need of renovation represent a large energy consumption source. However, it is
no longer enough to focus just on the energy framework of buildings without particular interest
in the indoor environment. Windows are one of the building elements on the façade that, if
adequately sized, can provide with appropriate visual comfort, heat gains and natural ventilation.
Nevertheless, natural ventilated buildings cannot always provide with the required temperature
and ventilation rate and in addition its control is always user dependent. For this reason, this
paper focuses on the performance and indoor environment provided by two different designs of
ventilated windows. This technology allows a self-controlled ventilation where the air supplied
to the room is at a higher temperature than the air outdoors. In addition, its dynamic working
modes can adapt to the different indoor and outdoor conditions.

Influence of the window performance in indoor environment in a primary school is analyzed.
Results show that the window performance is enhanced the most together with a mechanical
extraction. With regards to the thermal performance, the height of the cavity and the inclusion
of blinds between the panes improve the ability of preheating the air. However, this phenomena
is negatively affected by high flow rates. In terms of indoor comfort, a first window design
does not provide with enough ventilation and suitable control strategy to remove the excessive
CO2 concentrations reported in the rooms. Consequently, a new window design together with a
suggested control strategy aims to address the problem of poor air quality at the school.

Further studies will permit to test the suggested control strategy and prove that ventilated
windows are a solution that can serve high and variable occupancy loads and avoid a decentralized
ventilation system. There is a large potential in which ventilated windows would be an effective
solution. However, it is crucial for their effectiveness to have a controlled mechanical exhaust,
a window design that enhances the temperature rise through the window and assure a system
with enough number of windows in order provide an optimal air flow rate.
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Preface

This Master Thesis is conducted by group 1.216-2 of the Master of Science program at Aalborg
University, Indoor Environmental and Energy Engineering. The report is titled Intelligent
ventilated window performance and further improvements: a case study in a Danish Primary
School. It has been written in the period from September 2018 to June 2019 and covers 50
ECTS points.

Reading guide

All of the symbols, acronyms, abbreviations are listed in the chapter , named Nomenclature.
Literature references used in this report are collected in a chapter named ’Bibliography’, and
uses the Harvard method for sorting. Equations, figures and tables are referenced under the given
chapter. For instance, the second equation in chapter one will be named as equation 1.2. The
decimal separator is represented with a "." Limits from regulations on figures are represented as
straight horizontal or vertical red line. In addition, some data is represented by boxplots. The
definition and criteria by which the boxplots are created can be found in Appendix C.1.

The report is divided into the main report and the appendices. The main report is a
representation of the considerations, used methods and results while in the appendix remains the
documentation and any extra information that is considered important for the understanding
of this project. Appendices are named by capital letters. For instance, the second appendix is
denoted as B.

Aleksandra Maria Tutaj Leire Chavarri Remiro Marta Bonet Arbos
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Nomenclature

Symbol Description Unit

A Area m2

ACH Air changer per hour 1/h
AHR Active Heat Recovery [-]
ANOV A Analysis of Variance
c CO2 concentration in the room m3/m3

c0 CO2 concentration in the room at t=0 m3/m3

ce CO2 concentration in the exhaust ppm
ci CO2 concentration in the inlet m3/m3

CLO �mode Valves closed
C �mode Valves in cooling mode
Cout CO2 concentration outside ppm
Coz CO2 concentration in the occupied zone ppm
cp Specific heat capacity of the air J/kg· K
�P Pressure difference Pa
DF Daylight Factor %
DR Draught Rate %
HR Heat Recovery [-]
HV AC Heating Ventilation and Air Conditioning
Ie Illuminance outside lux
Ii Illuminance inside lux
LT Light Transmittance %
Mech.V ent Mechanical ventilation
N Amount of people [-]
Nat.V ent Natural ventilation
occ Occupancy
OZ Occupied Zone
P Pressure Pa
P1 Pole of anemometers next to the window
P2 Pole of anemometers in the occupied zone
P2.1 Pole of anemometers in front of the door
PH �mode Valves in preheating mode

continues in next page
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Group 1.216-2 Nomenclature

PHR Passive Heat recovery [-]
qactual�DE Actual air flow rate by dilution equation l/s
qb Ventilation rate from building emissions l/s per m2

qcav Air flow through the cavity l/s
qoptimal�DE Optimal air flow by dilution equation l/s
Qrecovered Heat recovered W
qs Air flow rate supplied l/s
qtot Total air flow rate l/s
qw Air flow through the window l/s
R1 Room 1
R2 Room 2
Rad Solar Radiation W/m2

RH Relative Humidity %
RHw Average of the relative humidity %
⇢ Density of air kg/m3

SA Sensitivity Analysis
t Time h
T1 Average of bottom cavities temperature °C
T2 Average of top cavities temperature °C
Ta Local air temperature °C
TBOT Temperature at the bottom part of the cavity °C
Temp. Temperature °C
TIN Temperature in the room °C
TOUT Temperature outside °C
TTOP Temperature at the top part of the cavity °C
Tu Local mean air velocity m/s
U Thermal transmittance W/m2· K
V Volume m3

V a Local turbulence intensity %

V AV Variable Air Volume
V OC Volatile Organic Compounds
WT1 Window Type 1
WT2 Window Type 2
"c Concentration effectiveness [-]
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1

Introduction

Buildings are the main source of energy consumption and emissions, resulting in approximately
40% of the total energy consumption and 36% of the CO2 emissions in the European Union.
Nowadays, around 35% of buildings in the EU are over 50 years old and energy inefficient
[European Commission, 2019]. Therefore, the need for building renovation is receiving increased
attention, due to aging of the construction [Jensen et al., 2018]. Building materials and services
are reaching their lifespan.

Moreover, building adjustment to modern standard became a challenge for the building stock.
New directives, published by the European Union, demand an increased energy performance
by the current building stocks [Hamid et al., 2018]. In order to adjust to these strategies, the
building renovation is relevant and necessary action [Almeida and Ferreira, 2017]. By renovating
the building stock, the total energy consumption of the EU can be reduced by 5-6% and CO2

emission reduced by about 5% [European Commission, 2019]. Hence, limitation on the harmful
climate impact is assessed [Jensen et al., 2018].

In addition, the improvement of the energy performance of buildings can ensure a more affordable
housing [Jensen et al., 2018]. More importantly, due to a better indoor climate, health, comfort
and well-being is improved. Consequently, the quality of life and social sustainability of the
occupants is enhanced [European Commission, 2019]. The above mentioned are the general
provisions of proper thermal conditions and indoor climate in buildings [BR 18, 2018]. When
dealing with buildings occupied by the children, these becomes a matter of significant importance.

Nowadays, the renovation of old buildings uses an integrated approach with focus not only on
the thermal insulation, airtightness and heat recovery, but also on an optimal use of sustainable
technologies. For instance, the application of passive solar gains, passive cooling, daylighting
and natural ventilation [Heiselberg, 1999]. It has been observed that retrofitting of existing
buildings that are originally designed with natural ventilation, have a negative effect on the
indoor climate and residents well-being. This is due to the fact that in order to reduce their
energy consumption, buildings become highly air-tight [Kamendere et al., 2015]. However, the
installation of a mechanical ventilation system is often a more complex procedure. It is of higher
cost and it can create high disturbances to the occupants during the process. Additionally,
buildings with low ceiling become an issue for the ducts system fitting [Kamendere et al., 2015].
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Group 1.216-2 1. Introduction

As the energy-efficient ventilation system is a prerequisite for low energy consumption
[Heiselberg, 2002], it is crucial to choose wisely the ventilation strategy. The design of energy-
efficient ventilation system in educational buildings has become a question of using either natural
or mechanical systems [Heiselberg, 2002]. The school institutions and the teaching rooms are
exposed to high density occupancy and several variations during the day. In that manner, it
is challenging to provide with an adequate ventilation rate relaying only on natural ventilation
strategies. Moreover, with natural ventilation by itself, an efficient level of performance cannot
be guaranteed. As Heiselberg [2002] says, in the majority of cases, the most beneficial would
be a combination of natural and mechanical ventilation systems adapted to indoor and outdoor
conditions.

Speaking of systems that can be adjusted to the mentioned conditions, the ventilated window
is introduced. This is a passive technology that was mainly aimed for the renovation sector,
especially in old buildings without energy efficient ventilation systems [Heiselberg et al., 2013].
This window can be used to reduce the energy demand and improve the indoor comfort
environment [Liu et al., 2017].

This report focuses on the ventilated window produced by the company VentilationsVinduet.
It consists of a double glazed window with a ventilated air gap in between. The key difference
from a conventional window is the dynamic working principle. It allows to supply with fresh air
at different temperatures depending on the outdoor conditions. The working principle for the
categorized functionalities are presented in Figure 1.1.

(a) (b) (c)

Figure 1.1: Working principle of the ventilated windows designed by [Horn Group, 2019].

If cold outdoor conditions occurs, as shows Figure 1.1a, an inlet opening allows the air to enter
to the cavity while it is warmed up by heat transfer from the building and solar radiation. If
this situation happens in a sunny day, solar radiation becomes the main source to heat up the
air, still maintaining an influence of the building heat losses on that process, as it can be seen
in Figure 1.1b. However, it can happen that the air within the air cavity is warm enough to be
supplied indoors. In that case, Figure 1.1c presents an option of bypassing the air from outdoors,
directly to the internal space. At the same time, a circulation of air through the cavity avoids
excessive overheating by sending the air outside again when room conditions are already warm.

2



1.1. Aim of the study Aalborg University

The ventilated window influences positively on the occupants comfort in contrast to a
conventional window. Preheating the air before being supplied indoors, results in minimizing the
risk of draught and reducing discomfort of the occupants. Additionally, even though windows are
one of the weakest building envelope components in terms of heat losses, it is the only element
that apart from heat losses, also contributes with heat gains. This window design pursues an
aesthetic design exploiting these features.

In general, it is a remarkable solution that can serve a broad market. The main application could
be in buildings that need renovation where natural ventilation strategies becomes insufficient.
Moreover, it can improve newly erected buildings to avoid costly decentralized ventilation system.

1.1 Aim of the study

This project focuses on the analysis of the performance of the ventilated window and its influence
on the indoor environment. The onsite investigation of the indoor environment takes place in
two of the classrooms of the primary school located in Ødis Primary School, Kolding Kommune,
Denmark. Building users notified the following problems: overheating, draught, glare and not
comfortable air quality. Through an experimental analysis, the preceding stated problems are
evaluated.

The aim of the project is to analyze the indoor comfort in the classrooms and understand the
main problems that arise when the ventilation system consist of a ventilated window. Two
window designs are tested. A passively controlled window is studied first and a second design
that is electronically controlled. For this reason, it is important to asses the performance of both
windows in terms of comfort, efficient design and an optimal control strategy that could fit for
a high density occupancy such as a school.

The main objectives that the following project pursues are summarized below:

1. How does the window influence the indoor environment under the existing conditions?
2. How the surrounding conditions are affecting the window performance?
3. What is the visual comfort provided by the windows?
4. What is the optimal control strategy design to provide comfortable indoor environment in

the classrooms?

3





2

Literature Review

In this chapter, literature review regarding ventilated window and indoor environment in school
is presented. The aim of this chapter is to explain the current state of art on the ventilated
window. The following review presents some of the most relevant studies and experiments that
are addressed and outlined. Many topics concerning energy transfer, airflow through the double
glass and air temperature have been investigated to expand the knowledge within these subjects.
Furthermore, based on the studies, the explanation of an expected and necessary control strategy
from the window itself is included. At last, the review about indoor environment in schools is
presented. The problems that can possibly occur in school and their assessment method.

2.1 Ventilated Window Benchmark

A ventilated window consists of a double sheet ventilated glass window. It is a passive natural
ventilation, which means a solution based on the use of natural forces. The gap between panes
is supplied with fresh air from outside. By the incident solar radiation on the window’s surface,
the air is heated up creating a buoyancy effect. This heat is transferred from the glass to the air
by convection, makes the flow to be induced upwards. In the end, air is supplied to the room
at a higher temperature than outdoors. This heat transfer by convection depends on the solar
radiation, internal loads, glass surface area and the air flow velocity.

Figure 2.1 presents the ventilated window technology which offers preheating, cooling and bypass
mode. It permits the air to move in different paths by its dynamic working modes. From the
intake of fresh air in the bottom part, the air moves up through the cavity and thereby gets
preheated and transferred indoors. This strategy is named preheating mode. The technology
and the idea of preheating the air is also the main principle for multiple skin facades systems
[Markussen, 2007]. Nonetheless, only when warm outdoor conditions are experienced, the air in
the cavity can be returned outside, instead to the internal space. Thereby, the circulated air is
again preheated, but pushed outdoors in cooling mode. This air path eludes heat transfer from
the inner pane, avoiding overheating the internal space. The last functionality offered by the
window is bypass mode. It allows the ambient air to go directly from outside to inside by an
opening in the upper part. It is useful when there is no need for the outdoor air to be warmed
up. It can be transferred straight from outside.

5



Group 1.216-2 2. Literature Review

"uS�aagJP.1 S_1>1�hAL:gJP.1 *PPGAL:gJP.1

AL.PP_ AL.PP_ AL.PP_Plh.PP_Plh.PP_ Plh.PP_

Figure 2.1: Ventilation window principles and working modes.

The EU CLIMAWIN project by Heiselberg et al. [2013] was a collaboration between several
research partners with the goal of developing a high performance window based on these
operating modes. In that research, 15 different ventilated window typologies were tested in
which different panes, shadings and glazing configurations were analyzed. Simulations about the
window performance using WIS software were carried out for four orientations and four locations
representing north, south, east and west in Europe. The evaluation of window typologies was
carried out first based on lowering the energy consumption from heating and cooling demand.
Furthermore, the window giving the best thermal comfort in terms of internal surface temperature
and supply air temperature was investigated.

Overall, out of the all 15 tested samples, three typologies were selected whose configurations are
presented in Figure 2.2. Results showed that for all four climate references a ventilated window
is able to improve the indoor climate compared to a traditional window. With regards to the
design of the layers configuration, the position of the single glazing is preferably on the internal
side in terms of inlet air temperature. Fact visible in all three selected samples. In terms of
energy consumption, is slightly better on the external side. However, the positioning of a low
emissivity coating on the pane is preferably on the outer glass, as sample 1 and sample 13 shows.
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Figure 2.2: Selected window samples with different configurations from article Liu et al. [2017].
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2.1. Ventilated Window Benchmark Aalborg University

Sample 12 was concluded to be the most beneficial window typology during summer. Solar
control glass helps to block out solar radiation preventing possible overheating in summer. For
a better indoor performance it was sample 1. In terms of indoor environment sample 13 and
sample 1 provide the same comfort levels. However, sample 13 performed slightly worse in energy
performance but it was cheaper [Liu et al., 2017]. They have the same structure, except for a
double low emissivity layer in sample 1. For this reason, it reduces the energy consumption.
From the selected samples it is important to highlight that all closed cavities are filled with
Argon, not air. Simulations from Heiselberg et al. [2013] showed that they performed better.

Another relevant study by Appelfeld and Svendsen [2011] aimed to determine the thermal
transmittance of a ventilated window by using a hot-box. The window was exposed to eight
different airflow rates between 1.3 l/s to 8 l/s. Results showed that the energy efficiency is
dependent on air flow rate. It decreases with higher ventilation rates. In that case study, a
maximum of 6 l/s showed that the ventilated window was no longer beneficial. High air flows
increased heat losses due to the increased window thermal transmittance, making it larger than
the amount of energy regained by preheating. The investigation concluded that the heat was
mainly exchanged in the frame and it suggested not to use ventilated windows in buildings with
high required ventilation rates and small number of windows. In addition to the experimental
work, the article formed a unified methodology for the assessment of the energy performance
and the heat transmittance. The traditional static U-value of a window is no longer applicable
once the air is circulating through the gap. Heat losses are dependent on the air conditions.

Furthermore, with regards to the window thermal performance, the report from Carlos et al.
[2011] describes a numerical simulations. Additionally, an experiment was conducted on the
south façade during winter season. Air flow rate, outdoor air temperature and solar irradiance
were varied with the aim to predict the temperature rise (difference between outdoor and
supplied temperature) and the useful energy of the delivered air. These results were validated by
comparing them with the numerical simulations. Overall, the study states that the heat balance
of the window changes due to the temperature variation between outdoor and indoor. Heat
balance increases when solar radiation increases, plus the lower flow rate, the higher heat balance
is achieved. The study by Carlos et al. [2010] supports the working principle of a ventilated
window by proving that it is able to supply preheated air even in winter time, recovering part
of the heat losses from indoors and by transferring solar radiation into heat gains.

2.1.1 Control Automation

Due to the ability to change modes to preheating, cooling or bypass of a ventilated window, it
is of a high importance to incorporate a control strategy that adapts to the indoor comfort of
the occupants and outdoor conditions. Especially, if it is supported by a mechanical exhaust
ventilation system that can assure a minimum ventilation rate [Markussen, 2007]. Natural
ventilation system is a sustainable an clean technology that when efficiently controlled, it is well
accepted by the users [Heiselberg, 2002]. Heiselberg et al. [2013] describes the development of
the electronic operation of an auto-regulated natural ventilation system for a high performance
window. In addition, it includes automatic controlled blinds. Overall, the ventilated window
became a common practice and popular solution for the housing [Carlos et al., 2011]. However,
the implementation of the system adding automatic control is not yet well documented and more
research in that area is required.

7



Group 1.216-2 2. Literature Review

2.2 Indoor Environment in Schools

Indoor environment in schools started to be a priority since the raising awareness of the
relationship between environment, health and academic performance. With regards to schools in
Denmark, ICIEE-DTU [2019] has conducted researches about the impact of indoor environment
factors on human comfort, health and productivity. This is an issue because in Denmark most
of the school buildings are ventilated by natural manner, system which could produce a risk of
poor indoor environment associated with an insufficient ventilation rate and supported by the
lack of any mechanical ventilation system.

Between energy efficiency in buildings and indoor environment quality, more emphasis is being
given to energy efficiency. Nowadays, the absence of any standard or reference document relating
to the appropriate design of classrooms is worsening the situation [Singh et al., 2019]. Moreover,
most pupils spend over 30% of their life in schools and about 70% of that time inside a classroom
during school days [Hou et al., 2015]. Identifying the key hazards to which children are exposed
due to their special vulnerability, it is an obligation to avoid the risk of sick building syndrome
symptoms. Children are more prone to be affected by air pollution than other age groups due
to their underdeveloped immune systems and higher intake volumes of air per kilogram of body
mass [Trompetter et al., 2018].

Through the Indoor Air Pollution in Schools Project by Carrer et al. [2002], highlighted the need
for a EU program aiming to provide a healthy school environment [Kalimeri et al., 2016]. Poor
indoor air quality (IAQ) has long been recognized as a cause of occupant discomfort, adverse
health effects, increased absenteeism and degraded cognitive performance [Johnson et al., 2018].

Student performance depends on the ability to concentrate and on attendance levels, both closely
related to the indoor environment. The study of Menå and Larsen [2010] states with a statistical
significance that reducing the temperature setpoint from 25 °C to 20°C and doubling ventilation
rate from 5 to 10 l/s per person, the academical performance of the students is increased.

Poor indoor air quality may be a consequence of air pollution. This research by Menå and Larsen
[2010] on the field, compares results of measured CO2 concentrations and temperatures from
similar experiments performed simultaneously in schools from Denmark, Norway and Sweden.
The same equipment was used, giving usable CO2 data from 743 classrooms in 330 schools.
From the participating classrooms, 56% measured CO2 concentrations higher than a 1000 ppm
in Danish schools, whereas only between 16-21% of them were above the limit in Norway and
Sweden, respectively. One explanation can be found in the type of ventilation; less than half of
the participating Danish schools had mechanical ventilation, as opposed to more than 90% in
Sweden and almost 80% in Norway.

Different approaches and strategies are suggested when poor indoor air quality is reported. More
usage of natural ventilation, changing to mechanical ventilation or building renovation improving
the enclosure with higher quality materials [Almeida et al., 2015].

Natural ventilation is the most common ventilation type in Danish schools [ICIEE-DTU, 2019].
Ventilation is often relying only on cracks in the facade and on manual opening of windows. In
Denmark, which has a temperate climate, windows are not opened regularly during the winter
season. It means that ventilation is poor during the heating season in many naturally ventilated
schools.

8



2.2. Indoor Environment in Schools Aalborg University

Figure 2.3 shows a diagram where the most repeated concepts mentioned in researches about
indoor environment in school are listed. Highlighted in red are the ones selected and further
studied in this project. This report focuses on why there is a poor indoor environment more
than the consequences from it.

Figure 2.3: Diagram of the main ideas from researches about Indoor Environment in Schools.

The goal is to achieve healthy, comfortable and productive indoor environments, with minimal
energy consumption. Although saving energy is important, it should not compromise the health
and well-being of children. It is worth mentioning that nonexistent research has been found
about the effect of ventilated windows for educational buildings.
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3

Problem Statement

This project is a case study based on the work from Liu et al. [2017], according to the description of
the window working modes and its impact on indoor conditions. Once the theoretical background
of the window functionalities is investigated, an experimental assessment of the window is studied.
In this chapter, the methodology of the thesis is explained.

The ventilated window has proven to be highly influential on energy and heating demand for
the building renovation sector. However, these have not been thoroughly investigated with a
real case study approach for this window design. As a result, this thesis aims to study the
above mentioned performance. The concerned windows were installed in Ødis School in Kolding,
Denmark, as a pilot project for the company VentilationsVinduet. The design of the ventilated
window opens up a whole new possibilities for establishing good indoor climate with minimal
work required.

Based on the perception of the users in the classrooms, several problems have been experienced
in the school. Among them, lack of fresh air in the rooms, glare problems, issues with too high
CO2 level and overheating.

3.1 Assessment Method

The project is divided into two parts. The first stage of this project concerns the first window
design - window type 1 (WT1) installed in the school during the winter season. Detailed
analysis of the indoor conditions includes CO2 concentration level, daily occupancy profile, air
temperature, air velocity, indoor temperature, relative humidity, window air temperatures, air
flow rate exhaust and visual comfort in the classrooms. Additionally, the different working
principle are investigated as a part of the experimental analysis.

The second stage includes an analysis of an improved design - window type 2 (WT2), which
is expected to contribute to a better indoor environment and visual comfort. The presumption
relies on the electronic controlled design. Experimental tests are performed in Aalborg University
laboratory. Its purpose is to study the supplied air flow rate per cavity, pressure drop correlation,
heat recovery rate and visual comfort. In addition, a sensor test for the electronic control is made.
The aim is to verify if the sensors are acceptable and precise enough for measuring the indoor
environment conditions. Lastly, a control strategy design for the school is proposed with the
objective to enhance its indoor environment.
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Figure 3.1 outlines the methodology for the following master thesis. The report is divided into
three analysis. At the flowchart the organization of this research is visualized: introduction
and conditions present the background on the report and defines the specific goals to be
addressed, while framing this investigation. Experimental analysis includes the theory behind
the investigations and both empirical analysis for window type 1 and 2. The last analysis is called
recapitulation, including discussion, suggest further improvements and the conclusion, which are
the overall assessment.

Aim	of	the	Study

Literature	Review

Methodology

Problem	Statement

Regulations

Case	Description

Numerical	Analysis Test	in	the	school Test	in	the
laboratory

Sensors	Test
Sensitivity	Analysis
Design	Proposal

Conclusion
Further	Improvements

Indoor	Comfort
Thermal	Comfort
Visual	Comfort

Window	Performance

Indoor	Comfort
Thermal	Comfort
Visual	Comfort

Window	Performance

Visual	Comfort
Window

Performance

Control	Design

INTRODUCTION CONDITIONS THEORY WINDOW	1 WINDOW	2

EXPERIMENTAL	ANALYSIS

RECAPITULATION

Figure 3.1: Methodology chart of the following project.

Figure 3.2 shows the systematic approach to plan the execution of the measurements. The
following diagram focusing on indoor conditions, outdoor condition and window performance
has been used :

INVENTORY

SELECTION
INSTALLATIONPLANNING

DATA	

EXTRACTION

DATA

	TREATMENT
CONCLUSION

DATA	

ANALYSIS

FIELD

INVESTIGATION
CALIBRATION

DATA	

LOGGING

Figure 3.2: Diagram of the project approach.

Therefore, measurements for indoor and outdoor conditions from WT1 and WT2, respectively
are the key to explain how the system works. This leads to the possibility to compare results
and use them to suggest improvements of the system operation, such as the control strategy.
Overall, by the end of the study, the following report wishes to answers the following concerns:

– Analyze the window performance based on the indoor and outdoor conditions.
– Test window working modes and its capability to adjust to changes in the environment.
– Ascertain window capacity to supply minimum air flow rate for the occupancy.
– Investigate the air velocity in the occupied zone to prevent risk of draft causing discomfort.
– Study the visual comfort levels to prevent glare problems while allowing the maximum

daylight.
– Check if the indoor levels meet the standards and regulations.
– Evaluate the sensors used in the electronically controlled window.
– Suggest a final proposal for a control strategy.
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3.2 Limitation

Due to the finite period time of this project, the study covers the problems to a limited extend.
In that manner, limitation are listed below:

1. Experimental analysis WT1 is performed only during heating season.
2. Analysis of the indoor environment in the school with WT2 is not included.
3. Energy performance of the building is not calculated.
4. Detail analysis of the air flow distribution in the air gap of the window is not assessed.
5. Control strategy implementation is not included.

3.3 Regulations

In order to provide a safety, healthy and comfortable conditions of the occupants, the indoor
environmental conditions must comply with the designed regulations and standards. The criteria
is based on several standards applicable for the following case. In the Table 3.1 description and
regulations are listed.

Table 3.1: Standards and building regulations applicable to this project.

Category Document Restriction Value

General [DS/EN 15251, 2007, Table 1] Category applicability I
[Vorre et al., 2017, p. 32] Winter period Nov - Mar
[Vorre et al., 2017, p. 32] Summer period May - Sep

Indoor [BR 18, 2018, Section 447 (2)] Max CO2 of the indoor air 61000 ppm

Air Quality [BR 18, 2018, Section 447 (2)] Min. air supply & extract 5 l/s/per +
0.35 l/s/m2

Thermal [Vorre et al., 2017, Table 3] Temp. tolerance, winter 50h > 25°C
Comfort [DS 1752, 2001, Table 1] Operative temp, winter 22.0 +/- 1.0

[DS 1752, 2001, Table A2] Vertical Air Temp. Diff. <2 °C
[ISO 7730, 2005, Table A1] Draught Risk <10%

RH [DS 1752, 2001, A3.8] Relative Humidity 30% - 70%

Visual Comfort [BR 15, 2015, Section 6.5.2 (1)] Daylight Factor in working area 6 2 %
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4

Case Study

In this chapter, the conditions of the case study are explained. The main focus of the case study is
the ventilated window performance in two classrooms located in Ødis primary school. The school
building, its surroundings and detailed explanation of the classrooms are defined. Additionally,
detailed explanation about the ventilated windows (WT1-WT2) including working conditions and
valves positioning for the different working modes.

4.1 Introduction

The background of the following project started with the CLIMAWIN project, previously
described in Section 2.1. The idea was to develop an energy efficient window, which could
provide acceptable indoor environment and thermal comfort for the occupants. In that case,
these windows could be a solution for the renovation of the buildings, where the decentralized
ventilation system installation is avoided.

The window design was developed in collaboration between Aalborg University - active member
of the CLIMAWIN project, and the producer Horn Group - VentilationsVinduet company. The
ventilated windows was installed in the Ødis primary school, as a part of the school renovation.

4.2 Building Description

The building chosen for the case study is located in Steppingvej 14, 6580 Vamdrup, Ødis, Kolding
Kommune, Denmark. The building accommodates the school for the teaching and educational
purposes. In the study, only two classrooms are undergoing the renovation: classroom 1 (R1)
and classroom 2 (R2). As the building interacts with the outdoor environment, analysis of
the building and its surroundings is necessary. The location of the school has been examined
regarding the influence of the environment. These are the main observations: rural area, green
zone, non-heavy traffic and no industries nearby. The building is a two storey building with a
basement. The classrooms: R1 and R2 are located on the ground floor. Their windows are facing
directly the south-east orientation. There is no shade event of shading from trees or surrounding
buildings.

Figure 4.1 is a replica from the original floor plan, where the location of the school and orientation
of the classroom is presented. Highlighted, in the floor plan are the classrooms chosen for the
analysis.
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Figure 4.1: Building location and floor plan distribution of Ødis Primary School.

The school was build in 1960s, and represents the typical danish construction. The external
wall is a brick construction with a thickness of 330 mm. The thickness of insulation in building
construction in the sixties was low, sometimes as little as 30 mm only [Hannoudi et al., 2016].
According to the 1961 Building Regulations, the maximum heat transfer coefficient for an external
wall brick was approximately 0.99 W/m2 [Hannoudi et al., 2016]. However, documentation about
the building construction has not been available. Therefore, it is not known if the building has
undergone any renovation. Windows installed in 60’s, should be double-glazed with a minimum
distance of 12 mm between them in accordance to the 1961 building regulations. The approximate
heat transfer coefficient of the glazing part is 2.9 W/m2 ·K, whereas nowadays it is reduced up
to 1.5 W/m2 ·K [BR 18, 2018]. The internal walls in the school have the thickness 180 mm.

4.3 Classrooms Conditions

The evaluated classrooms, accommodate 15 students from fifth grade in for Room 1 and 13
student from sixth grade in Room 2. They are all between 10-11 years old. Students occupy
the classrooms, every week day between 8:00h and 16:00h, with an exceptions for Wednesdays,
which are days with field activities. It is expected, that children stay in the classroom during
the lessons and leave the room during the break. The lessons take 45 min, having 10 min break
in between on average.

Figure 4.2 and Figure 4.3 present a 3D sketch determining the room dimensions, the internal
space distribution, the door position, the number of windows per room and its location on the
wall facing outside and the ventilation extraction. It is also highlighted in red the occupied zone,
further explained its application in the numerical analysis.
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Figure 4.2: 3D model of the Room 1 and dimensions [mm].

Figure 4.3: 3D model of the Room 2 and its dimensions [mm].

In Table 4.1 conditions that influences on the systems operation, window performance and indoor
environment are summarized. There are some main differences in the operation of the room,
each system and characteristics are explained in the following subsections.

Table 4.1: Summary of rooms conditions in Ødis Primary School.

Characteristics Systems

W
indow

s

R
oom

A
rea

R
oom

H
eight

O
ccupancy

E
xhaust

H
eating

Lighting

Shading

Room 1 6 48 m2 3.1 m 13 people Natural Radiators Auto Manual
Room 2 3 48 m2 3.1 m 15 people Mechanical Radiators Auto Electrical
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4.3.1 Ventilation System-Exhaust

Both rooms have the same number and type of windows with same outdoor conditions and
surroundings. The main difference between Room 1 and Room 2 is the ventilation strategy.
Room 1 has the natural ventilation with an extraction through a chimney, operating for 24
hours, while Room 2 has a mechanical extraction. There are no specification regarding the
operation of the mechanical extraction.

4.3.2 Heating System

Based on the information from Building Council registration [Kolding Kommune, 2019], the
school has a central heating system from a geothermal heat pump. It is supplemented by a
natural gas boiler. Inlet flow temperature is approximately 45°C from the geothermal heat
pump, while the gas fire is controlled by an outdoor compensation curve manually supervised.
The analyzed rooms have 3 radiators each, placed beneath the windows. The radiators can be
controlled by the users by thermostats. The heating system schedule is not known.

4.3.3 Lighting System

The analyzed rooms are equipped with artificial lighting system. Each room has six fluorescent
lights, which are controlled both automatically and manually. When the sensor detects the
movement, the lights turn on, however, they can be operated manually by the on/off switch.

4.3.4 Shading System

The venetian blinds are chosen as the shading system for the classrooms. The venetian blinds
are placed inside the cavity for both rooms and they consist of many horizontal slats, made of
aluminum. The slats are connected with a string and can be rotated up to 170°to avoid the
daylight or can be pulled up so that the entire window is clear. The most common position of
the blinds is with the slat tilted horizontally. In both rooms the slats are identical, however,
their control is different in each room.

In Room 1 the blinds are operated manually. That means the user can adjust the position of
the blinds accordingly to their needs. The blinds can be positioned up and down by the use
of the string. In Room 2 the blinds are operated mechanically. The system, by the use of a
switch, allows to move the blinds up and down. The switch moves them all at the same time,
with no possibility of moving them independently. It is also important to highlight that poor
interaction of the users to change the position of the blinds has been reported. For example, the
top windows cannot be easily reached and are constantly down in a horizontally tilted position.

4.3.5 Other Heat Loads

In term of heat loads, both rooms have one electrical tech board, a projector and each student
has a laptop.
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4.4 Windows System Description

The aim of this section is to explain the windows design and its working strategy. As there are 2
types of windows, which are different in terms of design and working principles, each window is
explained individually. The window type 1 (WT1) is the initial design on which the case study
in school is performed, shown in Figure 4.4. After renovation, window type 2 (WT2) is installed
which it is an improved design with an electrical control strategy, shown in Figure 4.5.

Figure 4.4: Inside view of the window type 1
(WT1), located in the Ødis school.

Figure 4.5: Inside view of the window type 2
(WT2), located in the AAU laboratory.

Figure 4.6 shows the layout Window Type 1. It consist of two windows located on top of each
other with the same dimensions. Each of them has one cavity, which can be opened individually.
There is no internal connection between them for the air to pass through. Figure 4.7 show the
Window type 2. WT2 is composed of 3 cavities. Two bottom cavities (Cavity 1 and Cavity 2)
are the same size, only the top cavity (Cavity 3) is different. All of the cavities of WT2, share
a common sash. The bottom cavities can be opened manually, while there is no possibility to
open the cavity 3. The air goes through each cavity, therefore, there is no internal connection
between them.
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Figure 4.6: Front view of WT1 2D, section
where cavities show possible air ventilation air
path and dimensions [dm].

Figure 4.7: Front view of the WT2 2D, sec-
tion where cavities show possible air ventilation
air path and dimensions [dm].

As presented on the figures above, each cavity has 3 possibilities of air movement, depending on
the working mode of the window. That means, the air can be supplied by: preheating, bypass
or cooling option. Overall, there are several differences between two window types. There are
different different number of actuators, number of valves, openings and working modes for each
cavity. Detailed description of each window types is explained in the following subsection 4.4.1
for WT1 and subsection 4.4.2 for WT2.

4.4.1 Window Type 1 (WT1)

First each material and its layer configuration is introduced. The window is a the triple glazing
with an external insulated glass unit (IGU) which consists of a double-pane with a sealed space in
between them filled with Argon, and a low emissivity coating for an optimal window performance.
Argon located in between the cavity, reduces the heat transfer through the window and it is
preferable to air. Argon is a better insulator and it does not compromise the amount of light
that enters to the room, in contrast to air that contains moisture that can condense inside the
glass. The air moves through the internal sealed cavity between two glazing units. The inner pane
is a 6 mm floating glass. The inlet is located in the bottom part of the window in between the two
glazing units. The supply to the room is possible through two openings located at the top part
of the window. The window working modes are controlled by a top-mounted thermal expansion
valve. Its control strategy is further explained in the Table 4.3. In addition, a venetian blind is
located inside the air cavity. It is the chosen shading option by the supplier. The venetian blinds
purpose is to protect the building occupants from solar radiation, avoid glare, and contribute to
better preheating capacity of the air.

Figure 4.8 shows a section of the window configuration with all the explained layers:
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Figure 4.8: Window types in 2D and sections, where cavities show possible air path.

Table 4.2 summarizes glazing, frame and window dimensions for the window - WT1. The values
are expressed in meters for height and width and m2 for the areas. The glazing represents 69.9%
of the window area.

Table 4.2: Dimensions from the tested Window - WT1 in meters.

Glazing Frame Total
Height Width Area Height Width Area Height Width Area

0.791 1.365 1.079 - - 0.462 0.998 1.545 1.542

Figure 4.9 shows a 3D model of the window type 1. Five window openings are presented: three
facing outside and two that supplies to the internal space.

Figure 4.9: Window openings placed in between the air cavity of WT1.
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Inlet bottom is the opening that connects the air cavity with the exterior, so the air moves
from the outside to the air gap. The two openings in the upper part: Outlet cooling and Inlet
bypass corresponds to the link between the outside top part of the cavity and indoor space.
The actuator and thermal expansion valves are located in between the cavity. It is essential for
the good understanding of the window performance to know in which working mode it is. The
valves can work independently in different working modes, they are not connected. One valve
can only work in bypass mode and the other one in preheating cooling. Possible working modes
combinations is explained in Figure 4.13.

Table 4.3 presents the criteria and the setpoints by which the rotation of the valves changes. It
is a thermal expansion valve, meaning that a gas under pressure induces a rotation of the valves
above a certain temperature. TTOP is defined as the temperature at the top of the cavity and
TOUT as the temperature at the temperature outside.

Table 4.3: Working modes and its properties for the window WT1.

Preheating Mode Cooling Mode Bypass Mode
TTOP > 12°C TTOP > 30°C TOUT > 15°C

The ambient air from inlet
bottom moves to supply pre-
heating. Purpose is to supply
warmer air heated up by solar
radiation and building’s heat
losses.

The ambient air from in-
let bottom circulates to out-
let cooling. The purpose is to
minimize solar gains by venti-
lating the cavity.

The ambient air from inlet by-
pass to supply bypass.The pur-
pose is to supply the ambient
air with directly indoors.

Closed: TTOP < 12°C, too low temperatures, no air supply to the room.

Depending on the angular position of the valves, the working mode is defined. The positioning
of the valves is induced by wind and thermal buoyancy forces. They work passively, no electrical
motor is required to activate the movement of the valves due to the thermal expansion.

Focusing on valve rotation, it can be rotated 360°. There are four main different valves positions,
resulting in four window behaviour. Each of the position has its operational range in degrees.
Figure 4.10 shows the pictures from these positions of the valve. Figure 4.11 is a representation
of the operational ranges.

Figure 4.10: Pictures of the different position of the valves.
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Figure 4.11: Different valve position and transition for the window modes.

Figure 4.12 shows the location of the valves. On the left bypass valve, in the middle the thermal
expansion valve and on the right the preheating/cooling rotating valve.

Figure 4.12: Valves in window type 1.

Figure 4.13 presents the combination of the different working modes. It is important to highlight
that the same valve operates both preheating and cooling mode whereas the other valve works
only in bypass. These valves operate accordingly to the temperature in the cavity. When the
valves are closed, there is no air supply to the room but there is still air circulating through
the cavity, as the inlet of the window is always open. On the figure below, the closed-bypass
mode is not shown. That is due to the improbability of outside being more than 15 °C while the
temperature inside the cavity is less than 12 °C.
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Figure 4.13: Functioning of the ventilated window by the two different modes.

4.4.2 Window Type 2 (WT2)

The window type 2 is divided into 3 cavities in which glazing represents 78.9% of the window
area. The dimensions of the window are presented in the Table 4.4. Layers, materials and
thickness of the window are identical to the WT1, as previously explained on Figure 4.8.

Table 4.4: Dimensions from the tested window - WT2 in meters.

Glazing 1 Glazing 2 Glazing 3
Height Width Area Height Width Area Height Width Area

1.211 0.685 0.829 1.211 0.685 0,92 0.418 1.449 0.605

Total Glazing Total Frame Total Window
Height Width Area Height Width Area Height Width Area

- - 2.264 - - 0.604 1.449 1.980 2.869

However, the operation of the window is different, since the WT2 is automatized. That means
that the rotation of the valves is dependent on a motor/actuator. The bottom cavities have one
motor/actuator placed on top of the cavity. However, as the top cavity as it is wider, it has 2
sets of motor and vales. The supply to the window is located on the bottom of the cavity. On
the Figure 4.14 the WT2 openings are presented.
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Figure 4.14: Sketch of window openings in the air cavity of the WT2.

Figure 4.15 shows the location of the valves and electronics in the top cavity.

Figure 4.15: Location of the valves and electronic in the top cavity.

The working modes of the WT2 are the same as described in the Figure 4.10. There are
four different modes: preheating, cooling, bypass and closed. Nevertheless, as the rotation
of the valves is dependent on the automatic control strategy, all the valves can rotate to any
working mode. A sensor located inside the room measures the indoor environment and sends
this information to a unit that decides, together with the measurements from sensor located at
the cavities, the position of the valve.

The choice of the shading device in the Window Type 2 is described in the further section of
the report. The decision about it is taken after the experimental analysis on the visual comfort,
Section 7.2.
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Numerical Analysis

The aim of this section is to approach through the numerical analysis the answers to the questions
from Section 1.1. The numerical analysis presents the equations used to estimate the indoor
environment and window performance. In addition, the regulations that define a good indoor
comfort are described.

All the theoretical investigation and calculations raised here, are further investigated as a real
case study from Chapter 6 about window type 1 in the school to Chapter 7 about window type
2 in Aalborg University Laboratory.

5.1 Indoor Environment

Indoor environment is referred to the quality of a space in relation to the health and comfort
of the occupants. There are needs that must be satisfied, resulting from determined factors,
including room temperatures, light or air quality, among others. They are studied for Room 1
and Room 2. The question to be answered is as follows:

"How does the window influence the indoor environment under the existing
conditions?"

This evaluation of long term indicators is based on design criteria, calculations and long
term measurements [DS/EN 15251, 2007, p. 21]. In each of the following section the chosen
procedure is explained. The list of the parameters measured in the school to evaluate the indoor
environment are specified in the Appendix A.1.

5.1.1 Indoor Air Quality

Indoor air quality (IAQ) is referred as a representation of pollutants that affect health, comfort
and performance of occupants, being consequently and indirectly related to the ventilation rate
[DS/EN 15251, 2007]. Measurements for the ventilation rates (per person per m2) can be
derived using CO2 measurements, only when people are the main pollutant source [DS/EN
15251, 2007, p. 24]. Therefore, the measurements concerning the amount of carbon dioxide
concentrated in the air are measured. From the regulation explained in Table 3.1 a good air
quality is defined when the amount of CO2 level in the air does not exceed 1000 ppm.
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Ventilation effectiveness

The carbon dioxide concentration can be used as an indicator of air quality. Ventilation
effectiveness, also referred as the Contaminant Removal Effectiveness (CRE), is an indicator
of how fast an airbone contaminant is removed from the space. In addition, it also refers to
the type of air flow pattern in the room [Skistad, 2004, p. 22]. The CRE,"c, is defined by the
Equation 5.1:

"c =
Ce � Cout

Coz � Cout
(5.1)

Ce Concentration of CO2 at the exhaust [ppm]
Cout Concentration of CO2 outdoor [ppm]
Coz Concentration of CO2 at the occupied zone [ppm]

The occupied zone is the area established in which people occupy the space. According to
[Skistad, 2004, p. 6], it is defined as the area 1 m from walls that contain windows, doors or
radiation and 0.6 m from the rest of the walls. Its height is 1.3 m if people inside it are sitting
and 1.8 m if standing.

Table 5.1 presents the interpretation of the results from CRE calculations:

Table 5.1: Indication of Contaminant Removal Effectiveness results [Skistad, 2004].

Concentration Effectiveness
"c « 1 "c = 1 "c > 1

Need to increase air flow rate Perfect mixing ventilation Start displacement ventilation

5.1.2 Air Flow Calculations

How effectively the windows removes air pollutants and excessive temperature in the classroom
is essential to determinate if the windows supply enough air flow. Air changes per hour (ACH) is
a measure of the air volume added to or removed from a space which is defined by the Equation
5.2.

n =

P
qs

V
(5.2)

n Air changes per hour, ACH [1/h]
qs air flow rate supplied [m3/h]
V classroom volume [m3]
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Maximum Ventilation Flow Rate

The air flow rate is defined according to the maximum and minimum air flow rate design for the
school based on the regulations. These calculations are based on the recommended design criteria
using the required ventilation for people and building component [DS/EN 15251, 2007, B1.2].
Values are extracted from [BR 15, 2015, Section 6.1.3.1]. By the design criteria the number of
the occupants in the room is 24 people [DS 1752, 2001, Table 1]. Equation 5.3 calculates the
maximum flow rate needed in the classroom.

qtot = qp ·N + qB ·A = 136.8 l/s (5.3)

qtot maximum air flow rate in the classroom [l/s]
qw maximum air flow rate per window [l/s]
qcav maximum air flow rate per cavity [l/s]
qp ventilation rate from occupants, qp=5 [l/s per pers]
qB ventilation rate from building emissions, qB=0.35 [l/s per m2]
A Room area [m2]
N Number of occupants, N=0.5·A [-]

The maximum air flow rate for the classroom in accordance to BR 15 [2015] is 136.8 l/s. After
the renovation, the number of the windows change from six to three and from one cavity per
window to three. Results from the calculations are shown in Table 5.2.

Table 5.2: Maximum air flow rate per type of window according to regulations.

WT1 WT2
Flow Rate window qw [l/s] 22.8 45.6

Flow Rate cavity qcav [l/s] 22.8 15.2

Minimum Ventilation Flow Rate

This calculation follows the same standards and regulations as the previous maximum air flow
rate, but calculated using the real averaged amount of students in the classrooms which is 15.
Based on the Equation 5.3, the results from the minimum air flow rate per type of window is
described in Table 5.3.

qtot = qp · n+ qB ·A = 91.8 l/s

Table 5.3: Minimum air flow rate per type of window according to regulations.

WT1 WT2
Flow Rate window qw [l/s] 15.3 30.6

Flow Rate cavity qcav [l/s] 15.3 10.2
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Dilution Equation

In addition, not exceeding the maximum CO2 concentration recommended in the classroom
is also a requirement. Therefore, the dilution equation is applied to obtain the air flow rate
necessary for a day during 8 hours in which the CO2 concentration rises to not more than 1000
ppm according to the following formula:

c = (
qs

n · V ) · [1� (1/en·t)] + (c0 � ci) · (1/en·t) + ci (5.4)

c carbon dioxide concentration in the room [m3/m3]
qs carbon dioxide supplied to the room [m3/h]
n number of air changes per hour, ACH [1/h]
V volume of the room [m3]
t time [h]
c0 carbon dioxide concentration in the room at start, t = 0 [m3/m3]
ci carbon dioxide concentration at the exhaust [m3/m3]

Solving for n, ACH and applying Equation 5.2:

qtot = 209.23 l/s

Table 5.4: Maximum air flow rate per type of window according to the dilution equation.

WT1 WT2
Flow Rate window qw [l/s] 34.87 69.74

Flow Rate cavity qcav [l/s] 34.87 23.24

As the maximum air flow rate from the dilution equation is higher and therefore, more restrictive
than the one stated by regulations from Equation 5.3, it has been selected as the maximum air
flow rate and multiplied by a 1.2 safety coefficient for the experimental analysis.

5.1.3 Relative Humidity

Air humidity in occupied spaces has an influence on the thermal sensation. Relative humidity is
the ratio between the current absolute humidity to the highest possible humidity, which depends
on the current air temperature. A reading value of 100% of relative humidity means totally
saturated, that the air cannot hold more water vapor. Desired values between 30-70 % of relative
humidity ensure that no condensation is occurring [DS 1752, 2001, A3.8].

Table 5.5 defines the possible ranges. Low humidity could result in sensation of skin irritation or
dry eyes. Besides, too high values could have the consequence of growth moulds or other fungi
due to moisture.
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Table 5.5: Relative Humidity ranges for the evaluation for indoor air humidity in R1 and R2.

Relative Humidity
Uncomfortable Range Comfortable Range Uncomfortable Range

0-30% 30-70% 70-100%

5.1.4 Thermal Comfort

Indoor temperature is influenced by internal heat loads, such as number of occupants and any
heat sources in the room. External heat loads such as solar radiation, also contribute to the heat
gain in the room.

The data evaluated in this calculation has to be taken in the occupied zone. According to the
mentioned standards, the percentage of time in which the temperatures are within each category
is used as a design indicator of comfort categories. These ones can be seen in Table 5.6.

Table 5.6: Operative temperature ranges for calculations for cooling and heating energy.

Operative Temperature [°C] - Heating season

Cat. -IV Cat. -III Cat. -II Cat. I Cat. +II Cat. +III Cat. +IV

< 19 19T<20 20T<21 21T<23 23T<24 24T<25 �25

Local Thermal Discomfort

Draught is defined as the unwanted local cooling of the body caused by air movements [Skistad,
2004]. It makes the occupants feel uncomfortable due to too high velocities or low temperatures
of the air supplied. The maximum % of dissatisfied people form draught rate is 10 %. Therefore,
this discomfort may be expressed as the percentage of people predicted to be dissatisfied by
draught [ISO 7730, 2005, p. 12] using the following formula:

DR = (34� T a) · (V a � 0.05)0.62 · (0.37 · V a · T u + 3.14) (5.5)

Ta Local air temperature [°C]
Tu Local mean air velocity [m/s]
Va Local turbulence intensity [%]

Large vertical air temperature differences between head and ankles, 1.1 and 0.1 m above the floor
level, during a short period of time can create an unwanted local cooling of the body, generating
discomfort. Therefore, the maximum allowed vertical air temperature gradient is 2°C. [DS 1752,
2001, p. 19].
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5.2 Window Performance

The aim of this section is to study the functionality of the ventilated window and understand its
limitations and performance under different scenarios. Pressure drop explanation and equations
for the heat recovery and total heat recovered are presented. Summarizing this behavior, the
question aroused is the one as follows:

How the surrounding conditions are affecting the window performance?

5.2.1 Pressure drop

The purpose of the pressure drop analysis is to find the relation between the air flow capacity
and pressure drop, and find the differences at different working modes. This part is purely an
investigation performed in the Aalborg University Laboratory.

5.2.2 Heat Recovery

Heat recovery is defined as the ability of the window to supply air at a higher temperature
than the ambient. It only occurs when preheating mode is in use. Fresh air goes through
the cavity driven by buoyancy and wind forces while it is heated due to solar or/and internal
heat contributions. This allows the window to supply warmer air than the outside temperature
avoiding uncomfortable temperatures. The equation defining heat recovery is expressed by:

HR =
TTOP � TOUT

TIN � TOUT
(5.6)

TTOP Temperature supplied to the room [°C]
TOUT Temperature outside [°C]
TIN Indoor temperature [°C]

It is a coefficient that determines how much a ventilated window under certain conditions is able
to preheat the air over the room temperature. It does not take into account the amount of air
flow supplied. The different ranges that define the HR are found in the following table:

Table 5.7: Heat Recovery

Heat Recovery
HR < 1 HR = 0 HR > 1

TTOP < TIN TTOP = TOUT TTOP > TIN

The heat recovery calculation is divided into Active Heat Recovery (AHR) and Passive Heat
Recovery (PHR).
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Passive Heat Recovery

PHR is defined as the heat recovered by the influence of heat transmissions from the building
to the window. The intention is to obtain a regression between the difference TIN -TOUT

temperature and TTOP -TOUT air temperature during solar radiation time.

Active Heat Recovery

AHR is defined as the heat transmissions from solar radiation and internal heat gains.

Heat Recovered

The useful heat recovered corresponds to the heat saved by the ventilated window in comparison
to a conventional window. It is defined by the following equation:

Qr = cp · ⇢ · qcav ·�T (5.7)

Qr Heat recovered [W]
cp Heat capacity of the air [J/kg·K]
qcav Flow rate through the cavity [m3/s]
�T Outlet rise between upper cavity and outside [°C]
⇢ Density of air [kg/m3]

5.3 Visual Comfort

Well-daylight space is indispensable to provide a comfortable visual environment. Furthermore,
exceeding the amount of luxes or insufficient daylight in a room could negatively impact on the
students performance. It is of interest to answer the following question:

What is the visual comfort provided by the windows?

Equation 5.8 defines the ratio between outdoor and indoor illuminance at the same height on an
horizontal plane at 0.8 m above the floor level. Required DF requirements are documented in
[BR 15, 2015, Section 6.5.2 (1)]. Measurements have to be performed during an overcast day.

DF =
Ii
Ie

· 100% (5.8)

Ii Illuminance due to daylight inside [lux]
Ie Illuminance due to daylight on a horizontal plane outside [lux]

A minimum daylight factor 2 % is required BR 15 [2015]. The assessment of the glare has been
done qualitatively. Excessive contrast, meaning big differences between the field of view and the
eye could result in creating discomfort.
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6

Experimental Analysis - School WT1

This chapter focuses on analyzing comfort criteria for the evaluation of indoor environment
quality. Air quality, thermal comfort, window performance and visual comfort are presented
analyzing the experimental data logged in the school.

Previous to the analysis explanation, an introduction about the methodology and the equipment
used is needed. It is to introduce devices location in the classrooms and at the window. More
information about the measurement plan can be found in Appendix A. The summary of the
equipment used is listed below:

1. Exhaust air temperature and flow rate - Lindab flow meter x2
2. Indoor conditions CO2, Temperature and Relative Humidity - IC-meters x4
3. Occupancy and door open/closed - Cameras x4
4. Data Logger - Grant x1

a) Solar Radiation - Pyranometer x1
b) Temperature in the window - Thick type K Thermocouples x4

5. Air velocity and air temperature - Anemometers x8
6. Lux in the working area - Luxmeters x2

Figure 6.1 presents the position of the thermocouples and pyranometer. TOUT is referred to
outdoor temperature, TBOT is bottom inner part of the cavity temperature, TTOP is the upper
inner part of the cavity and RAD, solar radiation on the vertical surface of the façade.

hPlh

_�.g
aQH�`g_�/B�iBQM

h"Ph

hhPS

ALaA.1

PlhaA.1

Figure 6.1: 3D window measured points.
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Figure 6.2 and Figure 6.3 present the 3D model of the two analyzed classrooms with
the corresponding equipment and dimensions. Thermocouples installed at the window are
highlighted in red in Room 2.

Figure 6.2: 3D model with the equipment of the Room 1.

Figure 6.3: 3D model with the equipment of the Room 2.

In the Appendix A there is a brief description of the measurement plan and the reasoning
why data has been logged during different duration in time. Every study provides a table
where parameter, unit, definition, instrument, duration of time and name point is shown. This
nomenclatures is further used in the calculations and data analysis in this chapter. Furthermore,
the pictures showing all the equipment positioned in the classrooms and outside are included.
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6.1 Methodology

Overall, this analysis is performed during heating season between 18-Dec 2018 to 1-March 2019.
The Christmas holidays took place between 22-Dec 2018 to 3-Jan and winter holidays between
9-Feb to 17-Feb. Data from each classroom and one outdoors location has been collected. The
school operated normally during this time period, except for the 26-Jan to 29-Jan when the
heating system was stalled giving low temperatures in the school. These days have been excluded
from the statistical analysis.

All devices result in data for a period of 74 days, 40 schooldays without considering weekends
and holidays. All measurements collected at the explained locations are analyzed in this chapter.
The measuring points are listed in detail in Appendix A. From all data-set, averages from 5 min,
10 min and hourly mean values have been used in the calculations and the following analysis.
real time-step for the logged data, averaged data.

Table 6.1: Logging and averaging of data from all devices used.

Device 2 sec 10 sec 1 min 5 min 10 min 1 hour
Lindabs

Grant

IC-meters

Cameras

Anemometers

Figure 6.4 shows the diagram of the measurements from which the methodology is structured,
dividing the recorded data in indoor conditions, window performance and outdoor conditions.
The general indoor climate evaluation during the heating season at the school takes place for
the period of time between 18 Dec - 1 March. However, the local thermal discomfort analysis
consists of three representative days (21st, 22nd and 23rd January). In addition, visual comfort
measurements is described by instantaneous measurements with lux meters for an overcast sky.

INDOOR	AIR
QUALITY

THERMAL
COMFORT

VISUAL
COMFORT	

EXPERIMENTAL
ANALYSIS

DANISH
STANDARD	/
REGULATIONS

INDOOR
CLIMATE

PARAMETERS

WINDOW	
PARAMETERS

WEATHER
CONDITIONS

PYRANOMETER
Solar	Radiation

THERMOCOUPLES
Window	Temp

THERMOCOUPLE
Out	Temp

IC-METERS
Indoor

LINDABS	
Exhaust
Ventilation

CAMERAS
Occupancy

ANEMOMETERS
Air	Velocity	Temp

LUXMETER	
Lux

Figure 6.4: Diagram from measurements methodology used for Experimental Analysis at School.
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6.2 Limitations and Assumptions

As the experiment has been carried out during normal school activities, the following limitations
have been found during this experiment:

– As pictures from the cameras are taken every 5 min there is the possibility that some time
the opened door has not been captured. Student headcount have been recorded for each
picture.

– IC-meters have not been placed in the occupied zone at the breathing level ( 1.2 m above
the floor level) due to the disturbance in the classrooms. This is why they have been
suspended from the ceiling at 2.36 m above the floor level.

– Indoor environment is studied in both classrooms due to different user behavior, occupancy
and ventilation system.

During the whole analysis, the following assumptions have been assumed, due to difficulties to
be measured and to reach a robust conclusion. Simplifications are listed as follows:

– Occupied hours mean no weekends, no holidays and no period outside 8:00h - 16:00h.
– One window is monitored, however it is assumed that all of them work in the same way.
– No shadows from trees or surrounding buildings on the windows.
– All of the windows remain closed during the analysis.
– Curtains always opened, they are neglected in the analysis.
– Blinds always down and horizontally tilted.

6.3 Indoor Environment

Indoor environment first examines indoor air quality. Based on statistical analysis a correlation
between CO2 and the occupancy profile is investigated. Additionally, based on the carbon dioxide
level, the amount of time students are outside the comfort ranges is calculated. Additionally,
ventilation effectiveness and air flow calculations are included. The analysis of the local thermal
discomfort test, draught risk and vertical air temperature gradient is calculated. Consequently,
the study of the relative humidity levels and thermal comfort categories.

6.3.1 Indoor Air Quality

Comfort and occupants well-being are directly influenced by the indoor air quality in indoor
spaces. In this manner, the CO2 concentration in the classrooms is compared to the occupancy
measured from the cameras to the designed occupancy from the schedule provided by the school.

CO2 correlation with Occupancy

CO2 level and the occupancy have been recorded every 5 min. Based on the data, the general
daily profile has been developed both for the CO2 concentration and the occupancy. For that
purpose, data has been averaged by weekdays. That means every Mondays with occupants
have been averaged together, creating a general daily Monday profile. The same has been done
for the rest of the weekdays. Additionally, the general profile is further compared with the
designed profile. Designed occupancy profile is defined by the classroom schedule.
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It is assumed that during lectures, the classroom is occupied by the total number of kids, while
during the break children are expected to leave the room. Figure 6.5 shows the comparison
between the designed occupancy profiles and the CO2 level for Room 2.

Figure 6.5: CO2 level and occupancy profile in Room 2 (mechanical ventilation) during a typical
winter week.
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The figure above is the representation of the averaged profile of the CO2 concentration together
with 10th percentile and 90th percentile and its maximum values. This allows to observe the
difference between the mean values and extreme conditions of the CO2. The horizontal red line
highlights the carbon dioxide threshold. These values should not exceed 1000 ppm.

By comparing the mean values of the CO2 concentration, it can be concluded that Mondays
and Fridays are the days with the highest level of concentration. The averaged profiles exceeds
threshold stated by the BR 18 [2018]. With regards to the other weekdays, Tuesday and Thursday
shows the same tendency with the highest peak of the CO2 around 10:00 h. Yet, still maintaining
the values below the limit. The CO2 concentration on Wednesdays is the lowest during the entire
week being correlated with low occupancy. Outside the working hours, the level stays around
500 ppm.

By looking at the maximum values, Mondays results are the highest among the whole week and
reach almost 3500 ppm. The y-axis limit on Monday is set to 4000, while in rest of the week
days it is 2000 ppm. However, the deviation from 90th percentile to maximum values is small,
meaning that extreme situations with very high occupancy does not happen too often.

In terms of the occupancy profile, the tendency of the correlation between the weekdays is also
applicable here. In accordance to the schedule, the kids are expected to be outside school on
Wednesdays for additional activities. Most of the days, the highest peak of the occupancy occurs
between 9:00 h - 11:00 h, when children have lectures for longer period of time and at the end
of the day between 13:30 h - 15:00 h. During the following analysis, it is of interest to compare
the real occupancy with the schedule, the so-called designed occupancy profile.

Very often, the buildings operation is designed in accordance to fixed schedules and for a
generalized number of the occupants. However, as presented on the following example, the
designed and general occupancy profile differ significantly. For 60% of the time, children are
present in the classrooms when not expected. It is also important to mention that children spend
time in the classrooms during the breaks, that is why the following number is high. Generally,
outside the expected unoccupied time, there are 2 kids in the room on average. In terms of the
amount of children in the classroom, on average, there are only 41% kids present. For example,
on Mondays there should be 13 children, while there are only 5 on average. The variation of the
occupancy is presented in the Figure C.3, where the 90th and 10th percentile is shown.

Appendix C.2.1 shows the same analysis but for Room 1, where the correlation between the
occupancy and the CO2 is similar in both cases.

All in all, it can be concluded that the occupancy and the CO2 level are closely related and
dependent on each other. In fact, as presented on the previous figure, the rise is quickly
noticeable. Deeper analysis of the factor influential on the CO2 increase is presented below.
The analysis is based on the actual (raw data) for 5th and 25th of February. The Figure 6.6
shows not only the CO2 and occupancy, but also the door position and temperature in the
occupied zone.
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Figure 6.6: CO2 level and occupancy correlation with door condition during typical winter day in
Room 2.

It can be observed in the figure above that the occupancy and the CO2 are tightly correlated.
However, the big influence of the door position can be observed. When doors are closed, the
rise of CO2 is almost immediate. For instance, with the same occupancy of 13 people, the level
of CO2 with the doors closed is 1300 ppm, while with the door open it lowers up to 980 ppm,
making the air flow exhaust through the corridor. It can be visible between 10:00 h - 12:00 h.
However, between 12:00 h - 13:00 h, with the same occupancy, the level increases up to 1600
ppm. This could be explained by the uncertainties of the measurements or working modes of
the windows. The recording time of the door opening and the occupancy has been recorded in
5 min time step. That means, all of the door openings might not have been noticed. That is
why, the results with the same occupancy and door situation show different results in the CO2

level. By looking at the results, in the figure presented to the right, the excessive level of CO2 is
reported for most of the day.

By looking into the temperature in the OZ, with very high CO2, the OZ temperature also
increases slightly. This is an expected behaviour as higher amount of people means higher CO2,
and higher heat loads.

However, it can be concluded that the CO2 level reacts and is highly correlated with the
occupancy. Also, it can be observed that the limit is exceeding for most of the time. Deeper
analysis of the discomfort time caused by the CO2 is presented in the following subsection.

Discomfort Time CO2

In this section, the percentage of discomfort time from averaged data every 5 min is presented
for both rooms. The discomfort time is defined by exceeding 1000 ppm limit. Figure 6.7 presents
the data during occupied hours.
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Figure 6.7: Percentage of time during occupied hours when CO2 level is above 1000 ppm - data
averaged every 5 min.

Based in the Figure 6.7 occupants spend almost 35-36% in the uncomfortable conditions. That is
clearly an issue, since the children should be provided with the highest comfortable environment.
The chart presented on the bottom part shows the influence of the different working modes on
the discomfort level in room 2. That means that during the 36% of the discomfort time, 16% of
the time there is no air supply to the room. Therefore, concluding in a poor control strategy of
the valves.

In addition, the influence of the ventilation extraction, can be observed in the Figure above.
Room 1 is driven by natural extraction and Room 2 by mechanical. Results show that the
mechanical extraction increases the comfort level in the Room 2 by 7% of the time compared to
the Room 1.

Ventilation Effectiveness

Ventilation effectiveness defined by Equation 5.1 uses data from the positions Ce and Coz. The
CO2 concentration outdoors has been assumed to be 350 ppm, as it has been the minimum
concentration reported in the room. Results are shown in Figure 6.8. This calculation takes
data averaged every 5 min and only during occupied hours.
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Figure 6.8: Ventilation Effectiveness during two case studies for both rooms.

The results show that the ventilation effectiveness is close to 1 in both rooms. This illustrates
a mixing air distribution, where concentration in the occupied zone and the exhaust are very
similar. In addition, Room 1 with natural extraction reports higher frequency of values closer
to one, resembling a more defined normal distribution. Therefore, even though the Room 2
with mechanical extraction shows more time in the comfort range with regards the amount of
CO2 in contrast to Room 1 (as seen in Figure 6.8), Room 2 does not show a better ventilation
effectiveness. This might be due to the fact that the IC-meter located in the occupied space is
nearly as high as the one in the exhaust. Consequently, not fully representing the concentration
at the breathing height but giving an idea of the ventilation strategy in the rooms.

Air Flow Calculations

As previously explained in Section 5.1.2, the carbon dioxide concentration can be used as an
indicator of air quality and after a time, t. In this subsection an analysis of the air flow rate
through the exhaust and the window is conducted. Due to the impossibility of measuring the
real air flow rate coming through the windows in the school, the dilution equation is used. It
is worth mentioning that the data from occupation, CO2 and flow meters have been filtered.
It is due to the fact that no occupancy or an open door the results would be unrealistic. This
conditions for the filtration are summarized bellow:

• Data taken only when the window is supplying air (preheating mode),
• Data taken only when there is occupancy,
• Data taken only when the door is closed.

Figure 6.9 represents the difference in the results obtained calculating the dilution equation and
the measured air flow rates at the exhausts. It can be seen how the results in both rooms from
the dilution equation are more spread. This is due to people and CO2 variability. In addition,
in Room 1 with natural extraction the mean air flow from the Lindabs is lower than the results
from the dilusion eq., therefore, resulting in a pressurized room. However, on the right-hand
side in Room 2 where there is mechanical extraction, the room is underpressured, which does
not help to avoid infiltration but it is more beneficial to make more flow rate go through the
ventilated window.
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By comparing both measured flow rates they are very different in range and values. From it can
be seen that the flow meter at the exhaust differs more due to being driven by natural forces
(5-40 l/s), whereas mechanical extraction sucks the air most of the times at a constant air flow
rate (120 l/s).
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Figure 6.9: Comparison of the dilution equation results and Lindabs air flow rates.

Table 6.2 gives the mean values from both for the dilution equation results and flow meter
measurements. It can be concluded results do not correlate. However, when comparing
both dilution and flow meter mean values with the air flow capacity chart provided by
VentilationsVinduet,( Table C.8), it can be seen that both are out of the range for a naturally
driven window, whereas the dilution equation for the mechanical exhaust works as expected.

Table 6.2: Comparison of average values of air flow rates calculated and measured.

Room 1 Room 2
µ µ

Dilution Equation qDE [l/s] 48.3 88.3
Extraction qe [l/s] 12.75 123.38

Now, a second analysis is conducted in order to estimate the proper air flow rate needed in the
room from which CO2 levels will not rise above 1000 ppm. For this analysis, one representative
day for each room has been chosen. Due to the filtering explained at the beginning of this
subsection there are lots of gaps in the results.

Figure 6.10 represents one day in each room. The actual CO2 from IC-meters in the occupied
zone is plotted, together with the corresponding air flow rate calculated by dilution equation,
qactualDE

. The optimal air flow rate from which the CO2 level will not rise above 1000 ppm is
the qoptimalDE

.
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Figure 6.10: Actual CO2 concentration, and actual flow and optimal air flow rate by dilution
equation

Although Room 1 had an occupation of 7 people throughout the day, and Room 2 had an
occupation of 13 people in the morning and 11 in the afternoon, from the Figure 6.10 it can be
seen that the Room 1 is reporting higher CO2 concentrations. This is due to the very low air
flow rate supplied by the windows. Furthermore, it can be seen that most of the time the actual
air flow rate is lower than the optimal, concluding that there is a need for the windows to supply
more air flow and that a mechanical exhausts performs better than a natural driven one.

Consequently, the analysis of how much air flow rate would be needed in order not to overcome
1000 ppm during the occupied hours for a working day according to different occupations is
represented in the Figure 6.11.

Figure 6.11: Optimal air flow rates for different occupancy and corresponding CO2 concentration
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From the previous figure the optimal air flow rate and the linearity between occupancy and flow
rate according to the dilution equation can be seen. This relation is used as a guideline for the
experimental air flow rate measurements in Chapter 7. In addition, the time it takes for the CO2

to stabilize can also be seen. For few amount of people the concentration is bellow 1000 ppm for
longer time than for a higher amount of people that 1000 ppm is much faster reached.

6.3.2 Relative Humidity

Humidity results show that none of the two classrooms present problematic level. They are
all between 20-52%, which is the reference value recommended by DS/EN 15251 [2007]. Raw
plotted data can be seen in Appendix, Figure C.4.

6.3.3 Thermal Comfort

There are four thermal comfort ranges in accordance to the DS 1752 [2001], which are explained
in Section 5.1.4. Figure 6.12 presents measured temperatures in the occupied zone only during
occupied time.

Figure 6.12: Categories according to Room Temperature - data averaged every 10 min.

From the figure above, it is shown that up to 85% of the time, Category I or II is achieved
in both rooms, meaning that no problem due to overheating or too cold temperatures have
been experienced. Note that colder temperatures have been recorded as the analysis has been
performed during the winter season.

Local Thermal Discomfort

Three days are selected (21st, 22nd 23th of January) in order to proceed with the local
thermal discomfort measurements, which are vertical gradient temperature and air velocity in
the occupied zone. Two poles are located in the room holding 4 anemometers each, as shown in
Table 6.3. They measure temperature and velocity at 4 vertical points from 0.2 m to 1.2 m from
the floor. A detailed explanation of how anemometers work can be found in Appendix B.4.

Table 6.3 shows the location of the set of anemometers, being P1 the always next to the window
and P2 in the occupied zone. This one renamed as P2.1 the last day due to a change to a position
next to the door. This change is made with the intention of reporting if increase in air velocity
was occurring when the door is open.
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Table 6.3: Location of measurements for Local Thermal Discomfort at the school.

Monday 21/01 Tuesday 22/01 Wednesday 23/01
Room Room 1 Room 2 Room 1
Occ. Yes Yes No

Draught Risk

Draught is calculated from the velocity and temperature measurements using the Equation 5.5
where local turbulence intensity is assumed 40%. In this analysis the aim is to find if velocities
of more than 0.2 m/s are experienced. It is also interesting to see if higher air velocities are in
the middle of the room P1 or in front of the window P2. The last comparison is to see if opening
the door influences this parameter.

Figure 6.13 presents the results of the data collected during the occupied days 21st and 22nd
(Figure 6.13a), data during the unoccupied day 23rd January with door closed (Figure 6.13b)
and data obtained when door is opened and the pole is in P2.1 (Figure 6.13c).

(a) Occupied-Door Closed (b) Unoccupied-Door Closed (c) Occupied - Door Open

Figure 6.13: Air velocity measurements from all anemometer in different rooms during different
room conditions
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From Figure 6.13a results show that the anemometers at the floor level next to the window
P1, reaches values of more than 0.2 m/s and give higher medians. Especially, that is visible on
Figure 6.13c, in Room 1 which has less distance from the window to the door, therefore, creates
air streams when the door is opened. With regards to the results in the occupied zone, Room 2
is showing higher maximum values although having a similar median value. The reason for this
might be because this room is the one having a mechanical exhaust, and consequently, creating
and under-pressure that makes more air move though the cavities of the window. In general, the
75% percentile in all of the data stays within the acceptable air velocity range.

Figure 6.14 is a one day representation of the results. Parameters are taken from the anemometer
at 1.2 m in position P2, occupied zone during 22nd January.

Figure 6.14: Velocity and temperature from an anemometer at 1.2 m in the occupied zone and its
corresponding Draught Rate.

Accordingly to the previously mentioned equation, draught rate is strongly depend on the air
velocity following the same curve at each time. Also highlight when an increment of air velocity
happens a slight decrease of temperature is experienced (11:00 h and 13:30 h). This relation can
be extended to all the anemometers.

Afterwards, Figure 6.15 shows a comparison of all the parameters collected by the anemometers
at different heights during all the occupied hours. In addition, a vertical line represents the
threshold set by the regulations ISO 7730 [2005] in which the draught rate should not be higher
than 10 %.
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Figure 6.15: Draught Rate from all anemometers during occupied time at position P1 and P2.

According to the previous figure, anemometers next to the window P1-R1 and P1-R2 experience
the higher discomfort as the values are greater than in the middle of the room. However, there is
a general tendency of the anemometers in the lowest part experiencing higher draught rate than
the ones located higher. With regards to the anemometers placed in the occupied zone, P2-R1

and P2-R2, the values are always smaller, nevertheless, P2-R2 experience greater values in all
heights. Furthermore, as explained in Figure 6.15 about the close correlation between velocity
and draught rate, all anemometer give the same profile as Figure 6.13a.

Vertical Air Temperature Gradient

Vertical temperatures are compared in Figure 6.16 according to the different heights and locations
only during the two days with occupancy.
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Figure 6.16: Air Temperature measurements from anemometers at different heights.
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The results presented in the Figure 6.16 show that the temperature increase with the height.
For this reason, the difference (�T) between the anemometers placed at 0.2 m and at 1.2 m
is further analyzed on the following figure for both rooms. In addition, the actual occupancy
profile and the instants when the door is opened are added to see its influence.

Figure 6.17: Air Temperature Gradient between top and bottom anemometers in position P1 and
P2, in each room during occupied hours.

From Figure 6.17 it can be seen that �T exceeds the limit of 2 °C set by the regulations specified
by ISO 7730 [2005] when higher occupancy. In addition, with regards to Room 1 when the door
has been closed during all logging time (only three punctual opening happened at 13:00 h, 13:25 h
and 14:05 h), the anemometers in the occupied zone P2 follow the occupancy pattern. This means
that temperature is strongly driven by heat sources, whereas the one next to the window P1 is
not. However, this effect does not occur in Room 2, where the door has been open for long
periods of time during the day. Therefore, indicating that the air flow exchanged between the
corridor and the room has an influence with regards to the thermal conditions in the rooms.

6.4 Window Performance

When pre-heating mode (PH-mode) is in use temperatures in the upper part of the cavity are
above 12 °C and below 30 °C. Cooling mode (C-mode) opens when temperature gets to be 30
°C or more. However, during this winter season no outside temperatures above 15 °C have been
recorded, therefore the Bypass valve has remained closed all the time.
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Figure 6.18 compares the frequency of each mode during occupied hours and all the time. Outside
temperatures are higher during occupied time than during night, this is why preheating is mostly
used. Both charts are divided by supply and no supply from the window. Highlight from the
left-hand side of the figure that for 44% of the occupied time there is no fresh air supply.

Figure 6.18: Comparison of the frequency in use of each working modes during occupied hours or
during all day- data averaged every 10 min.

Figure 6.19 takes the right hand side data from Figure 6.18 and displays its daily distribution.
This allows to see every changing mode during the day. Shaded area represent weekends and
holidays, meaning no occupancy in the rooms. By different colors the working modes by
temperatures with its referred solar radiation are presented.

Figure 6.19: Daily variation between working modes of the window - data averaged every 10 min.
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In December, less air is supplied due to too low outdoor temperatures (TOUT < 15 °C), shown
during the week of the 18th Dec.2018. It can be clearly seen that the solar radiation has an
influence on the temperatures in the upper part of the cavity (TTOP ), as seen during 18th
February for example. More solar radiation means a higher increment of the temperatures inside
the cavity. However, during 15th and 16th of January, days with low solar radiation and low
outdoor temperature, high temperatures at the top of the cavity have been reported. Comparing
15th and 16th of January (occupied days) with 13th - 14th February (unoccupied day) all with
low solar radiation, the occupancy might have a big influence on the window performance. This
effect could be caused by an influence of the indoor conditions and heat transferred to the window.
This specific case is further studied in section 6.4.1, as Case 1.

Window thermal behavior is evaluated zooming in during two representative winter days in
Figure 6.20 only during occupied hours: a sunny winter day and an overcast winter day.

Figure 6.20: Comparison of window performance during winter period in a sunny and overcast
sky - data averaged every 10 min.

The supply top temperature is related to outdoor air temperature and strongly related to solar
radiation. During the night or in the overcast day, the preheated air temperature is proportional
to outdoor air temperature,as seen from the left hand side of Figure 6.20. However, when solar
radiation is present, the supply temperature significantly increases and reaches a peak. It is
when the solar radiation is strongest, shown in right hand side of the figure. From the sunny day
it is also relevant to highlight that even though after 12:00 h the solar radiation decreases, the
temperature at the cavity still increases. This might be due to the fact that the thermal mass
of the building also helps on releasing heat to the cavity when solar radiation starts to decrease.

In Table 6.4 a synthesis of the mean, standard deviation, maximum, minimum and percentile
values of the main thermal measurements with regards to each working mode are reported.
During occupied hours, preheating mode represents 56%, cavity closed a 39% and cooling mode
a 5% of the time.
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Table 6.4: Ranges for temperatures outside and at the window during different working modes
during all time - data averaged every 10 min.

Parameter Mode µ ± � p90 p10 Max Min

Preheating 14.76 ±2.94 22.50 12.19 29.92 12.00

TTOP Cooling 33.75 ± 1.71 37.7 30.55 45.79 30.02

Closed 9.01 ± 0.90 11.52 5.74 12.00 1.95

Preheating 6.22 ± 1.06 8.25 2.97 14.97 -3.29

TOUT Cooling 10.05 ± 1.20 14.09 5.34 14.86 2.57

Closed 2.74 ± 0.94 5.94 -1.02 7.46 -5.01

Preheating 9.36 ± 2.51 15.08 6.78 33.78 -0.13

TBOT Cooling 21.03 ± 3.08 36.20 11.86 44.41 9.12

Closed 3.90 ± 0.97 7.07 0.079 8.511 -3.99

Preheating 5.18 ± 1.94 9.81 3.51 20.82 -8.70

�TTOP�BOT Cooling 13.37 ± 3.47 21.133 -2.11 23.39 -11.23

Closed 5.12 ± 0.56 6.74 3.49 11.69 1.56

Preheating 8.54 ± 2.90 17.57 4.86 28.32 3.45

�T TOP�OUT Cooling 23.70 ± 2.01 28.27 20.08 32.39 15.29

Closed 6.27 ± 0.68 7.91 4.49 14.35 2.26

Upper cavity temperature (TTOP ) shows clearly when switching working mode between closed
to preheating, meaning that there are no overlaps in the histogram. Most of the measurement
are between 11-13 °C, which is the criteria for switching mode. Therefore, it could happen that
for a period of time the valve is not fully opened yet towards one mode.

– Percentile 90 from preheating 22.50 °C and percentile 10 from Cooling 30.55 °C do not
match. This is because when PH-mode, temperatures are most frequent closer to the lower
limit of 12 °C than the upper one 30 °C.

– Percentile 90 from Closed position is 11.5°C and percentile 10 from preheating 12°C match.

Outdoor temperature (TOUT ) has the same ranges for all working modes, as seen in the histogram
for this parameter. Based only on this parameter it is not accurate to know the working mode
of the window because all are between -5°C and 14°C. However, a pattern based on the mean
values has been found:

– In Preheating mode outdoor temperature oscillates between 6.22 ± 1.06 °C.
– In Cooling mode outdoor temperature oscillates between 10.05 ± 1.2 °C.
– In Closed position outdoor temperature oscillates between 2.74 ± 0.94 °C.
– As temperatures over 15°C have not been measured, no Bypass mode is reported.
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Bottom temperature (TBOT ) is only interesting when comparing the gain in the cavity
�TTOP�BOT as it shows how much the air is preheated in the cavity. These differences in
their gradients are directly related to solar radiation:

– Preheating mode temperature gradient � TTOP�BOT gains on average 5.18 °C.
– Cooling mode temperature gradient � TTOP�BOT gains on average 13.37 °C.

* Preheating and cooling mean value is not real due to the possible reverse flow that
the window experiences in which the bottom is at a higher temperature than the top
one. For this reason some frequency in the histograms can be seen on the negative
range. Therefore, minimum values are negative. Taking only the positive temperature
gradients, the mean values increase to 5.83 °C, PH-mode and 16.52 °C, C-mode.

– Closed mode temperature gradient � TTOP� gains on average 5.12 °C.

Temperature differences between outside and top cavity (� TTOP�OUT ) shows how much the
air is pre-heated from outside.

– Preheating mode temperature gradient � TTOP�OUT gains on average 8.54 °C.
– Cooling mode temperature gradient � TTOP�OUT gains on average 23.7 °C.
– Closed mode temperature gradient � TTOP�OUT gains on average 6.27 °C.

The reason why big differences come when comparing the heat gain from outside to the bottom
are due to the thermal mass of the building and also, the heat transfer from the sash to the air.
When preheating or cooling are running, more intense solar radiation is occurring, however, in
closed mode only 1 °C is increased in average. This might be due to the low outdoor conditions
or not enough solar radiation during this winter season.

Table 6.5 shows the same synthesis for solar radiation. Only data during occupied time has be
taken.

Table 6.5: Solar Radiation on the façade and windows during different working modes only during
occupied hours - data averaged every 10 min.

Parameter Mode µ ± � p90 p10 Max Min

Preheating 145.85 ± 107.61 467.54 14.14 882.58 2.64

Radiation Cooling 624.68 ± 115.55 789.21 470.68 870.87 204.40

Closed 41.37 ± 30.99 89.71 8.39 432.23 2.42

Mean values with the standard deviation show clearly a relation between radiation and working
mode. A range of 0-90 W/m2 would be the range for Closed mode, from 470 W/m2 it would be
when Cooling starts, leaving the middle range for Pre-heating mode. From the data it can be
concluded that:

– Percentile 90 from preheating at 467.54 W/m2 and Percentile 10 from Cooling at 470.68
W/m2 match.

– Percentile 90 from Closed at 89.71 W/m2 and Percentile 10 from preheating at 14.14 W/m2

does not match. This might be due to the relation between top temperature and internal
heat gains when there is low solar radiation.
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From Figure 6.21 relation between � TOUT�TOP and the solar radiation can be seen.

Figure 6.21: Comparison of the relation between �TTOP�OUT and solar radiation for each working
mode - data averaged every 10 min.

It differs clearly between cooling mode (300-800 W/m2) and cavity closed (0-200 W/m2), while
preheating covers all solar radiation range from 0-900 W/m2 as explained from the previous
table. It is also visible that as the temperature at the top of the cavity is heated under the same
conditions both for preheating and cooling, a similar linearity can be seen even though the data
is spread. The reason for this might be due to the different air flow rates through the window.

6.4.1 Comparative Case Studies

After the previous overview analysis, some specific combination from individual parameters
conduct a special behaviour in the window performance. Table 6.6 summarizes which parameters
are analyzed by different cases.

Table 6.6: Different Case Analysis for window performance with regards Indoor Environment.

Is it affected? High Value Low Value Event Not applies

X " # X -

Parameters Case 1 Case 2 Case 3 Case 4

OUT Temp - - - -
TOP Temp X X - #
BOT Temp X - X X
Temp OZ - - - -
CO2 - - " -
Solar Radiation # # - X
Working mode Pre-heating Closed Pre-heating Cooling
Occupancy X X - -
Door Opened Closed Closed/Opened -
Crucial Period 12:30-14:30 9:30-10:30 13:30-

15:00
9:00-10:15 10:15-
12:00

12:00-14:00
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Figure 6.22: Indoor parameters changes together with window performance, Case 1 and Case 2.

Case 1 in Figure 6.22 shows a day when there is no high solar radiation, Pre-heating mode is
working because temperature in the cavity (PHmode-TOP) is more than 12 °C. Even though
there is a low radiation, at 12:00 h, the bottom temperature (PHmode-BOT) increases. This
can be caused by indoor thermal conditions in which the air might be flowing from the room
to the window, meaning that the airflow could be reversed. The opening supply to the room is
converted to an inlet extracting the air through the cavity to outside. However, it could also
be due to the heat contributions of the room to the window. This behaviour can be seen when
door is opened from 12:30 to 14:30 h, overlapping the time when this air movement trough the
window occurs. However, this event is non representative and happened for only 1.12 % of the
total measuring period.

The Case 2 from Figure 6.22 shows that when the air in the cavity is below 12°C the preheating
valve does not open and no air is supplied to the room. That is due the low outdoor temperatures.
This leads into very high CO2 concentrations, being more than 1000 ppm during all occupied
hours. It is clear that when the door is open the air goes out through the door as visible, from
12:00-13:30 h when the CO2 concentration has been reduced. However, from 9:30-10:30 h and
13:30-15:00 h when the door is kept closed and there is a typical occupancy around 13-15 people
the concentration rises almost until 1400 ppm. It can be concluded that if outdoor temperature
is low and no supply air from the windows, together when the door is closed, CO2 exceeds 1000
ppm.
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Figure 6.23: Indoor parameters changes together with window performance, Case 3 and Case 4.

Figure 6.23 highlights in Case 3 that when pre-heating mode is in use the air moves in two
different directions. From the figure describing indoor environment and window behaviour:

• Door Closed (9:00-10:15 h): at the bottom cavity, the air temperature is closer to the
outdoor temperature. The solar radiation warms the air and it seems to move in the
classic direction.

• Door Open (10:15-12:00 h): at the bottom cavity, the air temperature is higher than the
top temperature. This might be due to the air moving from inside of the room to the
outside. In addition, solar radiation values are 150 W/m2.

Figure 6.23 in Case 4 Cooling mode is analyzed. No air is supplied to the room during this time
so high CO2 concentrations are experienced. Bottom temperature exceeds top temperature.
This can mean again a reversed flow direction between 12:00-14:00 h or a malfunctioning of the
cooling mode if the valve is not fully opened. This is happening for shorts periods of time, no
more than one hour and they represent a 15.56 % of all the C-mode.

6.4.2 Heat Recovery

Under solar radiation effect, thermal gains in the room are achieved by heat recovery through
the air from the gap. Deeper analysis of the window heat recovery shall be calculated only using
data during preheating mode. HR is only calculated for preheating mode due to the fact that it
the only one that actually recovers energy. The performance of the window is evaluated based
on the explanation from section 5.2.2. The calculations are divided into Active and Passive,
when there is solar radiation and non-solar radiation respectively. No solar radiation is filtered
by values below 10 W/m2.
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Passive Heat Recovery

As previously explained, solar radiation is not the only parameter influencing Heat Recovery
Rate. Internal heat gains or thermal mass of the building can contribute in heating the cavity
also have an impact if the temperature of the room is higher than the supply from the window.
Passive Heat Recovery results are presenter in Figure 6.24:

Figure 6.24: Passive Heat Recovery Room 2 - 10 min averaged values.

From the results in Figure 6.24 it can be seen that the higher the temperature difference between
indoor and outdoor is, the higher the heat recovery is. This means that the cavity of the window
is also heated when the temperature in the room is warm. In addition, it can also be seen that
although there is no radiation, there is always some heat recovered. Under no solar radiation,
this window still performs better than a conventional window, resulting in low heat recovery.
However, as this experiment has been executed without knowing the flow rates through the
cavity, the results are spread and do not show a clear linearity.

Active Heat Recovery

Figure 6.25 shows the results from calculation divided by outdoor temperatures in order to find
the relation.

Figure 6.25: Active Heat Recovery Room 2 - 10 min averaged values.
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The ventilation heat recovery rate is a function of solar radiation as it heats the air of the cavity
and outdoor temperature. Therefore, it has been divided into four outdoor temperatures ranges,
as shows previous figure. The ventilation heat recovery performance is proportional to the solar
radiation under same flow rate. However, the flow rates through the windows are unknown and
therefore, the values obtained are spread giving a wide range of heat recovery values for each
solar radiation.

Heat Recovery lower than 1 means that the temperature supplied to the room (TTOP ) is lower
than the air temperature of the indoor environment, however, it still provides with air higher
temperature than the outdoor. Values greater than 1 indicates the good HR performance. That
means the air supplied to the room by windows is warmer than the room air.

6.5 Visual Comfort

This section is divided into DF measurements and DF results based on simulations using DIALux.
First, data has been acquired in order to make an analysis of the real situation in the school
during an overcast day. Then, a model of a classroom has been created where the simulations
are compared to the real measurements with the intention of validating the model.

6.5.1 Daylight Factor Calculations

These measurements during 23rd of January have been taken within an overcast sky conditions.
The intention is to evaluate if the daylight factor fulfills the requirements of a minimum 2% DF
in the working area.

Table 6.7 describes blinds conditions during the process of the experiment and the measured
points in each classroom using luxmeters at a height of 0.8 m. Additionally outdoor measurements
have been also recorded in order to calculate the Equation 5.8 for DF.

Table 6.7: Blinds conditions when visual comfort has been analyzed in the school, showing the
measured points in each classroom.

Room 1
Venetian blinds down tilted horizontally except for
the bottom window in from of point 1, whose slats
are vertical (totally closed).

Room 2 Venetian blinds down tilted horizontally and cur-
tains open.
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Calculations at the measured points are plotted in Figure 6.26 and Figure 6.27 following the
same location shown in Table 6.7 for Room 1 and Room 2, respectively.

Windows

0.6522

1.217

0.8261

0.6957

1.087

0.6739

1.13

1.1741.87

Windows

0.3077

0.6538

0.4231

0.8077

1.115

0.4615

0.8077

0.80771.423

Figure 6.26: DF distribution from measured
data in Room 1

Figure 6.27: DF distribution from measured
data in Room 2

It can be clearly observed that higher values for DF are next to the window, which is represented
by the lowest row. Big differences can be seen in the opposite wall of the windows. Only position
1 in Room1 contradicts with the evidence giving low value. It is because that blind was fully
closed, as explained in Table 6.7. In addition, the regulations are not fulfilled as DF barely
reaches 2%.

6.5.2 Daylight Factor Simulations

Therewith, rooms, blinds and window characteristics have been modelled using DIALux. They
have been designed including original location, room volume, window, blinds and surfaces
materials. These characteristics are summarized in Appendix C.1.

Figure 6.28 shows the 3D views from inside of the model in DIALux while Figure 6.29 show the
results from the simulations. Figure 6.30 illustrates the model and its distribution of points on
the working area. This working area is defined as in the school, at 0.8 above the floor level.
Figure 6.31 present the results comparison between DIALux simulation and calculation from the
measurements.
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Windows

0.396

0.838

1.786

0.415

0.889

0.406

0.854

0.9262.392

Figure 6.28: 3D view from inside of blinds
down from DIALux mode.

Figure 6.29: DF results from DiaLux.

Figure 6.30: Calculation areas for Room 2 in
DIALux.

Figure 6.31: Comparison of DIALux and
experimental results.

It can be concluded from the results that the model is a fine approximation, following a similar
curve in all its distribution. There is an exception close to the window, from point 1 and point
2 where daylight factor distribution is less uniform and giving more deviation in the results.
However, as the main concern is to transport daylight to the back side of the classrooms, the
model is validated and assumed that the results can be trusted and represent real conditions.

Hereafter, the model is used to calculate DF when the blinds are up, Figure 6.32. The reason is
to know the maximum DF capacity and test the influence of the blinds.
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Windows

0.684

1.491

0.722

1.583

0.706

1.519

3.4835.77 7.277

Figure 6.32: Inside 3D view blinds up from
DIALux model based on classroom in school.

Figure 6.33: DF distribution from DIALux
simulation with blinds up.

The results from Figure 6.33 show that under no sun protection the DF can reach values of 7
% and a maximum value of no more than 0.722 at the back of the room. This means that no
matter what type of blinds are used, due to the dimensions of the windows and the room it will
be impossible to reach 2 % DF as the regulations state. Therefore, the choice of the shading
device is of high importance, as it highly influences on the DF distribution.
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7

Experimental Analysis Laboratory - WT2

This chapter explains the experimental analysis conducted for window type 2 in Aalborg University
Laboratory, which are performed under controlled conditions. The shading device for the new
window in the school has been chosen by a visual comfort test. A deeper analysis of the new
window (WT2) has been performed with regards to window performance.

The second version of the ventilated window produced by VentilationsVinduet has been tested
in the period from May-April. This analysis is divided into two parts. First, measurements
for illuminance give visual comfort results. A comparison between five different shading devices
is performed to choose the one to be installed in the school. The second part with regards to
window performance aims to verify the heat recovery rate for different flow rates and different
cavity conditions such as the impact of the cavity height and the effect of the blinds in the cavity.

7.1 Laboratory Conditions

This room has been used exclusively to make the window’s analysis. The laboratory dimensions
and room location are presented in the Figure 7.1 and Figure A.2.

Figure 7.1: 3D laboratory room and window dimensions in AAU [mm].
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7.2 Visual Comfort

The aim of this experiment is to find the best solution of the shading device for the new
classrooms. During the experiment, five different shadings have been tested in the laboratory.
The main concern of this analysis is choose the blinds that provide with a good daylight factor
without compromising the view to the outside and at the same time avoiding glare.

7.2.1 Measurement Conditions

The experimental conditions and the measured points are described in the Table 7.1. It can be
seen that closer to the window more points have been taken.

Table 7.1: Measuring points in the laboratory and the test conditions.

Experiment Measured
conditions points

1. The rest of the windows in the room have
been covered, creating a dark room.

2. Four different shading solutions and a vene-
tian blind have been tested on both bottom
cavities 1 and 2.

3. Venetian blinds have been tested permanently
in cavity 3 for being the best solution to
transport light as further as possible in the
room.

4. Slats in the venetian blinds have been titled
horizontally.

5. Per each experiment, 21 lux points have been
measured all over the room surface at 0.8 m
from the floor.

6. One outdoor point at 0.8 m has been mea-
sured to calculate DF.

7. The experiment has been conducted during
an overcast sky.

Additionally, the properties of the tested shading solutions are listed in the Table 7.2.

Table 7.2: Properties of the shading solutions.

Sample Nr. Sample type Light Transmission
[%]

Reflection Factor
[%]

1 Venetian blind - 28
2 Roller screens 11 13
3 Roller screens 29 12
4 Roller screens 15 11
5 Roller screens 5 15
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7.2.2 Results

Results verification between the simulation in DIALux and the actual experiment can be seen in
Appendix C.5. The experimental test generally follows similar trend as the simulated in DIALux
results for all the tested samples. That means that verification of the results is reliable and can
be further applied in the school.

Figure 7.2 presents the results for all the tested solutions in front of the window. It represents
the transport of DF in the room. The same comparison is shown in Figure 7.3, but highlighting
that x-axis have different scale between points in front of the window (point 21, 5, 9, 6, 10 and
11) and the rest of the points, in order to be able to see better the results from all samples and
compare them.

Figure 7.2: Distance from the x-axis origin
in front of the window.

Figure 7.3: DF results for 5 tested samples
in the laboratory.

From Figure 7.2 it can be concluded that Sample 5 and 4 do not perform well and they are not
recommended for the given case. The DF in both cases is the lowest among all the points in
the room. Sample 3 has the highest values, both in its properties and in the measurement. The
view to the outside is well-preserved, however risk of glare can occur based on the perception.
Therefore, this solution is rejected. The solutions suggested for the classroom conditions are
Sample 1 and Sample 2:

• Sample 1 which consists of venetian blinds, represents the most dynamic solution. With
regards to the results, it provides with the highest DF on the opposite wall of the windows.
Although the measurements are done with the slats in horizontal position, it is the solution
that best adapts to the school needs. For example, in a very sunny day with glare or in
a situation in which there is a need to have a darker room conditions, the slats can be
rotated blocking most of the light to the room. However, in an overcast day, the slats can
be in an horizontal position or totally up.
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• Sample 2 that consists of roller screens is also a proposal for the school. Because of the
lower LT factor, the view to the outside is not fully maintained, but glare problems are
avoided. It is a solution that even though does not give the best DF distribution, they do
not require much user interaction.

Eventually, supported by the company decision, the venetian blinds are installed in the school
as the renovation allows the incorporation of blinds electronically controlled. With regards to
this solution, the user interaction plays an important role. The slats can be rotated by almost
180� and moved fully up. It is then crucial that the operation of the blinds is user-friendly and
that can take part in the daily needs of the classrooms. The user has the freedom of choosing
for instance a full daylight blockage while watching a movie in the classroom or just having the
slats positioned horizontally. Like this, light is not totally blocked achieving values of DF as the
ones presented above.

7.3 Window Performance

This second part is divided into two analysis. The first objective of the experiment is to analyze
the window performance in terms of flow rate capacity and pressure differences. Then a second
part with regards heat recovery for different flow rates is explained. Therefore, the experimental
analysis is based on answering the following questions:

– What is the influence of the blinds and cavity height on pressure drop?
– Do the blinds interfere on the flow capacity of the window?
– What is the influence of different flow rates on the HR and total heat recovered?
– What is the influence of the blinds on the HR and total heat recovered?
– What is the influence of the cavity height on the HR and total heat recovered?

The test in the laboratory is under controlled conditions. Temperatures and pressures at the
window, solar radiation on the façade and outdoor and indoor temperatures have been recorded.
Therefore, flow rate capacity under different pressure drops, heat recovery of the window, heat
delivered in function of solar radiance and temperature gradients in the cavity are investigated.
Then, this section is divided into two experiments: Air Flow and Pressure drop correlation
in subsection 7.3.5 and Heat Recovery in subsection 7.3.6. The measurement plan for the
experimental analysis of the new window can be found in the Appendix A.2.

7.3.1 Methodology

The equipment used in the following analysis is listed in Table 7.3. Each device has been in use
with a sampling time of 10 seconds, 1 min and 5 min. From all data-set, averages from 5 min
mean values have been used in the calculations and following analysis. real time-step for the
logged data, averaged data. Pressure drop has been taken manually using a Micromanometer
when steady state conditions have been reached.
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Table 7.3: Logging and averaging of data from all devices used.

Device Parameter 10 sec 1 min 5 min
Flow meters Lindab x3 Flow rate

Thermocouples type K x9 Temperature

Pyranometer x1 Solar Radiation

IC-meter x3 Temp, RH, CO2

Weather Station x1 Temp Outdoors

7.3.2 Assumptions

During the whole analysis the following listed concepts have been assumed in order to simplify
the analysis or due to difficulties to be measured, in order to reach a robust conclusion:

– No consideration of heat losses, no thermal transmittance through the window is analyzed.
– Temperatures at the same height are assumed the same for each cavity.

7.3.3 Measurement Conditions

Valves are positioned in the bypass or preheating mode depending on the experiment. As the
window is located in a south façade, no shadows from trees or surrounding buildings are reported.
Measurements conditions are described as follows:

Air Flow and Heat
Pressure Drop Correlation Recovery

1. Test in preheating and bypass modes.
2. Cavity 1 is tested without blinds to see

the influence of the blinds.
3. Cavity 2 is tested with blinds down in

the horizontal position.
4. Cavity 3 is tested with the blinds down

and horizontal slats, as in the school.
5. Window modes are automatically posi-

tioned to the desired working mode dur-
ing the tests.

1. Tested only in preheating mode.
2. Cavity 1 without blinds to see the

influence of the blinds.
3. Cavity 2 is tested with blinds down in

the horizontal position.
4. Cavity 3 is tested with the blinds down

and horizontal slats, as in the school.

7.3.4 Setup

On the Figure 7.4 pressure points in green dots at the window are visible, while on Figure 7.5 red
indications are referred to temperatures. Furthermore, in Table 7.4 a more detail explanation of
the points can be seen.
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Figure 7.4: Pressure points WT2.

Figure 7.5: Temperature points WT2.
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Table 7.4: Pressure and Temperature differences calculated from the points measured.

Pressure Drop | Temperatures

Preheating Mode Bypass Mode Preheating Mode
Cavity 1 �P1�2b �P1�2nb

�P5�2 T1 T2 no blinds

Cavity 2 �P1�2b �P1�2nb
�P5�2 T3 T4 T5 T6 blinds

Cavity 3 �P3�4b �P3�4nb
�P6�4 T7 T8 T9 blinds

For pressure drop test in the preheating mode, at the points �P1�2b , �P1�2nb
, �P3�4b and

�P3�4nb
with blinds and without blinds the test is performed. The existence of the blinds does

not affect the bypass mode, therefore, measurements are taken only at the points �P5�2 and
�P6�4. For temperature measurements, cavity 1 has no blinds whereas cavity 2 and cavity 3
have the blinds down and horizontally tilted.

Figure 7.6 and Figure 7.7 present the setup for the experiments before the blinds have been
installed. It can be seen that the exhaust of each cavity is supplied to the room by a duct where
a flow meter and a fan are installed. By manual voltage regulation, the fan power can be changed
providing different and controllable flow rates. The flow meters are connected to a computer
where a LabVIEW script stores the flow rates and temperatures from each duct. In order to
avoid any of the air leakage, the outlet is securely constructed, by covering the total window
cavity width.

Figure 7.6: Front view to the laboratory
setup for the experimental analysis.

Figure 7.7: Side view to the laboratory setup
for the experimental analysis.
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7.3.5 Air Flow and Pressure Drop Correlation

The air supplied by the ventilated window is driven by the combination of natural forces and a
mechanical exhaust. The aim of the test is to find how much air can be supplied through each
cavity and to know the pressure drop. Therefore, the procedure consists on adjusting manually
the fan to each air flow stated in Table 7.5 for each cavity. Pictures from the test can be found
in the Appendix A.4. The flow rates chosen to be tested are based on the Numerical Analysis
from subsection 5.1.2.

Table 7.5: Air Flow Rate values in l/s per cavity tested in the Laboratory for WT2.

Air Flow Rate [l/s per cavity]

10 14 18 22 27

Results

Overall, the correlation between the air flow capacity and the pressure drop is presented in
Figure 7.9. Each of the cavities have been tested individually, however assuring the similar
external conditions. The fitting curve is a second order polynomial applied to the results.
With increasing the air flow rate, the pressure drop increases proportionally. The points in
the Figure 7.8 represents the measurement situation.

Figure 7.8: Window sec-
tion pressure test.

Figure 7.9: Relation between pressure drop and air flow.

By comparing �P1�2 to �P3�4, both preheating mode, it is observed that the height of the
window impacts on the investigated relation. The larger the height is, the bigger pressure
difference in the window is observed (�P1�2 > �P3�4). The bottom cavity is almost three
times as high as the top. That is however, a confirmation of an expected result.
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By comparing �Pb to �Pnb, the existence of blinds in the preheating mode also increases the
pressure drop. That is also an expected behaviour, adding i.e filters in the ventilation system
increase the pressure drop, while the pressure drop should be kept as low as possible to avoid
unnecessary energy consumption.

With regards to the bypass mode, it is expected that both cavities would give similar results since
neither the height nor the blinds have any influence. However, �P5�2 gives a higher pressure
drop than �P6�4. This might be due to installation of the valves not being in the optimal
position at the window. Therefore, the air for the bottom window had a smaller inlet from the
outside as the frame of the window is interfering. That is caused by the lack of precision in the
design phase of the window. In addition, the quality of the valves might differ from window to
window and have some air leakages. In general, the window has a considerable pressure drop
that could be improved by a better design of the window.

7.3.6 Heat Recovery Analysis

The performance of the window is tested by calculating the heat recovery under different air
flow capacities listed in the Table 7.6. Each test is performed for the same outdoor conditions.
The chosen flow rates are calculated from the maximum and minimum requirements at the
classrooms, based on the numerical analysis in subsection 5.1.2. As cavity 3 has smaller area,
the air flow is adjusted to the same l/s per m2 as the larger cavities.

Air Flow Rate ranges per cavity

Test 1 Test 2 Test 3
[l/s per m2] [l/s] [l/s per m2] [l/s] [l/s per m2] [l/s]

Cavity 1 8.56 10 14.52 17 23.1 27

Cavity 2 8.56 10 14.52 17 23.1 27

Cavity 3 8.56 6.19 14.52 10.5 23.1 16.7

Table 7.6: Flow rate step size for heat recovery test.

The experimental analysis of the heat recovery is divided into passive and active analysis, which
are described in the following subsections.

Passive Heat Recovery Results

Passive Heat Recovery (PHR) is defined as the heat recovered when there is no solar radiation.
It shows the impact of the heat losses from the building as long as the supply air (TTOP )
is lower than the room temperature (TIN ). To assure no solar radiation, measurements have
been filtered by no more than 10 W/m2. The intention is to obtain the regression between the
difference in-outside temperature and top-outside air temperature.

The Figure 7.10 shows the regression from the results for the three cavities for all the flow rates
stated in the Table 7.6. In the Appendix C.6, the scatter plots from where the fitting curve has
been taken can be seen.

71



Group 1.216-2 7. Experimental Analysis Laboratory - WT2

Figure 7.10: �TTOP�OUT - �TIN�OUT correlation

The results show a linear positive correlation meaning that the air is preheated the most when
the room temperature increases. By comparing flow rates from all cavities, cavity 1 preheats the
air the most. It has the steepest slope after �TIN�OUT > 8°C for the lowest flow rate. However,
when this difference is low, meaning that the room is cold, the air in that cavity is not very
heated up, even with the lowest flow rate.

The influence of blinds is noticeable by comparing cavity 1 and cavity 2 results. The blinds do
not seem to increase �TTOP�OUT but they seem to isolate the window and prevent the air to
be cooled down due to the night sky radiation.

In terms of height difference, it is of interest to compare the cavity 2 and 3 together. It can be
noticed that the pattern in the results is similar. In both cases, the highest flow rate does not
show notorious increase in the preheated air when �TIN�OUT is high, specially in cavity 3.

In addition, before �TIN�OUT of 8 °C, in cavity 1, the highest flow rate performs the best.
After, this effect is reversed when higher temperature gradient.

With regards to cavity 2 and 3, before �TIN�OUT of 10 and 9 °C respectively, the highest flow
rate performs better than the middle one, whereas for higher gradient the middle one performs
better than the highest one.
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Figure 7.11 shows the heat recovery recorded during the measurements.
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Figure 7.11: Passive Heat Recovery Results

The results show that the lowest air flow supplied through the window provides with the highest
heat recovery. For the lowest flow rate the heat recovery is better because it has more time to
preheat the air. However, there is not a significant change when increasing the flow from 14.52
to 23.1 l/s per m2, as seen from the mean values in Table 7.7.

Test 1 Test 2 Test 3
µHR Cavity 1 0.351 0.269 0.264

µHR Cavity 2 0.369 0.295 0.302

µHR Cavity 3 0.363 0.267 0.274

Table 7.7: Passive Heat Recovery mean values.

Active Heat Recovery Results

Active Heat Recovery (AHR) is defined as the heat recovered when there is solar radiation. It
shows the impact due to both, the heat losses from the building to the window and the effect of
solar radiation. To calculate the active heat recovery the same measurements as for the passive
heat recovery are used. In this case the data is filtered when the radiation is higher than 10
W/m2.
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Figure 7.12: Active Heat Recovery Results

The results from the Figure 7.12 show the tendency obtained by the bisquare curve fitting. Raw
data can be seen seen in the Appendix subsection C.6.1. The horizontal red line represents the
HR equal to one. This means that the air is preheated to the same temperature as the room,
therefore risk of draught is avoided due to low temperatures. However, a heat recovery of lower
than one still preheats the air to a higher temperature than the ambient.

Cavity 1 and 2 give the evidence that the less flow rate, the higher heat recovery is. The air takes
more time inside the cavity and therefore, have more time to be influenced by the solar radiation.
Nevertheless, cavity 3 does not show a considerable decrease in the heat recovery when the flow
is changed from 14.52 to 23.1 l/s per m2. This might be due to the effect of the cavity height.
However, mention that the heat recovery might have a limit depending on the configuration of
the window. From the cavity 3 it can be seen that even though the flow rate has been increased
by 59%, the tendency of the lines gets closer and flattened. This concludes that, no matter how
much the flow is increased, the heat recovery would remain constant.

In terms of the shading devices, it can be seen that the blinds help in preheating the air more.
This is due to the greenhouse effect enhanced in the cavity. When the solar radiation strikes the
external glass, it is partially reflected, absorbed and transmitted. The part of the solar radiation
which crosses the glazing is then absorbed and reflected by the interior glass and the blinds which
warm up. This ones re-emits in all the directions a long wave radiation. Part of the radiation is
thus trapped, involving the increase of the interior temperature.
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Comparing cavity 1 without blinds and cavity 2 with blinds, cavity 2 reaches a heat recovery of
1 at a much lower radiation and a maximum heat recovery of 3. Nevertheless, cavity 1 without
blinds even with the lowest flow rate barely passes a HR of 1 at a very high radiation. In addition,
comparing cavity 3 (blinds but smaller glazing area) and cavity 1 (no blinds but larger glazing
area), cavity 3 (3 times smaller) reports better preheating capacity due to the effect of the blinds.

Figure 7.13 represents TTOP of the three cavities for a day with high solar radiation at a constant
flow of 14.52 l/s per m2.

Figure 7.13: Preheated temperature at the cavities for 14.52 l/s per m2

Following what it was stated in Figure 6.20 about the dynamic behaviour of the supply
temperature, it can be concluded that the thermal mass of the building has an impact on air
cavity. During the rise period of the sun (4:00 h-13:00 h), not only the air is heated up but also
the building starts to store heat. For this reason, when the sun starts to go down, it can be seen
that for the same amount of radiation, higher temperatures of air at the cavities are observed.
By analyzing the circled values, for a radiation of around 560 W/m2, different temperatures
depending on the time of the day are given. More in detail is shown in the Table 7.8.

Temperature [°C]

Cavity 1 Cavity 2 Cavity 3
During rise up at 569.9 W/m2 15.87 18.81 18.81

During sun set at 564.3 W/m2 19.71 24.96 22.95

Table 7.8: Temperatures for same solar radiation during rise up and rise down period of the sun
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7.3.7 Total Heat Recovered

The heat recovery is a coefficient that depends only on temperature difference. However, it is
also interesting to study the heat recovered in terms of different flow rates as explained in Section
5.2.2. Figure 7.14 presents the results form the calculations.

Figure 7.14: Total Heat Recovered

Results show that even though for higher AHR a flow rate of 8.56 l/s per m2 (as seen in Figure
7.12), the heat recovered is higher when the flow is 23.1 l/s per m2 (cavity 1 and 2). However, in
cavity 3, the heat recovered is similar for low radiation and higher for the middle flow rate of 14.52
l/s per m2 when radiation is above 500 W/m2. This is because the HR does not significantly
change when the flow rate is increased from 14.52 to 23.1 l/s per m2.

With regards to the blinds influence, comparing cavity 1 and 2, both show similar values of heat
recovered for very low radiation. Nevertheless, for the middle flow rate and high solar radiation
the blinds show a clear improvement in the amount of heat recovered.

In addition, regarding to cavity 1 and 3, although the AHR is in general higher for the cavity
3, in terms of the heat recovered, cavity 1 with the highest flow performs better. It can be
concluded that this ventilated window performs better than a conventional window which would
provide with no heat recovered.
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Further Analysis WT2

In this new chapter, further explanation and analysis of new window improvements is proceeded.
First, the validated model from the school is used to asses the visual comfort for the WT2. Later
on, as this window requires a control strategy unifying windows openings as a whole ventilation
system, the new electronic elements, such as sensors, and their response and accuracy are
investigated. Eventually, a suggestion for a control strategy in the room is proposed, not without
first attempting to decide which input value impacts the most to the system, by calculating a
sensitivity analysis.

8.1 Daylight Factor Simulations

The following simulations in DIALux have been conducted in order to get an estimation of the
daylight factor distribution in the classroom after renovation of the windows. The new blinds are
described in the results from the laboratory experiment (see subsection 7.2.2). Even though the
window design has changed, the blinds used in the model are the default venetian blinds from
DIALux. The simulation has been conducted with blinds down tilted horizontally in all three
cavities. The reason for this is because before the renovation, the blinds were most of the time
static in down position tilted horizontally. This was attributed to the difficulties for the users to
control them. Especially in Room 1, where they had to be manually changed.

Windows

0.436

0.905

1.443

0.458

0.968

0.449

0.928

0.8852.01

Figure 8.1: Inside 3D view of the classroom
after windows renovation (blinds down).

Figure 8.2: DF distribution from DIALux
simulation (blinds down).
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The results from Figure 8.2 compared to the simulation with WT1 in Room 2 (see Figure 6.29),
show that the daylight factor has decreased in the points 1 2 3 and slightly improved in the rest
of the room. However, it is important to highlight, as already stated, that the dimensions of
the room and location of all the windows on the same wall, do not allow the DF to fulfill the
regulations even without any shading (as seen in Figure 6.33).

Windows

0.511
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2.0614.955

Figure 8.3: Inside 3D view of the classroom
after windows renovation (blinds up).

Figure 8.4: DF distribution from DIALux
simulation (blinds up).

A second simulation is created expecting that users interact with the blinds control. During the
simulations cavity 1 and cavity 2 have the blinds half up, as it can be seen in Figure 8.3. This
renovation has permitted to incorporate a mechanical control of the blinds in both rooms which
is still 100% user dependent, but more user friendly. Like this, it is expected that the users could
actively change position and orientation of the blinds according to their needs.

The results from the second simulation can be seen in the Figure 8.4. Points 7, 8 and 9 at the
back of the rooms show a DF around 0.5%. Nevertheless, the major effect can be seen next to
the windows in points 1 2 3 with a DF of nearly 5%.

8.2 Control Design Investigation

Automation has become more common in the nowadays building operation. As explained in
Section 4.4.2, WT2 is an electronically controlled window. Figure 8.5 is used to explain the
room sensor position and the sensors in the cavity and how they communicate with the processor.
Figure 8.6 shows a flow chart of the communication.
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ROOM
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CAVITY	3

PROCESSOR

ROOM	SENSOR

WINDOW	SENSOR
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INPUT

OUTPUT

INPUT

WINDOW	ACTUATOR

Figure 8.5: Sketch presenting the control
communication for windows automation

Figure 8.6: Flowchart presenting the control
communication for windows automation

The valves are connected with an actuator and a sensor that takes measurements at the top
of each window cavity. This data is sent to a processor. This processor decides the position
of the valves with regards to the indoor environment measured by another sensor located in
the classroom. The control strategy is implemented by Node-Red which is a programming tool
for wiring together hardware devices, APIs and online services [JS Foundation , 2019]. The
communication between the different electronics is presented in the Figure 8.6.

In Section 8.2.1 an analysis of the sensors used for WT2 is executed in order to know their
accuracy and response time when measuring. In addition, a sensitivity analysis from Section
8.3.1 is conducted with the intention of knowing which parameters analyzed during the heating
season at the school are the most influential in terms of indoor environment by the correlation
between the inputs to the outputs. Consequently, a control design strategy is developed in
which the most influential parameters from the SA are prioritized. This final control strategy is
presented in Section 8.3.

8.2.1 Sensors Analysis

Before explaining the analysis, an introduction of a sensor behaviour is introduced. There are
explained with examples the possible different response from a sensor and the information which
results in the answer to know if it is a good or a bad sensor. Afterwards, an explanations of the
devices used in the experiment explained after.

Sensors Behaviour

WT2 allows to automatically switch in between the working modes, as previously explained
in section 4.4.2. The working modes change depending on the demands set by the indoor
environment and conditions at the top of the window cavities. The measurements are done
by the use of sensors. A sensor is a device that provides an output signal with respect to a
specific physical quantity which is intended to be measured [Johra, 2019]. Therefore, in order to
obtain a desired building automation, the properly working sensors and its location is crucial.
In order to verify if the sensor performs correctly and can be trusted, the output response of the
sensor has to be compared to a reference sensor [Johra, 2019]. Ensuring that the reference sensor
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give fully trusted output results. By subjecting both of the sensors to various environmental
conditions, the measurement variations and response can be observed.

Several assumption about the sensor behaviour can be made based on the results from the
experiment. On the Figure 8.7 the possible sensor outcome is presented. It is just an example
to understand the basis of sensors behaviour. The red line shows the reference sensor.

Figure 8.7: Behaviour of the good and bad sensors, red line is the reference value.

Based on the results, three general assumptions can be made. The perfect sensor gives the same
outcome as the reference sensor. In that case, the senors can be fully trusted and ready to
use. If there is a constant bias between the reference sensor and the tested sensor, the device
requires a calibration. By adjusting the bias with the results, the sensor can be used. However,
if the sensors shows random and very spread results, not correlating to the reference values, the
response of the sensor is wrong. Therefore, the device can not be used and change is required.

Sensors Testing

The sensor chosen for the automation of the WT2 is the Bosch BME680 sensor. It is described
as an integrated environmental sensor whose main feature is to measure temperature, barometric
pressure, volatile organic compounds (VOC), relative humidity and detect altitude [Bosch, 2019].
The sensor is integrated in a case named as Climawintech sensor, as show Pictures 8.8 and 8.9.

Figure 8.8: Climawintech Sensor. Figure 8.9: Location of Bosch BME680.
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The sensors used in WT2 have not been calibrated, nor checked for their accuracy and response
behaviour. For that reasons, experimental testing of the sensors is conducted in the following
experiment. The principle is to check how precise the sensors are, compared to reference sensors
and obtain a calibration formula if possible. Not only the accuracy of the sensors, but also the
response to change of the environment has been tested for the following parameters: temperature,
CO2, pressure and relative humidity. Special attention to pollution concentration because the
sensor measures VOC for CO2 concentration purposes.

8.2.2 Methodology

During this test, all sensors and the reference measurements have been exposed to changes in the
environment under controlled conditions. Three Climawintech sensors have been used for these
experiments. Different reference sensor are used for the parameters. The equipment is listed in
the Table 8.1. Depending on the device, the sampling time is 1 microsecond, 1 second, 5 seconds
and/or 5 min. From all data-sets, average of 5 min has been used in the calculations and the
following analysis.

real time-step for the logged data, averaged data.

Table 8.1: Logging and averaging of data from all devices used during sensor testing.

Device Parameter 1 µs 1 sec 5 sec 5 min
Pt-100 x 4 Temperature

IC-meter x 4 Temp, RH, CO2

Barometer x 1 Pressure

Bosch Sensors x 3 Temp, RH, CO2, P

8.2.3 Setup

During the experimental sensors analysis five different test has been performed. The Test 1 has
been performed with the intention of testing temperature, relative humidity and pressure. The
environment has been triggered to change with the radiator located in the room. Test 2 has been
placed outside . During Test 3, Test 4, Test 5 the variable occupancy load has been applied. To
check the influence of the Climawintech box where Bosch sensor is located, the case has been
removed during the test 4 and test 5. The test period and conditions are listed in the Table 8.2.

Table 8.2: Different testing conditions.

Test 1. Test 2 Test 3 Test 4 Test 5

Date 18 April 25 April 25 April 14 May 16 May
Conditions Radiator ON Outdoor Indoor Indoor Indoor
Focus Temp RH P Temp RH CO2 Occ - CO2 Occ - CO2 Occ - CO2

An example of the placing the sensor is presented in the Figure 8.10 performed in the laboratory
room. The CO2 analysis is performed in a smaller room varying occupancy during the logging
period.
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Figure 8.10: Setup for the sensor test. Black boxes - BOSCH sensor, white - IC meters, grey
cables - Pt-100.

8.2.4 Sensors Results

Tested parameters are described and analyzed separately with an exception for pressure.
Description about conditions of adaptation to different environmental conditions are presented
below each section thoroughly.

Temperature

Temperature is one of the most important parameter in the analysis, as the Ventilationsvinduet
company focuses mainly on thermal comfort and indoor environment of the classroom. Also the
set points for the control strategy are based on this temperature ranges.

For this analysis, the IC-meters have been used as a reference of ambient temperature for a range
of temperature from 10� C to 30� C. In addition, inside the box of each sensor three Pt-100 have
been placed to identify if the air is preheated inside, as it may result in an influence on the final
sensors temperature. Also, to work properly, the sensor for measuring the gases requires heating
up [Bosch, 2019,p.17], which might influence on the final temperature result.

Figure 8.11 present the overall temperature reaction to different environmental conditions and the
relation between the temperature reference (IC-meters and PT-100 during test 1 are averaged)
and the sensor. During the test 1, radiator is used.
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Figure 8.11: Results for the temperature behaviour test, red line represents the ideal linearity.

The measurement time is plotted against the temperature during the full test, as presented on
the Temperature test, Figure 8.11. Based on the obtained results, it can be concluded that when
the sensors adapt to the environmental change, they react in similar time, having a low time
constant. It is observed that both increase and decrease of temperature has been noticed. The
relation between the sensor and reference is fairly linear, obtaining the R2 for all of the three
sensors, close to 1. It can be stated that the bias between the sensor and reference results is
within an acceptable range.

From the results of test 1, the Pt-100 that measures the temperature inside the box shows to be
closer to the sensor results than to the IC-meter ambient temperature. Meaning that the air in
the box is heated up, disturbing the final sensor measurements. The relative error between these
two parameters is biased up to 14.68%. In terms of measurement without case during the test 4
and 5, the relative error equals 11.13%. For this reason, it is suggested to assure that the box
has a better ventilation and the heat is removed faster or that the case should have a different
design that can avoid this problem.

Overall, the relation presented on the bottom Figures 8.11 is the final result for the temperature
correlation. The polynomial equation that is presented on the Figure, should be applied in order
to obtain the real temperature results, while using the sensors. Two separate equations are
applied, for case with and without the case. The sensor for temperature can be trusted and only
requires a simple calibration.
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Barometric Pressure

The experimental conditions for pressure test has been the same as the ones for temperature
test. In case of pressure, it is of interest to observe its relation with the temperature. The
experimental results from the sensor testing are presented in the Figure 8.12.

Figure 8.12: Pressure calibration test

The reference pressure measurement recorded from the barometer, as visible in the Figure 8.12
on top, almost did not change. This is because barometric pressure inside a room is not easily
subjected to change. For this reason, the barometric pressure is stable while the results from
the sensor varies. Moreover, it can be noticed that the sensors results and the temperature react
against each other. Therefore, it seems that Bosch internal algorithms overcompensate pressure
readings depending on temperature.

As observed in the Figure 8.12 there is no relation between the actual measurement and the
sensors. However, a compensation for temperature changes could be applied and test the sensor
again. That could result in a good sensor response.

CO2 concentration

This parameter is another reference used for the control strategy of the window. For the comfort
of the occupants is it very important that the sensors measures precisely, so that the correct
working modes of the window are activated. It has to be noticed that the Bosch sensor does not
measure the CO2 concentration, but the Volatile Organic Compound.
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Supported by the Melgaard and Mikalainis [2018] experiment, this type of sensors do not perform
well and are not recommended as a reference measure for the CO2 concentration. They are
defined as a function of the occupancy. For this reason, during the experiment variation of
occupancy is tested for the verification of the sensors accuracy. The experimental analysis results
are presented in Figure 8.13.

Figure 8.13: CO2 calibration test

As presented in the figure above, it can be seen that the reference measurements and the sensors
behave differently when changing conditions. It can be noticed that reaction to the environmental
change is observed for all of the sensors. The highest occupancy load is during test 4 and test
5. However, it cannot be concluded that the sensors are correlated with the reference measure.
Additionally, the sensor 1, 2 and 3 are not even correlated between each other. For instance,
during tests 1,2 and 3 the results from the sensors 1 and 3 are the same, while sensor 2 shows
lower values, more related to the reference results. However, during the test 5, when exposed to
higher occupancy load, the three of them give different results.

The relationship between the sensors and the reference measurements is presented on the CO2

test, Figure 8.13 at the bottom. No linearity in the results is visible, obtaining the R2 close to
0. It is a wrong-behaved sensor, which should not be used for the measurement. The sensor
behaviour cannot be trusted and an actual CO2 sensor is recommended.
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Relative Humidity

In terms of relative humidity, the test conditions are the same as for the other tests. In that
case, the sensor behaviour is fairly linear, the response and the sensor adaptation to different
conditions has been observed satisfactory. On the Figure 8.14 data treatment for the relative
humidity is presented.

Figure 8.14: Results for the Relative Humidity behaviour test.

The sensor and the reference has shown a similar tendency. There is a constant bias between the
reference results and the results from Bosch sensor. In order to obtain the real relative humidity
results, the equation presented in the figure above should be applied for the calibration.

The Relative Humidity sensor is a well-behaved sensor. By applying the simple calibration the
sensors can be trusted and used as a measurand of indoor conditions.
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8.3 Control Design Proposal

This section focuses on the evaluation of the most influential parameters with regards to the
indoor comfort. By the results obtained, a proper control strategy is developed for the classrooms.
For this reason this section purpose is to answer the last question presented in aim of the study:

What is the optimal control strategy design to provide comfortable indoor environment
in the classrooms?

8.3.1 Sensitivity Analysis

The aim of the sensitivity analysis is to resolve the first part of the control investigation, find
which inputs influences the output the most. This helps to rank the most influential parameters
in order to prioritize them for the design control. That means that the main inputs will create
greater disturbances even with small variation to the studied outputs. This calculation is
conducted based on data taken every 5 min during the occupied hours from Room 2, as it
is the room where the thermocouples have been installed at the window.

Pearson Coefficient

Pearson coefficient is a measure of the linear correlation between two variables X and Y.
Results represent a monotonic association between these two variables. It means that when
one parameter increases the other one increases, resulting in correlation of 1. However it can
also be that when one increases the other decreases, giving a correlation of -1. Any of these
results represent the most correlated values. The closer it is to 0, the less correlated [Schober
et al., 2018].

Correl(X,Y ) =

P
(x� x) · (y � y)pP
(x� x)2 ·

P
(y � y)2

(8.1)

X Each of the inputs used for the study
Y Each of the outputs used for this study

Figure 8.15: Results from Sensitivity Analysis using Pearson Coefficient.
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ANOVA

To support the decision about which parameter should be the setpoint for the control strategy,
ANOVA simulation is performed. It is an analysis of variance (ANOVA), which gives a ranking
of the parameters that are the most significant towards its output.

Table 8.3: ANOVA Solution for the studied outputs.

Indoor Temperature Relative Humidity CO2 concentration

Rank Input Input Input

1 TTOP TOUT Occupancy

2 TBOT TTOP TTOP

3 Ventilation Solar Radiation Solar Radiation

5 Occupancy Door Open TBOT

6 Solar Radiation TBOT Ventilation

7 Door Open Ventilation TOUT

Sensitivity Analysis Results

With regards to indoor temperature, TTOP is the most sensitive parameter which involves the
impact of the supply air by the window. The second parameter is TBOT , which might be due to
the correlation between TBOT and TTOP . The following influential parameter is the mechanical
ventilation because forces to supply more fresh air by the windows. Occupancy is the next
parameter in the ranking, therefore having an impact in the indoor temperature for being a
heat source. Outdoor temperature, door and solar radiation are the least influential parameters.
They only impact indirectly the indoor temperature.

Based on relative humidity results, it can be observed that the outdoor temperature has the
highest and very significant impact. That means relative humidity is mostly affected by changes
in TOUT . As the TBOT is a parameter highly correlated with the outdoor temperature, it is the
following in the list continued by occupancy. As the relative humidity is defined by the amount
of vapour in the air, it is obvious that occupancy and its impact is a sensitive parameter in the
analysis. The influence of the subsequent parameters is not of that high importance as presented
on the previously presented figure. That means that even a big change in, for instance, solar
radiation, will not affect on the result of the relative humidity significantly. For this reason, these
last parameters do not match between Pearson and ANOVA study.

In terms of the CO2 concentration, the most influential parameter is occupancy. It is an expected
result as occupants are the only source of CO2. The next parameter in the raking is TTOP . It
is the setpoint to change the working mode in the window. That means either fresh air is
supplied or the cavity remains closed. With regards to the door, as demonstrated before, it
helps in reducing the amount of CO2 concentration when opened. Mention that in terms of the
mechanical ventilation, although it contributes to remove the contaminants, it is a variable that
has remains fairly constant.
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8.3.2 Control Strategy Proposal

As already stated in Section 6.3.1, the control strategy of the WT1 is not efficient and does
not adjust to the indoor conditions. During time periods of high CO2 concentration, the
valves remained closed because of outdoor temperatures. For this reason, the incorporation
of electronics that measure both the indoor and window conditions is a great improvement.

The main elements that can be found in control design are the controller, sensors and actuators.
As previously explained in Section 8.2.1, sensors are the key to give an accurate signal for a
specific response of the actuators. However, even the most precise sensor would not be effective
if the control strategy is not designed properly. It is then crucial to specify the main goal of the
control strategy.

In the design phase, it is of high importance to include all the parameters and possible scenarios.
The design of the control strategy for the ventilated window has become a challenge, as explained
in the section 2.1.1, due to the lack of research in that area. Therefore, the suggested proposal
is based on the results from the experimental analysis in the school. The key of the design is
to identify the main problems that have occurred in the school and propose a operation of the
window working modes.

For a better understanding of the design for the control strategy, this section is divided into the
following questions:

1. Which indoor parameter should be prioritized in the control strategy?
2. Which parameters participate in the control strategy?
3. What is the order of the valves opening?
4. How many valves should be opened?

Which indoor parameter should be prioritized in the control strategy?

In order to come up with an optimal design, it is crucial to prioritize some of the parameters
over the others. When designing the control strategy in schools, the health and well-being of the
occupants becomes a first concern. Therefore, the indoor environment is considered as a main
priority over the thermal comfort. This decision is supported by the WT1 results. Too high CO2

concentration has been constantly reported, while indoor temperatures and relative humidity in
the room remained in a comfortable range for most of the time. An acceptable range defined by
the [BR 18, 2018] should not exceed 1000 ppm. Therefore, the control strategy is defined by the
following parameters:

• CO2 concentration: parameter that defines the amount of valves to opened in the windows.
Therefore, indirectly controls the air flow rate.

• Indoor temperature and window temperature: parameters that define the working mode
of the valves.

This decision is supported by the results from the SA, showing that the temperature at the
window supply TTOP is the most sensitive parameter to the thermal comfort. The setpoints
are defined by the regulations (Section 3.3) and the acceptable range for the heating season
is obtained between 21-23 °C. Lastly, when the CO2 level and the indoor temperature are
satisfactory, the relative humidity is verified based on the setpoints defined by the regulations,
which should be between 30-70%.
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Which parameters participate in the control strategy?

CO2 OZ TOZ T1 T2 RH OZ RHW

CO2 OZ , TOZ and RHOZ are the values measured in the occupied zone. The rest T1, T2 and
RHW are explained as follows.

Figure 8.16 presents the three windows located in each room with each of the sensors highlighted
in blue. For the control strategy the cavities are divided into two groups: upper and bottom
cavities. The division is based on their height and blinds operation. The control of the blinds for
the bottom cavities move together. This means that the cavities 1 and 2 always have the same
position of the blinds. In addition, as the windows are exposed to the same outdoor conditions,
it is very likely that each group of cavities have the same temperature. For this reason the
temperatures of the sensors are averaged. This explanation also concerns the top cavities in
which the blinds are moved together.

1.1 2.1

CAVITY	1 CAVITY	2

CAVITY	3

3.1

1.2 2.2

CAVITY	1 CAVITY	2

CAVITY	3

3.2

1.3 2.3

CAVITY	1 CAVITY	2

CAVITY	3

3.3

WINDOW	1 WINDOW	2 WINDOW	3

T1=	AVG	(1.1,	2.1,	1.2,	2.2,	1.3,	2.3)

	T2=	AVG	(3.1,	3.2,	3.3)

CAVITIES	1	and	2

CAVITY	3

Figure 8.16: Set points for the control strategy based on room and window temperatures from
Climawintech sensors.

Temperatures and relative humidity are averaged as shown below:

T1 =
T1.1 + T1.2 + T1.3 + T2.1 + T2.2 + T2.3

6

T2 =
T3.1 + T3.2 + T3.3

3

RHw =
R1.1 +R1.2 +R1.3 +R2.1 +R2.2 +R2.3 +R3.1 +R3.2 +R3.3

9
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What is the order of the valves opening?

There are two options to open the valves. Either the valves start to open from the bottom
cavities or from the top cavities. This criteria is based on the indoor and window conditions, for
instance:

• If the temperature in the cavity is warmer than the room, the bottom cavities are opened
first in order to avoid the warm air staying close to the ceiling (from valve 1.1 to 3.3).

• If cold air has to be supplied to the room, the top cavities are arranged first in order to
avoid draught by low temperatures to the occupants (from valve 3.3 to 1.1).

How many valves should be opened?

The control strategy is always prioritized by the CO2 concentration level (see Figure 8.17). This
figure represents the order of opening and amount of valves. When the CO2 concentration is
adequate, temperature in the room is prioritized (see Figure 8.18).

Figure 8.17: Cascade curve defining the
amount and order of valves to open for CO2

Figure 8.18: Cascade curve defining the
amount and order of valves to open for temp.

As an example, when the CO2 concentration in the room equals to 1700 ppm six valves are
opened. In the situation above 1900 ppm, all valves open. In addition, as can be seen even
though the CO2 is less than 900 ppm there is always one cavity open to assure a minimum
supply to the room. In case of good CO2 but a temperature in the room of 27° C five valves are
opened. In addition, when bypass/cooling used, one of the valves in each cavity work in cooling
and the other two in bypass in order to supply with fresh air but recirculate air through the
cavity.

Figure 8.19 presents the proposal for the control strategy.
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Figure 8.19: Diagram for the control strategy.
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9

Summary of Results

9.1 Indoor Environment

The studied rooms did not report temperature or humidity problems. However, it is important to
consider that this results only concern the heating season. In terms of local thermal discomfort,
no problems were reported, except for the temperature gradient exceeding �T of 2 °C in some
instances. Nevertheless, as the windows were replaced for a larger airflow capacity windows, this
test is recommended to be executed again.

It is known that the occupancy is a very sensitive and important parameter while making energy
calculations and dimension of the building services. However, this parameter is often assumed by
profiles such as a school schedule. From the results, schedules and real occupancy profiles have
large differences without a traceable pattern. The schedule overestimates 59% of occupancy
while 60% of the time there are occupants not expected by the schedule. Consequently, it is
suggested not to use fixed schedules for building simulation or system operations, as they would
not give realistic results.

Based on the ventilation effectiveness results, the airflow follows a mixing ventilation strategy.
Nevertheless, as the IC meters were placed above the occupied zone, the results show that the
air is well mixed close to the ceiling. The reason for the IC location was not to disturb the
occupants.

With regards to the CO2 measurements, both classrooms have reported severe problems not
fulfilling the regulations. During the occupied hours, Room 1 with naturally driven exhaust
reported 54% of the time CO2 concentrations higher than 1000 ppm, whereas Room 2 with
mechanical exhaust reported 38%. The main reason is due to the low air flow supplied by the
windows. The opening of the door has proven to have a significant influence on decreasing the
CO2 concentration. Therefore, to conclude, it is fundamental that the ventilated windows are
supported by a mechanical exhaust, not only to force more air through the windows but also to
have a control strategy that depends on the CO2 concentration in the rooms.

Before and after the renovation of the windows, visual comfort results did not achieve a DF of
2% in the working area of the classroom. However, the DF distribution slightly increased at the
opposite side of the windows for the new design. This is due to the fact that the location
and dimensions of the windows for the room do not allow for a proper distribution of the
DF. Nonetheless, due to the new electronically controlled blinds, it is expected that the users
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would interact much more with the blinds position adapting them to their needs. Consequently,
avoiding the reported glare problems without compromising the view to the outside and light
transmittance to the inside.

9.2 Window Performance

Regarding the functioning of WT1 a bad quality control strategy of the valves has been reported.
The results show that during occupied hours, the CO2 level exceeds 1000 ppm during 16% when
there is no supply and 22% of the time that air is supplied. 44% of the occupied time the valves
have remained closed. Consequently, for a considerable amount of time no fresh air is supplied
to the classroom. Both preheating and cooling mode reported temperatures higher at TBOT

than TTOP . This shows that either the flow was reversed going from the outlet to the inlet or
a malfunctioning of the valve position. During heating season, cooling mode is in use for only
5% of the time and due to the low outdoor temperatures, bypass mode has never been in use.
Based on these results, the thermal expansion valve has shown to be inefficient and obsolete.

The height and the blinds influence on the pressure drop results. Tests have shown that the
inclusion of blinds and higher cavities report higher pressure drop between the inlet and outlet
of the cavities. However, it has also been observed how differences in the construction and
positioning of the valves, have given higher pressure drops than expected. This might be due to
the fact that the WT2 was a first prototype whose construction could be improved.

The results from the window performance in the school have reported an increasing tendency of
the AHR with the solar radiation. However, as the flow rate through the window was unknown,
the conclusions are focused on the results from the experiments in the laboratory under controlled
conditions of temperatures and flow rates.

With regards to the PHR, as long as TTOP is lower than TIN , the contribution of heat from the
interior of the room to the window seems to increase with higher TIN temperatures. In addition,
the lowest air flow rate of 8.56 l/s per m2 shows higher PHR results, whereas the other flow
rate tests of 14.52 and 23.1 l/s per m2 show no changes in the mean values. In terms of the
blinds, they report a positive effect during the night as they avoid heat transferred by night sky
radiation.

The results from the AHR have shown a clear tendency of higher AHR with higher radiation.
A general conclusion between the three cavities report that the higher the flow rate, the lower
the AHR. This is due to the fact that the air moves faster and stays less time in the cavity,
therefore, it has less time to be heated. In addition, it is interesting to highlight that the cavity
3, which is shorter than the others, seems to give similar HR for high flow rates. This effect
represents a physical limit in the HR, concluding that after certain flow rate, the HR will remain
constant. In terms of the blinds due to their reflective material, the greenhouse effect in the
cavity is enhanced. In addition, the thermal mass of the building considerably contribute to
preheating the air.

With regards to the heat recovered of a ventilated window, cavity 1 and 2 have shown that even
for high flow rates, with low HR values there is always an amount of heat recovered. However,
for cavity 3, the middle flow of 14.52 l/s per m2 rate reported more heat recovered. The reason
for this might be due to the limitation of the HR caused by the height of the cavity.
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As a conclusion, it can be stated that the height of the cavity and the inclusion of blinds
with reflective visual properties between the panes definitively enhance the effect of the thermal
performance of the window. In terms of the heat recovered, a ventilated window reports energy
savings over a convectional window.

9.3 Control Design

The sensor tests has been executed for 3 Climawintech sensors and a general calibration curve
has been suggested if possible. However, for the future use of the sensors, it is recommended
that each of them is individually calibrated.

In general terms, pressure measurements by Bosch sensor do not correlate with the reference
barometric pressure. Nevertheless, it is recommended that a compensation parameter is applied
and the sensor is tested again in order to correct the decompensation by the temperature.

With regards to temperature, a redesign of the case in which the sensor is more ventilated would
be beneficial. However, temperature results have given a constant offset, therefore, by applying
the proposed calibration equation the new temperature measurements will be more accurate.
This conclusion can also be applied to humidity in which the calibration equation could be used.

With regards to CO2 measurements, the results have shown obvious deviation from the reference
sensors. Therefore, an actual CO2 instead of a VOC sensor is strongly suggested, especially, when
CO2 together with temperature, are the most crucial parameters if a control strategy is going to
be implemented at the school.

Based on the window performance study of the WT1, a dynamic control strategy is required.
Consequently, a strategy whose flow rate in the room is defined by the amount of valves opened
is suggested. By the indoor and window conditions the proper working mode of the valves is
defined. In addition, humidity levels are also considered.

The suggested control strategy aims to improve the indoor environment in school. The operation
of the window is adjusted to the indoor environment and window conditions, resulting in a holistic
approach.
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Conclusion

A ventilated window is a recommend solution to be implemented in naturally ventilated buildings
(see Chapter 2). As this system has not been previously tested in schools, this report pursues to
contribute to the lack of research in this topic.

Subsequently, by testing the window in the school, thermal comfort and relative humidity levels
reported stable and satisfactory results. However, poor indoor air quality led to a constant
discomfort of the students. The most noticeable problem was too high CO2 concentration. It
has been observed that the mechanical extraction provided 16% more time with CO2 level below
1000 ppm than the natural extraction. In addition, the window working modes, did not respond
to the indoor conditions due to the poor control strategy of the thermal expansion valve.

The solution to solve the previously reported problems in the classrooms is to replace the natural
for a mechanical extraction, which is controlled according to the CO2 levels. In addition, it is
important to highlight that the replacement of the windows could provide with a larger air
capacity and whose working modes also adapt to the indoor conditions was a considerable
improvement. Results from window performance test have shown that the effect of blinds and
higher cavity windows report in higher supply temperatures. Consequently, in terms of design it
is important to make sure that the window is able to recover heat with the lowest pressure drop
as possible.

In terms of visual comfort, glare and low DF was the main problem at the classrooms. In
addition, the blinds were always down for not being easily accessible to manipulate. For this
reason, the solution is to have a user friendly mechanical control of the blinds and that depends
on the user needs.

Not only the redesign for a higher capacity windows with electronic control (WT2) is a good
idea but also the future implementation of a control strategy. Its interaction with indoor and
window conditions allows to keep the CO2 levels stable, therefore, fulfilling the regulations while
supplying sufficient air flow at a comfortable temperature.
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10.1 Further Improvements

After this thorough study of the inclusion of ventilated windows in school classrooms and
laboratory investigations, the following suggestions for further work are proposed:

– It is suggested to add a mechanical extraction to the room with natural to improve the
window operation. Air quality levels will be positively affected.

– Including a valve at the window inlet will help to avoid air circulating when the valves
are closed. It is for the situation of cold temperatures outside and too low in the cavity,
unable to supply comfortable temperatures. It is then interesting to close the cavity trying
to use heat gains from indoors. Consequently, when the cavity is closed it would work as
a conventional window.

– Better quality design of the valves and window itself with the intention of decreasing the
pressure drop is recommended.

– Change the position of the sensor measuring the indoor environment to the occupied zone
is crucial for the accuracy of the results.

– Replacement of the VOC sensors for CO2 sensors.
– The addition of a sensor that measures outdoor conditions in the control strategy.
– Implementation of the heating system in the control strategy.
– The incorporation of a fan control at the exhaust to decide the supply flow rate depending

on the indoor conditions.
– The addition of a shading control based on solar radiation in the control strategy would

enhance both heat recovery and visual comfort provided by the windows.
– The suggested control strategy describes the criteria, however there is a need to implement

it in a programming language.
– Further experiments to test heat recovery in which the effect of different blinds position.

For instance, blinds down and vertical slats during the night in which the effect of blinds
isolation would be more obvious in the PHR.

– Further studies on the effect of the building thermal mass on the preheating model of the
window.

– Creation of a model in which the energy balance and the control strategy is incorporated.
This allows to simulate window performance and energy studies in order to test other
outdoor scenarios or support the experimental results. In addition, the variation of
boundary conditions or occupancy profiles could be tested. It would be a beneficial tool to
use in order to improve the design and control strategy.

– The creation of a CFD model of the window would help in understanding the behaviour
of the flow inside the cavity and therefore, if the design could be improved.
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A

Measurement Plan

A.1 Experimental Analysis School - WT1

In this section based on the structure of the Numerical Analysis in Chapter 5 each parameter
recorded in the school is categorized and located in the classroom. It is explained first that
measurements have been collected during different duration of time. This is because the school
is in use and impede the placement of some meters in the middle of the room for a long time.
For this reason divides each parameter in these categories:

• Constant, const.: corresponds to time dependent variables whose location do not disturb
the normal activity in the room.

• Temporary, tempo.: corresponds to time dependent variables whose location could disturb
the normal activity in the room. Therefore, this measurements which are placed in the
occupied zone, have been installed only during a period of time of 3 days.

• Instantaneous, inst.: correspond to non-time dependent variables, meaning that there is
no need to keep any device receiving data in the room.
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Figure A.1: Floor plan of the classrooms.
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Group 1.216-2 A. Measurement Plan

A.1.1 Indoor Air Quality

In Table A.1all the parameters involved in terms of indoor air quality that have been measured
in the classrooms can be found.

Table A.1: Measurements related to indoor air quality conditions

Units Definition Instrument Time Point

Ce1 [ppm] CO2 exhaust Room 1 IC-meter const. e1
Ce2 [ppm] CO2 exhaust Room 2 IC-meter const. e2
Cout [ppm] CO2 concentration exterior Thermocouple const. out
Coz1 [ppm] CO2 occupied zone Room 1 IC-meter const. oz1
Coz2 [ppm] CO2 occupied zone Room 2 IC-meter const. oz2
Occ1 [ - ] People in Room 1 Camera const. cam1
Occ2 [ - ] People in Room 2 Camera const. cam2

A.1.2 Relative Humidity

In Table A.2 all the parameters involved in terms of relative humidity that have been measured
in the classrooms can be found.

Table A.2: Measurements related to relative humidity conditions

Units Definition Instrument Time Point

RHoz1 [%] Relative humidity occupied zone Room 1 IC-meter const. oz1
RHoz2 [%] Relative humidity occupied zone Room 2 IC-meter const. oz2

A.1.3 Thermal Comfort

Table A.3 details all the parameters involved in thermal comfort measurements, including local
thermal discomfort.

Table A.3: Measurements related to thermal comfort conditions

Units Definition Instrument Time Point

✓oz1 [°C] Temp. occupied zone Room 1 IC-meter const. oz1
✓oz2 [°C] Temp. occupied zone Room 2 IC-meter const. oz2
vp1 [m/s] Air velocity in oz Room1/Room2 Anemometers tempo. p1(x2)
vp2 [m/s] Air velocity near window Room1/Room2 Anemometers tempo. p2(x2)
�Tp1 [°C] Temp. grad. in oz Room1/Room2 Anemometers tempo. p1(x2)
�Tp2 [°C] Temp. grad. near window Room1/Room2 Anemometers tempo. p2(x2)
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A.1. Experimental Analysis School - WT1 Aalborg University

A.1.4 Visual Comfort

Table A.3 details all the parameters involved in visual comfort.

Table A.4: Measurements related to visual comfort conditions

Units Definition Instrument Time Point

Ii [lux] Illuminance inside Room1/Room2 Lux meter inst. Table 6.7
Ie [lux] Illuminance outside Room1/Room2 Lux meter inst. Table 6.7

A.1.5 Window Performance

The air temperature is measured in every opening, inlet and outlets of the window to know
precisely the vertical temperature gradient through the ventilation air gap and the frequency in
time of each working mode. The thermocouples used are temperature sensors made by silver
coated type K. For the Thermocouples at TBOT a silver tube with a fan to have a constant air
flow around it and protect the device from solar radiations. Based on the following, the variables
in Table A.5 are measured.

Heat Recovery

Table A.5: Measurements related to Heat Recovery of the window performance WT1 and WT2.

Units Definition Instrument Time Point

TTOP [°C] Temp. upper part of the cavity Thermocouples const. top
TOUT [°C] Temp. outside Thermocouples const. out
TBOT [°C] Temp. bottom part of the cavity Thermocouples const. bot

Air Flow Calculations

Table A.6: Measurements related to Ventilation of the window performance WT1.

Units Definition Instrument Time Point

qe1 [l/s] Flow rate exhaust at Room 1 Flow meter const. e1
qe2 [l/s] Flow rate exhaust at Room 2 Flow meter const. e2
D1 [-] Open/close of the door Room 1 Camera const. cam1
D2 [-] Open/close of the door Room 2 Camera const. cam2
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A.2 Experimental Analysis Laboratory - WT2
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Figure A.2: Floor plan of the laboratory room dimensions [mm].

A.2.1 Visual Comfort

Table A.7: Measurements related to visual comfort conditions

Units Definition Instrument Time Point

Ii [lux] Illuminance inside room/lab Lux meter inst. Table 7.1
Ie [lux] Illuminance outside room/lab Lux meter inst. Table 7.1

A.2.2 Window Performance

Air Flow and Pressure Drop Correlation

Table A.8: Measurements related to Pressure differences through the window WT2.

Units Definition Instrument Time Point

P1 [Pa] Pressure inlet bottom in ph Micromanometer const. P1

P2 [Pa] Pressure supply bottom ph/bypass Micromanometer const. P2

P3 [Pa] Pressure inlet top ph Micromanometer const. P3

P4 [Pa] Pressure supply top ph/bypass Micromanometer const. P4

P5 [Pa] Pressure inlet bottom in bypass Micromanometer const. P5

P6 [Pa] Pressure inlet top in bypass Micromanometer const. P6
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A.3. Devices used for Measurements in the school Aalborg University

Heat Recovery

Table A.9 shows measured temperature points to calculate HR in preheating mode based on
Figure 7.5. Type K thin thermocouple

Table A.9: Measurements related to Temperature differences through the window WT2.

Units Definition Instrument Time Point

T1 [°C] Bottom temperature cavity 1 Thermocouples const. T1

T2 [°C] Top temperature cavity 1 Thermocouples const. T2

T3 [°C] Bottom temperature cavity 2 inside Thermocouples const. T3

T4 [°C] Top temperature cavity 2 inside Thermocouples const. T4

T5 [°C] Bottom temperature cavity 2 outside Thermocouples const. T5

T6 [°C] Top temperature cavity 2 outside Thermocouples const. T6

T7 [°C] Bottom temperature cavity 3 inside Thermocouples const. T7

T8 [°C] Top temperature cavity 3 inside Thermocouples const. T8

T9 [°C] Top temperature cavity 3 outside Thermocouples const. T9

A.3 Devices used for Measurements in the school

Pictures for an overview of the classrooms are shown in Figure A.3 and Figure A.4.

Figure A.3: Room 1 distribution and main elements involved in this analysis.

Figure A.4: Room 2 distribution and main elements involved in this analysis.
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Group 1.216-2 A. Measurement Plan

Figure A.5: Lindab and IC-meter - Room 1. Figure A.6: Lindab and IC-meter - Room 2.

Figure A.7: IC-meter & cameras - Room 1. Figure A.8: IC-meter & cameras - Room 2.

(a) Pyranometer - Thermocouple. (b) Thermocouples window. (c) Data logger Grant.

Figure A.9: Real position of the Grant logging data from pyranometer and thermocouples in the
school.
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Figure A.10: Anemometers connection. Figure A.11: Pole with anemometers.

Figure A.12: School façade window type 1. Figure A.13: School façade window type 2.

Figure A.14: Pictures from the electronics in WT2.
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Figure A.15: Bottom inlet grill of WT1. Figure A.16: Top inlet grill of WT1.

Figure A.17: Luxmeters used indoors and outdoors in the classrooms and laboratory
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A.4 Devices used for Measurements in the laboratory

A.4.1 Visual Comfort

Table A.10: Blinds chosen for the visual test in the laboratory.

Sample 1 - RF28 Sample 2 - LT11 RF13 Sample 3 - LT29 RF12

Sample 4 - LT15 RF11 Sample 5 - LT5 RF15

A.4.2 Air Flow and Pressure Drop Correlation

Figure A.18: Tube position in the window for pressure drop experiment in the laboratory.
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A.4.3 Heat Recovery

Figure A.19: Thermocouple in the window to measure solar radiation in the laboratory.

Figure A.20: Pyranometer on the façade to
measure solar radiation in the laboratory.

Figure A.21: Pyranometer on the façade to
measure solar radiation in the laboratory.
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B

Calibration

Calibration has been performed in AAU Laboratory. Devices have been tested and the delivered
data has been compared to reference devices or more accurate devices to check their accuracy.

B.1 Flow Meters

Figure B.1 presents the Lindab used in the school. They are Lindab ultralink FTMU diameter
160 mm, 141 l/s maximum flow ± 1.6 l/s. In order to store the data they have been connected
to a national instrument, shown in Figure B.2, which using the software LABView a .txt has
been save with temperatures and flow rates.

The same procedure has been ran for ultralink FTMU diameter 100 mm, 55 l/s maximum flow
± l/s located in the laboratory. Guaranteed measurements uncertainty 0.2-15.0 m/s. Labview
has been used as logging software provided by Hicham Johra.

Figure B.1: Lindab at the school. Figure B.2: National Instrument and power
supply at the school.
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B.2 Thermocouples

The main idea behind calibrating the thermocouples is to find which offset do they have from
real value. For this, Isotech 6 VENUSPLUS 2140 shown in Figure B.4 has been the device in
charge to control and to set a constant temperature, creating an isothermal environment for
the comparison calibration of temperature sensors. It only gives uncertainties of no more then
0.001 °C. A F200 sensor precision thermometer is used shown in Figure B.3. This temperature
is compared to the one given by the thermocouples and generate an adjusted curve to give an
accurate result.

Figure B.3: F200 precision thermometer. Figure B.4: Isocal .

Figure B.5 presents the grant - Squirel SQ1600 which is a data logger for the thermocouples. This
device is connected to a computer that will generate a file with all the data. The thermocouple
itself is presented in Figure B.6.

Figure B.5: Grant. Figure B.6: Tnermocoulpes.
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Figure B.7 shows the calibration equation extracted as a result from the measurements, shown
in red for each thermocouples. Data in blue to the right-hand side of the figure shows how much
the results differ.

Figure B.7: Thermocouples calibration curves.

All data collected in the school has been afterwards calibrated using MATLab. Calibration
correlation coefficients exceeded the analytic threshold of R2 >= 0.999.
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B.3 Pyranometer

One of the main influential parameters is the solar radiation in order to investigate the solar heat
gains in the ventilated air gap. One pyranometer Kipp & Zonen Pyranometer, model CMP21
has been used on the façade of the building. Vertical position has been chosen to know the
radiation reached at the glazing surface of the windows with the same orientation with regards
the sun. All measurements from the pyranometers are registered by the Grant - Squirel SQ1600
data logger every 1 minute having a response time of 5 seconds. Sensitivity is 5.75· 10�6 V/W·
m2, maximum solar irradiance 4000 W/m2.

B.4 Anemometers

Figure B.8 shows a hot-sphere of the anemometers that are used for air velocity and temperature
measurements. To calibrate them it has been used a jet wind tunnel which can supply constant
air velocity. It provides a control which the user can rotate to supply the desired air velocity.
The jet is generated using a fan and different orifices plates for different ranges of m/s. The used
jet tunnel is presented in Figure B.9.

Figure B.8: anemometers. Figure B.9: Wind tunnel.

Eight anemometers have been calibrated, which have been divided onsite in two poles to evaluate
air in different positions. 16 samples for each anemometer orifice plates of 10 mm, 23 mm, 46
mm to generate a curve for each separately, presented in Figure B.10.
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Figure B.10: Calibration curve for each of the anemometers.
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C

Data Treatment

C.1 Boxplot Representation

During the report several boxplots are used to represent data. These ones are created using
Mathworks online [2018] boxplot function. A boxplot is a standardized way of displaying the
distribution of data based on:

• The internal horizontal line shows the median of the data.
• Top and bottom of the box display the 25th and 75th fractile. The distance between the

top and bottom is the interquartile range.
• The whiskers are lines extending above and below each box. Whiskers are drawn from the

ends of the interquartile ranges to the furthest observations within the whisker length.
• Observations beyond the whisker length are marked as outliers. By default, an outlier is a

value that is more than 1.5 times the interquartile range away from the top or bottom of
the box.

• If a cross is observed in the boxplot, this one represents the mean value of the dataset.

C.2 Results Indoor Environment

C.2.1 Indoor Air Quality

As explained in the section 6.3.1, the correlation between the occupancy and the CO2 shows
similarities in the results. The results obtained for Room 1 are presented in the figure below.
The results conclude that Monday and Fridays are the days with the highest CO2 concentration
level. These days seems to overpass the limit of 1000 ppm the most. However, Tuesday and
Thursday show the same tendency in the results. The average value of the CO2 concentration
is below the limit. On Wednesday, the average value does not exceed 900 ppm, which is caused
by the smallest occupancy. However, the highest peak of the CO2 can be observed on Monday,
where the level increases up to 2500 ppm, resulting in the highest value of CO2. It can be
observed, that when the CO2 level increases, it is mostly caused by the occupants. Generally,
the profiles follow each other.
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Figure C.1: Occupancy data and CO2 concentration in Room 1.
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The variation between the occupancy and the design schedule is presented in the figure below.

Figure C.2: Occupancy profile in Room 1.

Based in the figure above, it can be concluded that for 68% of the time, there are people in the
room when not expected. That is just a confirmation that users interaction with the building, is
different than expected. The highest occupancy outside the scheduled time, is visible on Fridays,
resulting in 92% of the time. On Wednesday and Thursday, it is around 70%. On average, during
the breaks, there is 1 occupant in the classroom. In terms of the designed and real occupancy,
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there are only 32% of the kids present during the classes. That means, on Mondays 15 people is
expected in the classroom, but only 5 are present.

It is of interest to look into the 90th and 10th percentile of the occupancy. School are the
institutions with a highly variable occupancy loads. As visible, on the example of Wednesday,
25 people is present in the room for at least 1h. While designing the indoor environment of the
room, it is important to consider that such extreme situation can happen. In the Figure C.3 the
analysis of the occupancy profile is presented.

Figure C.3: Occupancy profile in Room 2.
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As presented in the figure, there is a big variation in the mean value and the 90th percentile.
The most noticeable difference occurs on Friday with 30 people and Mondays 25 people in the
same time in the room. On Thursdays and Wednesdays for 91% and 86% of the time, there are
people in the room, when not expected. Overall, on average 60% of the time, there are people
in the room when not expected. It is also related to the breaks. Generally, it is assumed that
children leaves the room for the break. However, on the average, there are 2 occupants present
in the room. In terms of number of people designed for the room and the real value, there is
a difference of 41%. Everyday, during the school day, 15 people should be located in the room,
however there are only 5 on average.

Figure C.4: Relative Frequency of all values extracted from IC-meters logged every 5min only
during occupied hours.

Figure C.5: CO2 levels in both rooms hourly averaged.
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Figure C.6: IC all every 5 min

Figure C.7: Lindab histogram of temperature and air flow extracted from each room..
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Air Flow Calculations

Figure C.8: Available air flow rate from different valve combinations provided by VentilationsVin-
duet.

C.3 Visual Comfort

C.3.1 Visual Comfort-Simulations

This table summaries the properties of the materials used for the DIALux simulation in the
rooms.

Table C.1: Room elements characteristics set in DIALux to run DF simulations.

Parameter Material Reflection
factor

Reflective
coating

Light
Transmittance

Walls Default 50 % 0 % -
Ceiling Default 70 % 0 % -
Floor Thick concrete 43 % 0 % -
Upper side of the slat - 90 % 98 % -
Bottom side of the slat - 28 % 4 % -
Window’s Glass - 17 % - 78 %

In Table C.2, results verification between the simulation in DIALux and the actual experiment
are presented together with the blinds properties and their visual representation.
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Figure C.9: DF and Lux distribution with blinds up (old windows)

Figure C.10: DF and Lux distribution with blinds down (old windows)
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Figure C.11: DF and Lux distribution with blinds at 50% (new windows)

Figure C.12: DF and Lux distribution with blinds down (new windows)
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C.4 Outdoor Conditions

An overview of the weather conditions more influential to window performance are showed in
Figure C.13 and Figure C.14; External Temperatures and Direct Solar Radiation respectively.

Figure C.13: Outside Temperature distribution - data every 10 min - at Ødis Primary School.

Figure C.14: Solar Radiation distribution - data every 10 min - at Ødis Primary School.
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C.5 Visual Comfort WT2

Table C.2: Comparison of the measurements and the simulation for the visual comfort in school.

Sample 1 - RF:28 Sample 2 - LT:11 RF:13 Sample 3 - LT:29 RF:12

Sample 4 - LT:15 RF:11 Sample 5 - LT:5 RF:15

C.6 Passive Heat Recovery

Figure C.15: Passive Heat Recovery for 8.56 l/s per m2.
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Figure C.16: Passive Heat Recovery for 14.52 l/s per m2.

Figure C.17: Passive Heat Recovery for 23.1 l/s per m2
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C.6.1 Active Heat Recovery Test 1

Figure C.18: Active Heat Recovery for 8.56 l/s per m2.

Figure C.19: Active Heat Recovery for 8.56 l/s per m2.
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Figure C.20: Active Heat Recovery for 8.56 l/s per m2.

C.6.2 Active Heat Recovery Test 2

Figure C.21: Active Heat Recovery for 14.52 l/s per m2
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Figure C.22: Active Heat Recovery for 14.52 l/s per m2.
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Figure C.23: Active Heat Recovery for 14.52 l/s per m2.
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C.6.3 Active Heat Recovery Test 3

Figure C.24: Active Heat Recovery for 23.1 l/s per m2.

Figure C.25: Active Heat Recovery for 23.1 l/s per m2.
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Figure C.26: Active Heat Recovery for 23.1 l/s per m2.

135



Group 1.216-2 C. Data Treatment

C.7 Control Design - Node Red

Figure C.27: Node-Red flow chart to make the sensors test.

Figure C.28: Node-Red flow chart to change positioning of valves.
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