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Abstract:

The I-DIFFER renovation solution, imple-
menting a double-skin facade with diffuse
ceiling ventilation, is investigated in this
report via experimental methods. The ex-
periments were conducted in the FACADE
laboratory of AAU, within a scaled-down
classroom (Test room). The aim of the re-
search is to evaluate the performance of
the currently applied control strategy of
the cooling and heating modes, and its
influence on the temperature distribution
within the DSF and DCV cavities, and
on the global and local thermal comfort
of the Test room. The measurements oc-
curred across diverse seasons, including
a summer, an intermediate, and a winter
week. The results displayed that the con-
trol strategy is able to perform according
to its purpose under favourable conditions,
however, it requires optimization. The
global thermal comfort analysis revealed
overheating during the summer and win-
ter periods, while dominantly low opera-
tive temperature defined the intermediate
period. The local comfort analysis only
posed a risk of discomfort due to radiant
temperature asymmetry for a sitting posi-
tion in the middle of the room during the
intermediate and winter periods.
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Abbreviations

AAU Aalborg University

BR Building regulations

BR18 Building regulations 2018

CO, Carbon dioxide

DCV Diffuse Ceiling Ventilation

DR Draught Rate

DS Danish Standard

DSF Double Skin Facade

I-DIFFER  Double Skin Facade and Diffuse Ceiling Ventilation for School Renovation
IEQ Indoor Environmental Quality

MRT Mean Radiant Temperature

PD Predicted percent Dissatisfied due to draft
PMV Predicted Mean Vote

PPD Predicted Percentage of Dissatisfied

RTA Radiant Temperature Asymmetry

WM WindowMaster
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Chapter 1

Introduction

The prevailing majority of the building stock within the European Union reveals a lack of
energy ef ciency, as 85% of it was constructed before 2001. Given their anticipated contin-
ued utilization through 2050, the necessity for comprehensive renovation efforts emerges.
In alignment with this, the European Commission has introduced the Climate Target Plan
2030, proposing a substantial reduction (55%) in greenhouse gas emissions by 2030, relative
to 1990. Considering that the existing buildings account for 40% of the EU's total energy
consumption and contribute 36% of its GHG emissions, a need for improvement within the
building sector in the form of refurbishment is evident. In order to meet the established
objectives, a reduction of 60% in GHG emissions, an 18% decrease in heating and cooling
energy demand, and a 14% reduction in nal energy consumption are essential [3].

Considering the Danish building stock, it is essential to address the need for refurbish-
ment of schools, as approximately 90% of schools predate 1995, and were predominantly
constructed between the years 1960 and 1980. Consequently, the criteria outlined in BR95,
including speci cations regarding ventilation requirements and indoor temperature, apply

to only about 10% of the existing school buildings. Additionally, the implementation of en-
ergy framework guidelines commenced in 2006, with less than 5% of school constructions
occurring thereafter, leading to the prevalent energy rating of D in this building typology

[6] [12].

The currently applied Building Regulations (BR18) incorporate requirements concerning
the indoor climate of schools, addressing the thermal, atmospheric, acoustic, and visual
parameters due to their profound impact on students' performance [22] [12]. Discomfort
arising from inadequate indoor environments can cause challenges in sustaining focus,
irritability, heightened stress, and drowsiness. Insuf cient ventilation, in particular, signif-
icantly impairs concentration, comprehension, memory retention, and reading and mathe-
matical abilities. Furthermore, inadequate study environments can manifest in the absence
of students, contributing to a decline in academic performance[10].

As the BR18 also de nes guidelines regarding energy frameworks, the potential renovation
solutions for establishing an optimal indoor climate are limited [22] [12]. An in uential
initiative addressing these challenges was the "School of the Future" project, funded by
the European Union, which incorporated a Danish school. This project aimed to illustrate
holistic renovations focusing on enhancing indoor environmental quality and energy con-
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servation, resulting in superior building performance [8].

However, the traditional construction process can negatively impact school life by caus-
ing disturbance in various ways due to factors such as noise, vibrations, emissions, etc
[1]. These disruptions not only interrupt the educational program but also compromise
the learning environment for students. While conducting renovations during holidays and
school breaks can mitigate disturbances to students, this approach limits the available time
frame and affects the work ow for the renovation process [7]. Furthermore, an emerging
challenge of improving atmospheric comfort through retro tting involves the integration

of a balanced mechanical ventilation system, as it is expensive, and the majority of build-
ings lack adequate space for installing the ducts and air handling units. Consequently, this
obstacle has led to the exploration and application of simpli ed ventilation systems [13].

To avoid the dif culties associated with traditional renovations, the concept of the I-DIFFER
(Integrated Solution — Double Skin Facade and Diffuse Ceiling Ventilation for School Ren-
ovation) renovation solution is introduced, which implements the combination of a double
skin facade (DSF) and diffuse ceiling ventilation (DCV). The DSF structure comprises of an
external and an internal facade surrounding an air cavity between them. In the I-DIFFER
approach, the original construction of the facade (which becomes the internal facade) re-
mains intact while adding an external glazed facade. Moreover, the strategically positioned
openings on the external glazing are equipped with integrated control mechanisms. The
DCV structure within this renovation solution incorporates an air cavity (plenum box) sit-
uated above the room, bounded by diffuse ceiling panels. This design facilitates air distri-
bution across the entire ceiling surface area via thermal buoyancy enhanced by mechanical
extraction. Moreover, there is a partition between the DSF and DCV cavities, providing
the exibility to open or close according to the functional requirements. Consequently, the
operation of the system can adapt to the speci c heating or cooling needs of the occupied
space [11] [14] [2].

Additionally, the incorporation of ef cient building control systems during renovation can
result in establishing an indoor environment that prioritizes the comfort of the occupants
while optimizing energy utilization. In order to obtain a satisfactory operation of these
advanced building controls, the ability to adapt to dynamic environmental factors and the
occupants, while integrating occupant feedback into control logic and ful lling the set ob-
jectives is required. The energy ef ciency of the I-DIFFER solution, which is designed for
advanced control system integration, is therefore dependent on the adequate commission-
ing and performance monitoring of the control strategies. Conversely, challenges associated
with the implementation of control systems are signi cant to consider, e.g. standardiza-
tion, system complexity, and compatibility. Furthermore, inadequate control performance
presents a risk, as it could inadvertently increase energy consumption. This emphasizes
the necessity for system testing, and continual monitoring to ensure that these advanced
control systems deliver the anticipated bene ts [24] [15] [4].



1.1. State-of-the-Art 3

1.1 State-of-the-Art

Previous research has been conducted on the performance of the I-DIFFER renovation so-
lution in comparison to a traditional renovation solution that includes the replacement of
windows and additional insulation of the building envelope. The main focus was on eval-
uating which solution is more energy ef cient while providing satisfactory thermal and
atmospheric IEQ. Intending to de ne the most adequate I-DIFFER solution that can adapt
to seasonal weather changes, different variations of the parameters of computational mod-
els using IDA-ICE were investigated, regarding the DSF glazing properties, cavity thick-
nesses, orientation, facade material and its thermal mass, occupant density, and future and
extreme weather [11] [14].

From the results of “A novel solution for school renovations: Combining diffuse ceiling venti-
lation with double skin facadeit was concluded that considering the simulation with the
lowest total primary energy consumption of both the traditional and I-DIFFER solutions,
the latter performed better by 11%. However, it was also determined that for the tradi-
tional renovation, the main energy-consuming system was the ventilation, while for the
I-DIFFER solution, it was the heating system. Regarding the IEQ, when double-glazing
was implemented into the simulation, the I-DIFFER solution ful lled the criteria and was
more energy-ef cient than the traditional renovation solution which also satis ed the cri-
teria. Furthermore, the glazing properties have a more signi cant in uence than altering
the DSF cavity thickness, as single-glazing for the DSF leads to larger energy consumption
in comparison to the traditional renovation. However, the performance of the I-DIFFER
solution is heavily in uenced by the ambient temperature and solar radiation[11].

Further simulations were inspected and analyzed in the article “Exploring the potential of
combining diffuse ceiling and double-skin facade for school renovatishgte the results dis-
covered that the I-DIFFER solution performs better or similarly to the traditional renova-
tion solution with an orientation toward E, SE, S, SW, and W. However, with a northern
orientation, the traditional renovation appears to be more favourable, considering the to-
tal primary energy consumption and the thermal comfort of the occupants. The results
regarding the facade material (thermal mass and re ectivity) displayed that the highest
thermal comfort and lowest energy consumption are achieved with a facade construction
of high thermal mass and low re ectance. However, the in uence of the facade material
is minimal on the energy demand and IEQ. When simulating extreme climate conditions,
the traditional renovation solution performs better during extremely cold weather; while
the I-DIFFER solution is more favourable under hot and sunny conditions, and mild win-
ters. Considering the future climates of 2050 and 2090 with the increasing global warming,
the I-DIFFER solution displays the trend of decreasing energy consumption and increasing
thermal comfort, in contrast to the traditional renovation. The results are similar for both
renovation solutions in terms of altering the number of occupants in the classrooms[14].

Consequently, a different method was introduced in the research study of “Experimental
investigation of an integrated renovation solution combining diffuse ceiling ventilation and double
skin facade’in the form of an experimental research, which inspected the performance of

the I-DIFFER renovation solution in the FACADE laboratory of AAU that functions as a
scaled-down classroom. From the experiment, it was concluded that the I-DIFFER solu-
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tion appeared to be a competitive solution to a traditional renovation, as under favourable
circumstances it is able to provide better thermal comfort with a lower energy demand.
During winter, the thermal mass of the ceiling was activated leading to a reduction and
shift of the peak temperatures into later hours of the investigated days. Similarly, in sum-
mer, the peak temperatures were reduced as the DSF cavity was ventilated and the heat
gain by solar radiation was removed from the cavity. However, the system is more easily
affected by outdoor and indoor conditions, and the performance is more sensitive to the
design parameters. Furthermore, the implemented simple control was not suf cient [2].

To sum up, from the currently existing research on the topic, the most adequate struc-
tural parameters have been investigated and de ned via building performance simulations,
which led to the conclusion that the I-DIFFER solution can compete with a traditional ren-
ovation, concerning IEQ and energy ef ciency. However, adequate implementation is im-
portant in order to avoid the risks of unsatisfactory potential. Additionally, the need for
further investigations regarding the optimization of control strategies, to achieve a system
that can perform suf ciently regardless of the altering outdoor and indoor conditions, was
revealed through experimental methods [2] [11] [14].

1.2 Problem formulation

The objective of the report is to conduct further experimental research on the topic of
the I-DIFFER renovation solution, implementing a double-skin facade with diffuse ceiling
ventilation. A Test room built in the FACADE laboratory of Aalborg University functions
as a scaled-down classroom with the purpose of investigating the control strategies of the
system and the indoor environmental quality in the room. As the activation of the distinct
control modes is dependent on the outdoor conditions, multiple sets of experiments are
performed to establish the operation of the system during a summer week, a transient
week, and a winter week. Consequently, the report aims to investigate and answer the
following questions:

« How do the ef cacy and performance of existing control strategies differ across the summer,
intermediate, and winter seasons?

* How do the cooling and heating modes impact the temperature distribution in the DSF and
DCV cavities across distinct seasons?

« What is the in uence of implementing the I-DIFFER renovation solution on the expression of
global and local thermal comfort within the Test room across distinct seasons?
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Methodology

The methodology chapter outlines the research process to address the questions raised in
the subsection 1.2. Problem formulation.Focusing on the project outline and approach of
performing the thermal comfort analysis.

General research outline

An experimental investigation is conducted in a scaled-down classroom to explore the per-
formance of a double skin facade combined with diffuse ceiling ventilation system heating
and cooling control modes and its impact on occupant thermal comfort.

The initial phase of the general project outline includes three steps:

1. Preparation for conducting the measurements. It involves de ning the preliminary
problem and the measurement campaign, coupled with a literature review to assimi-
late existing research ndings. This phase further incorporates thermocouple calibra-
tion procedures and examination of equipment. Entailing validating WindowMaster
monitor thermal sensors against K-type thermocouples and IC-meters, evaluating
thermocouple protection methods such as a silver tube, silver foil and no protections
against solar radiation and determining the ef cacy of polished versus unpolished
silver tubes in the DSF cavity. Which are described in appendix 9.3 Validation of equip-
ment Concurrently, test measurements are conducted throughout the preparation
phase to address and resolve any issues, laying a robust foundation for the rest of the
research stages.

2. After the preparation, the actual measurements for the analysis are conducted. The
analysis contains two measurements for the heating season: intermediate measure-
ments are taken from 23-26.10.2023 (4 full days of data) and winter measurements
from 30-11-2023 to 02-12-2023 (3 full days). Due to time constraints, acquiring data
for the system operating in cooling mode during summer conditions was not feasible.
However, data was obtained from previously conducted research for 24-30.07.2023,
providing seven full days of data. The experimental room is described in 3.1 The Test
room and control modes in 3.2 Control strategy
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Figure 2.1: Experimental investigation cases with durations.

Figure 2.2 shows which thermal comfort areas are investigated and what is measured,
as well as supplementary measures to get an overview of how the system reacts in
the changing outdoor conditions. A more detailed description of the sensors and

equipment can be found in chapter 3.1 Setup of the Test room

Figure 2.2: The investigated elds and measures performed during the measurement campaign.

. After collecting the measurements, the logs are extracted, treated, analysed and visu-
alised. Data is gathered from various apparatuses for analysis, with calculations for
thermal comfort being guided by the Danish standard (DS), with detailed explana-
tions and methodologies, including the data treatment and actions regarding missing
data to follow in the subsequent subchapter.
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To de ne which control is active at given time the window opening are investigated.

If the bottom and middle row windows are opened, it indicates that the system is
running in cooling mode. This mode cools the DSF cavity by drawing fresh air in
through the bottom row windows and releasing it through the middle row windows.
Furthermore, during the cooling mode, the top window is also open as cold air is di-
rectly admitted into the DCV cavity. Conversely, when only the bottom row windows
are open, it suggests the system is in heating mode, as cold air is directly admitted
into the DSF cavity, where it is preheated and supplied further into the DCV cavity
and Test room.

2.1 Thermal comfort

People can experience thermal comfort/discomfort globally or locally. When considering
global comfort, the thermal condition of the overall body is assessed by the operative tem-
perature in the room and indices such as Predicted Mean Vote (PMV) and Predicted Per-
centage Dissatis ed (PPD). However, local discomfort occurs when undesired heating or
cooling targets part of the body, which can be caused by draught, vertical air temperature
difference, warm/cold surfaces, and radiant asymmetry. People with sedentary activity
mostly experience the perception of local discomfort, as they are more thermally sensitive
than people with higher activity levels [20].

Meanwhile, IEQ categories guide the design of climate-controlled buildings, setting ex-
pected comfort levels. Application of these categories is voluntary and used as guidelines
to ensure safety and quality if the national building regulations (BR) do not say otherwise.
According to the Danish standards (DS), high expectations (Category I) may be selected
for occupants with special consideration, such as children, elderly and disabled. The lower
categories are not associated with health risks but may reduce comfort levels. [18] For more
detailed explanation of the IEQ categories see Appendix 9.1.

Figure 2.3: Categories of indoor environmental quality. [18]

2.1.1 Global thermal comfort

The parameters investigated in the report concerning global thermal comfort and the rec-
ommended values according to DS 17772 can be viewed in Figure 2.4.
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Figure 2.4: Global thermal environment parameter ranges for classrooms according to the categories of indoor
environmental quality. [18]

Operative temperature

Operative temperature is a uniform temperature within an enclosure, where an occupant
would exchange the same amount of heat by radiation and convection as in the actual non-
uniform environment. [20] The optimal operative temperature range satis es the greater
percentage of occupants at a given clothing and activity level in the current thermal envi-
ronment. In a classroom with typical sedentary activity (70W/m?2 at 1.2 met) and clothing
levels of 1.0 clo (heating season) and 0.5 clo (cooling season), the recommended operative
temperatures are shown in Figure 2.4.

Operative temperature estimation in the Test Room:

The operative temperature for the test room is obtained from a thermocouple placed
in a grey table tennis ball located on the Middle pole at 1.1 height from the oor. For
the analysis, the running ve-minute averages are used.

However, an alternative calculation is adopted when this method becomes unreliable
due to data errors, notably during summer and winter measurements. Which involves

averaging the readings from thermocouples measuring air temperature at the North,

Middle, and South poles, ranging in height from 0.1 meters to 1.7 meters above the
oor.

Alongside operative temperature analysis, Fanger's comfort model estimates the PMV and
PPD, with the speci ¢ calculation methods detailed in DS 7730.

PMV

The PMV is estimating a group's average comfort in a space based on seven factors: occu-
pants' activity level, clothing insulation, air temperature, radiant temperature, air velocity,
and water vapour pressure. It yields a value on a 7-point scale, where +3 signi es hot,
-3 signi es cold, and 0 represents a neutral, balanced thermal state where the body's heat
production equals heat loss. [20]

PPD
When the PMV has been determined, it allows for calculating the PPD. The PPD is an
index that quanti es the proportion of people likely to feel thermally uncomfortable in a
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given environment, representing all votes besides 0. The PPD can be a value between 5-
100%, acknowledging that someone will always be dissatis ed with indoor environmental
conditions due to the subjective nature of thermal comfort. [20]

PPD = 100 95 e-o.3353PMV4 0.2179 PMV?(2.1)

Figure 2.5: PPD as a function of PMV (right) and the seven-point thermal sensation scale (left).[20]

Mean radiant temperature

According to DS 7726, the mean radiant temperature can be de ned as “the uniform temper-

ature of an imaginary enclosure in which radiant heat transfer from the human body is equal to the
radiant heat transfer in the actual non-uniform enclosur&Vhen calculating the mean radiant
temperature, the surface temperatures of the surrounding surfaces, and the angle factors

in relation to the subject's position in the enclosure and the surrounding surfaces have to

be considered. Furthermore, the re ectivity of the building materials can be disregarded

due to their high emissivity. The mean radiant temperature can be calculated with the
following equation:

Tr4 = Tl4 Fp-1+ T24 Fp_2+ ---TN4 Fp-N (22)

Where

T, is the mean radiant temperature [K]

Ty is the surface temperature of surface N [K]

Fp-n is the angle factor between a person and surface N [-]
[19]

When determining the angle factors, the position of the occupant (standing or sitting) is
considered, along with the assessment of the positions of relevant surfaces being horizontal
or vertical.
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Figure 2.6: lllustration for determining the angle factors considering the position of the occupant in relation to
the surrounding surfaces.[19]

The determination of angle factors can be calculated with the following equation:

Anglefactor= Fpax (1 €@ty (1 b/ 9) (2.3)
Where
t=A+B (40 (2.4)
g=C+D (blc)+ E (a0 (2.5)
[19]

For solving the equation, the dimensions of the relevant surfaces of the enclosure are indi-
cated by the lowercase letters (a, b, c); and the capital letters (A-F) demonstrate standard
values (see Figure 2.7) regarding the occupant's position.

Figure 2.7: Standard values for calculating the angle factors.[19]
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PMV and PPD calculation inputs:

The calculations PMV and PPD are conducted for individuals who are either sitting or
standing in three speci c locations within a room: the North pole, Middle pole, and
South pole. These calculations are performed for the occupancy hours spanning from
8:00 to 15:00 over the measurement time: summer 6 days, intermediate 4 days, and
winter 3 days.

For PMV calculations, standard DS values are used for classroom analysis: 1.2 met for
activity level, 0.5 clo for summer clothing insulation, and 1 clo for intermediate and
winter.

K-type thermocouples are utilised to determine the air temperature. Air velocities are
measured using an anemometer, with both instruments providing running ve-minute
average data. For a person sitting, the readings from the rst three thermocouples and
anemometers at ground level (0.1m, 0.6m, 1.1m) are used to calculate an average. In
the case of a standing person, the readings include an additional measurement taken
at 1.7m above ground level to account for their height.

The MRT is calculated for all six positions (North pole: Sitting and Standing, Middle
pole: Sitting and Standing, South pole: Sitting and Standing.) according to the ve
minute running averages of the measured surface temperatures in the Test room and
the angle factor calculation displayed in Appendix 9.6.

The partial water vapour pressure (P) is derived from the IC-meter's RH readings in
the Test room every ve minutes. The gaps are lled using the last known value to

ensure minute-by-minute data. The P is calculated from measured air temperature
(tair) and RH of the room with the equation:

4030.183

P=RH 10 e 16.6536 ——
i tair + 235)

(2.6)

[19]
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2.1.2 Local thermal comfort

The parameter values for assessing thermal local discomfort, as shown in DS 17772 and DS
7730, which are utilized for the analysis in both cooling and heating seasons, are presented
in Figure 2.8.

Figure 2.8: Local discomfort design parameters according to the categories of indoor environmental quality.
[18]

Radiant temperature asymmetry

The temperature of other surfaces, including walls and the ceiling of an enclosure can
in uence the thermal comfort of the occupant due to the radiant temperature asymmetry
between the opposite surfaces. The most dominant factors are the warm ceiling and cold
walls/windows as humans tend to be more sensitive to the temperatures of these surfaces.
The equations for determining the PD due to the temperature of the different surfaces are
the following:

» Warm ceiling, when the Dty is less than 23°C:

100
PD = . 2.7
1+ exp (2.84 0.174 Dty) 35 2.7)

» Cool wall, when the Dty is less than 15°C:

100
PD = 2.8
1+ exp (6.61 0.345 Dty) (2.8)

+ Cool ceiling, when the Dty is less than 15°C:

100
1+ exp (9.93 050 Dty) (2.9)

» Warm wall, when the Dty is less than 35°C:

100
PD = 35 2.10
1+ exp (3.72 0.052 Dty) ( )

[20]

The categorization of thermal comfort regarding the horizontal temperature gradient cre-
ated by the surface temperatures of different surfaces is displayed in Figure 2.8.
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Radiant temperature asymmetry estimation in the Test Room:

The radiant temperature asymmetry (RTA) is determined for both sitting and
standing positions for a central, Northern, and Southern location in the Test Room
within the occupied hours.

The surface temperatures are obtained via centrally placed K-type thermocou-
ples glued with thermopaste to the following surfaces: oor, ceiling, walls (East, West,
North, South), and windows (East, West). For the South facade, the weighted average
of the South wall, East window and West window is implemented in the calculations.
The recorded data is converted into ve-minute running averages.

The plane radiant temperature for each surface is calculated by the multiplica-
tion of the surface temperatures with the relevant angle factors. The calculation
of angle factors are displayed in Appendix 9.6. Lastly, the RTA is determined by
calculating the difference in plane radiant temperatures of the opposing surfaces:
North-South, West-East, and oor-ceiling.

Warm and cool oors
Local discomfort of the feet due to the surface temperature of the oor can be expressed as
the function of the PD. To calculate the PD, the following equation is used:

PD= 100 94 exp ( 1.387+ 0.118 t; 0.0025 t;?) (2.11)

Where
t; is the oor temperature [°C] [20]

The thermal comfort categories de ned by DS 7730, regarding the surface temperature
of the oors are displayed in Figure 2.8.

Floor surface temperature estimation in the Test Room:

The oor surface temperature is measured in the Test Room by a centrally placed
K-type thermocouple glued to the oor surface by thermopaste, and secured with
tape and silver foil. The recorded data is treated for analysis as ve-minute running
averages, and only considering the occupied period for the categorization according to
DS 7730.

Vertical air temperature difference

Discomfort occurs when a vertical air temperature gradient can be detected between the
head and ankles. The PD as the function of vertical air temperature difference is calculated
according to the following equation:

100
PD = 2.12
1+ exp (5.76 0.856 Dt,y) (2.12)

Where
Dt, v is the vertical air temperature difference [°C][20]
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The equation applies when the vertical air temperature difference is less than 8°C.

To categorize the thermal comfort regarding the local discomfort due to vertical air tem-
perature gradient, Figure 2.8 displays the temperature differences measured at ankle level
(0.1m) and at head level of a sitting person (1.1m).

Vertical air temperature difference estimation in the Test Room:

The vertical air temperature difference between a sitting person's head (1.1m)
and ankle (0.1m) is evaluated within the occupied period for three positions in the
room: North, Middle, and South poles. For each position, the data is obtained from
the measurement campaigns conducted in a summer week, an intermediate week
and a winter week via K-type thermocouples located at the relevant heights. For the
analysis, the data is treated as ve-minute running averages. The results are acquired
by calculating the differences between the temperatures recorded at 0.1m and 1.1m
heights, and categorized according to DS 7730.

Draught rate

Draught is one of the most common thermal local discomfort factors, which occurs when

unwanted cooling or heating of a body part is caused by air movement in the room. From

draught, most affected are occupants in light sedentary activity (> 1.2 met). The Draught
Rate (DR) can be estimated by the number of People Dissatis ed (PD) due to the drought
in %. [20]

DR=(34 ty) (Vq 0.05°%% (0.37 v, Tu+ 3.19 (2.13)

Where

ta) is the local air temperature in  C
Vg, is the local mean air velocity in m/s
Tu is the local turbulence intensity in %
[20]

The local turbulence intensity varies from 10-60% (if unknown, 40% must be used) and can
be found in Danish standard graphs, or if more accurate values are needed, the matter can
be calculated.

Tu= 100 2= (2.14)

Where
SD is the standard deviation of air velocity in the m/s measurement period by three min-
utes

There are no requirements for minimum local air velocities. However, the maximum is
recommended not to exceed 0.15m/s in sedentary activity. To be within the three thermal
comfort environment categories, the draught rate must be lower than 30% see Figure 2.8.
[20]
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Draught rate estimation in the Test Room:

The Draught Rate (DR) in the Test room is calculated according to the DS 7730 standard
using local air temperature, velocity, and turbulence intensity data at the North, Middle,
and South pole positions at 0.1m, 0.6m, 1.1m, and 1.7m height from the ground for
every minute. The temperature data is sourced from the thermocouples, while velocity
and turbulence intensity are measured using anemometers. Both sensors are placed at
the exact locations, and the data is treated to show running ve-minute averages.

2.2 Limitations

Experimental measurement duration

Due to time constraints, the summer data for the Test room was obtained from earlier re-
search. However, it is essential to note that the duration of data collection varied across
different cases. While the initial goal was to gather at least 7 full days of data, this was
not achievable in both the intermediate and winter heating season measurements. This
limitation was due to the computers running the measurements shutting off unexpectedly
because of software updates that could not be disabled. Additionally, the WindowMaster
was deactivated during the rest of the winter measurement period. These unexpected is-
sues impacted the consistency and continuity of data collection.

Indoor environmental analysis

An analysis such as thermal comfort must be carefully considered as the DS guided recom-
mendations are designed for adults rather than children. The IEQ analysis reveals critical
data, highlighting that the settings in the Test room do not account for breaks between
classes, lunch breaks, students opening the doors, or occasional exits. Regarding PMV and
PPD of the global comfort, it is important to note that based on the activity level's standard
input, this general classi cation provides a rough estimation and carries a signi cant risk

of error in the resulting calculations [21].

Analysing aspects such as the oor surface temperature may be less critical if the occupants
wear shoes. Furthermore, it is important to note that the experimental room is situated on
the 5th oor, directly beneath a heated room. This setup may not accurately represent the
more common layout of typical classrooms in Denmark, usually located on the ground
oor.

The standard DS 15251:2007, utilised in this research, has been withdrawn and updated to
DS 16798-01:2019. However, this update has not changed the ranges and design parameters.
Four heat emitters representing occupants in the Test Room necessitate a modi cation in
the positioning of the south pole. To minimise interference from the thermal plume, the
south pole is relocated closer to the wall, positioned at an offset of 0.2m from the wall
instead of the 0.6m recommended in DS 7730. Additionally, it is essential to highlight that
the heat emitters, simulating occupants, can only produce sensible heat, which restricts the
scope of air quality analysis in the Test Room.
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Data treatment
The heating and cooling modes are de ned according to the window opening. The system

is not set to log the bypass opening, which must bring the preheated air to the DCV plenum
bow. The report assumes that the bypass opens at the same time the heating mode starts
when only the bottom row windows are open. The missing data is treated differently,
which is explained more in the 9.1 Thermal comfort



Chapter 3

Experimental setup

The experimental setup chapter includes a description of the Test room, its systems, and
the instruments set up within the room. Subsequent subchapters explain the control of
the WindowMaster, detailing how the system operates in both cooling and heating modes.

Lastly, the validation of the equipment can be seen in Appendix 9.3, an essential factor to
evaluate before beginning the data collection process.

3.1 The Test room

The measurements are set to be conducted in a room designed to mimic a small classroom
located within the Indoor Environment and Energy Universal Facade laboratory onthe 5 ™
oor at AAU Build. The Test Room has dimensions of 2750mm (width) x 2905mm (length)

x 2715mm (height), with a oor area of 8m 2 and a volume of 22m3. The room has a oor,

a roof/ceiling, three interior walls and a south-oriented double-skin facade.

Figure 3.1: Floor plan (right) and a section (left) view of the Test Room.

People do not use all oor area and volume in the room. Therefore, when analysing IEQ,
the room space is limited to the occupied zone. Which indicates the volume of air in the
room used by the occupants determined by the distance from the inner surfaces of the
room. The height from the oor of the occupied zone can vary depending on the seated or
standing occupant position being analysed. Distances, according to DS 447 requirements,

17
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are illustrated in Figure 3.2.

Figure 3.2: De nition of the occupied zone according to DS 447.
*Windows of 1500x800mm or larger size.

The interior facade is a heavy structure consisting of brick insulation and brick with a total
U-value of 0.30W/m 2K. The wall has two xed double-glazed windows of 1480x1230mm
each, with a U-value of 1.6W/m 2K, a frame fraction of 0.88, a solar heat gain coef cient
(g-value) of 0.63 and a light transmittance (LT value) of 0.80. [2]

The exterior facade has 12 double-glazed windows, of which 9 can be opened. The small
window 380x930mm U-value is 1.53W/m 2K, and the frame faction is 0.63, while the big
one, 1900x930mm, is 1.33W/n?K and 0.83. Both windows have a g-value of 0.73 and an
LT value of 0.84. [2]

Figure 3.3: Interior (left) and exterior (middle) facades.
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3.1.1 Systems in the Test room

Space heating

An electrical space heater, model EWT E2TS, is placed as a freestanding unit on feet in
the Test Room beneath the east window (refer to Figure 3.4 and 3.6). This heater has
a maximum power capacity of 2000W and features two operational settings: setting I,
where the heater operates at half its heat output, and setting Il, where it operates at full
heat output. The thermostat comes with seven settings, including frost damage protection
marked as *, I, Il, I, I, 11, 1. During the heating season measurements, the space
heater is utilized—operating at full output with setting | for the intermediate case and
setting Il for the winter case.

Figure 3.4: Electric space heater location in the Test room .

Ventilation

The experimental room is equipped with a DCV system, which includes a plenum box.
This box is a cavity within the ceiling, measuring 421mm thick. It is completely lined with
cement-bonded wood wool panels, each measuring 600mm in width, 1200mm in length,
and 35mm in height. Air is mechanically extracted from the room through an opening at
the oor level on the interior north wall.

Occupancy and internal heat load

In the Test room, four heat-emitting sources are installed to simulate the presence of four
children and their equipment, operational from Monday to Friday between 8:00-16:00, mir-
roring a standard school day. Each "student" contributes an internal heat load of 100W,
representing a sedentary activity level with a metabolic rate of 1.2 met and a clothing in-
sulation of 1 clo. As per the guidelines from "Branchevejlednings for indeklima pa skoler,"
it is assumed that a laptop accompanies each student, and the room includes a smartboard
and a projector. The internal heat load assumptions for the Test room are detailed in Figure
3.5.
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Figure 3.5: Internal heat load in the Test room.

However, prior research [2] suggests this internal heat load may be overly optimistic, par-

ticularly when considering the ratio of the glazed area to the oor area and the designated

space per student. As a result, the total internal heat load has been revised downward to
377W, as calculated and shown in 3.5.

Figure 3.6: Placement of four heat emitters (occupants + equipment) and electric space heater in the Test room.

3.1.2 Set up of the instruments

Test room

Figure 3.7 presents a sectional view of the Test Room, highlighting three vertical steel
structures termed the South, Middle, and North poles. These poles are equipped with
sensors: thermocouples (K-type), coloured orange, and anemometers (Dantec), coloured
blue, strategically placed at four heights signi cant for thermal comfort assessment for the
occupants. At 0.1m, sensors capture conditions at ankle level; at 0.6m, they measure the
centre of gravity of a seated person; at 1.1m, the head level of a seated person; and at 1.7m,
the head level of a standing person. The South and North poles are positioned 200mm
from the walls. The Middle pole is centrally located, placing it marginally closer to the
southern heat sources. Additionally, on the Middle pole at a height of 1.1m, there is a
(grey-coloured) thermocouple housed inside a grey table tennis ball, which is utilized to
measure the operative temperature of the room.
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Figure 3.7: Air temeprture and velocity sensor locations in the Test room.

At the same spot where the thermocouple measures the room's operative temperature, an
IC-meter device is positioned to record relative humidity data every 5 minutes, which is
used for calculating the PMV.

Figure 3.8: In the Test Room, an IC-meter device is used to measure the relative humidity.

Surface temperatures of the walls, oor, and diffuse ceiling are measured to assess the po-
tential for discomfort from radiant temperature asymmetry and oor temperature. These
measurements also allow for calculating the room's mean radiant temperature. Thermo-
couples are attached to these surfaces using a thermally conductive paste and shielded
with silver foil to guard against direct solar radiation.
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Figure 3.9: Test room surface temperature sensor locations.

Additionally, two thermocouples (to ensure accuracy in case of errors) are installed inside
the exhaust diffuser to monitor the temperature of the air removed from the room.

The heater's energy use is tracked via a Power Detective device to quantify the energy
needed to maintain set thermal comfort. This device, connected to the heater and power
source, records consumption data in its 'energy consumption' mode during measurement
periods.

DSF

Air temperature in the DSF cavity is monitored to determine the temperature gradient in
heating and cooling modes using Type K thermocouples within ventilated silver tubes.
These thermocouples are positioned within silver tubes that receive air ow from an elec-
tric mini fan, directing air downwards to avoid heat from the fan affecting the readings.
The thermocouples are positioned to avoid contact with the tubes, ensuring accurate mea-
surements. Installed along three vertical axes (West, Middle, and East lines), the tubes are
set at heights from 0.265m to 2.410m. Figure 3.10 visualizes the arrangement of these air
temperature thermocouples.
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