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Abstract

English version

The new building energy regulations in Europe imply always better insulated building
facades. The increase of the building insulation level reduces significantly the heating
energy demand of buildings. However, it can also increase prevent the building to cool
down during the cooling period, when the external conditions are favorable, which can
create additional cooling loads and overheating in summer. In this thesis, the concept of
facade elements with switchable thermal properties, or switchable insulation, is developed.
Switchable insulations are insulation systems that can be deactivated whenever it is of
advantage considering the external conditions. The overall heat transfer coefficient of the
facade, the U-value, can then be switched from a low, insulating value, to a high, heat
conducting value: during the cooling period, this can be used to cool down the building’s
mass during the night or colder periods. During the heating period, the switchable
insulation can be used to whenever it is warm outside and solar gains can be used. In this
thesis the potential of switchable insulation for an European continental climate and for
office buildings is investigated. Also, two new concepts of switchable insulation are
introduced and developed. The new facade elements are characterized experimentally, with
numerous U-value and optical properties measurements. For the first technology, a detailed
thermal nodal model has been introduced, validated and used to assess the impact of
relevant parameters on the performance of the new facade element. The second new
facade element has been investigated from individual forms of heat transfer on the level of
an air cavity to the level of a whole facade element. A prototype has been tested
experimentally. The potential of switchable insulation in general and the two new elements
in particular is investigated on a building level, using building energy simulation. Several
control strategies have been developed, introduced and compared. The influence of
thermal mass on the reduction of heating and cooling demand was also investigated, as
well as the influence of the orientation or the elements’ frame. It was shown that the
heating and cooling demand can be reduced by up to 30 % by using switchable
insulations.

Keywords: switchable insulation, heat transfer, facade elements, building heating and
cooling energy demand, experimental investigation, U-value, physical model, thermal
model, optical model, potential analysis, thermal mass, comfort.

French version

Les nouvelles réglementations énergétiques en Europe impliquent des facades de batiments
mieux isolées. L'augmentation du niveau d'isolation des batiments permet de réduire
considérablement les besoins de chauffage. Cependant, ces résistances thermiques
importantes des parois peuvent aussi diminuer le refroidissement du batiment en été,



quand les conditions extérieures sont favorables. Ceci peut créer des charges de
refroidissement supplémentaires et cause des surchauffes en été. Dans cette these, le
concept d'éléments de facade a propriétés thermiques commutables, ou isolations
commutable, est développé. Les isolations commutables sont des systemes d'isolation qui
peuvent étre désactivés a chaque fois qu'il est possible de profiter des conditions
extérieures pour diminuer les besoins de refroidissement ou de chauffage du batiment. Le
coefficient de transmission thermique de la facade U peut alors étre commuté d'une faible
valeur (état isolant) a valeur élevée (état conducteur): pendant les périodes de
refroidissement, cela peut étre utilisé pour refroidir la masse du batiment pendant la nuit ou
quand il fait plus froid a I'extérieur qu’a l'intérieur. Pendant les périodes de chauffage, ce
concept peut étre utilisé a chaque fois qu'il que les températures extérieures sont assez
chaudes ou que les gains solaires peuvent étre utilisés. Dans cette these, le potentiel des
isolations commutables pour un climat continental européen est étudié. En outre, deux
nouveaux concepts d'isolations commutables sont introduits et développés. Les nouveaux
éléments de facade sont caractérisés expérimentalement, avec de nombreuses mesures de
la valeur de U ainsi que des mesures des propriétés optiques. Pour la premiere technologie
présentée, un modele nodal détaillé a été mis en place, validé et utilisé pour évaluer
I'impact des parametres les plus pertinents sur la performance énergétique du nouvel
élément de facade. Le second nouvel élément de facade a été étudiée en allant des
transferts de chaleurs dans une cavité d‘air jusqu’a I'élément de facade dans son ensemble.
Un prototype a été testé expérimentalement. Le potentiel des isolations commutables en
général et des deux nouveaux éléments en particulier a été étudié au niveau en utilisant la
simulation énergétique dynamique du batiment. Plusieurs stratégies de controle ont été
mises au point, introduites et comparées. L'influence de la masse thermique sur les
réductions des besoins de chauffage et refroidissement a également été étudiée, ainsi que
I'influence de |'orientation ou du cadre des éléments. Il a été montré que les besoins de
chauffage et de refroidissement étre réduits jusqu'a 30 % grace aux isolations
commutables.

Mots-clés: isolation commutable, transfert de chaleur, éléments de facade, réduction des
besoins de chauffage et refroidissement, étude expérimentale, coefficient de transmission
thermique U, modele thermique et optique, analyse de potentiel, influence de l'inertie
thermique, confort.

German version

Die neuen Gebauderegelungen in Europa fihren zu immer besser isolierten Gebaudehdillen.
Die Erhohung der Gebaudedammung reduziert deutlich den Heizenergiebedarf wahrend
der Heizperiode deutlich. Durch die erhohte Isolierung der Gebaudehulle kann aber auch
die nachtliche Abkihlung des Gebaudes wahrend der Kuhlperiode vermindert werden
wenn die auBeren Bedingungen gunstig sind, was zusatzliche Kthllasten verursachen kann
sowie eventuelle Uberhitzungszeiten im Sommer. In dieser Arbeit wird das Konzept von



Fassadenelementen mit schaltbaren thermischen Eigenschaften -oder schaltbare Isolierung-
entwickelt. Schaltbare Isolierungen sind Dammsysteme, die deaktiviert werden koénnen
wenn es von Vorteil ist. Der Warmedurchgangskoeffizient der Fassade (U-Wert) schaltet
dabei von einem niedrigen zu einem hohen Wert (warmeleitender Zustand): in der
Kdhlperiode kann dann die Gebaudemasse zum Beispiel in der Nacht durch die
AuBentemperatur gekuhlt werden. In der Heizperiode kann die Isolierung deaktiviert
werden um zu Beispiel solaren Gewinne zu sammeln. In dieser Arbeit wird das Potential von
zwei innovativen schaltbaren Isolierungen fur ein europaisches Kontinentalklima und fur
Blrogebaude untersucht. Die beiden Ideen werden vorgestellt und verschiedene Varianten
werden entwickelt. Diese neuen Fassadenelemente werden experimentell charakterisiert mit
zahlreichen U-Wert Messungen sowie Messungen der optischen Eigenschaften. Fir die
erste Technologie wird ein detailliertes thermisches Knotenmodell entwickelt, validiert und
verwendet um den Einfluss der Gestaltungsparameter auf die Leistung des neuen
Fassadenelements zu quantifizieren. Die zweite Technologie wird von der Ebene der
Warmetransporte in einer einzelne Kavitat bis zur Untersuchung der Leistung von den
gesamten Fassadenelementen analysiert. Das Potential von schaltbarer Isolierung im
Allgemeinen und von den beiden neuen Elementen insbesondere wird auf Gebaudeebene
untersucht anhand von Gebadudeenergiesimulation. Mehrere Steuerungsstrategien wurden
entwickelt, eingefihrt und verglichen. Der Einfluss der thermischen Masse auf die
Einsparung wurde auch untersucht, sowie den Einfluss der Fassadenausrichtung oder des
Rahmens der Elemente. Dabei konnte gezeigt werden, dass sich der Heiz- und Kihlbedarf
durch jede Technologie um bis zu 30 % reduzieren lasst.

Stichworter: schaltbare Isolierung, WarmeuUbertragung, Fassadenelemente, Heiz- und
Kdhlbedarf, Nachtkthlung, Messung, physikalisches Modell, physikalisches Modell,
optisches Modell, Potenzialanalyse, thermische Masse, Komfort.



Nomenclature

Thermal and airflow properties and variables:

o

A

Dn,
AP

AT

> \Q

[m?*s'] the thermal diffusivity of a fluid.

[-] the aspect ratio of a duct.

[K'] the thermal expansion coefficient of a fluid.
[J*kg'*K"] the specific heat of a fluid.

[m] the hydraulic diameter.

[Pa] a pressure drop.

[K] a temperature difference.
[-] the longwave emissivity of a surface.

[-] a drag coefficient.

[-] the center-of-glazing solar heat gain coefficient.

[W*m2*K-"] a heat transfer coefficient.

[m] a height.

[W*m] the solar irradiance incoming at the facade.

[W*m] the longwave radiosity.

[W*m*K-"] the thermal conductivity of a fluid or solid.

[m] the length of a duct or air gap in the direction of the airflow.

[kg*s'] the mass flow rate in a duct.

[M2*s'] the kinematic viscosity.

[W*m?] the heat flux from the facade’s internal surface to the interior
through convection, conduction and longwave radiation.

[kg*m3] the mass density of a fluid.

[W*m=2*K“4] the Stefan-Boltzmann constant.
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[K] a surface (x=surf), exterior (x=ext), interior (x=int or room) or gas (x=gas)
temperature.

[W*m2*K-"] the center-of-glazing U-value or overall heat transfer coefficient
of a facade system.

[W*m2*K-"] the U-value of the frame of a facade system.

[m*s7] a velocity.

Optical properties and variables:

Ox

Tx

[-] the absorptance of a material or layer in the visible (x=vis) or solar (x=sol)
spectral range.

[-] the reflectance of a material, layer or system in the visible (x=vis) or solar
(x=s0l) spectral range. The reflectance can be normal-hemispherical (x=n-h),
direct-hemispherical (x=dir-h=d-h) or hemispherical-hemispherical (x=h-h).

[-] the transmittance of a material, layer or system in the visible (x=vis) or solar
(x=sol) spectral range. The transmittance can be normal-hemispherical (x=n-
h), direct-hemispherical (x=dir-h=d-h) or hemispherical-hemispherical (x=h-h).

Dimensionless numbers:

Gr

Nu

Pr

Ra

Re

[-] the Grashof number.
[-] the Nusselt number.
[-] the Prandtl number.
[-] the Rayleigh number.

[-] the Reynolds number.

Abbreviations:

IR
dir, dif
n., hem

Infrared
Respectively direct and diffuse radiation

Respectively normal and hemispherical radiation
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1 Introduction

1.1  Context

In 2010, the European Union defined its 2020 goals on the energy performance of
buildings in the recast European Energy Performance in Buildings Directive (EPBD)
(European Parliament 2010), since the building sector accounted for 40 % of the total
energy consumption in the Union: in order to decrease energy dependency and reduce
greenhouse effects, the European Union gave ambitious goals for 2020, one of them being
that all new buildings have to be nearly zero energy buildings by 31 December 2020 (public
buildings by 31 December 2018). Also, on the national levels, new and more restrictive
building energy performance regulations appeared in the last decade, such as the
Energieeinsparverordnung (EnEV 2009) in Germany (actualized in 2014) or the
Réglementation Thermique 2012 (RT2012) in France. More challenging labels for the
energy performance of buildings exists, such as the PassivHaus (Passivhaus Institut 2015) or
Minergie (Verein MINERGIE 2014) labels. This regulations and labels have always more
constraining targets for the building energy demand, with for example the Réglementation
Thermique 2012 requiring for example a maximum of 50 kWh*m=2*yr' of primary energy
demand for heating, cooling, artificial lighting, warm water, pumps and fan (slightly
variable depending on location, etc.). The PassivHaus regulation implies that the total
annual primary energy consumption (heating, cooling hot water and electricity) must not
exceed 120 kWh*m=2, and an annual heating demand limit of 15 kWh*m2 in heating and
cooling energy, or a maximum heat load of 10 W*m= (PassivHaus Institute 2015). Often,
this regulation also give an upper limit for the U-value of insulated opaque walls, such as
0.15 W*m=2*K-" for the PassivHaus label (PassivHaus Institute 2015). The ltalian legislative
decree No. 311/2006 also aims at maximum reduction in wintertime heat losses and
consequently important thermal insulation (Stazi et al. 2009).
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The traditional and obvious way to decrease the building heating energy demand is to
insulate the surfaces in contact with the exterior. The decrease of this maximum building
energy demand allowed by regulations as well as the increasing price of energy implied an
increase of the overall insulation thickness and the development of insulation materials. The
goal is to minimize conduction, convection and longwave radiation within the material,
illustrated by Figure 1 (Kuhn 2015):

Heat transport in building materials and components

radiative
heat
transfer

Convective
heat

transport
in gas

gas-filled
nano pore

conductive
heat
transport
in solid states

Figure 1 — The different ways of heat transport in building materials: Convection within the gas
gaps, thermal conduction via the solid skeleton/solid pore walls (bold black arrow) or the filling
gases (small arrows) and thermal radiation heat transfer between the pore walls and through the
pore walls in case of IR-transparent materials (curved arrows). These heat transport phenomena
are detailed more in section 3.2.2.1.1. Source: (Kuhn 2015).

Traditional insulation materials such as expanded polystyrene (EPS) and extruded
polystyrene (XPS) are closed-cell material that use trapped air as the insulating medium,
avoiding convection due to the small sizes of the cells. The thermal conductivity of such
material is typically between 0.031 W*m"*K-"and 0.040 W*m"*K-". Neopor® (BASF 2016)
is a further development of XPS where longwave radiation exchange has been minimized
by the use of graphite, reducing the longwave transmittance of the cells’ walls and thus
reaching a thermal conductivity of about 0.031 W*m-"*K-'. By using gases with a lower
thermal conductivity than air, Polyurethane (PUR) has values typically ranging from 0.020 to
0.030 W*m K" (Jelle et al. 2010). Innovative products have been developed recently, a
good review of them having been done in (Jelle et al. 2010) and (Jelle 2011): vacuum
insulation reaches for example conductivities around 0.004 W*m*K-" in fresh condition,
but could increase to 0.008 W*m'*K-! after 25 years of use, due to water vapor and air
diffusion through the VIP envelope and into the VIP core material which has an open pore
structure (Baetens et al. 2010; Jelle 2011). Also, VIP cannot be adjusted by cutting at the
building site nor perforated. Gas filled panels (for example with Argon) don’t need to be
maintained at such a low pressure, but the thermal conductivity is similar to conventional
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insulation. Aerogel technologies are also very promising, with commercially available
aerogels reaching conductivities down to 0.013 W*m'*K": in (Gao et al. 2016), payback
times of less than 10 years were calculated compared to a reference with a double glazing
unit and assuming an aerogel cost of 4000 EUR*m=. Nanomaterials in general (including
aerogels) could achieve thermal conductivities below 0.004 W*m'*K': when the pore
diameter in the material is decreased below a certain value (40 nm if the gas contained in it
is air), the overall thermal conductivity becomes very low: when the mean free path of the
gas molecules is larger than the pore diameter, a gas molecule inside a pore is more likely
to hit the pore wall than another gas molecule, thus reducing the conduction of heat in the
gas. This is known as the Knudsen effect.

Insulation materials and systems are reaching very low thermal conductivities, and insulated
facades tend toward really low U-values. Thus, the unwanted heat flux to or from the
exterior environment can be avoided. The importance of thermal insulation for the
reduction of heat loss in winter is not to be proven anymore. The improvement of the
building shell of existing and new residential buildings offers a huge potential for energy
savings in the next decades in Europe, as was shown in (Lechtenbéhmer und Schiring
2011), providing a country-by-country bottom up simulation of residential buildings for the
whole EU and using strong assumptions. Thermal insulation also offers low payback time
(Nyers et al. 2015). Conventional internal and external insulation system also proved their
durability over time from the thermal-hygrometric and mechanical point of view (Stazi et al.
2009). However, a building envelope with a very low and constant overall U value also
reduces beneficial heat fluxes from or to the exterior, which could lead to overheating and
discomfort in the building. In the next chapter, these limitations are detailed, leading to the
problem statement.
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1.2 Problem statement

A high level of insulation can lead to increased cooling load and overheating risks. (Berger
et al. 2016) shows for example that with additional insulation in place, the cooling demand
in summer increases as it tends to slow down nocturnal cooling processes. In (McLeod et al.
2013), the author summarizes studies on the overheating risks in passive house buildings:

- the occupants of passive house dwellings often report better thermal comfort in

winter than in summer, quoting for example (Mlecnik et al. 2012) and . (Berndgen-
Kaiser 2010).
McLeod give numerous example of northern passive houses showing overheating,
for example the study of (Larsen und Jensen 2011): for the Danish passive house
dwellings considered in this study, the indoor dry bulb temperature exceeded 26°C
40 % of the time during July 2009 and 60 % of the time in 2010, resulting in
“severe overheating”. One interesting fact is that this overheating was not predicted
by the PHPP (Passive House planning package) model of the certified dwellings, but
could afterwards be replicated with a dynamic simulation program.

The risk of overheating in these well insulated buildings is highly dependent upon:

- Solar transmission.

- Internal heat gains due to occupancy, light, computers and other auxiliary
equipment.

- The presence of a shading device.

- The glazing to wall ratio.

- The orientation of the glazed areas.

- Thermal mass, which plays a clear role in reducing the overall duration of
overheating in the passive house.

Of course, not all well insulated building lead to high overheating in summer: MclLeod gives
also some examples of studies resulting in high levels of occupant satisfaction under
summer conditions, with for example results from Schnieders (Jirgen Schnieders und
Andreas Hermelink 2006).

In (Feist et al. 2005), measurement results of passive houses in Kronberg (Germany) are
presented: for the house analyzed during a hot summer week (outdoor air temperatures up
to 34.5°C), it is stated that “there is nothing to feel inside the house from the very strong
diurnal variation of the outside air temperature”. However, an augmentation of the room
air temperatures in the upper floor from 24.3°C to 27.1°C is observed, and the inner air
temperatures for both floors almost never fall below 24°C, also during nighttime.

Based on these previous results, it is clear that the risk of overheating and cooling load
peaks in well insulated dwellings exists. Numerous solutions exist to reduce this risk as well
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as the cooling loads, as for example shading devices such as e.g. external blinds external
blinds (Kuhn 2006b) or glazing solutions with reduced g-values (Wilson 2006). Ventilation
and free cooling is also a traditional way to reduce the cooling loads. As soon as external air
is led into the building, the issues of filtering, pollution, allergies, etc. must be dealt with.
Also, mechanical ventilation can lead to substantial additional consumption of electricity to
drive the ventilation fan. Opening windows can be effective but can issue a security
problem. Also, reducing the internal heat gains can be a simple solution if possible.

In this thesis and additional way to diminish cooling loads and improve summer comfort in
well insulated buildings is presented: facade elements with switchable insulation properties,
also called switchable insulation. The aim is to be able to reduce the thermal resistances of
the facade element during summer time when it is cooler outside, in order to:

- Accelerate the cooling of the building’s mass and so reduce the cooling load.
- Diminish the internal surface temperature of the facade, improving the radiant
temperature and so the comfort of the occupants.

Also, depending on the climate, a lower thermal resistance towards the exterior can be of
advantage during the heating period to profit from warm exterior temperature or solar
irradiances. For the European continental climate, this can be the case during sunny winter
days.

The following problem statement is investigated by this thesis: can facade
elements with switchable thermal resistance reduce the energy demand (heating,
cooling, artificial lighting) of a building significantly?

Additionally, how can the effect of a facade with switchable thermal resistance be
quantified? How can numerous variants of such a facade be easily compared?

The author does not only want to analyze the general theoretical potential of these
elements, but also to contribute to the development of two new components with
switchable insulation properties.

While in this section, the examples found in the literature were somehow centered on
passive house buildings due to the abundance of available literature, the results of this
study will not be limited to passive houses, but to well-insulated building in general.

The study is focused on but not limited to office buildings. Office buildings are interesting
targets for switchable insulations since they have high internal heat gains and large window
area, leading to important cooling loads, but residential building will also be discussed.

Concerning the climate, the focus is first given to the European continental climates as
defined in (Kuhn et al. 2014), with cold temperatures in winter but also warm summers,
average annual solar irradiance levels and important day/night variations during the year.
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Within this thesis, the term “switchable” refers in priority to the thermal resistance, but
could also refer to the solar heat gain coefficient as a by-product.

To present the building energy simulation results, useful energy demand is used. Useful
energy is the portion of final energy which is actually available in the building (for example
heat produced by a radiator) after final conversion. Compared to primary energy, useful
energy is free from primary energy factors (that can vary from one country or standard to
another) or energy conversion coefficients.

The work is structured as follow:

- First, the state of the art of existing switchable insulation solutions is reviewed.

- Then, in chapter 2, a new switchable insulation facade system is presented. First, the
potential of this new element is investigated on a building level. Second, the
technology is characterized experimentally regarding the optical and thermal
properties. For the thermal properties, different geometrical and thermophysical
variants are measured. The insulation material is also characterized optically. Then, a
detailed physical model is introduced and validated to allow a parametric analysis of
the new element.

- In chapter 3, a second innovative switchable insulation is introduced: the new facade
element is then investigated at different scale, going from one cavity through the
definition of the whole facade element to the building simulation. A prototype is
also characterized experimentally, as are the longwave properties of the used film
material.

- Chapter 4 summarizes the conclusions and findings as well as the main answers to
the problem statement and perspectives.

- Chapter 5 gathers the bibliography.

- Chapter 6 presents the list of the author’s publications.

- Chapter 7 under the form of Annexes contains results that were not absolutely
necessary to achieve the goals but still interesting from a scientific point of view.

- Chapter 8 is an extended French summary.
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1.3 Existing solutions: state of the art

In this paragraph, an overview of existing technologies of switchable insulation is
presented.

One way to switch the U-value is to change the gas pressure inside a vacuum insulation
panel, as presented for example by (Horn et al. 2000). In (Horn et al. 2000) the system,
designed for solar heating purposes, is composed by an evacuated stainless steel panel
which is filled with a compressible glass fiber mat. A few grams per m? of metal hydride
within the panel permit the release (conducting state) and readsorption of a small amount
of hydrogen gas. Electric input of less than 5 W/m?2 is constantly needed in the conducting
state to heat the metal hydride to 400°C and release the hydrogen. The switchable panel is
described in details in (Caps et al. 1996).This switchable panel is mounted in front of a
massive wall. An absorber is applied on the switchable panel, with a glass pane and an air
gap to limit heat losses to the exterior:

Y "
2 _’ absorber
: »
7 ' L .

d Fl d
1\*;
B b
H |4
I B
] [ massive wall
\4 = - “= (heat storage)
/ %
glass pane U e
4

switchable thermal insulation panel

Figure 2 - Switchable thermal insulation panel with metal hydride. Source: (Horn et al. 2000).

The panel is switched to the conductive state either when the difference of temperature
between the absorbing surface and the rear surface is superior to a certain value, or when
the global solar irradiance incoming at the surface is superior to a given value, in order to
maximize the heat gain towards the interior in winter. Taking the weather data of
Wirzburg, Germany, using the finite-differences method and assuming constant optical
properties, the author calculated the heat flux from the wall into the interior at constant
temperature of 20°C and recorded it as heat gain over the heating period. The simulation
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was performed with the element in front of a 17.5 cm sand-lime bricks wall. From April to
September, the panel was kept in insulating state. After optimizing the air gaps thicknesses
and using a selective absorber, the influence of the control strategies was investigated. For
the temperature-difference based control strategies, the best performance was achieved
with the conducting state as soon as Tassoer Trear>0, With 136 kWh*m=2. However, if AT>25
K is considered, the working hours drop from 1000 hours to 400 hours, while the heat gain
only decrease by 9 %. Less working hours could lead to a longer lifetime. With the
switching strategy based on irradiance, an identical maximum solar gain of 136 kWh*m- is
reached, if the conductive state is switched on when the irradiance is over 50 W*m=.
Higher limits conduct to important drops in heat gains because larger intensities occur less
frequently, while lower limits conduct to heat loss towards the exterior. The limitations of
this technology are that 5 W/m?2 or electrical energy is needed to maintain the conductive
state, and the important time of switching process (15 to 60 minutes considered by the
author).

(Kimber et al. 2014) presents with a theoretical approach a switchable insulation that is
very similar to the concept being investigated in chapter 3. The insulating state is achieved
by separating a given air cavity into N smaller air cavities, separated by thin polymer
membranes. The conducting state is achieving by physically collapsing the wall and
removing the air: the polymer membranes are then compressed into a single layer as shown
in following figure:
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Figure 3 — Schematic drawing of the switchable insulation presented in (Kimber et al. 2014) with
N internal air layers: (a) extended wall (insulated) and (c) collapsed wall (conductive)
configurations. The corresponding resistance networks used by the author for the heat flow
analysis are shown in (b) and (d) for respectively the insulated and conductive configurations.
Source: (Kimber et al. 2014).

The presented concept has not been realized yet. The author points out that one of the
main fabrication challenges is the actuation method of changing from insulated to
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conductive states, and suggest the routing of the ductwork from the HVAC system of the
building to inflate the wall for insulation and deflate for conduction purposes.

In (Leppkes und Olbrich 1987, 1988), a transparent cavity can be filled with insulating foam
spheres to insulate and for shading purpose. The author advise a bulk density of 100 kg*m-
3 of foam spheres with a diameter from 4 to 15 mm. An antistatic surface layer is needed
on the spheres to allow the complete evacuation of the cavity. Without these antistatic
surfaces, the static loads would prevent the complete evacuation. A surface treatment is
needed to prevent the antistatic surface layer to lose its efficiency and darken the cavitys’
surrounding surfaces by friction. The thermal resistance and shading properties are not
specified. Also, no method is given for the filling and emptying of the cavity, and it has
most likely to be done manually.

The simplest way of switching insulation is the physical removing of the insulation: in
(Sodha et al. 1982), the author presents a solarium which surfaces are covered during off-
sunshine hours to prevent heat losses for heating purposes. The sunspace is situated at the
south end of the house and is separated from the main house by a thick concrete wall,
providing thermal mass. The U-value in the insulating state was assumed as 0.62 W*m=2*K-
', and one has to remark that a much lower U-value could be achieved with recent
insulation. Taking a single day in January with the weather data of Colorado, U.S.A, the
author simulates the thermal behavior of the greenhouse, by applying the Fourier heat
conduction equation on the walls and doing an energy balance for the air node of the
greenhouse. The author finds out that, if the off-sunshine hours insulation is not applied,
the heat flux going from the greenhouse to the main house through the thermal mass
decreases by 31 %, and so do the heating gains. Also, the thickness of the massive wall
separating the greenhouse from the house’s interior had a very important influence on the
heat flux to the interior of the house. The advantage of the physical removing of thermal
insulation is that it allows the switching between really low U-values to very high U-values
comparable to the one of a single-glazing unit. The inconvenient of the physical removing
of conventional thermal insulation is that it would need an important mechanical power.
Also, the removed insulation has then to be stocked, needing additional room from or next
to the building.

In (Shima und Philip 2011), the thermal conductivity of magnetic nanofluids is switched
from low to very high values by varying the magnetic field strength and its orientation.
Magnetic nanofluids are materials that have the properties of fluid, while having magnetic-
dependent properties. However, these technologies are now in an early stage and far away
from building-scale applications.

Another method to switch the thermal conductivity is to use nanoporous materials for
which even a smaller change in internal pressure produces an important change in the
thermal conductivity (Berge et al. 2015). In (Berge et al. 2015), the author states that for
materials with small pores below 100 nm, the thermal conductivity changes almost linearly
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with a change in the air pressure. This includes aerogels and silica aerogels in particular.
However, the thermal conductivities are switched from upper values of about 0.020 W*m-
"*K-1 for 100 kPa to values to lower values between 0.005 and 0.010 W*m-"*K-! for 1kPa.
This upper value is much too low to allow significant cooling or heating of a building
through such a surface. Also, no statement is given on the energy consumed by the
vacuum pump to create or maintain this low pressure level. The author finally performs a
yearly simulation of a well-insulated office building in Sweden with a switchable insulation,
using a rough energy balance for each time step. The simulation shows an important
decrease of the cooling load with the switchable insulation. However, the U-values used in
both the insulating and conducting states are higher than the one achievable with the
thermal conductivity measured with the nanoporous materials and variable internal
pressure.

In (Stazi et al. 2012), a dynamic insulation, rear-ventilated (naturally) in summer, proved to
be the best retrofitting solution for different type of buildings in Italy. The biggest benefits
compared to traditional retrofitting solution were the increase in summer comforts:
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Figure 4 — Dynamic rear ventilated insulation. The internal wall (reference) was a hollow wall

brick masonry structure. The numbers indicate thicknesses in centimeters. Source: (Stazi et al.
2012).

Compared to the other retrofitting solutions, it was showed on the basis of dynamic
simulation that the variant with rear ventilated insulation produced only 6 % discomfort
hours according to the Italian version of (DIN EN 15251:2007), while the external insulation
alone showed 37 % discomfort hours and the reference 33 %. The disadvantage of this
solution is that the airflow rate and so the cooling rate in the open state varies strongly
with wind pressure and temperature difference between massive wall and exterior air. If the
wind pressure is superior at the top exit of the cavity, it could counteract the effect of
buoyancy and slow down the airflow.
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Table 1 — Summary of the different studies on switchable insulations. When only thermal conductivities where
given, the U-value was calculated assuming external and internal boundary heat transfer coefficients of
respectively 25 and 7.69 W*m=2*K-" (DIN EN 673:2011-04).
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Other systems using forced or naturally circulating fluid in the facade exist, but are not the
focus of this state of the art since the switching of the thermal resistance is not the purpose
of these systems, but rather a by-product: for example, breathable wall, also called dynamic
insulation (Taylor et al. 1996) and (Gan 2000), are systems where the air supplied to the
room has to go through external porous walls, thus preheating the supplied air. An
important group is also mechanically or naturally ventilated facades (Saelens 2012; Poirazis
2008). A comprehensive review of innovative transparent and translucent solar facades,
most of them being dynamic, is given in (Quesada et al. 2012). Trombe walls, ventilated or
not (Ellis 2003), can be used to increase the solar gains. Building Integrated Solar Thermal
(BIST) can be used to produced hot water and influence the g-value and thermal resistances
of facade systems (Maurer 2012; Gil-Lopez und Gimenez-Molina 2013; Chow et al. 2010).

To conclude this analysis, it can be seen that switchable insulation is not a completely new
concept. However, only a very limited number of systems are ready for the market. Often,
experimental data are missing and the analysis is completely done at a theoretical level, as
can be seen in Table 1. Also, the potential of these facade systems or new materials has
often not been analyzed on a building level. In this thesis, two new switchable insulation
facade systems are introduced and investigated, from the building level to the element'’s
level or vice versa. The two elements are also characterized experimentally.
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1.4  Performance indicators

Before introducing the new switchable elements in the next chapters, the two main
performance indicators used throughout this thesis are presented in this section:

- The U-value, also called U-factor, expressed in W*m=2*K-".
- The g-value, also called solar factor or solar heat gain coefficient (dimensionless).

The U-value, also called U-factor, is the overall heat transfer coefficient that describes how
well a building facade element conducts heat. It expresses the rate of heat transfer (in
watts) through one square meter of facade element for 1 K temperature difference. The U-
value is typically measured with a hot-box apparatus (ISO 8302:1991), and is defined as
follow (ISO 15099:2003):
1
-
1

Equation 1

-1 1
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i

With:

- R [m?*K*W-] the total thermal resistance of the facade, from the interior (room) to
the exterior.

- Ri [m?*K*W-"] the resistance of the facade’s subcomponents such as solid layers, air
gaps, etc.

- hi [W*m2*K"] the internal boundary heat transfer coefficient between the internal
surface of the facade element and the interior environment.

- he [W*m2*K"] the external boundary heat transfer coefficient between the external
surface of the facade element and the exterior environment.

In this thesis, values of 7.69 W*m=2*K' and 25 W*m=2*K-"are used for the characterization
of the facade elements, as defined for example in (DIN EN 673:2011-04). This value of 25
W*m=2*K-" for the exterior heat transfer coefficient is very high. In reality, the external heat
transfer coefficients that accounts for convective heat transfer (due to buoyancy and/or
wind) and longwave radiative heat transfer is often lower. However, this standardized
boundary heat transfer coefficients allows the comparison innovative product with
traditional window or wall elements, and are therefore used in this thesis. Lower external
heat transfer coefficients would result in lower U-values, as the thermal resistance between
the facade and the exterior is increased. The impact of lower external boundary heat
transfer coefficient is investigated regularly in this thesis.
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When solar radiation is considered, or when the resistances of the facade’s subcomponent
cannot be added like in Equation 1, following definition is more suitable (ISO 15099:2003):

_ Qine(I = 0)

Text - Tint

U Equation 2

With:

gint(I=0) [W*m] the total heat flux from the interior glass pane towards the room
by convection, conduction and longwave radiation, in the absence of solar
irradiance.

Text [K] the exterior temperature.

- T [K] the interior temperature.

This definition is further developed in section 2.4.1.2.

The solar heat gain coefficient g is the fraction of the incident solar radiation that enters a
room after passing through the building skin. An extensive description of calculation and
measurement methods is given in (Kuhn 2015). The g-value is defined as follow (ISO
9050:2003):

g= 1T+q; Equation 3

With:

-t [-] the solar direct transmittance.

- (i [] the secondary heat gain, which is the part of incoming solar energy absorbed in
the layers of the facade flowing towards the interior of the building by conduction,
convection, or longwave infrared radiation.

A more suitable definition for the calculation of facade elements is the following:

I+qg..,—qgi. (=0
g Tx* Qint I Gint ( ) Equation 4

With:

- I [W*m?] the total irradiance arriving at the element’s outer surface

- Qe [W*m?] the total heat flux from the interior glass pane towards the room by
convection, conduction and longwave radiation, as defined in Equation 39.

- 1 [-] the solar direct transmittance.

If not specified otherwise, the U- and g-values calculated within this thesis are center-of-
glazing values which do not take into account the frame effects.
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2 Closed movable insulation system

In this chapter, a new way to achieve a switchable insulation is presented and evaluated by
simulations and experiments. First, the context as well as the concept of this new facade
element is presented. Then, based on first measurement results, the potential of this
development is shown on a case study. Numerous thermal and optical measurement results
are then presented. Finally, a detailed model of the facade element is presented, validated
and used for parametric analysis as well as optimization.

This approach can be perceived as top-down: first, the potential of the new concept is
investigated on a building-scale, before going down to the element level. The advantage of
the top down method is that a first estimation of the concept’s potential on building level
could be done in an early stage of the project, before going down to the element level.

2.1 Introduction

The development of the 4 closed movable insulation system took place within the project
Wamafat for “Integriertes Warmemanagement-Fassadenelement” (“Integrated heat-
managing facade element”), funded by the BMWi (Germany Federal Ministry for Economic
Affairs and Energy) based on a decision by the German Bundestag under the contract ID
03ET1032B. The project partners are BASF, Vinylit (facade providers), LUWOGE consult and
Fischer Architekten (Architects), as well as the Fraunhofer ISE. The goal of the project,
which started in 2011, was to develop a facade element which could manage the heat in
buildings with following goals:

- On cold days:
o Limit the heat losses
o Maximize the use of solar gains

- On warm days:

o Increase Heat transport from inside to outside in comparison with the winter
case.

o Control of solar gains

o Heat storage

- In the general case: the possibility for active switching of the element between the
different modes, depending on the boundary conditions.

During this project, the closed movable insulation system was developed. This basic idea
has been filed for a patent (Nestle et al. 2015). The principle of functioning of the facade
element is based on controlled convection inside a closed module containing one or several
insulating panes. Basically, the element can be in two states, insulating or conducting:
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Figure 5 — Translucent switchable facade element in the insulating state (left) and in the
conducting state (right).The dimensions are not true to scale. Source: Fischer Architekten.

In the insulating state (left) the insulation panel is at the top. In this state, no large-scale
convection around the panel is possible and the element behaves like a system with three
insulating layers (two thin air layers and an insulation panel), the convective exchange at
the bottom being negligible. This has been shown during the experimental analysis.

In the conducting state (right), the insulation panel is in a vertical middle position, with air
gaps at the top and the bottom. In this state, large-scale spontaneous convection around
the insulation panes is possible. This large-scale convection is due to the difference of
density between the front and back gas column, which results in a driving pressure
difference between back and front.

The translucent insulation material used for the test models was Basotect®, which is an
insulation and sound absorption material developed by BASF. It is a low-density, open pore
melamine foam and has a thermal conductivity at 20°C of 0.035 W/(m*K) (BASF 2014).
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2.2 Case study: investigation of the switchable U-value on the building level

To assess energetic benefits achieved with the closed movable insulation system, building-
scale simulations were conducted in the building simulation program TRNSYS (TRNSYS
2013). First, the simulation conditions as well as the simplified model are presented, before
discussing the simulation results. The case study as well as multiple experimental results
have been presented in (Pflug et al. 2015).

2.2.1 Reference: well-insulated office room

The simulation object was a single-room office in Ludwigshafen, Germany.

The office was simulated with a high insulation level, corresponding to the Passive House
Standard. In a second step, variants were simulated by replacing part of the facade by our
translucent element with switchable U-value.

The simulated office had following geometry:

total surface
18.28m?

A1=323m*
17.7%

internal walls and ceilings adiabatic

height =3.48 m

ground surface 31.65m?

Figure 6 — Simplified geometry of the simulated room. Source: Fischer Architekten.

The external facade is oriented 20° west. The main features of the simulated room are the
following:

- All opaque walls (area A1) of the external facade are equipped with insulation, and
have a resulting U-value of 0.17 W*m=2*K-". Coldbridges are neglected in this case.
- A2 and A3 are windows with the following features:
o Um=1.2 W*m2*K-'
o g-value=0.42.
o T4 =0.71.
o Tsor =0.39.
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o Ratio frame/window=0.3. Usame=2.2 W*m2*K".

The ventilation is equipped with heat recovery (details can be seen in the Appendix).Other
simulation conditions are described in the Appendix.

2.2.2 Variants with switchable U-value

Considering the well-insulated reference case, variants were simulated with the new
translucent Facade Element with switchable U-value): the upper part of the existing window
(starting at 2.2 m from the floor) was replaced by the new translucent element (Area A3 in
Figure 6). This represents 4.9 m? and 26.7 % of the external facade. While this part of the
facade is only of minor relevance for visual contact to the outside environment, it is highly
relevant for the supply of daylight. Scattering elements are advantageous here in the upper
part of the facade as they increase light distribution deep into the room.

The solar energy directly transmitted through the facade element was directly calculated as
a constant value equals to tso*/, with / (W*m=2) being the solar irradiance incoming at the
facade and 1some transmittance in the solar range with a value of 0.05. This constant value
resulted from the multiplication of the normal-hemispherical transmittance of the three
layers (glass, translucent insulation, glass), without taking into account the multiple
reflections. A solar transmittance of 0.9 was assumed for glass. For the translucent
insulation material, transmittance was taken from the laboratory measurements presented
in 2.3.1. This constant value is slightly higher than the value calculated for diffuse incoming
solar irradiance or direct solar irradiance at 60° incidence angle, so that it also accounts for
direct irradiance at lower altitude angles. In further steps, angle dependent values could be
used, as well as the separation of the direct and diffuse light channels.

The heat flux from the element to the interior through convection, conduction and thermal
IR radiation, in W/m2, is given by:

Qint = U * (Bext — Oine) + g * Equation 5

In the absence of a detailed model of the element at this point, the secondary heat gain g;
was estimated to a constant value of 0.03 in this early stage. This order of magnitude of g
has been later confirmed by the detailed model (2.4). The parametric study done using the
detailed model has shown that the secondary heat gain is almost constant for the different
parameters investigated.



29

The U-values in the insulating and in the conducting states were determined experimentally
and depend on the temperature difference between inside and outside. The very extensive
and detailed measurement results are detailed in 0. The U-value functions chosen for the

simulations were derived from the measurements of the first test models by fitting linear
functions to the measurements values:
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Figure 7 — U=f(AT) functions used for the TRNSYS simulations.

These functions were used to calculate the heat transfer through the element for every time
step, depending on the temperature difference between room air temperature and exterior
air temperature. The influence of the absorbed solar energy on the convective heat transfer
has not been considered in this early stage, due to the facts that the absorbed energy in

each layer was low and that the high U-value with high temperature differences in summer
is mostly activated during night time.

Compared to the reference, following variants have been simulated:

- Variant A: The translucent element has a lower transmission within the solar
spectrum, which is 4.5 % instead of 37.7 % for the glazing. The translucent
element also has a lower U-value in the insulating state: about 1.0 W*m=2*K-" by a
temperature difference of AT=25 K instead of Ug=1.2 W*m2*K" for the glazing.
Thus, without even switching to the high U-value, replacing part of the facade by
the translucent element has an influence on the simulation result. This influence is
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evaluated with control strategy A, where the U-value is never switched to the high
value.
- Variant B: Variant B uses the previously defined U-value functions, with the
following control strategy:
o Heating period :
= When Tex> Troom: high U-value.
» If not, low U-value.
o Cooling period:
= When Tex< Troom: high U-value.
» |f not, low U-value.

The heating period is defined as the month where the heating load is superior to the
cooling load. The rest of the time was then considered as the cooling period.

- Variant C:

This variant uses the same control strategy as variant B, but 3 W*m=2*K"! is set as a
constant value for the high U-value function. This arbitrary value corresponds to
non-insulating double glazing. The goal was to simulate the potential of the
element, if in the conducting state the convection is optimized or if a small ventilator
is used. A small ventilator would allow us to get an U-value quite independent of the
difference of temperatures at the boundaries, and would allow us to reach higher U-
value due to higher convective heat transfer. This value was not measured in
laboratory and is only theoretical.

In order to compare the effect of switching the U-value with a conventional solution:
variant A, where the upper part of the window is replaced by the translucent element
without switching, was simulated with a free-cooling strategy, in order to compare the
effect of free cooling to the switchable U-value. For this variant, the air change rate of the
room was raised from 2 to 4 vol/h when the outdoor air temperature was inferior to the
indoor temperature. In order not to overcool the building, this strategy is only activated
when the outdoor air temperature is above 19°C.

Daylight simulations of the office were made. The outputs of these simulations are the
hours in the year where artificial lighting is needed. This output is then read by TRNSYS for
every time step. The integration of daylight simulations into thermal simulations allows:

- A much better estimate of the electricity consumption for artificial lighting.
- More realistic values for the heat gains from artificial lighting in the building: when
the artificial lighting is need.

For both electricity demand and additional heat gains due to lighting, a constant additional
heat gain value of 13 W/m?2 is assumed as soon as the artificial light is required.
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For the daylight simulation, a direct-hemispherical transmission value of 1,=0.053 was
assumed for the facade element, based on the results of optical measurements presented in
2.3.1. To calculate this value, the transmission of glass, translucent insulation and glass
were multiplied, without taking into account the multiple reflections and assuming a
transmittance of 0.9 for the glass layer in the visible range.

These annual daylight simulations of the reference and the variants were performed using
the raytracing software RADIANCE (Building Technologies Department, Lawrence Berkeley
Laboratory 2014) in a preliminary step. The hourly outputs where then used in the TRNSYS
simulation.
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2.2.3 Results and discussion

Reference well-insulated south-oriented room:

The reference room has a low heating demand of 8.1 kWh*m2"year'. This corresponds to
the Passive-House level. For this well-insulated, south oriented office room, the cooling load
then prevails with 28.1 kWh*m2"yr'. The room has an office usage with 3 people between
7:00 and 18:00 on working days.

Variants with the translucent element with switchable U-value:

The simulations of the described variants produced following results:
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Figure 8 — Annual sum of heating and cooling demands for the insulated reference office and
several variants, expressed in useful energy.

The difference between the reference and variant A show us that by replacing part of the
glazing by our translucent element without switching, we decrease both the cooling and
the heating demand. The decrease of the cooling demand is mainly due to the lower solar
transmission, whereas the decrease of the heating demand is mainly due to the higher U-
value of the element in the insulated state, compared to the window.

Variant B, where we switched between the high and low U-value, shows a decrease of
9.8 % of the cooling demand compared to variant A. This low reduction of the cooling
demand is partly explained by the fact that in Germany, when the outside temperature is
lower than the indoor temperature in summer, the difference is often low (under 5 K).
According to Figure 7, the U-value is then near to 0.69 W*m2*K", due to the linear
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interpolation chosen for this first approach. The assumption is that the heat transfer
coefficient of the element with no temperature difference is the same in the insulating and
conducting state, because in the conducting state there is no large-scale convection
without the driving temperature difference. The consequence is that the heat transfer is
low for these small temperature differences. In a further step, the heat transfers in the
element have been modeled with a detailed model, showing an important increase of the
U-value for low temperature difference.

Variant C, where an element is simulated with forced convection, shows a decrease of
29.6 % of the cooling demand compared to variant A. Compared to the reference, this
represents a decrease of 39.1 %. In this case, the high U-value is not temperature
dependent.

The comparison of variant A (with translucent element, without switching), variant B
(switching U-value) and the free cooling (applied on variant A) shows us that the effect of
the switching U-value is comparable with the effect of free cooling with a doubling of the
air change rate from 2 to 4 vol*h™'. The savings of cooling demand are respectively 9.8 %
and 13 %. In the case of free-cooling, the additional electrical consumption of the fan has
to be taken into account. To estimate the additional consumption of the electrical fan, the
fan consumption can be estimated at 0.45 W*m=3*h-', which is the upper limit allowed for
a german PassivHaus (Passivhaus Institut 2009). Based on this fan power and on the
1031 hours of functioning of the free cooling function, an additional electrical consumption
of 3.2 kWh*m2"yr'is calculated. This would more than compensate the thermal gain. To
relativize these results, we can point out that the reference air change rate was already
quite high (2 vol*h).

Concerning the variant B and C, the switch to the high U-value does not occur in the
heating period. This is due to the fact than the situation Ge«>6i never occurs during these
months for the Ludwigshafen’s weather data. During the cooling period, the high U-value
is set more than 94 % of the time for variant B and C, so that a biannual control strategy
may be considered, with the insulating state during the heating period and the conducting
state during the rest of the time. A biannual switching would lead to a slightly variation of
the cooling load from 21.89 kWh*m=2 to 21.90 kWh*m2 while the heating demand stays
the same. Concerning the use of dynamic switching during the cooling period, this is not
efficient since when it is warmer outside, the temperature difference to the inside is small,
and so the heat transfer coefficient of the element stays low. In this case, a biannual
switching seems sufficient.

The influence on comfort has also been calculated, based on the adaptive model of the
standard (DIN EN 15251:2007): this standard gives an upper limit for the operative
temperature of the room, 6; ma, depending on the moving average of the external air
temperature, 6m,, and includes the fact that the sensibility of people to indoor boundary
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conditions depends on the external temperature. This implies that the occupants are able to
interact with their environment by opening the windows. Following equations were used:

0i max = 0.33 % O, + 18.8 + 3 Equation 6

With the moving average 6. given for a certain day by:

Oma = 0.2 % Bgq_1 + 0.8 ¥ 0,11 Equation 7

6mabeing the moving average of the external temperature of the day before, and fes.; being
the mean external temperature of the day before.

In (Kalz und Pfafferott 2014), different adaptive models, including the (DIN EN 15251:2007)
model are compared with the Predicted Mean Vote (PMV) static model for eight European
buildings. The conclusion were that the comfort requirement are similar in winter, but differ
significantly in winter: since with the adaptive model the room temperature setpoints
increase with higher ambient temperature, most of the building investigated complied with
the limits of the adaptive models, but not with the ones of the static models. Other
advantages of adaptive models is that they avoid the strong assumptions which have to be
made when using the PMV models, such as the clo and met values, or the local air speed.

In our case, using TRNSYS, following method was used to accurately calculate the inner
glass temperature of the facade element and so the operative temperature in the room: the
total heat flux to the interior was calculated using Equation 5. Then, this total heat flux was
injected for every time step to a virtual window with a very important thermal resistance
towards the exterior. The heat flux then integrally flows indoors, and, with the appropriate
internal convective and radiative heat transfer coefficients, the correct element surface
temperature is calculated. In the conducting state, while this is a good approximation
between the two measured U-values, this might lead to differences for the range between
no temperature difference and the first measurement point (see Figure 7).

Simulations without cooling have been performed, and the hours of the year where the
operative temperature of the room is higher than the limit given by the standard have been
summed, as shown in Figure 9 below.
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Figure 9 — Hours in the year where the operative temperature is superior to the limit calculated
with the DIN EN 15251 standard.

Variant A, where we only replace part of the window by the translucent element without
switching to the high U-value, shows a decrease of the hours over variable operative
temperature limit. This is due to the lower transmission of the translucent element.

Variant B shows a decrease of more than 193 hours compared to variant A, by switching
between the low and high U-value. Variant C shows an even better improvement, with 115
hours of discomfort. Such an element could be even more competitive than a free-cooling
strategy. This high impact of the switching on the comfort is due to the high influence of
the facade's internal surface temperatures on the operative temperature and on the
comfort.

From the daylighting point of view, the replacement of the upper part of the window
between the reference and the variants has of course consequences on the artificial lighting
demand. Having an element that scatters the incoming light in the upper part of the facade
should be of advantage compared to traditional windows since light could be send deeper
in the room. However, due to the low visible transmittance of the insulation material, the
artificial lighting demand increases from 8.2 kWh*m?2 to 13.3 kWh*m2. This
overcompensates the positive benefits of the switchable insulation on the cooling load.
Possible solutions could be to exchange the translucent insulation material with another
with a higher visible transmission, or to reduce the thickness of the insulation layer.
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2.3 Experimental study: investigation on the component and material level

In this part, the optical characterization of the translucent insulation material is presented,
followed by U-value measurements of different prototypes under difference condition. The
goal is to characterize the optical property of the translucent material used, as well as to
understand which upper and lower U-values can be reached with the new element as well
as the relevant geometrical parameters.

2.3.1 Optical characterization of the translucent insulation material

The translucent insulation material has been characterized optically. The goal was to
describe and understand optically this material, as well as too get the inputs needed for the
optical calculation done in the case study and for the detailed physical model.

2.3.1.1 Equipment

First, the translucent insulation material has been optically measured with the TAUWIN
equipment (Platzer 1987). This equipment is used for angle-dependent direct-hemispherical
transmittance measurements. It is used with a 650mm Polytetrafluoroethylene coated
integrating sphere with a 100mm diameter opening. The detector is a diode-array
spectrometer. The measurement uncertainty for standard (transparent) samples is +0.01,
while the uncertainty of the incidence angle is estimated to +2°. The RHOWIN equipment is
a similar device used for normal-hemispherical reflectance measurement: the sample is then
placed within the integrating sphere:

Figure 10 — The “"TAUWIN" equipment for measurements of the angle-dependent spectral
direct-hemispherical transmittance. The dotted sample is irradiated from the left, transmitted
radiation is detected with a spectrometer or broadband sensors on the integrating sphere.
Source: (Maurer 2012)
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Figure 11 — The “RHOWIN" equipment for measurements of the angle-dependent spectral
direct-hemispherical reflectance. The rectangular sample holder is located in the integrating
sphere and can be rotated around its center. The back of the sample holder is coated with PTFE
and is used for the reference measurements. The detector is a diode-array spectrometer. Source:
(Maurer 2012)

2.3.1.2 Measurement issues and uncertainty

By measuring thick, cloudy material, one has to be careful about the material and method
used. For the transmittance measurement, using a conventional spectrometer associated
with an integrating sphere, like a Lambda900 equipment (also available at ISE), could lead
to large underestimating of the transmission values (Wilson et al. 2009).

The Lambda 900 equipment uses a source lamp with a small light ray. The part of the
incoming flux going through the sample is integrated into an Ulbricht sphere (also called
integrating sphere), where flux sensors are placed.

The crucial point in the case of thick, scattering samples is that a part of the incoming light
goes up or down through scattering (A). This part doesn’t penetrate the sphere and is not
measured by the sensors inside the sphere, which leads to underestimating of the
transmission. This effect increases with the thickness of the sample.

The same effect happens with the TAUWIN equipment, but as the incoming irradiance as
well as the sample is larger, the part of outgoing flux is compensated by the part entering
through the boards of the sample and leaded to the center of the sample through
scattering (B).
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Figure 12 - Differences between Lambda 900 and TAUWIN transmittance measurement
equipment. Source: Fraunhofer ISE

Underestimating of the transmission values up to 0.1 have been observed for a 30 mm
thick panel of insulation material, measured with Lambda900.
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2.3.1.3 Results and discussion

The normal-hemispherical transmittance and reflectance were measured versus the
thickness of the insulation layer:
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Figure 13 — Normal-hemispherical transmittance and reflectance measured versus the thickness
of the transparent insulation layer. Integral values according to EN410. Source: Fraunhofer ISE.

The transmission measurement showed the potential of varying the thickness of the
insulation layer in the system to gain daylight: with 5 mm thickness, the Basotect® plate
has a visual transmission tan, vis=0.3548.
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For a 15 mm thick translucent insulation layer, the angle-dependent transmittance and
reflectance have been measured as well:
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Figure 14 — Normal-hemispherical transmittance and reflectance of the transparent insulation
layer measured versus the incidence angle. Integral values according to EN410. Source:
Fraunhofer ISE.

The translucent insulation layer used here is very reflective and the transmittance is low.
There is a slight angle dependency of these properties, and the reflectance increases
strongly after 40° incidence angle. The behavior in the solar and visible spectral ranges is
very close. As a matter of comparison, a 10 mm thick granular silica aerogel layer has a
normal-hemispherical visible transmittance from 0.43 (for semi-translucent spheres) to 0.85
(translucent fragments), as measured in (Reim et al. 2004).
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2.3.2 U-value measurements

Numerous prototypes were designed, built and measured at Fraunhofer ISE. The goal was
to assess the potential of this new way of switching U-values as well as to study the impact
of different parameter variations.

2.3.2.1 Equipment and uncertainties

The U value was measured in a vertical position in the Taurus equipment (TAURUS
instruments — TLP 800 S) at Fraunhofer ISE. The Taurus equipment is a hot plate apparatus
in accordance with (ISO 8302:1991). As a difference to the norm, instead of using two
samples for each measurement, the second sample was replaced by a reference sample,
consisting of a 40 mm thick insulating Styropor plate. The measurement apparatus consists
of the test sample and reference sample placed between the electric heater and the two
cooling plates. The heat flux leaving the electric heater is measured. The electric heater
plates as well as the cooling plates are maintained at constant temperature. Knowing the
heat flux leaving the electric heater as well as the two temperature differences at the
reference and tested sample and the thermal conductivity of the reference, one can deduct

the thermal resistance of the test sample:

D
AT

4

]

Figure 15 - Schematic drawing of the Taurus apparatus for U-value measurements. From left to
right: cooled plate, reference insulating sample, electrical heater, test sample, cooled plate.

N/

The measured values are center of glazing values, the heat flux being measured over a
500*500 mm?2 central area, and the prototype area being 800*800 mm?2. For this U-value
measurement, the maximal absolute uncertainty was 0.040 W*m2*K-', the minimal
absolute uncertainty was 0.017 W*m=2*K-" and the mean absolute uncertainty was 0.031
W*m=2*K-1,
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2.3.2.2 Composition of the prototypes

All test models were composed of two 3 mm thick Plexiglas panes, a 20 mm thick PVC
frame and a Basotect® pane. The dimensions of the test models are detailed in the result
tables:

- Alis the thickness of the vertical air layers.

- Bis the thickness of the translucent insulation layer.
- Cis the dimension of the upper air gap.

- D is the dimension of the lower air gap.

The test models were all measured in a vertical position.

2.3.23 Test models with a single insulation pane

The first prototypes were built with a single insulation pane. The test models had no
switching mechanism (developed latter), so the models had to be manually modified to
switch between insulating and conducting state.

Figure 16 - Test model with a single position pane, in front of the U-value apparatus (in a
horizontal position).

This first test model was then measured with two positions of the insulation plate within
the test model:

- Translucent insulation pane in the lower position (C=60 mm, D=0 mm).
- Translucent insulation pane in a middle position (C=30 mm, D=30 mm).
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Each position was measured with a high (about 35 K) and a low (about 12-15K)

temperature difference. The results can be seen in Table 2 below:

N°e [A B C D AT U-value
C, - mm mm mm |[mm |°C W*m-2*K-
A A
g e 11 30 30 60 0 13 0.89
B
7 21 30 30 60 0 35 1.08
D} 3C (30 30 30 (30 |14 |1.71
4C |30 30 30 30 33 1.89

Table 2 — Measurement results of the first test models. I=Insulating state, C= Conducting state.

For the lower temperature difference, a switching of the U-value of +93 % can be observed
between the two positions. For the high temperature difference, a switching of the U-value
of +75 % can be observed. These measurement values were used for the TRNSYS

Simulations.
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23.24 Parameter variation for one plate-test models

New test models were then been built, with a much thinner translucent insulation layer and
much thinner total thickness. The goals with these new test models were to have a better
translucence and to investigate the influence of several parameters. The direct-
hemispherical visible transmittance of a 10 mm Basotect plate, measured with the TAUWIN
equipment, is 0.17 (2.3.1.3). The results are presented in Table 3:

N° A B C D AT [U-value

- mm |mm mm mm °C W*m-2*K-

5 17.5 {10.0 |0.0 350 |15 1.33

ol 17.5 {10.0 |0.0 350 |29 1.44

/C |17.5 |10.0 |175 |175 |14 1.72

8C 17,5 [10.0 |175 |175 |29 1.86

9C |30.0 [10.0 |30.0 |30.0 (14 |1.83

10C |30.0 |10.0 |[30.0 ([30.0 |28 |2.03

11C (17,5 [10.0 |35.0 |350 |14 1.58

12C |17.5 |10.0 |35.0 |35.0 |29 1.77

131 |17.5 [10.0 |0.0 0.0 15 1.31

141 117.5 (10.0 |0.0 0.0 34 1.41

151 |17.5 |10.0 |35.0 |0.0 15 1.44

16l |17.5 |10.0 |35.0 |0.0 29 1.57

Table 3 — Measurement results of the second measurement campaign. I=Insulating state, C= Conducting
state.

Measurements 5| and 6l are the references in the insulating state: the insulation plate is at
the top, with a 35 mm air gap at the bottom. The U-values are 1.33 and 1.44 W*m=2*K"!
for respectively the low and the high temperature difference.
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Measurements 7C and 8C represent the conducting state, with the insulation panel in the
middle. The switching of the U-value represents +29 % for both the low and the high
temperature differences. The U-value are respectively 1.72 and 1.86 W*m=2*K"'. This
decrease in switching compared to the first test models with thicker insulation and thicker
air gaps was predictable: indeed, thicker insulation leads to a lower U-value in the
insulating state, and in the conducting state, the thermal insulation encourage the
temperature difference between the front and back air columns, which is the motor of the
convection.

The influence of the thickness of the vertical and horizontal air gaps are investigated with
measurements 9C and 10C. Compared to measurements 7C and 8C, the air gaps are now
30 mm thick instead of 17.5 mm. This results in increasing U-value through better large-
scale convection between the inner and outer, with U-values of respectively 1.83 and 2.03
W*m2*K-'. More details about these effects are delivered with the detailed model.

The influence of the ratio between the thickness of the horizontal air gap and the thickness
of the vertical air gap is investigated with measurements 11C and 12C. In the conducting
state, doubling the ratios C/A and D/A results in a diminution of the U-values, with values
of 1.58 and 1.77 W*m2*K". Compared to measurements 7C and 8C, this represents a
decrease of -8 % and -5 %. A possible explanation is that this change of hydraulic
diameters causes additional pressure drops, which decrease the airflow rate for the same
difference of temperature.

Experiments 13l to 16l were conducted in order to explore the convection effect inside the
gap region of the element when switched into the insulating state: compared to
measurements 131 and 14l without gaps, the U-value of the element with a gap in the top
position (151 and 16l) is about 8 % larger, while the U-value for the gap in the bottom
position (51 and 6l) is only 2.5 % larger. Therefore, in the modeling part, the element in the
insulating state (with the insulation panel at the top and a small opening at the bottom), it
is assumed that the system consists of two closed air cavities and an insulation layer.
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2.3.2.5 Test models with two plates

Based on the experiences with the first sets of elements, further test models with two
translucent insulation layers were built and measured. A 10 mm additional air gap between
the two insulation layers provides additional insulation while not reducing the translucence
further.

The results are shown in Table 4:

N° A B Cq C2 D1 D2 AT U-value

- mm [mm|mm |[mm | mm [ mm [°C WHm2*K-"

Co 3C2 [17r [1s |15 [30 [0 [o [30 [15 [o071
AT A 181 [15 |15 [30 [0 o [30 |29 [0.80
BB 19 [15 [15 [15 [15 [15 [15 [14 [1.44
g & 20c [15 |15 [15 [15 |15 [15 [28 [1.60
Di# +Dj

211 |15 15 |0 0 0 0 15 0.72

221 |15 15 |0 0 0 0 29 0.80

Table 4 — Measurement results of the test models with two insulation plates. I=Insulating state, C=
Conducting state.

Measurements 171 and 18l show the two-plate test model in the insulating state, with the
front insulation panel at the top and the back insulation panel to the bottom, to prevent
convection. The U-value are respectively 0.71 and 0.80 W*m=2*K-' for the low and high
temperature difference. This value can be compared to that of triple glazing.

Measurements 19C and 20C show the two-plate test model in the conducting state, with
both insulation panels in a middle position, with air gaps at both ends. The switching of the
U-value represents respectively +103 % and +98 % for the low and the high temperature
difference. The U-values are then 1.44 and 1.60 W*m=2*K-", which corresponds to a poorly
insulating double glazing.

Measurements 211 and 22| where performed using continuous insulation panels, in order to
verify that no “slalom” convection occurs in the situation of measurements 171 and 18l.
The differences between the two situations are respectively 2.1 % and 1.2 % difference for
the low and the high temperature difference.
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2.3.2.6 Measurements with CO2

Measurements the elements 171 to 20C were also run with CO, instead of air. CO, has
several advantages compared to air:

- A lower thermal conductivity in the insulating state: 0.0162 W*m'K" at 20 °C, 1
atm.

- A lower thermal diffusivity: 105.4*107 m2*s'. This favors the convection by carrying
the heat away more slowly, allowing the gas to heat. Compared to air, the lower
heat capacity (850 J*kg'*K' at 20°C) is compensated by a higher density (1.84
kg*m= at 20°C, 1 atm) and the lower thermal conductivity.

- A lower dynamic viscosity (14.69*10° Pa*s at 20°C). Compared to air, this also
favors the convection.

Particular attention has been paid to the tightness of these test models. Results are shown
in Table 5:

N® A s lc lc b |p, [COd|Warm | ar | Uvalue
side | side

- mm | mm | mm [ mm | mm [ mm|°C °C °C W*m-2*K-

23 151 115 |30 |O 0 30 (3.4 [18.0 15 10.65

24 151 115 |30 |O 0 30 (7.4 |[36.9 30 [0.74

25 15C |15 |15 |15 [15 |15 |43 18.0 14 |1.45

26 15C |15 |15 |15 [15 |15 |96 |37.8 28 | 1.67

Table 5 — Measurement results with two test models with two insulation panels and CO2. I=Insulating state,
C= Conducting state.

Measurements 23l and 24l in the insulating state show a better insulation than the air-filled
test models. The difference to measurements 17| and 18l are respectively -8.3 % and
-7.5 %, with U-value of 0.65 and 0.74 W*m2*K-".Measurements 25C and 26C show the
two-plate test model in the conducting state, filled with CO,, with both insulation panel in
a middle position and gaps at both ends. The switching of the U-value compared to
measurements 231 and 24l represents respectively +123 % and +125 % for the low and
the high temperature difference. The U-values are then 1.45 and 1.67 W*m=2*K-".

For the low temperature difference, the value is in the same range as the air value. The
better insulation properties counteract the convection-favoring properties. With higher
temperature differences, the convection is larger in the CO, case, improving the U-value
compared to air. So CO;, showed as expected better performances in both the insulating
and the conducting state.



48

2.4 Detailed physical model: investigation on the component level

Beside the experimental results, a detailed physical model has been developed. The aim was
to:

- Test the influence of different parameters.
- Model the thermal behavior of the element depending on the difference of
temperature at the boundaries.

2.4.1 Model description

A thermal nodal model is coupled to an airflow model to calculate the U-value and g-value
of the element in each case. An optical model was integrated for the calculation of the g-
value.

The unknown are the temperatures of each node or solid layer. In case of ventilated gap,
three unknown are added: the mass flow rate through the system as well as the mean
temperatures of the outer and inner air columns.

The system of equation composed by the thermal and airflow model presented in the next
paragraphs was solved using the vba built-in Excel solver.
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A schematic description of the physical model for the element in the conducting state is
presented on following drawing:

Figure 17 - Schematic drawing of the detailed physical model. The element is in the conducting
state. The thermal nodes are represented, as well as the thermal resistance network. The yellow
arrows show the solar irradiance which is transmitted or reflected through the system. Multiple
reflections are not shown. The orange arrows show the absorbed energy. The thermal resistance
are linked to the heat transfer coefficients detailed below by the relation R=1/h. The thermal
nodes represent, from left to right, the exterior air temperature, the glass temperature, the
average fluid temperature of the outer column, the outer and inner surface temperatures of the
insulation panel, the average fluid temperature of the inner column, the inner glass temperature
and the interior (room) temperature.
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A schematic description of the physical model for the element in the insulating state is
presented on following drawing:

Figure 18 - Schematic drawing of the detailed physical model. The element is in the insulating
state. The thermal nodes are represented, as well as the thermal resistance network. The yellow
arrows show the solar irradiance which is transmitted or reflected through the system. Multiple
reflections are not shown. The orange arrows show the absorbed energy. The thermal resistance
are linked to the heat transfer coefficients detailed below by the relation R=1/h. The thermal
nodes represent, from left to right, the exterior air temperature, the glass temperature, the outer
and inner surface temperatures of the insulation panel, the temperature of the internal glass and
the interior (room) temperature.
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Airflow model

For the airflow model, following hypotheses are made:

Hypothesis 1: the fundamental hypothesis is that the pressure drops in the system
are equal to the difference of density (see below) in the system.

Hypothesis 2: the convection is considered as forced - with the buoyancy force
acting as driving pressure- laminar, and hydrodynamically and thermally not fully
developed, as detailed below.

Hypothesis 3: the fluid outlet temperature of one column is the fluid inlet
temperature of the other one. In other words, no thermal exchange occurs at the
top and bottom horizontal air layers.

Hypothesis 4: a constant Prandtl number of 0.71 was assumed in the whole system,
corresponding to air at 20°C.

Hypothesis 5: the mass flow is constant in the system, there are no air leakages.
During the construction of the prototypes, particular attention was given to
airtightness. For convenience, the mass flow rate is converted in airflow rate (m**h-
') when presenting results in the following sections.

The nature of the flow (hypothesis 2) has been assessed by verifying following conditions:

Laminar or turbulent nature of the flow: with a mean Reynolds number of about
300 in the outer air column, the flow is clearly laminar. This calculated value is the
mean value of the ten cases in conducting state compared with measurements
during validation (2.4.2).

Forced, natural or mixed convection: the flow can be considered as forced if
following condition is verified (Bejan 2013):

Gr _
Re? «1 Equation 8

With Gr the Grashof number in the duct and Re the mean Reynolds number in the
duct. For the ten cases considered, the mean Gr/Re? ratio was 0.11 in the outer air
cavity and 0.09 in the inner air cavity. The convection can then be considered as
forced for the cases investigated in the validation.

Thermal and hydrodynamic development of the flow: the flow can be considered as
hydraulically developed if following condition is verified (Bejan 2013):
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L >> Re * 0.01 x Dy, Equation 9
With:

o L [m] the length of the duct.
o Re [- the mean Reynold number in the duct
o Dp[m] the hydraulic diameter of the duct

With a height of the air columns of 0.76 m (for the measured prototypes) and mean
Re*0.01*Dh values of 0.14 m in both vertical air gaps, the flow pattern cannot be
considered as fully hydrodynamically developed.

The flow can be considered as thermally developed if following condition is verified
(Bejan 2013):
L > Prx Re x 0.01 * Dy, Equation 10

With a Prandtl number of Pr=0.71, it can be concluded that the flow is neither
thermally nor hydrodynamically fully developed. This was taken into account for the

choice of the correlation to calculate the Nusselt value in the thermal model
(2.4.1.2).

The airflow model was built as follows: The main assumption (hypothesis 1) is that the
driving pressure difference is equal to the sum of the pressure drops in the system:

AlDdriving = z APsystem Equation 11

The driving pressure of the convection is due to the difference of density between the
internal (1) and external (2) vertical air columns, calculated as:

AlDdriving =8*

H H
j p1(h)dh — J P2 (h)dh‘ Equation 12
0 0

With:

- 9=9.81 [m*s?] the standard gravity

- H[m] the height of the glazed surface

- h[m] the height along the vertical axis

- pi(h) and pa(h) [kg*m-3] the density of the fluid in respectively the outer and inner air
column at height h.

Three types of pressure drops are modelled, with correlations valid for laminar duct flow
(Verein Deutscher Ingenieure 2010):
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- The pressure drops due to friction with the glass and insulation surface in the vertical
columns:

2
¢ * [, *p *V
__ ’8ap gap gap gap .
Al:)friction = 2+ D Equation 13
* Uh

With:

o (gp [-] the drag coefficient in the gap.

o Lgsp [m] the length of the gap, which can be the height H of the gas columns
or the thickness of insulation for the horizontal sections.

o pgap [kg*m3] the density at the gap’s mean temperature.

O Vgp [M*s] the mean velocity in the gap.

o Dx[m] the hydraulic diameter of the gap

{oap 1S given for Re<2300 by:

Zgap =Q*o— Equation 14

With:

o Re [-] the Reynolds number in the gas column.
o ¢ [-] a correcting factor for rectangular ducts instead of round tubes.

For Re=3000, g is calculated by:

1
Zgap = (0.3164 « Re 4 Equation 15

For Reynolds number between 2300 and 3000, the drag coefficient has been
interpolated linearly.

- The pressure drops due to 90° elbows between vertical and horizontal air gaps:

2
Zelbow * P mean * Velbow,mean

Equation 16
2

APepow =

With the density and velocity taken as the mean between the values before and
after the elbow.

Lewow has been derivated from (Verein Deutscher Ingenieure 2010):
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o If Rémean<1000:

Celbow = 10%%77° x Repigan'"° Equation 17

o If Rémean<1000:

Celbow = 0.7 Equation 18

With Remeanthe mean Reynolds number at the elbow.

The pressure drops due to a reduction or enlargement of cross section between
horizontal and vertical gaps, with A; and A, the sections respectively before and

after the change of section, pmen as defined above, and v, the mean speed after the
reduction or enlargement:

o In case of a sudden widening of section:

Aq
-1 _ 1)2 4 * V
AP ening = (Az ) Pmean 2 Equation 19
wildening 2
o In case of a sudden contraction of section:
1 2 2
(H_ 1) * Pmean * V2 Equation 20
Al:)reduction =

2
With:

— Az o Az :
p = 04924 x (—)=- 0.105 * + 0.6066 Equation 21
Aq Aq
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2.4.1.2 Thermal model

For the thermal node model, following hypotheses are made:

Hypothesis 1: the surface temperatures of each layer are assumed uniform over the
height and are represented by an energy node. The glass layers are represented by
one node, the insulation layer by two surfaces nodes.

Hypothesis 2: the calculation is steady state (no time-dependency is considered).
Hypothesis 3: the convective heat transfer coefficients are constant over the height
of the glazed and insulation area.

Hypothesis 4: in the inner and outer air column, the fluid is symmetrically heated by
the glass and the insulation, which are at the same mean temperature.

Hypothesis 5: for the calculation of the g-value, it is assumed that half of the
absorbed solar energy in the insulation layer is absorbed at the outer surface and
half is absorbed at the inner surface. In reality, more solar energy is absorbed
towards the outer surface, which would lead to lower g-values in reality.

Hypothesis 6: In the insulating case, the two vertical cavities were considered as two
closed air columns. The validity of this hypothesis has been shown during the
experimental analysis (0), with only 2.5 % difference in the insulating state between
the insulation panel at the top and an insulation panel going from the top to the
bottom without horizontal air gap.

Hypothesis 7: the conductive thermal resistance of glass is neglected.

Hypothesis 8: for the radiative longwave exchange, the hypothesis of infinitely long
parallel, grey-diffuse surface is made. The grey-diffuse approximation means, that it
is assumed, that the spectral emissivities of the surfaces are independent from the
wavelength (grey surface) and the direction of the reflected or emitted radiation
(diffuse surface).

The boundary conditions are given by:

Internal and external air temperatures Tin: and Tex [K].
Constant internal and external heat transfer coefficients hi: and hee [W*m=2*K"] of
respectively 7.69 and 25 W*m=2*K"", as given for example in (DIN EN 673:2011-04).

For simplification purposes, the convective exchange between air and the insulation layer
takes place over the whole cavity height, which is slightly higher than the insulation layer
height. This hypothesis is justified by the fact that there is more heat flux exchange
between glazing and fluid than between insulation and fluid.
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Each layer is represented by one or several energy nodes. For each node, an energy balance
is performed to determine the temperature of the node. For example, for a one insulation
layer facade element in the conducting state, following equations are applied, resulting

from the energy balances:
hext * (Touter glass Text)
+hrad,outer gap * (Touter glass — lins,outer surf.)
+hcv vent,outer gap * (Touter glass — Tair,outer gap)

= (g,;solextglass * I

This can be written as:

Touter glass =

hext * Texe + hrad,outer gap * lins,outer surf. + hcv,vent,outer gap * Tair,outer gap

hext + hrad,outer gap + hcv,vent,outer gap

Qe solextglass * |

+
hexe + hrad,outer gap + hcv,vent,outer gap

Or for the outer surface of the insulation layer:

}‘ins.

d: * (Tins.,outer surf. — Tins.inner surf.)
ins.

+hrad,outer gap * (Tins.,outer surf. = louter glass)

+hcv,vent,outer gap * (Tins.,outer surf. — Tair,outer gap)

__ UQesolinsu. * I

2

Or:

Tins.,outer surf. =

d: "k Tins.inner surf. + hrad,outer gap * Louter glass
ins.

ins.

+ hrad,outer gap + hcv,vent,outer gap

Q>

ins.

h «T + ae,sol,insu. * [
cv,vent,outer gap air,outer gap 2

Ains.

ins.

+ hrad,outer gap + hcv,vent,outer gap

With:

- T [K] the external boundary air temperature

- Toutergiss [K] the temperature of the outer glass pane

- Taroutergap [K] the average air temperature of the outer air column

- Tins, outersurt [K] the outer surface temperature of the insulation panel
- hex [W*m2*K"] the external boundary heat transfer coefficient

Equation

22

Equation
23

Equation
24

Equation
25
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- hradoutergap [W*m2*K-"] the radiative heat transfer coefficient between the outer glass
and the outer surface of the insulation layer

- haventouter gap [W*M=2*K'] the average convective heat transfer coefficient between
the outer air gap and the outer surface of the insulation layer, in case of ventilated
cavity, as defined below.

- Oesolextgass ™ [W*m?] the total (or effective) solar energy absorbed in the external
glass layer, as calculated in 2.4.1.3.

- Gesoinsu. ¥ [W*m?] the total (or effective) solar energy absorbed in the translucent
insulation layer, as calculated in 2.4.1.3.

- Ains [W*mT*K-"] the thermal conductivity of the insulation layer

- dins. . [W*m*K""] the thickness of the insulation layer

In the conducting case, the hypotheses made above lead to a differential equation resulting
in an exponential temperature profile in each column. This method is presented for
example in the standard (ISO 15099:2003). For a very thin (infinitely thin) vertical section of
the air column, an energy balance is made:

hey,vent * (TS - Tgas (Z)) *2*xwxdz =m* Cp * dTgas Equation 26

With:

- Tas(z) [K] the temperature of the gas at the distance z of the column inlet.

- Ts[K] the mean temperature between the two surrounding surfaces.

- w[m] the width of the glazed area.

- dz [m] the height of the infinitely thin vertical section.

- m [kg*s'] the mass flow rate in the column.

- G [J*kg™*K] the specific heat of the gas at the cavity gas temperature Tq.s (See
Equation 30).

- dTes [K] the temperature difference between the inlet and outlet of the very thin
vertical section.

This equation can be written as:

dTgas _ hcv,vent * 2% W hcv,vent * 2 W
= - - * lgas (z) + . .
dz m * Cp m * Cp Equation 27
* TS

To solve this linear differential equation, the following initial condition is used:
Tgas (Z = O) = Tgas,inlet Equation 28

Tqasinlet DEING the gas entrance temperature. For the outer air column, it is the outlet air
temperature of the inner air column and vice-versa.



The solution is then:

2*hcv,vent*W
= k7

Tgas (2) = (Tgas,inlet - TS) * € m=Cp + Tg

The thermal equivalent temperature of the gas cavity is calculated by:

1 H
Tgas = ﬁf Tgas (z)dz
0

m*Cp

=Ts - (Tgas,outlet - Tgas,inlet)

2% Noyyene*WHH
With Tgas outer [K] the cavity gas outlet temperature, equal to Tgas(H).

The convective heat transfer coefficient is given by:

Nu * A
hcv,vent = D—h

With:

- Nu [-] the Nusselt number in the gap.

- A [W*m™*K"] the thermal conductivity of the gas at the cavity gas temperature Ty

(see Equation 30).
- Ds[m] the hydraulic diameter of the gap.

In the open, conducting case, the vertical air columns enclosed between the insulation
panels and the glass panes are considered as a ventilated duct. The Nusselt number in the
gap, characterizing the convective heat transfer between the air and the two limiting
surfaces, is calculating using following correlation for laminar forced convection in the
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Equation 29

Equation 30

Equation 31

entrance region of a parallel-plate duct (Bejan 2013) with uniform temperature:

0.024 * (Re * Pr %)1.14

Nu = 7.55 + D
1+—Q0358*(Re*Pr*T%W64*Pr0”

With:
- Pr[-] the Prandtl Number of the fluid.
- H[m] the height of the vertical air channel.
- Re[-] the Reynold Number in the gap.

Equation 32
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The laminar and forced nature of the flow has been investigated in 2.4.1.1. During the
validation process, the validity of the symmetrical heating hypothesis is discussed.

For the ventilator-driven cases simulated, the Gnielinski correlation was used for Reynolds
number superior to 2300 (Bejan 2013):

f Pr
Nuzz*(Re—loOO) * 5 f
1+12.7 % (Pr3 —1) * (7)0-5 Equation 33
With the friction factor f defined as:
D
f= (174 * log(k—h) + 2.28)72 Equation 34
S

The factor k=0.003 [m] being the grain size with regards to the pipe’s roughness.

In the insulating case, the two vertical cavities were considered as two closed air columns.
Following correlation is then used (Wright 1996):

Nu * A
hcv,closed = d Equation 35

Nu = max(Nu,, Nu,)

1
if Ra > 5+ 10*: Nu;, = 0.0673838 * Ra3
if 10* < Ra < 5% 10* Nu; = 0.028154 * Ra%4134
ifRa < 10*: Nu, Equation 36
=1+ 1.7596678 * 10710 x Ra?-2984755

Ra
Nu, = 0.242 * (A—)O-272

r

With:

- d[m] the thickness of the gas cavity.
- Ra [-] the Rayleigh number in the gas cavity.
A, = g [-] the aspect ratio of the gas cavity.

For the elements with two insulation layer separated by a thin vertical air column, this air
column was also considered as a closed cavity, both in the conducting and insulating state.

Finally, following correlation was used to calculate the radiative longwave heat transfer
coefficients between two infinite parallel, grey-diffuse surfaces (Duffie und Beckman 2006):
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Equation 37

With:

- 0=5.67*10-8 [W*m2*K*] the Stefan-Boltzmann constant.
- &, & [-] the longwave emissivities of both surfaces.
- Ty, T [K] the temperature of both surfaces.

After solving the system of equations, the U-value was calculated as follow (ISO
15099:2003):

_ Qint(1 = 0)

U= —— 2
(Text - Tint)

Equation 38

gin(I=0) [W*m] being the total heat flux from the interior glass pane towards the room by
convection, conduction and longwave radiation, in the absence of solar irradiance, defined
as:

dint = hint * (Tinner glas = Text) Equation 39

With:

- hin=7.69 [W*m2*K-"] the internal boundary heat transfer coefficient, as defined for
example by (DIN EN 673:2011-04)

- Tinnergiass [K] the inner glass pane temperature

- Tt [K] the interior air temperature

- Tex [K] the exterior air temperature

For the purpose of the parametric analysis, the U-value with the constant boundary heat
transfer coefficients to the interior and exterior environment allows the comparison
between different variants. Of course, for the purpose of building simulation, the
convective and radiative parts have to be dealt with in a more detailed way.
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Optical model

In this part, the calculation procedure of the solar energy absorbed in each layer is detailed,
as well as the total transmitted solar energy and the calculation of the g-value. Following
hypotheses were used:

Hypothesis 1: For the purpose of the parametric analysis, we assume that the
incoming solar energy is completely diffuse. The consequence is that hemispherical-
hemispherical transmittance and reflectance values can be used for the glass and
translucent insulation layers. This could correspond to a cloudy day. Also, the
hemispherical-hemispherical transmittance and reflectance values of the outer glass
pane are near to the direct-hemispherical values at an incidence angle of 60° (Roos
et al. 2001): Pdir-h, glass, 60°=0.143, pan, glass= 0.130, Tdir-h, glass, 60=0.749, Thp, gass=0.753
(values in the solar spectrum taken for 3 mm clear glass from (Lawrence Berkeley
National Laboratory 2015)). Also, for the translucent insulation material, the
measured Tui-n, trans. insu, 60> Value of 0.061 is near to the calculated i, trans.insu. Value of
0.067. The calculated g-value for diffuse incoming light could then be extended to
a case with completely direct solar irradiance with high incidence angle (as for
example in a clear-sky summer day).

Hypothesis 2: In the absence of angle-dependent measurement data for translucent
insulation material with thicknesses different from 15 mm, the ratio between the
direct-hemispherical values measured at 60° (see 2.3.1) and the hemispherical-
hemispherical values is assumed constant for all thicknesses. To calculate the
hemispherical-hemispherical transmittance and reflectance values of the translucent
insulation layer with different thicknesses, the angle-dependent transmittance and
reflectance values of the 15 mm translucent insulation layer have been used, as
detailed in this chapter.

Hypothesis 3: The integral values according to (EN 410:2011) have been used,
assuming that the optical properties do not strongly vary with the wavelength. To
get a slightly better accuracy, wavelength-dependent value could be used.
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To calculate the part of incoming diffuse solar energy absorbed in each layer, as well as the
overall transmittance of the element, different state of the art methods are available: these
methods go from raytracing over multiplication of matrixes containing optical information
towards simplified models. Raytracing, using for example Radiance (Larson und
Shakespeare 1998), e.g. enables to simulate complex blind geometries, display shadows in
the room or the repartition of daylight, etc. at the cost of heavy computational
requirement. The Bi-directional Scattering Distribution Functions (Klems 1994a, 1994b) are
a simplified way to represent the optical properties of layers or systems in matrixes. They
are also several simplified models to calculate the absorbed energy in each layer as well as
the g-value of fenestration systems. In following table, a summary of this simplified model
is exposed:

Reference and Thermal heat transfer and Hypotheses
purpose optical calculation

(ISO 15099:2003) Thermal heat transfer: Isothermal layers
Thermal Nodal model: for each layers, 4 unknown: the Heat transfer
performance of front and back temperatures, the front and back | coefficients
windows, doors radiosities. constant over
and shading devices the height

— Detailed Optical calculation: Solar energy
calculations Wavelength-dependent if wavelength- absorbed in
U-value, dependent data are available for each layer. center of layer
g-value (not directly) | A method is proposed based on a balance for For slats: the
optical properties each layer I+/I- for each layer (based on ISO9050) | reflected

and solar For blinds, equations are proposed to determine | radiation is
transmittance the optical properties of slat type blinds, but the | diffuse

view factors are missing. It is then distinguished
between the three channels dir/dir, dir/dif,

dif/dif.
(EN 410:2011) Thermal heat transfer: Constant overall
Determination of For the calculation of the secondary heat gain, heat transfer
luminous and solar | the energy absorbed in each layer is used as well | coefficients
characteristics of as an overall constant heat transfer coefficient between
glazing between glazing calculated with EN673. glazings
g-value
Optical properties Optical calculation:

If wavelength dependent data are available, the
overall transmittance and reflectance, as well as
the energy absorbed in each glazing can be
calculated. This is based correlations derived
from multiple reflections between glazings.

For glass layers, procedures to determine
wavelength-dependent properties are given in
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appendix.

(DIN EN 673:2011-
04)

Glass in building -
Determination of
thermal
transmittance (U
value) - Calculation
method

U-value

Thermal heat transfer:

The U-value/overall heat transfer coefficient is
calculated in a simplified way by adding thermal
resistances in series.

For glazings with more than one gas cavity, an
iterative process is proposed to determine the
difference of temperature at each cavity and so
the thermal resistance of each cavity.

Optical calculation:

For multiple gas
cavity, itis
assumed that all
gas cavity have a
mean
temperature of
283 K (see
Appendix)
Isothermal layers
Heat transfer

No model coefficients
constant over
the height

(DIN EN 13363- Thermal heat transfer: Constant
1:2007-09) A rough method is proposed to calculate the g- | thermal

Solar protection
devices combined

value of glazings with external, internal and
integrated blinds. The U-value of the glazing is

resistances
between blind

with glazing — an input and the overall heat transfer coefficient | and glazing and
Calculation of solar | between glazing layers is constant. glazing and

and light environment
transmittance — Part | Optical calculation:

1: Simplified The visible and solar transmission can be

method; calculated with

g-value simplified correlation using multiple reflections

(DIN EN 13363- Thermal heat transfer: Diffuse incoming
2:2005-06) Similarly to ISO 15099, energy balances are light is

Solar protection
devices combined
with glazing —
Calculation of total
solar and light
transmittance — Part
2: Detailed
calculation method;
g-value

Optical properties

made for each layer, and the resulting equation
system is then solved to get the temperatures
and heat fluxes.

Optical calculation:

First, the optical properties of each layer have to
be defined with EN 410.

For each layer, a radiative wavelength-
dependent energy balance is made.

Solving this equation system results in overall
optical properties as well as energy absorbed in
each layer.

If no wavelength-dependent are available,

considered as
beam

Lamella
systems/blinds
are considered as
homogenous
materials with
equivalent
optical
properties, which
can be
dependent of
the angle of
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integrated values can be used with the according
risks.

incidence.

(EN 14500:2008)
Blinds and shutters —
Thermal and visual
comfort — Test and
calculation methods
Optical properties

Thermal heat transfer:
No model

Optical calculation:

For the optical properties of venetian blinds, this
norm refers to EN 13363-2.

For fabrics and other products with rotationally
symmetric transmittance (tq.» does not change in
case of a fixed angle of incidence when the
relative orientation of the fabric to the incident
irradiation is changed), a method is proposed to
calculate tn.n from t4.n measurements (integration
method). Another method is proposed for
venetian blinds and other products with
transmittance with profile angle symmetry (tdir-h
does not change in case of a fixed profile angle
when the azimuth angle is varied)

The constant
heat transfer
coefficients
between
environment and
blind and blind
and window are
chosenin a
conservative way
for the cooling
load calculation.

(Kuhn et al. 2011)
Total heat flux going
from the
fenestration system
towards the interior,
for building
simulation.

Thermal heat transfer:

Every glazing system, independently of its
complexity, is represented by a two layer/nodes
system. The solar energy absorbed in the two
layers as well as the thermal resistance
separating the two nodes are calculated using
only following inputs:

- Angle dependent overall optical transmittance
and g-values.

- U-values

total reflectance (optional)

Optical calculation:
The angle dependent g-values and solar
transmittances are inputs to this model.

The complex
fenestration can
be represented
by a two-layer
system, with a
constant thermal
resistance
between the two
layers.

(Kuhn 2006a)
g=f(azimuth,
altitude, tilt angle (or
switching state in
general)) of facade
with solar control

Thermal heat transfer:
Similar to EN13363-1

Optical calculation:
The whole glazing is treated as one layer and the
blind as another.

Profile angle
symmetry for the
diffuse
properties
calculation: the
properties of the
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systems

The model presents an extension of the Roos
model for glazing to calculate the transmission
and reflection of the glazing (only glass) for
incidence angle other than 0°.

For venetian blinds or other layers with profile
angle symmetry. A correlation to determine the
diffuse properties is presented.

Finally, a series of correlations, based on multiple
reflections, is presented to calculate the g-value
in the case of internal and external blinds.

blind depend
only on the
profile angle
The diffuse
radiation is
Isotropic
Constant overall
heat transfer
coefficients
between the
layers, but
temperature
dependent U-
value of the
glazing.

(ISO 9050:2003)
Glass in building —
Determination of
light transmittance,
solar direct
transmittance, total
solar energy
transmittance,
ultraviolet
transmittance and
related glazing
factors

g-value, optical
properties

Thermal heat transfer:
Similar to EN410

Optical calculation:

Similar to EN410. In addition, the method is
generalized to calculate the absorbed energy in
each layer for glazing with more than 3 layers
(N-layers). The problem is solved by iteration and
decomposing it in N-1 sub-problems.

Constant overall
heat transfer
coefficients
between the
layers

Table 6 — Comparison of simplified models to calculate the optical properties of glazings as well as g-values.

Among the different models exposed, the (EN 410:2011) standard proposed an analytical
solution for the solar energy transmitted through a facade element composed by three
layers, taking into account the multiple reflection between layers. For the purpose of the
parametric calculation, the goal was to calculate the part of incoming diffuse light which
was absorbed in every layer, as well as the solar radiation being transmitted inside. If one
would for example need the spatial distribution of the irradiance towards the indoor
environment, the BSDF method would be more suited. Consequently, the EN410 model
was chosen to calculate the part of incoming diffuse solar irradiance transmitted to the
interior and absorbed in each layer (glass, insulation, glass) of our system.
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This results in following equations for the total transmitted and absorbed solar energy:

Th-h,glass * Th—-h,trans.insu. * Th-h,glass

uation
(1 - ph—h,glass * ph—h,trans.insu.) * (1 — Ph-htrans.insu. * ph—h,glass) 9
—12 % 02 40
h—h,trans.insu. ph—h,glass
Qe solext glass — Xh-h,glass
+ Th-h,glass * ®h-h,glass. * Ph-h,trans.insu. * (1 — Ph-htrans.insu. * ph—h,glass)
1 2 2 2 Equation
( — Ph-h,trans.insu. * ph—h,glass) - Th—h,trans.insu. * ph—h,glass 47
2
n Th-h,glass * Th—h,trans.insu. * ®h-h,glass. * Ph-h,glass
2
2 2
(1 — Ph-h,trans.insu. * ph—h,glass) - Th—h,trans.insu. * ph—h,glass
e sol trans.insu. —
Th-h,glass * ®h—h,trans.insu. * (1 — Ph-h,trans.insu. * ph—h,glass)
2 2 2 Equation
(1 — Ph-h,trans.insu. * ph—h,glass) - Th—h,trans.insu. * ph—h,glass 42
Th-h,glass * Th-htrans.insu. * ®h—h,trans.insu. * Ph-h,glass
(- Prongias) — T 0}
ph—h,trans.insu. ph—h,glass Th—h,trans.insu. ph—h,glass
_ Th—h,glass * Th—h,trans.insu. * ah—h,glass Equation
(e sol,int glass = 43

2
2 2
(1 — Ph-h,trans.insu. * ph—h.glaSS) ~ Th-htrans.insu. * Ph-h,glass

With:

- Thhgas. the hemispherical-hemispherical transmittance value of float glass. A value of
0.753 was assumed (Lawrence Berkeley National Laboratory 2015).

- Thh ransinsu. - the hemispherical-hemispherical transmittance value of the translucent
insulation layer. This thickness-dependent value was calculated as explained above

- prhgess. the hemispherical-hemispherical reflectance value of float glass. A value of
0.136 was assumed (Lawrence Berkeley National Laboratory 2015).

- Phh tansinsu. . the hemispherical-hemispherical reflectance value of the translucent
insulation layer. This thickness-dependent value was calculated as explained above.

- Gesolextghss. the part of incoming solar energy that is absorbed in the external glass
layer.
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- Oesoltansinsu. the part of incoming solar energy that is absorbed in the translucent
insulation layer.

- Oesolintglass. the part of incoming solar energy that is absorbed in the internal glass
layer.

- onhgess. the hemispherical-hemispherical absorptance of glass. It was assumed that:
ah—h,g/ass:1 = Th-h, glass~ Ph-h,glass-

- an-hansinsu.. the hemispherical-hemispherical absorptance of the translucent insulation
|ayer. [t was assumed that: Olp-h, trans.insu.= 1 - Th-h, trans.insu.~ Ph-h, trans.insu.

It has been assumed that the ratio between the direct-hemispherical values measured at
60° (see 2.3.1) and the diffuse-hemispherical values is constant for all thicknesses.
Following ratios have been used:

Incidence angle [°] Ddir-hvis Ddir-h,sol Tdir-h,vis Tdir-h,sol
0 0.819 0.807 0.086 0.085
15 0.814 0.806 0.084 0.081
20 0.812 0.806 0.083 0.079
30 0.814 0.809 0.078 0.075
40 0.816 0.813 0.073 0.071
45 0.827 0.823 0.070 0.068
60 0.860 0.851 0.061 0.061
75 0.892 0.877 0.048 0.049
80 0.903 0.886 0.044 0.045
86.25 0.916 0.898 0.039 0.040
Diffuse-hemispherical 0.840 0.832 0.068 0.067
Ratio 0°/Hem 0.975 0.970 1.252 1.262

Table 7 — Calculated direct-hemispherical reflectance and transmittance values for the 15 mm thick
translucent insulation layer. Calculated ratio between measured direct, angle-dependent values at 60°
incidence angle and calculated diffuse-hemispherical values. The grey values have been interpolated.
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The hemispherical values have been integrated assuming rotationally symmetric optical
properties. This means that the optical property does not change in case of a fixed angle of
incidence when the relative orientation of the material to the incident irradiation is
changed. The following formula, taking into account the solid angle for each measured
values, is for example proposed in (Kuhn 2006a) and used in (EN 14500:2008):

6

Theh = Z ay * Tgir—p (15° * K) Equation 44
k=0

With:

- 1Tnp: the hemispherical-hemispherical transmittance. These highlighted values for 15°
angle intervals have first been interpolated linearly from the values for 20° incidence
angle interval.

- tqrn: the angle-dependent direct-hemispherical transmittance.

- ai the geometrical coefficients:

o ao=0.0170
o ar=0.1294
o a=0.2241
o a3=0.2588
o a;=0.2241
o as=0.1294
o as=0.0170

The hemispherical-hemispherical transmittance and reflectance values of the translucent
insulation layer for thicknesses other than 15 mm where then calculated:

- Using the direct-hemispherical measured values at 0° incidence angle for different
thicknesses.

- Assuming the same ratio between direct-hemispherical at 0° incidence angle and
hemispherical-hemispherical values than for the 15 mm sample.

Thickness [mm] Dh-h,sol Th-h,s0l
5 0.615 0.272
10 0.785 0.129
15 0.832 0.067
20 0.853 0.046
30 0.854 0.043

Table 8 - Calculated hemispherical-hemispherical transmittance and reflectance values for different
thicknesses of the translucent insulation layer.

The near normal transmittance value for 30 mmm was not measured and was extrapolated
using the fitted function puns0=0.8286*(1-exp(-0.2533*1)), t being the thickness in mm. The
R2 coefficient between this fitted function and the measured values was equal to 0.99993.
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Finally, following thickness-dependent values were calculated for the whole facade
element:

Thickness of the transparent

insulation Iayer [mm] Th-h Oe,s0l,ext glass Qe sol, trans.insu. Qe s0l,int glass
5 0.184 0.168 0.096 0.027

10 0.092 0.185 0.074 0.014
15 0.048 0.189 0.087 0.007
20 0.033 0.192 0.087 0.005
30 0.032 0.192 0.088 0.005

Table 9 — Calculated optical properties of the facade element.

While the part of total solar irradiance absorbed in each layer doesn’t vary much with the
thickness — with a maximum difference of 0.024 for the external glazing between 5 mm
and 30 mm insulation thickness-, the thickness of the insulation layer has a major impact
on the solar transmission. Concerning the direct solar irradiance, the direct-hemispherical
transmittance at incidence angle lower than 60° should be slightly higher than these
hemispherical-hemispherical values since then the transmittance of the external glazing is
higher.

The g-value can then be calculated as follow:

w*¥ I+ g — qine (I =0
g = Th—pn * qmtI Gine ( ) Equation 45

With:

- I [W*m?] the total irradiance arriving at the element’s outer surface

- Qine IW*m?] the total heat flux from the interior glass pane towards the room by
convection, conduction and longwave radiation, as defined in Equation 39.

- 1 [-] the hemispherical-hemispherical transmittance as defined above.
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2.4.2 Validation

For the validation, the measurements presented in O have been used, with the Taurus
equipment. For the validation process, the model’'s boundary conditions were adapted to
the Taurus measurement procedure: the internal and external boundary heat transfer
coefficient, hie and hee, Were set to infinitely high values, resulting in constant temperatures
boundary conditions. Also, since the Taurus equipment measures center-of-glazing U-
values, the definition of g presented in Equation 39 was adapted to following formulation
in the conducting case:

Qint = hcv,vent,irmer gap

H
* (Tgas,inner gap (E) - Tinner glass)

Equation 46
+ hrad,inner gap * (Tins.,inner surf. 9
- Tinner glass)
And following correlation was used in the insulating case:
Qint = (hcv,closed,inner gap + hrad,inner gap)
* (Tins.,inner surf. — linner glass) Equation 47

With:

- Tges inner gap(H/2) [K] the temperature at middle height in the inner air column, as

defined in 2.4.1.2.

- hay, vent innergap [W*M2*K-"] the convective heat transfer coefficient in the inner vertical
gap in case of ventilated cavity, as defined in 2.4.1.2 .

- N, dosed, inner gap [W*M2*K"] the convective heat transfer coefficient in the inner
vertical gap in case of closed cavity as defined in 2.4.1.2 .

= Drad, innergap [W*m2*K-"] the longwave radiative heat transfer coefficient in the inner
vertical gap, as defined in 2.4.1.2 .

- Tinergiass [K] the inner glass pane temperature.

- Tins, innersurt. [K] the inner surface temperature of the insulation panel

The U-value was then calculated as follow:

U

1
T qn(1=0) n 1 + 1 Equation 48
(Text - Tint) hint hext
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With:

- hin=7.69 [W*m2*K-"] the internal boundary heat transfer coefficient, as defined for
example by (DIN EN 673:2011-04).

- hex=25 [W*m2*K'] the external boundary heat transfer coefficient, as defined for
example by (DIN EN 673:2011-04).

- Ti [K] the interior air temperature.

- Tex [K] the exterior air temperature.

In this part, “inner” refers to the warm, heated side and “outer” refers to the cold side.

For each geometrical configuration and two temperature differences at the boundary, the
model has been compared with the measurements:
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Figure 19 — Comparison between the measured and modelled U-value for 14 different cases.

For this 7 different geometries and insulating state, the mean difference is 9.5 %, mainly
due to cases 7C, 8C, 11C and 12C. Without cases 11C and 12C, the mean difference
drops to 6.3 %.

The laminar flow conditions are still largely verified in the conducting state, with Reynolds
numbers in the vertical gaps going from 203 to 412 and airflow going from 4.1 to 9.5 m3/h
for the 10 cases in the conducting state.

Cases 7C, 8C and 19C, 20C show an overestimation of the U-value which increases with
the temperature difference. These four cases in the conducting case have the lowest
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thickness of vertical air gaps, with thicknesses of 17.5 mm for cases 7C and 8C and 15 mm
for cases 19C and 20C. For these four cases 7C, 8C, 19C and 20C, the relative difference is
respectively of 8.3 %, 14.2 %, 0.4 % and 12.4 %. These differences are explained further
in this section.

Cases 11C and 12C show the most important differences between measurements and
model, with respectively 21.1 % and 21.5 % relative differences. For these two cases, the
height of the horizontal air gap (35 mm) at the top and bottom of the element is twice
larger than the thickness of the vertical air gaps (17.5 mm). However, the model is capable
to simulate larger horizontal air gaps with a high accuracy, if the hydraulic diameters of the
horizontal air gaps and the vertical air gaps are the same, as shown by cases 3C, 4C, 9C
and 10C. It appears than that the difference appearing for cases 11C and 12C are a
consequence of this change of hydraulic diameter between the vertical and horizontal air
gaps. Despite the fact that Equation 19 and Equation 20 were introduced to capture this
effect, these equations seem to underestimate the pressure drop in this case.

The model results 3C, 4C, 9C and 10C show good agreement with the measurements,
with a maximum relative difference of 3.3 % for measurement 11C. These measurements
have a thickness of the vertical air gaps of 30 mm, and the insulation panel is either 10 mm
or 30 mm thick.

The cases in the insulating state (51, 61 and 171, 18l) are modelled with a good accuracy, the
maximum relative difference being 15.5 % for case 18I. The slight underestimation can be
explained by the fact that the model in the insulating state consider the vertical cavities as
completely closed with no mass-transfer between the outer and inner cavities, while in
reality it is probable that a low mass transfer occur at the bottom of the element.

The cases with two insulation panels (171, 18I, 19C, 20C) are the same prototype in
insulating and conducting state. It is composed by an outer and inner vertical air gap of 15
mm, two insulation panels of 15 mm and an “insulating” air gap of 10 mm in the middle
between the two insulation panels. For this geometry with two insulation panel and thin
vertical air gaps, the same conclusions can be drawn than for the single insulation layer
prototypes: the model slightly underestimates the U-value in the insulating case, and
slightly overestimates it in the conducting case.

A second measurement campaign was performed on a single-panel prototype, covering
differences of temperatures between the outer pane and the inner pane between 1 and 30
K. For this second measurement campaign, the prototype was equipped with a single
insulation panel in a conducting state. From outside to inside, there was a 15 mm vertical
air layer, a 15 mm insulation layer and again a 15 mm vertical air layer. The height and
width of the glazed area was 760*760 mm2. The height of the insulation panel was 730
mm, and the height of the top and bottom air gaps were 15 mm. The measurement
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results of this prototype in the conducting case are compared against the detailed model in
Figure 20:
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Figure 20 — Comparison between the measured and modelled U-value for 9 differences of
temperatures at the boundary.

For those 9 different temperature differences at the boundary, the mean relative difference
between model and measurement is 19 %. For this geometrical configuration, the model is
overestimating the heat transfer and the difference increases with the difference in
temperature, with a maximal relative difference of 29.9 % for a temperature difference of
29.4 K. 4 PT100 temperature sensors were also used to measure at middle vertical height
the air temperature in the vertical outer and inner air channel, and the inner and outer
surface temperatures of the insulation panel.
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The results for the inner, warm air gap are shown in following figure:
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Figure 21 — Simulated and measured inner air gap temperature at middle vertical height (warm
side) and insulation layer inner surface temperature versus temperature difference between inner
and outer boundary temperatures. The inner pane temperature is also plotted for informative
purpose.

While the model shows good agreement with the measurement for the outer air gap and
outer surface of the insulation layer, the model overestimates the air temperature in the
inner, warm air gap. As a consequence, the temperature of the inner surface of the
insulation layer is also overestimated. The difference increases with temperature. This
difference in the air gap temperature for high temperature differences explains the
overestimating of the U-value.

Taking for example the inner, warm air gap, it can be observed that for this measurement
with thin insulation thickness (15 mm), the air in the inner gap is heated from the Plexiglas
side and cooled from the insulation side. For example, for a temperature difference of 29.4
K applied at the boundaries of the prototype, a temperature difference between air at
middle vertical height and Plexiglas of -8.1 K can be observed (the air is heated), while the
temperature difference between the air and the insulation inner surface is of 2.3 K (the air
is cooled). The hypothesis that the fluid is heated from both surrounding parallel plates at a
uniform temperature (see 2.4.1.2) is no longer true since the air is cooled from one side
and slightly heated from the other.

In the above cases 7C, 8C, 11C, 12C, 13C, 14C, the heat transfer coefficient between
insulation and fluid is high due to the low thickness of vertical air gaps and low hydraulic
diameters, and the temperature of the insulation surface is nearer to the average fluid
temperature. Also, for cases 7C and 8C, as well as the measured case with multiple
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temperature difference, the low thickness of the insulation layer increases the effect,
because the transmission through the insulation decreases the insulation inner surface
temperature, which is then even nearer to fluid temperature, or below. For example, for
case 8C with 17.5 mm thick vertical air gaps and insulation layer, the results of the detailed
model, assuming symmetric heating, shows us that the convective heat flux going from the
insulation inner surface towards the air column is of 8.8 W*m2, while the convective heat
flux going from the inner Plexiglas towards the air column is of 60.2 W*m, showing a very
strong asymmetrical heating situation. In the cases 3C, 4C with more important thicknesses
of the vertical air gaps and larger insulation thickness, the insulation surface temperature in
the inner gap is warmed by the inner cover pane by longwave radiation. For example, in
case 4C, the convective heat flux insulation-fluid in the inner gap is of 25.0 W*m=2, while
the convective heat flux fluid-Plexiglas is of 53.9 W*m2and the radiative heat flux between
the two surfaces 43.8 W*m=. In these cases there is a good agreement between simulation
and measurements. The hypothesis of symmetric heating seems to be sufficient for the
cases with large insulation thickness and/or large hydraulic diameter, but leads to and
overestimation of the convective heat transfers in cases with low hydraulic diameters and
low insulation thickness.

In reality, the air columns are in a situation of asymmetrical heating or cooling. For the last
measurement with several temperature differences, the inner air column is even heated at
the Plexiglas side and slightly cooled at the insulation side. In the case of asymmetric
heating, the Nusselt numbers and so the heat transfer coefficients are different at both
sides of the duct. In (Gloriant et al. 2015), it is stated that for this case the only result found
in literature to calculate different convective heat transfer coefficients at both sides of the
duct was presented in (Shah und London 1978), and further investigated by (Nield
2004)(corrected by (Nield 2008)). However, the method presented by (Shah und London
1978) is only valid for constant heat flux boundaries. For 380<Re<2900, (Schwab 2002)
proposes a correlation to determine the Nusselt number at both sides of an asymmetrically
heated parallel-plate ducts, based on experiments with different aspect ratios, different
Reynolds numbers and different temperatures at both surfaces. A similar correlation is
proposed for ducts cooled on one side and heated on the other side. Unfortunately, the
detailed models showed us that we are often below the range of Reynolds numbers, and
thus these results cannot be used here. A better approach, as presented in (Gloriant et al.
2015), would be to calculate the convective heat transfer coefficients at both sides of the
air columns with a CFD calculation. This could however not be done within the framework
of this thesis.

For the purpose of the parametric analysis, it has been chosen to continue with the
hypothesis of symmetrical heating due to the good accuracy of the model in most cases,
but being aware that the model overestimates the U-value for low hydraulic diameters and
low insulation thicknesses, and that the difference increases with the temperature
difference at the boundary.
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2.4.3 Results and discussion

2.4.3.1 Parametric analysis

The goal of the parametric analysis was to investigate the impact of the thermophysical and
geometrical parameters on the element’s performance. For simplification purpose, this
study was conducted only on facade elements with one insulation layer. The method used
is One-At-a-Time (OAT): while one parameter is varied, the others are maintained constant.

For this parametric analysis, a summer situation was chosen, with following boundary
conditions:

- Room air temperature: 26°C
- Exterior air temperature: 16°C
- Interior boundary heat transfer coefficient: 7.69 W*m2*K-",
- Exterior boundary heat transfer coefficient: 25 W*m2*K-",
- Solar irradiance incoming at the element’s outer surface:
o For the calculation of the g-value: 500 W*m direct irradiance on the facade
with 60° incidence angle or diffuse irradiance.
o For the calculation of the U-value: no radiation (night case).

For each variation of parameter: two cases are calculated: a case with solar irradiance and a
case without solar irradiance. The monitored values for the case with solar irradiance are
the g-value and the element’s internal glass pane temperature. For the case without solar
irradiance, the U-value is monitored. The results are displayed for the element in the
insulating state and conducting state.

The reference, with 30 mm thick vertical air layers and insulation layer, was chosen as a
starting point since the validation showed a low relative difference of about 3 % on the U-
value between model and simulation. This was also the geometry simulated in the building
simulation.
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Following parameters were investigated:

Name Unit Range Step Reference
value

Height of the glazed area and of the [ m [0.4-5] 0.1 0.76

vertical air gap

Width of the glazed area m [0.4-5] 0.1 0.76

Thickness of the insulation layer m [0.005- 0.005 [ 0.030
0.03]

Thickness of the vertical air gaps m [0.01-0.10] | 0.002 | 0.030

Thermal conductivity of the insulation [ W*m'*K |[[0.005- 0.005 [ 0.035

layer 0.25]

Longwave emissivity of the outer glass, | - [0-1] 0.02 0.84

inner surface

Longwave emissivity of the inner glass, | - [0-1] 0.02 |0.84

outer surface

Table 10 — Parameters investigated within the parametric analysis.

The hydraulic diameter of the vertical and horizontal air gaps is always identical. The g-
value is given with three decimal numbers to show slight differences between variants, but
this is no indication of the accuracy of the model.

Height of the glazed area and vertical air gap:

For these simulations, the height of the glazed area, which is also the height of the vertical
air gaps, is varied. The height of the horizontal layers is kept constant (3 cm), and so the
height of the insulation layer varies accordingly to the one of the glazed area (minus 6 cm).
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Figure 22 — U-value versus height of the glazed area and vertical air gaps, without solar
irradiance.
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In the conductive case, while the airflow increases from 3.1 to 19.1 m3*h" due to the
chimney effect, the airflow rate relative to the glazed surface area decreases from 10.1 to
5.0 m3*h*m=2, and so the U-value diminishes. When the height increases, the facade
element is less efficient per m2 to evacuate the heat from the room.

For the case with irradiance, the airflow rate is slightly lower, as can be seen in Figure 23:
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Figure 23 — Airflow rate versus height of the glazed area and vertical air gaps, with and without
solar irradiance, for the conducting case.

Due to absorbed solar energy, the difference of temperature between inner glass
temperature and outer glass temperature is lower since more solar energy is absorbed at
the outer glass layer and outer surface of the insulation layer. For example, for 5 m height,
the inner and outer glass temperatures are respectively 27.6°C and 21.2°C with solar
irradiance and 24.1 °C and 16.7°C without solar irradiance. With solar irradiance, the
airflow rate increases from 2.9 to 17.3 m3*h-'. The relative increase of the airflow rate with
or without irradiance is about the same, and so is the variation of the internal glass pane
temperature. This explains an almost constant g-value of about 0.086 when the height of
the glazed area is increased.

In the insulating case, the U-value remains constant around 0.72 W*m=2*K-! in the case
without solar irradiance. The vertical air gaps are not large enough to allow a large scale
internal convection, due to the height to thickness ratio. With solar irradiance, the g-value
is also almost constant at 0.082.

For this insulation thickness of 3 cm, the hemispherical-hemispherical solar transmittance
calculated for the element was 0.032 (see 2.4.1.3).

For important heights of the glazed area, the hypothesis of constant surface temperatures
may be far from reality, in particular for the insulation material with low thermal
conductivity.
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Width of the glazed area and vertical air gap:

Here, the width of the glazed area is varied between 0.4 and 5 m. Varying the width of the
glazed area has no significant influence on the main outputs: in the conductive state, the
width has only little influence on the U-value, which has an almost constant value of about
1.75 W*m2*K-'. With solar irradiance, the g-value keeps the same value of 0.086. In the
insulating state, both the U-value and the g-value are constant at respectively 0.72 W*m-
2xK-Tand 0.082.

Thickness of the translucent insulation layer:

For this variation of the insulation layer’s thickness, the absorbed solar energy in case of
solar irradiance has been calculated according to section 2.4.1.3, based on the optical
measurements. The thickness of the vertical air gaps is constant (3 cm)

The U-value is of course strongly dependent of the thickness of the insulation layer:
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Figure 24 — U-value in the insulating and conducting state versus thickness of the insulation
layer, without solar irradiance.

It can be observed that the difference between insulating and conducting state increases:
the thicker is the insulation layer, the higher is the difference of temperature between the
inner and outer vertical air column. In the conducting state, this has as a consequence a
slight increase of the airflow rate from 4.7 m3*h' to 5.3 m3*h' which compensates the
higher thermal resistance of the insulation.
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The influence of the insulation’s thickness on the g-value is the following:
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Figure 25 — g-value in the insulating and conducting state versus thickness of the insulation layer

The g-value varies strongly with the thickness of the insulation layer. It can be observed that
the g-value in insulating and conducting state are almost equal. The g-value in the
conducting state is only very slightly higher. An important part of the incoming solar
irradiance is absorbed in the outer glass pane and the outer surface of the insulation,
increasing their temperature. The consequence is that the temperature difference between
inner and outer air column is lower, and so is the driving force for the airflow rate in the
conducting state. In the conducting state, the airflow rate is then lower with solar

irradiance. This explains why the difference in g-value is so low compared to the insulating
state.
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Thickness of the vertical air gaps:

In this part, the thickness of the outer and inner air columns is varied. The dimension of the
horizontal air gaps is identical.
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Figure 26 — U-value in the insulating and conducting state versus thickness of the vertical air
columns, without solar irradiance.

In the conducting state, without irradiance, the Reynolds number increases with the
thickness of the gaps, going from 57 for 1 cm to 479 for 10 cm in the outer gap for
example. However, the convective heat transfer coefficients decrease from 9.9 W*m=2*K"
for 1 cm to 1.4 W*m2*K-" for 10 cm due to the augmentation of the hydraulic diameter.
The U-value then reaches a maximum of 1.76 W*m=2*K" for a thickness of 2.6 cm,
corresponding to a good compromise between airflow rate and CHTCs.

In the insulating case, the U-value decreases to reach a minimum value of 0.72 W*m-2*K-
for 3.6 cm, before increasing very slowly again: before this value, there is no convection in
the vertical air gaps, and the thermal resistance increase with the thickness. Around 2.8 cm,
the convection starts slowly, with for example a Nusselt number in the outer cavity of 1.02
for 2.8 cm. After 3 cm, the convection increases, until a Nusselt number of 3.8 is reached in
the outer vertical air gap for 10 cm thickness.

The ratio between U-value in the conducting case and U-value in the insulating case
reaches a maximum of 2.4 for a gap thickness of 2.8 cm, with a U-value in the insulating
case of 0.72 W*m2*K"', and a U-value in the conducting case of 1.76 W*m=2*K".
However, the validation has shown that the model tends to overestimate the U-value for
thin air gaps, so this ratio may be lower in reality, although the overestimating effect is
lower for low temperature differences.
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Also, for air gaps thicker than 3 cm, the free convection in the vertical air gaps, between
the two surrounding surfaces, is not negligible anymore compared to the forced
convection, since the condition Gr/Re’<<1 is not verified anymore. For 3 cm, this ratio
equals 0.11, while for a thickness of 10 cm for example, this ratio equals 1.24. For
important thicknesses, Computational Fluid Dynamics could help to understand the
interactions between internal convection within the vertical air gaps between the two
surrounding surfaces, and large scale convection between the inner and outer vertical air

gap.

The g-value in the conducting case is almost constant around 0.085 and slightly higher
than in the insulating case.

The influence of the thickness of the vertical and horizontal air gaps has also been
investigated with measurements 9C and 10C. Compared to measurements 7C and 8C, the
air gaps were 30 mm thick instead of 17.5 mm. The insulation thickness was 10 mm. Also
here, an increase of the U-value was observed, with U-values of respectively 1.83 and 2.03
W*m=2*K-" for 14 K and 29 K temperature differences and 30 mm gaps, instead of 1.72
and 1.86 W*m=2*K-" for 14 K and 28 K temperature differences and 17.5 mm gaps.
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Thermal conductivity of the insulation layer:

The thermal conductivity of the insulation layer is varied. It is assumed that the optical
properties remain constant:
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Figure 27 - U-value in the insulating and conducting state versus thermal conductivity of the
insulation layer, without solar irradiance.

In the conducting case, the lower the thermal conductivity of the insulation layer, the
higher is the airflow rate: since the temperature difference between the outer and inner air
column is higher, the difference of density which is the driving force of the convection is
higher, with a maximum airflow rate in the outer air gap of 5.6 m**h-" for 0.005 W*m"*K-
'. This compensates partly the decrease of conduction through the insulation and leads to
an U-value of 1.60 W*m2*K-" for a thermal conductivity of 0.005 W*m-*K-". This thermal
conductivity value corresponds for example to vacuum insulation and results in the highest
U-value ratio of 10.5 between conducting and insulating states, with an U-value of 0.09
W*m2*K-" in the conducting state. It seems to be very advantageous to have a very low
thermal conductivity for the insulating layer.
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Longwave emissivity of the inner surface of the external glass pane:

The longwave emissivity of the internal side of the external glass pane is variated:
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Figure 28 — U-value in the insulating and conducting state versus longwave emissivity of the
inner side of the outer glass pane, without solar irradiance.

Without solar irradiance, in the insulating case, the U-value diminishes with the emissivity
since the radiative exchanges in the outer air column are lowered. In the conductive case,
the lower emissivity of the internal surface of the external glass pane has as a consequence
that the outer surface of the insulation layer has a higher temperature, since the radiative
exchange with the colder glass pane is reduced. The consequence is that the outer air
column is warmer and the driving pressure difference lower, as is the airflow rate.



85

The longwave emissivity of the internal side of the outer glass pane has also a moderate
impact on the g-value:
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Figure 29 — g-value in the insulating and conducting state versus longwave emissivity of the
inner surface of the outer glass pane.

In both states, the g-value increases when the emissivity decrease: due to the high external
boundary heat transfer coefficient of 25 W*m=2*K-', most of the solar energy absorbed in
the external glazing flows towards the exterior anyway. When the longwave emissivity of
the outer glass pane diminishes, the solar energy absorbed at the insulation layer tends to
flow toward the interior since the radiative exchange with the outer glass is much lower.
With a lower boundary heat transfer coefficient, the g-value would be higher. For example,
if the external heat transfer coefficient is set equal to the internal one (7.69 W*m2*K""), a
g-value of 0.102 instead of 0.090 is obtained in the insulating case for an emissivity of
0.02.

Longwave emissivity of the outer surface of the internal glass pane:

The longwave emissivity of the external surface of the internal glass pane is variated. For
the case without solar irradiance, the U-value results are very close to the above section,
with a minimum U-value of 0.49 W*m=2*K"" in the insulating case and 1.40 W*m=2*K""in
the conducting case for a longwave emissivity of 0.02 and a maximum U-value of 0.73
W*m=2*K-" in the insulating case and 1.76 W*m=2*K-"in the conducting case for a longwave
emissivity of 1.
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With solar irradiance, the g-value is strongly dependent on the longwave emissivity of the
internal glazing:
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Figure 30 — g-value in the insulating and conducting state versus longwave emissivity of the
outer surface of the inner glass pane.

In the conducting case, the lower the longwave emissivity of the internal glass pane, the
more energy absorbed at the insulation back surface is given to the circulating fluid instead
of being exchanged by longwave radiation with the inner glass pane. This is of course
affected by the hypothesis that half of the energy absorbed in the translucent insulation
layer is absorbed at the inner surface of the layer. In really, more energy is absorbed at the
outer surface, which would result in lower U-values.

In the insulating case, when the longwave emissivity of the internal glass pane is very low,
the secondary heat gain is linked only to the convective exchange in the inner vertical air
gap. For a longwave emissivity of 0.02, considering a total hemispherical-hemispherical
solar transmittance of 0.032, the secondary heat gain is equal to 0.039, while it is equal to
0.055 for a longwave emissivity of 1.

2.4.3.2 Alternative translucent insulation

Using the results of the parametric analysis, a first optimization step was achieved: in order
to reach a higher visible transmittance and a lower U-value in the insulating state, the
translucent insulation material has been replace by aerogel. Aerogel can have a thermal
conductivity of about 0.013 W*m'*K' (Cuce et al. 2014) as well as visible direct
hemispherical transmittance between 0.43 + 0.04 and 0.85 + 0.04 for a 10 mm thick layer,
depending on the sample structure (Reim et al. 2004). Also, low-e layers with thermal



87

emissivities of 0.03 have been applied to the internal surface of the external glazing and the
outer surface of the internal glazing. This was a one-insulation-layer construction.

The vertical height (0.76 m), the height of the horizontal air gaps (0.03 m) and the
thickness of the insulation layer (0.03 m) have been taken over from the parametric
analysis.

Using identical boundary conditions as in the parametric analysis, the thickness of the
vertical air gaps has then been optimized:
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Figure 31 — U-value in the insulating and conducting state versus thickness of the vertical air
columns, without solar irradiance. Element with aerogel and two low-e layers

The U-value in the insulating state is really low and near to the one of insulated opaque
walls. The best ratio of 5.2 between U-value in the conducting and insulating state is found
for 2.8 cm thickness, with values, with values of 0.24 W*m=2*K-" in the insulating case and
1.22 W*m=2*K"" in the conducting state. The analysis of the physical behavior is the same
than for the variation of the air gap’s thickness in the parametric variation, with the same
model limitation.
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Using a thickness of the vertical air gap of 2.8 cm, the properties of the facade element
have been calculated versus the difference of temperature the room and the exterior. The
average between external air and room air temperature was constant at 21°C, while the
difference of temperature was varied with a 1 K step from 1 K to 30 K:
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Figure 32 — U-value in the insulating and conducting state versus difference of temperature
between room air and exterior air, without solar irradiance. Element with one aerogel layer and
two low-e layers on the glass covers.

In the conducting state, the airflow rate increases from 1.4 m3*h' for 1 K temperature
difference to 7.5 m3*h” for 30 K, resulting in an increase of U-value from 0.70 to 1.36
W*m=2*K-'. For higher temperature difference, the increase in U-value is slower, following
the increase of airflow rate. The increase of airflow rate is dampened by the increase of
pressure drop, which are proportional to the square of the air speed.

In the insulating state, the U-value increases slowly, and the internal convection in the
columns is dampened by the 3 cm thicknesses of the vertical air gaps and the relatively low
temperature difference between insulation and glass, due to the important thermal
resistance of the insulation: for a temperature difference of 30 K, the Nusselt number in the
outer column is equal to 1.46.

The first prototype built, measured and simulated had a U-value of 0.89 W*m=2*K-" in the
insulating state and 1.71 W*m=2*K-" in the conducting state (for a temperature difference
of about 15 K applied at the Plexiglas’ surfaces). The element with aerogel and two low-e
layers show a low U-value of 0.24 W*m=2*K-"in the insulating state, but only 1.31 W*m-
2*K-1 in the conducting state for a temperature difference of 15K. However, the use of
these materials could lead to a visible transmittance near to the one of conventional
windows, and consequently avoid the increase of the artificial lighting demand. For the
comparison with the measurement, the results with a difference of temperature between
interior air and exterior air resulting in a difference of temperature between inner glass and
outer glass of about 15 K where chosen.
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2.4.3.3 Forced convection

To achieve the reduction of cooling loads showed with the building simulation, a fan could
be used to create forced convection. The configuration chosen was the one defined with
aerogel in the previous section. To model forced convection in turbulent flow, the
Gnielinski correlation has been chosen (Bejan 2013) , as detailed in the description of the
thermal model. In this case, the buoyancy force is neglected, and the mass flow rate is
imposed. This fan-driven configuration has not been validated by measurements. For these
simulations, the interior temperature was 26°C while the exterior air temperature was
16°C.
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Figure 33 — U-value and total pressure drop in the system, depending on the airflow rate with
forced convection. Element with aerogel and two low-e layers.

It can be observed that the fastest increase in U-value happens from 1 to 5 m3*h-', which
corresponds to the range of airflow rate also achieved with buoyancy driven convection.
The angle around 100 m3*h™" corresponds to the transition between laminar and turbulent
regime. The pressure drops in the system are linked through a power law to the air speed in
the system, and thus to the airflow rate.

The targeted U-value of 3 W*m2*K-" can be achieved with a very high airflow rate of about
200 m3*h”, at the cost of high pressure drops of 85 Pa. These airflow and pressure drop
values are in the range of commercial building HVAC System and would imply high
electricity consumption, not speaking about the issue of placing such fans in the facade
element or controlling noise.
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2.5 Conclusion: closed movable insulation system

After presenting the concept of the closed movable insulation system, a case study has
been conducted to show its potential as an energy efficiency strategy. This is done by
simulating an office at passive house level in Ludwigshafen within the TRNSYS simulation
environment. Compared to this reference, a variant using the first measured prototype has
been simulated in the upper part of the facade, showing a reduction due to the switching
of the U-value of about 10 % of the cooling demand and large improvement in the
summer operative temperature. It has been shown that an optimized element with
switchable an upper U-value of 3 W*m=2*K-" could lead to a reduction of about a third of
the cooling demand, showing the potential of switching thermal resistances in the facade.
Compared to the traditional free-cooling solution, even the non-optimized element is
competitive since free cooling strategies imply additional fan electrical consumptions. Due
to the very low visible transmittance of the insulation material used in this project, which
was characterized optically, the reduction of cooling load is compensated by the increase of
artificial lighting demand, when the upper part of the facade is replaced by the closed
movable insulation system.

U-value measurements of different geometrical variations of the facade element with
switchable U-value have been presented. The influence of the dimension of the air gaps has
been investigated. Test models with one and two insulation plates have been designed,
built and characterized experimentally. A factor of two between the U-value of the
insulating and of the conducting state has been reached with the first prototypes, proving
that it is possible to switch U-values with this technology. Different geometrical
configurations have been measured to assess the impact on the performance. It has been
shown that in the insulating state, the vertical air columns can be considered as closed
cavities if the insulation layer is in the top position. One test model has additionally been
measured with CO2 in the cavity, leading to a lower U-value in the insulating state and a
higher U-value in the conducting state.

A detailed model has been developed and validated using these measurements: the
calculated and measured U-values of different cases have been compared, with a mean
relative difference of 9.5 % for the 7 geometries considered. The model shows larger
difference for thinner air gaps and high temperature differences. The parametric study
showed us that, despite of the chimney effect, it is not advantageous to increase the height
of the element. The width has no significant influence on the thermal properties. The
analysis also showed that there is an optimal vertical layer thickness to get the maximum U-
value in the conductive case, which should be searched for every new configuration. The
presence of solar irradiance, by increasing the temperature of the outer air column, slows
down the convection in the conductive case. Between the conductive and insulating cases,
the g-values did not show important variations, which is due to the low secondary heat
gain and the reduced airflow rate in conducting case. During daytime, switching the
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element will not help to reduce the g-value. Changing the thickness of the insulation layer,
and using calculated thickness-dependent optical properties showed that the g-value could
be increased up to 0.26 for 5 mm thickness, both in the insulating and conducting case.
Decreasing the thermal conductivity of the insulation layer as well as changing the
longwave emissivities of the insulation facing surface of both glazing showed an important
impacts.

Using the detailed model, a variant with aerogel was calculated, with the hope of high
visible transmittance and better thermal properties instead of the previous translucent
insulation material. With two low-e layers, a U-value in the insulating case of 0.24 W*m-
2*K-1 can be achieved, almost competing with insulated opaque walls. Compared to the
prototype used in the building simulation, this would lead to lower heating demands due to
higher thermal insulation in winter. However, the U-value in the conductive case is then
lower than the one of the first prototype. Ventilator-driven convection is not an option for
this configuration with aerogel and low-e due to the high mass flow rates required to
achieve important U-values. The next step would be to link the detailed model to find for
each transparent insulation material the best geometrical configuration considering:

- the heating demand in winter

- the reducing of the cooling demand in summer

- an optimized translucency, considering that high translucency implies low artificial
lighting demand but more important solar gains
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3 Removable insulation system

In this chapter, the second innovative switchable insulation technology is investigated. The
goals are:

- To investigate the physical phenomenon of heat transfers at different levels in order
to optimize the new component.
- To analyze the potential of the new switchable insulation in the building context.

To achieve these goals, contrarily to the previous chapter, where a top-down approach was
used in the beginning, a bottom-up method was used: first, the new concept was
characterized on the element level, via measurements and modelling. Then, the element
was simulated on a building-scale to assess its potential.

3.1 Introduction

In this section, the new switchable insulation presented in this chapter is introduced, as well
as the context of this study.

The switchable insulation concept behind this chapter has been invented by Mr. Sergej
Kvasnin, owner of the company I[n]solation UG. The patented concept ( (Kvasnin 2013) and
(Kvasnin 2014) ) consists of a series of vertical parallel films that can be winded up or down
around a drum. The drum is similar to the ones used for conventional roller blinds. The
system can be mounted in front of an existing window as a traditional roller blind system,
or in front of a massive opaque wall. Two positions are possible:

- In the insulating state, the films are rolled down, creating N closed air cavities in
series, which leads to a high thermal resistance, or a low U-value.

- In the conducting state, the films are rolled up, achieving a low thermal resistance
between the cover pane and the existing window or wall. Also, depending on the
chosen front and back cover panes, a high solar transmittance can be achieved for
the element.
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The concept can be applied in front of a window (Figure 34) or a massive wall (Figure 35):

Guiding rclls—ZJ‘/
Vertical films /

Shell l 17T

Spacer ]
Weight —__|

Figure 34 - Scheme of the removable switchable insulation in front of a double glazing, in the
insulating (left) and conducting (right) position. Source: S. Kvasnin.

Figure 35 - Scheme of the removable switchable insulation in front of a massive opaque wall, in
the insulating (left) and conducting (right) position. Source: S. Kvasnin.

The application in front of a massive wall allows the direct heating or cooling of the
building’s thermal mass. The outer surface of the wall can be coated with a black paint or a
selective coating, in order to increase solar gains during the heating period.

For the first prototypes, the films used were very thin Polyethylene terephthalate (PET)
layers, metallized on one side with an Aluminum coating. The films are described and
characterized in the experimental part of this study.
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3.2 Investigation of an individual component

In this part, the goals are to:

- Assess the thermal and optical properties of the element that can be achieved with
the given concept, such as U-value or g-value.

- Assess the impact of different parameters on the performance, and fix the design by
choosing:

@)
@)
©)
@)

o

The thickness of the cavity in the conducting state (films retracted),
corresponding to the total thickness of the facade element.

The thickness of each cavity in the insulating state.

The number of cavity in the insulating state.

The longwave properties of the films

The longwave and solar properties of the outer and inner cover.

- Finally, based on the previous results, select the variants to be simulated on a
building level.

To achieve these goals, the films as well as first prototypes are characterized experimentally.
Then, the study focuses on a single cavity, before investigating the whole element.

3.2.1 Experimental study

This section focuses on the U-value measurements of the first prototype, as well as the
characterization of the longwave properties of the films used.

3.2.11

U-value measurement

A first prototype was measured at Fraunhofer ISE. The Taurus apparatus used for this
paragraph is described in section 2.3.2.1. The measured prototype consisted of:

- A 2 cm thick wooden frame, with a width of 95 mm and an area of 797*797 mm?2.

- 10 parallel vertical films, separated by air gaps of about 9 mm, fixed on horizontal
lamellas. In this version for testing purpose, the films and lamellas are not
removable. The metallized PET films were all oriented in the same direction, with the
metallized sides facing the cold plate of the U-value apparatus.

- Two 3 mm wide Plexiglas layers, which act as inner and outer cover. In total, there
are consequently 11 air gaps.



This prototype has been measured with three different average temperatures and two
different temperature differences. The boundary conditions as well as the measurement

FigureA36 - External view of

results are presented in following table:

oanll

. o
the tested sample.

95

N° Temperature Temperature Temperature | Mean U-value
of the «cold|of the warm |difference temperature | [W*m2*K"]
surface [°C] surface [°C] (K] (K]
1 5.0 14.9 9.9 10.0 0.35+0.03
2 14.7 24.6 9.8 19.7 0.40+0.03
3 24.4 34.2 9.8 29.3 0.44 £ 0.04
4 16.9 21.8 4.9 19.4 0.35+0.03
5 10.3 30.0 19.8 20.1 0.45+0.04

Table 11 - Measurement results of the first removable insulation prototype, measured with the Taurus U-value
apparatus.

To compare this value with the one of conventional insulation, the U-value of a 95 mm
thick conventional insulation panel with an arbitrary chosen thermal conductivity of 0.035

W*mT*K-" would be equal to 0.35 W*m=2*K"".




96

The thermal resistance variates both with the average temperature and the temperature
difference. With gap dimensions of less than 1 cm, such a variation is not expected since
the convection should not be possible, and IR longwave radiation is limited by the low-e
layers in the gaps. This is further detailed in section 3.2.2. The thermal behavior of the
measured prototype is explained during the model validation, in section 3.2.3.

3.2.1.2 Measurement of infrared properties

In order to characterize the films used in the first prototypes, the infrared properties where
measured at the ISE facility. General information about infrared heat exchange are given in
section 3.2.2.1.1.

The film consists of a polyethylene terephthalate (PET) substrate which is metallized on one
side with aluminum. The film was produced by the company Tenolan® and has the product
number OAMO112. The thickness of the film is 12 ym. The measured sample had an area
of about 100*100 mm?2,

The “cold” and “warm” surfaces in this report refer to the previous U-value measurements,
where one side of the film insulation system was electrically heated and the other side kept
at a constant temperature. They refer respectively to the aluminum and PET surfaces.The
spectral hemispherical reflectance for near-normal incidence (8 © angle of incidence) of the
sample was measured over the IR spectral range from 1.5 ym to 25 pym. A highly sensitive
Fourier spectrometer, model IFS 66 from the Bruker company, was used. The spectrometer
is equipped with a diffusely reflecting, gold-coated integrating sphere for measurements in
the medium infrared range. Diffusely reflecting standards from NIST and NPL are used as
references below 17 ym.

First, the measured wavelength-dependent normal-hemispherical transmittance and
reflectance of both sides of the sample have been extrapolated from 25 ym to 50 pym,
assuming the value measured at 25 pm to be constant until 50 um, based on the measured
evolution of the spectral properties below 25 pm.

Then, the normal thermal emissivity of both surfaces of the sample was determined from
the normal-hemispherical transmittance T.(A) and near-normal-hemispherical reflectance
measurements in the infrared range: the normal emissivity En(A)=(1-Ton(A)-Ran(A)) was
weighted with the Planck blackbody radiation spectrum for temperatures of 283.15 K
(10°C), 288.15 K (15°C), 293.15 K (20°C) and 298.15 K (25°C), over the spectral range
from 1.5 pm to 50 uym.

Similarly, the normal-hemispherical thermal transmittance of the sample and the reflectance
of both surfaces were determined by weighting respectively Tr(A) and Ran(A) with the Planck
blackbody radiation spectrum for the temperatures above.
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For the emissivity, a corrected thermal emissivity according to (DIN EN 12898:2001) has
been calculated from the normal emissivity to take into account the angular dependence of
the thermal emissivity in the geometrical configuration of the parallel-film insulation, which
is comparable to that within an insulating glazing unit. This corresponds to multiply the
normal-hemispherical emissivity by a correcting factor to get the hemispherical-
hemispherical (or corrected) emissivities needed to use the radiosities calculation method.

The total absolute measurement uncertainty was less than £0.02.

The measurement results are showed in following tables:

€ns Ecorrs €Ens Ecorrs €Ens Ecorrs €Ens Ecorrs
Name Surface | 283.15[283.15 | 288.15(288.15|293.15 [ 293.15 | 298.15|298.15
K K K K K K K K
Al
Z‘:;r:ce 0.025 |0.030 |0.025 [0.030 |0.025 |0.031 |0.025 |0.031

Thermal [side)
emissivity | PET
surface
(warm
side)
Table 12 - Thermal emissivity values (g) weighted with the Planck blackbody radiation spectrum at different

temperatures, either normal (n) or with the DIN EN 12898 correction (corr). Only the second decimal place is
significant. The third decimal place is used only to indicate small relative differences.

0.471 10475 |0.474 (0477 |0.476 [(0.479 |(0.478 [0.481

nh, 283.15|nh, 288.15(nh, nh,

Name Surface K K 293.15K |298.15K

Al-  surface

(cold surface) |0.975 0.975 0.975 0.975
IR reflectance PET surface

(warm

surface) 0.529 0.526 0.524 0.522
IR transmittance |- 1E-04 1E-04 1E-04 1E-04

Table 13 - Normal-hemispherical thermal reflectance and transmittance values weighted with the Planck
blackbody radiation spectrum at different temperatures. Only the second decimal place is significant. The
third decimal place is used only to indicate small relative differences.

The thermal emissivity of about 0.03 on the metallized side corresponds to the values of
conventional low-e coatings. The reported results show that the thermal transmittance of
the film is negligible and below the uncertainty of measurements.
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For the PET surface, an emissivity of about 0.9 is expected for a thicker PET layer, but the
measured emissivity for the PET surface is about 0.48. Due to the very small thickness of the
PET layer (the overall thickness of the film is 12 pm), the transmittance of the PET layer is
non-negligible, and the radiation transmitted through the PET layer is reflected back by the
aluminium layer which has a thermal reflectance of about 0.975. Thus, the total reflected
value for the PET surface is higher than expected, and the emissivity lower:

Figure 37 - Radiation transmitted through the thin PET layer and reflected back by the aluminum
layer through the PET layer.

It can be observed that the choice of the temperature for weighting using the Planck
blackbody radiation spectrum has only a slight influence on the calculated values. For the
theoretical investigation and building simulation, the values for a temperature of 293.15 K
are chosen. The corrected emissivities of 0.031 and 0.479 for respectively the metallized
and PET sides are then used, and the thermal transmittance is assumed to be negligible. IR
reflectances of 1-0.031 and 1-0.479 are then used for respectively the metalized and PET
sides.

3.2.1.3 Solar properties

The same measured spectral values were also averaged for the solar and visual spectral
range according to (ISO 9050:2003). The transmission value was again below the
measurement uncertainty of +£0.02, and is therefore neglected, while the reflectance and so
the absorptances vary:

Pnh,sol Pnh,vis
Al-surface (cold surface) 0.896 0.888
PET surface (warm surface) 0.859 0.854

Table 14 - Solar properties of the foil.

It can be concluded that the films are highly reflective in also the solar and visible spectral
area.
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3.2.2 Theoretical investigation
In this part, the goals are:

- To detail the physical phenomenon at stake and investigate them, with a particular
focus on the convection and longwave radiation heat exchanges within the cavities.
- To assess the impact of thermophysical and geometrical parameters as well as
choose the thermophysical and geometrical properties of the element, such as:
o The thickness of the cavity in the conducting state (films removed),
corresponding to the total thickness of the facade element.
The thickness of each cavity in the insulating state.
The number of cavities in the insulating state.
The IR properties of the films.
o The longwave and solar properties of the outer and inner cover.
- To compare the variants in order to choose the most promising variants to be
simulated within the building simulation environment.

O O O

To achieve these goals, the element is investigated without the building context:

- First a single cavity is investigated. The analysis is divided in two parts: first the
analysis of the convective part, then the analysis of the radiative part and finally the
combination of both.

- Then, the whole facade element is studied, consisting of 2 cover panes and several
cavities in series.

First, the modeling approach is presented and the required theoretical background is
introduced, before producing and discussing the results in a second step.

3.2.21 Modeling approach

In this part, the modeling approach used for the analysis of a single cavity and then for the
investigation of the whole facade element is detailed.

3.2.2.11 Analysis of a single cavity
The heat transfer in a single cavity can be decomposed in two parts:

- The heat transfer through conduction or convection within the gas.
- The heat transfer through longwave infrared radiation between the two surrounding
surfaces.

In the optimization done in (Kimber et al. 2014) for a stack of air cavities, the thickness of
the polymer layer of 2 mm separating the cavities affects the results and conclusions: the
number of layers then reduces the effective space available for insulating air for a given
total thickness of the whole element. In our case, the thickness of the films is 12 um and is
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therefore not a constraint: the thermal resistance of the films due to heat conduction
within the film can therefore be neglected in our case, since if we assume a thermal
conductivity of 0.2 W*m*K"1, the thermal resistance of the film would be equal to 6*10
m?2*K'*m= =0.

For the convective problem, an important dimensionless number is the Nusselt number. The
Nusselt number can be interpreted as the ratio of convective to conductive heat transfer
across a fluid thickness. A Nusselt number of 1 can be interpreted as gas conduction only,
while a Nusselt number superior to 1 indicates convection within the cavity:

hey x4 .
Nu = d Equation 49

With:

- Nu [-] the Nusselt number in the cavity.

- A [W*mT™*K'] the thermal conductivity of the gas at the cavity mean gas
temperature.

- d[m] the thickness of the cavity.

The Nusselt number depends on the Rayleigh number in the cavity. The Rayleigh number,
defined for free convection, is also an indicator of convection: the convection starts above a
certain case-dependent critical Rayleigh number, and increase with the Rayleigh number:

_g*B*AT*d3
- a* v

Ra Equation 50

With:

- 9=9.87 [m*s?] the standard acceleration due to gravity

- B [K'] the thermal expansion coefficient, equal to 7/T for ideal gases.

- ATI[K] in our case, the difference of temperature between the surrounding surfaces.
- d[m] the thickness of the cavity.

- o [m?*sT] the thermal diffusivity of the gas, as detailed below.

- v[m?*s7] the kinematic viscosity of the gas.

The thermal diffusivity of a gas represents its capacity to conduct energy away compared to

its capacity to store it:
A

p*Cp

a= Equation 51

With:

- A[W*m*K] the thermal conductivity of the gas.
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- p [kg*m=3] the density of the gas.
- Cp[J*kg-1*K-1] the specific heat capacity of the gas.

The different correlations for the Nusselt number used for closed-cavity convection are
summarized for example in (Manz 2003), where they are used by the author to validate a
CFD approach of the problem. The correlations were the following:

- (Yin et al. 1978), based on experiments:
Nu = 0.23 * A70-131 x R50-269 Equation 52

Valid for 1T0°<Ra <5*10°and 4.9<A<7/8.7
With:

o d[m] the thickness of the gas cavity.
o Ra [-] the Rayleigh number in the gas cavity.
o A |[-] the aspect ratio of the gas cavity.

- (EISherbiny et al. 1982), based on experiments:

1
Nu; = 0.0605 * Ra3
341/3

0.104 * Ra®2% | |

6310y 13° J Equation 53
1 +( Ra )

N 0.242 (Ra)
= U. * | —
Us A

Nu = max(Nu;, Nu,, Nus)

|
Nu, = |1+
|

0.272

Valid for 5 <A <170 and a range of Rayleigh number depending on the aspect ratio
and presented in Appendix.

With this correlation, only Nus depends on the aspect ratio and Nus only affects Nu
if A<25, as stated in (Wright 1996).
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- (Wright 1996), based on existing experimental data from other authors:

Nu = max(Nu,, Nu,)
1
Ra > 5+ 10%* Nu; = 0.0673838 = Ra3

10* < Ra < 5x10* Nu; = 0.028154 * Ra%4134
Ra < 10% Nu, = 1+ 1.7596678 * 10~10 « Ra22984755

Ra
Nu, = 0.242 * (K)O'272

Equation 54

For low aspect ratios, the Wright model uses the Aspect ratio dependent result from
EISherbiny. These correlations were based on measurements up to Rayleigh numbers of
about 108, but Wright states based on a theoretical analysis that the correlations should
be valid well beyond this limit, that’s why no upper Rayleigh number limit is given for
the first equation.

- (DIN EN 673:2011-04). In this standard, it is not stated whereas the correlation is
based on experimental or theoretical results:

Nu = max(0.0365 * Ra®38,1) Equation 55

The validity range is not stated in the standard. Note that the standard also proposes
correlations for horizontal and 45° inclined cavities.

The difference between the models comes not only from different boundary conditions
during measurements, but also from the mathematical fitting of the proposed correlations
to this measurements or theoretical results. In (Manz 2003), the Yin model showed the
most important difference with the CFD calculation and the other models, with a larger
Nusselt number and a transition from conduction to convection regime happening with
lower Rayleigh numbers. (Wright 1996) states that the critical value of Ra at which the flow
leaves the conduction regime is a function of the aspect ratio, and that the convective flow
leaves the conduction regime at lower Ra values in cavity with lower aspect ratios. This is in
accordance with the correlation which depends on aspect ratios. Wright also explains that if
Ra is increased sufficiently, a turbulent boundary layer flow appears. In the turbulent
regime, Nu increases faster with Ra. The critical Ra value for the transition from laminar to
turbulent regime is a function of the aspect ratio, and the flow in enclosures with more
important aspect ratios becomes turbulent at lower Ra values.

Although for a given thickness of cavity the temperature difference has the biggest impact,
the convective resistance is of course very slightly dependent of the average cavity
temperature (mean temperature between the surrounding surfaces): for 2.5 cm thickness,
15K temperature difference and 20°C average temperature, we obtain with the Wright
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model Nu=1.83 and Rwn=0.53 m?*K*W-', while for an average temperature of 0°C
Nu=2.11 and Rcon=0.49 m?*K*W-, resulting in 1 % difference. This is due to the variation
of the Rayleigh number from 25*10° for 20°C to 34*103 for 0°C. This increase of the
Rayleigh number is mainly due to the increase of the thermal expansion coefficient
1/Taverage) DY 7 %, and an increase of the square of the density by 15 %.

For the radiative part, following correlation was used to calculate the radiative longwave
heat transfer coefficients between two infinite parallel, grey-diffuse surfaces (Duffie und
Beckman 2006):

hiag =0 % 1 * Equation 56

With:

- 0=5.67*10-8 [W*m2*K*] the Stefan-Boltzmann constant.
- &, & [-] the longwave emissivities of both surfaces.
- Ty, T, [K] the temperature of both surfaces.

Note that this equation can of course be linearized: if we assume that Ti=T>=T.eng, then
we obtain:

1
€& &
(Ty — Tp) * (Ty + T,) * (T + TF) Equation 57
*
T, - T,
1 3
hrad,linearized =0 * 1 1 * 4= Ty,
—+—=-1
€& &

With T, [K] the average temperature between the surrounding surfaces

This linearization is accurate for the range of temperature differences encountered usually
within fenestration systems: for T;-T,=15K, hrq iinearized=4.67 W*m2*K" and hn.q =4.68
W*m?*K-", while for Ti-T,=60 K, hraq, lincarizes=4.67 W*m?*K" and hng =4.72 W*m?2*K,
showing only 1 % difference. Here, we can also observe that the influence of temperature
difference on the longwave heat transfer coefficient is very low.
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For the radiative part, (Kimber et al. 2014) assumes that the two limiting layer of a cavity
have identical emissivities and zero transmissivities. The relation above, translated into a
thermal resistance can then be written as:

2—¢

Ry~ —— =
rad T 4 xe o x T3,

Equation 58

With:

- ¢ [-] the longwave emissivity of the two surfaces
- ¢ [W*m2*K*] the Stefan-Boltzmann constant
- T. [K] the average temperature between the two surfaces

During the analysis of the convective and radiative heat transport in one cavity, the top,
bottom and side surfaces of the cavity are assumed to be adiabatic. This assumption is
justified by the high aspect ratios of the cavity (typically around 80 for glazings): the back
and front surfaces surrounding the cavity are much larger than the top, bottom and side
surfaces.

3.2.2.1.2 Analysis of several cavities and whole system

For the thermal analysis of the whole element (from outer pane to inner pane over the
stack of cavities), the nodal model presented in (ISO 15099:2003) is used. This model was
designed for the calculation of the layer to layer heat transfer through fenestration system.
One of the main advantages of this model is that it can easily be extended to a varying
number N of cavities, and implemented to a programming code. It is included in numerous
building and facade simulation programs, such as EnergyPlus (Crawley et al. 2001) or
WINDOW (Lawrence Berkeley National Laboratory 2015).

The main hypotheses are:

- Hypothesis 1: the surface temperatures of each layer are assumed uniform over the
height and width. The layers can then be represented by one-dimensional energy
nodes. The glass layers are represented by one node, the insulation layer by two
surfaces nodes.

- Hypothesis 2: the calculation is steady state (no time-dependency is considered). This
is justified by the very low mass (and so thermal capacity) of the films.

- Hypothesis 3: the convective heat transfer coefficients are assumed constant and
equal to the average value over the height of the glazed and insulation area. The
edge effects at the top and the bottom of the cavity can be neglected with regard to
the total heat transferred through the cavity.

The inputs are the geometrical and thermophysical description of the glazing system.
The main outputs are the heat flux toward the room and the temperatures of the layers.
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For each node or layer, the energy balance results in following equations:

qi = hevi* (Trei — Toi) + Jrei — Jba Equation 59
g = Sit+qiq1 Equation 60
_ 4 _
Jrei = €pei* 0 * Tre i + T % Jreivn + Prei * Jpic1 Equation 61
_ 4 _
Ibi =€pi*0* Ty + Ty % Jpi1+ Ppi *Jreiva Equation 62
tgv,i
Tpi —Trei =5——*(2*qiy1 +S)) Equation 63
2 * /1gv,i

With:

- Txi[K] the front surface temperature of the layer.

- Ty [K] the back surface temperature of the glazing layer.

- Jwi [W*m?2] the total longwave radiosity leaving the front surface of the glazing
layer.

- Jni [W*m2] the total longwave radiosity leaving the back surface of the glazing layer.

- qi [W*m?] the total heat flux leaving the layer i towards the layer i-1.

- Si[W*m?] the solar irradiance absorbed in the layer.

- tgyi[m] the thickness of the layer.

- Agvi [W*m*K"] the thermal conductivity of the layer.

- ¢1,p [-] the infrared longwave properties of the layer.

Here, the method used for the IR longwave heat transfer between the layers is the radiosity
method, where the longwave heat fluxes are explicitly calculated. The advantage of this
method is that it can be used to model infrared transparent layers.

Within the European project INSPIRE, the ISO15099 thermal model for window has been
implemented in the programming language python 3.4 by the author. A comparison of the
implementation towards the WINDOW 7.2 software and a validation of the model for
ventilated window using experimental data from the company Gruppo TOSONI has been
done in (Braesch 2015) under the supervision of the author.
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3.2.2.2 Results and discussion

In following section, the calculation results for the analysis of one single cavity are
presented, before extending the results to several cavities and the whole element. Finally,
the designs to be simulated at building level are defined.

3.2.2.2.1 Analysis of a single cavity

In this part, the different properties of a single air cavity are investigated. The goals are to
understand the physical process at work as well as to determine the recommended
thickness of the cavity and the infrared properties required to get the best insulating
properties. First, the convection only is analyzed. Then, the IR longwave heat transport
alone is analyzed. Finally, the cavity is analyzed with both phenomena combined.

If only convection is considered, in the insulating case the Rayleigh number has to be the
lowest possible to minimize or prevent convection, by having the Nusselt number as near as
possible to 1. Different models for closed-cavity convection where compared, for a cavity
mean temperature of 20°C, and two temperature differences between the surrounding
surfaces of 5K and 15K, using isothermal boundary conditions. These temperature
differences are already very high for the insulating state: for example, for 10 cavities, this
would result in respectively 50 K and 150 K temperature difference over the whole
element. The fixed cavities’ height was 0.76 m as a starting point, corresponding to the
prototype of switchable insulation measured in laboratory. The convective thermal
resistances and the Nusselt number, dependent on the cavity thickness (and on the aspect
ratio), are shown in respectively Figure 38 and Figure 39 below.
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Figure 38 - Convective thermal resistance of a single cavity, calculated with different models for
the Nusselt number, with 5 K and 15 K temperature difference at the boundaries. When the
curve is outside the validity range of the correlation the points are not plotted.
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Figure 39 - Nusselt number calculated with different models with 5 K and 15 K temperature
difference at the boundaries. When the curve is outside the validity range of the correlation the
points are not plotted.



108

The Nusselt number is equal to 1 until a certain thickness is reached, after which convection
becomes significant. After that, the convection compensates the potential additional
insulation provided by the additional air thickness, and the convective resistance is more or
less constant, as observed also in (Wright 1996). For 5 K temperature difference the
thickness after which convection starts is about 1.8 cm, with Nusselt numbers of 1.02 and
1.01 for the Wright and EISherbiny models. With the Yin model, the start of the convection
is predicted earlier, with a Nusselt number of 1.03 for 1.5 cm, while for the EN673, it is
predicted later with a Nusselt number of 1.03 for 2.4 cm. After the start of the convection,
the convective resistance reaches a maximum for values around 2.5 cm for the 5K
temperature difference and the Wright or EISherbiny correlations. The maximum is slightly
higher with EN673. The Yin correlation predicts a significantly higher Nusselt number and
lower resistance, and does not predict a maximum for the resistance. For a higher
temperature difference of 15 K, the convection starts with a smaller thickness of about 1.2
cm, with Nusselt numbers of 1.02 and 1.01 for respectively the Wright and EISherbiny
models. The maximum resistances are lower than in the 5 K difference case due to higher
Rayleigh numbers, and are reached earlier for a thickness of about 1.7 cm.

In the insulating state, the goal is to have the highest thermal resistance for each cavity. To
achieve that from the convective point of view, a Nusselt number of 1 (only conduction)
should be aimed for. For the already high temperature differences of 5 K and 15 K, a
thickness of 1 cm is low enough to stay in the “full” conduction range. It has been
checked (graphs visible in Annex), that for other heights (0.5 m and 2m), the convection
doesn’t start earlier. Even for the Ying model that predicts convection for the lowest
thickness among all models, for 50 cm height and 15 K temperature difference, the 1 cm
thickness is still in the conductive range. A lower thickness would results in an unnecessary
additional number of films. Therefore, the thickness of 1 cm is chosen.

Concerning the choice of the convection model, (Kimber et al. 2014), modelling also a
succession of air cavity in series, choses the correlation presented in (Wright 1996). The
choice of convection model is only relevant for the “conducting” case, without films and a
large air cavity. The Wright model is also the approach from the standard (ISO
15099:2003). The Wright correlations were based on measurements up to Rayleigh
numbers of about 10°, but Wright states based on a theoretical analysis that the
correlations should be valid well beyond this limit. (Wright 1996) also proposes that the
correlations of (EISherbiny et al. 1982) may be used for aspect ratio below 40. The Wright
model is then very practical to use, covering a large range of Rayleigh numbers and aspect
ratios. From the accuracy point of view, Wright doesn’t indicate an uncertainty range, but
the correlation is for example partially based on results from EISherbiny, which had an
experimental uncertainty of +3 % on Nu (Wright 1996). The statistical error due to the
fitting of the Wright correlation to these measurement data is not given.

In a second step, the longwave radiative exchange only is analyzed. In our case, the
emissivities of the two surfaces limiting a cavity are different: one surface is the metalized
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side of the layer, with a thermal emissivity of 0.03, and can be considered as a low-e layer.
The PET surface has an emissivity of 0.48. The infrared longwave transmittance is negligible
(see measurement results), as is the variation of the emissivity with temperature (see
3.2.1.2). To calculate the radiative heat transfer coefficient, Equation 37 can be used
assuming infinite parallel and isothermal surfaces. The influence of the temperature
difference is negligible, as shown later in this section. In following graph, the influence of
the average temperature is investigated for a constant difference of temperature of 5K, and
for different infrared properties, as for example an emissivity of float glass of 0.84 for the
opposite surface (DIN EN 673:2011-04):
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Figure 40 — Radiative resistances as a function of the average temperatures of the surrounding
surfaces, with different longwave properties.

There is an important dependence of the radiative resistance on the average temperature.
For several cavities in series, if one would assume a constant radiative heat transfer
coefficient at the mean temperature between the external and internal boundary layer, this
would then lead to overestimate the resistances towards the colder boundary and
underestimate the resistance towards the warmer one. Globally, even if the total resistance
may be near to the reality, the temperature calculation within the system may show
differences.

The starting point is the real used layers, with one surface with an emissivity of 0.03 seeing
an opposite surface with an emissivity of 0.48. If the opposite layer would be glass (with
¢ = 0.84), the difference with the previous case would be very low. On the contrary, if a
low-e layer would be applied to the other side, the thermal resistance could be significantly
improved. These conclusions are only valid without air.

To conclude on the single cavity problem, taking the real infrared properties of the films
used in the prototype, with emissivities of 0.03 on the one side and 0.48 on the other side,
we can remark that R.¢>>Rn. Without low-e layer, both resistances are much closer. The
total thermal resistance (convective and radiative) of the gap is most influenced by the
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lowest resistance, due to both resistances acting in parallel. This is also underlined by
following graphic, where the equivalent resistance of the two resistances in parallel is
shown, as a function of the thickness of the air gap, for temperature differences of 5 K and
15 K and a mean temperature of 20°C. It must be noted that, for low aspect ratios, the

infinitely long parallel plate assumption may not be valid anymore. The Wright model was
used for convection:
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Figure 41 - Equivalent thermal resistance of a single cavity, calculated with different infrared
longwave properties, with 5 K and 15 K temperature difference at the boundaries, 20°C average
temperature.

Without low-e layer, the radiative heat transfer has an important effect, and after about 2
c¢m thickness the equivalent resistance doesn’t vary much with the thickness. In this case,
the equivalent resistance is independent of the temperature difference. As soon as there is
a low-e layer in the cavity, the equivalent resistance is dominated by the convective effect, a
maximum is reached around 2 cm thicknesses, and the results are temperature dependent.
Note that adding then a second low-e layer only improves very slightly the equivalent
resistance due to the dominating effect of the convective resistance.

The conclusion of this single cavity analysis is that that the cavity thickness should be
chosen in order to stay in the “purely” conductive range. For the following analysis of a
stack of cavity, a thickness of 1 cm is chosen. Also, with the actual film, if we divide one
large cavity, which thickness is already below the convection limit, into several cavities with
an even lower thickness, this will not affect the convective part, since the Nusselt number
was already equal to 1, but will add radiative resistances. However, the benefice of doing
that is really low, because the maximum resistance we can get is the one from the cavity
with two low-e layers. In other words, the chosen film, with low-e layer on one surface and
PET on the other is sufficient to get almost the maximum possible thermal resistance for
one cavity.
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3.2.2.2.2 Analysis of several cavities and whole system

In this part, the whole facade element is investigated without the building context. The
impact of the thermal mass is then not analyzed here, but will be investigated within the
building simulation: in case of the wall variant, the internal wall behind the element is
treated as an internal isothermal boundary. Based on the conclusions from the previous
conclusions, the properties of a stack of cavities together with different boundary layers are
analyzed in this chapter. The goals are to:

- Investigate the impact of the cavity’s thickness in the conducting state (films
retracted), corresponding to the total thickness of the facade element and to a
certain number of cavities in the insulating state, with a fixed thickness of 1 cm for
each cavity.

- Investigate the effect of different IR longwave and solar properties of the outer and
inner cover on the performance indicators.

- Finally, select the variants to be simulated on a building level.

The whole system is delimited by a glazing or a wall at the interior side, and an external
cover glazing. Between the two cover layers, the multilayer insulation is rolled down
(insulating state) or up (conducting state). From the previous section we know that an
optimum thickness of the gap between two films is 1 cm. This optimum has been chosen in
order to make sure that the heat transfer between two films is in the conduction regime
which ensures the most efficient insulation function. The measured IR longwave properties
of the films (see 3.2.1.2) were performant enough and these films will also be used in this
part. This corresponds to a thermal emissivity of 0.031 for the metallized side of each film,
and 0.479 for the PET side. As a convention, for the stack of cavities, all metallized surfaces
are facing the exterior. It has been checked that the facing direction of the metallized
surfaces does not affect the performance indicators significantly, both sides having about
the same optical properties in the solar range (see 3.2.1.3).

In this investigation, following properties are aimed for:

- In the insulating case: the lowest possible U-value and g-value, to respectively reduce
heat loss during the night in the heating period and overheating during the day in
the cooling period.

- In the conducting case:

o A high U-value already for low temperature differences, to favor the
evacuation of heat in the night of the cooling period.

o A high g-value to maximize the solar gains during the sunny days in the
heating period.

The approach defined in the standard (ISO 15099:2003) and described in the modeling
approach was used as a basis for the calculations. The boundaries for the calculations of
the thermal resistances, U-values and g-values were:
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- The external air temperature and exterior constant boundary heat transfer
coefficient of 25 W*m=2*K-', as given for example in (DIN EN 673:2011-04). This
allows the comparison with U-values traditional glazing and wall components.

- The room air temperature and interior constant boundary heat transfer coefficient of
7.69 W*m=2*K"

The definition of the U-values and g-values used in this calculation are similar to respectively
2.4.1.2 and 2.4.1.3. For the calculation of the g-value, the part of incident solar irradiance
absorbed in each part of the system has been calculated using the software WINDOW?7.2
(Lawrence Berkeley National Laboratory 2015).

The influence of the total thickness of the element on the U- and g-values in the insulating
and conducting state has been investigated, for different inner and outer cover panes. In
the insulating state, the thickness of each cavity is fixed (1 cm) for following cover panes:

Name of variant | Outer cover Inner cover Application
|ID=4337 Black ID=274
1:0=0.910 | painted Ts0=0
Solar Pso,1=0.079 | metal plate | pso,1=0.055
SB glass Ps02=0.079 [ with high | psi2=0.069 Wall
17is=0.916 | solar Tvis=0
£=0.84 absorptance | £;=0.90
£,=0.84 £,=0.93
ID=4337 Black ID=274+low-e
10=0.910 | painted Tso=0
Solar Pso,1=0.079 mgtal plgte Psot,1=0.055
SB+low-e glass Psol,2=0.079 | with high | psoi2=0.069 Wall
1:s=0.916 | solar Tuis=0
£=0.84 absorptance | &=0.03
£,=0.84 + low-e £,=0.84
ID=4337 ID=4337
T0=0.910 T=0.910
Solar Pso,1=0.079 Solar glass Psot,1=0.079
SS glass Psol,2=0.079 Psa2=0.079 Window
Ti=0.916 7is=0.916
£1=0.84 £1=0.84
£,=0.84 £=0.84
ID=4140 ID=4337
K-glass, | 1.=0.704 Solar glass 150=0.910
KS 4 mm | pso,1=0.106 Psot,1=0.079 Window
thick Pso,2=0.118 Pso,2=0.079
Tis=0.825 7is=0.916
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81=O.837 81=O.84

£=0.173 £,=0.84

|ID=4337 ID=4140

Tso|=0.91 0 Tso\=0.704

Solar Pso,1=0.079 Pso,1=0.106
SK glass Psal,2=0.079 Eﬂiﬁlck 4 Psal,2=0.118 Window

1s=0.916 Tis=0.825

81=O.84 81=O. 173

£,=0.84 £,=0.837

Table 15 - Different configuration tested, glazing properties taken from (Lawrence Berkeley National
Laboratory 2015). The optical properties are given for 0° incidence angle. The indices 1 and 2 indicate
respectively “facing the exterior” and “facing the interior"”.

The solar glass is a very performant glass, with high transmittance both in the solar and
visible range. The opaque black painting is absorbing in the solar range, and is for example
used for solar collectors. The opaque selective black painting has the same absorptance in
the solar range (hypothesis), but a low thermal emissivity in the infrared range. The term
“selective” refers to these different properties for different wavelength.

For the window application, K-glass is used instead of a low-e layer. The reason is that the
facade element cannot be completely air-tight (sealed glass unit), since this would cause
dilatation issues that could damage the coatings or glazings. If the element is not sealed,
the air entering from the exterior brings humidity, which would damage the low-e coating.
The K-glass has a higher thermal emissivity than a low-e coating, with values around 0.17
instead of 0.03, but is resistant to humidity.

First, the U-value where calculated. In the conducting state, when insulation is removed,
then the outer glass pane delimiting the system forms a cavity with the internal glazing,
and we return to the situation of the previous section. In the insulating case, the thermal
resistance must be guaranteed in the worst case, which is for an important temperature
difference, since the overall resistance decreases with temperature difference due to the
augmentation of the Rayleigh number in the cavities. That is why in the insulating case, the
element is simulated with a temperature difference of 25 K at the boundary. Also, in the
insulating state, the temperature difference has only little difference on the thermal
resistance since we are insured that convection within the 1 cm gaps is avoided.
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For the calculation of the U-value, the element average temperature was 21°C, and two
differences of temperature were simulated. In the case of the wall application, the thermal
resistance and mass of the wall are ignored (stationary calculation). For the building
simulation, these parameters are taken into account. The results for the application on the
wall are showed in following picture:
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Figure 42 - U-value calculated as a function of the total thickness of the element and the
number of cavities in the insulating case, for different inner and outer panes for the application
on the wall. The thickness of the cavities in the insulating case is fixed (1 cm).

In the insulating case, the additional selective painting (SB+low-e) has an impact for a low
number of cavities, since the relative importance of the innermost cavity's resistance
increases. For 15 cavities, a U-value of about 0.18 W*m=2*K" is reached, while for 20
cavities (and 20 cm overall thickness), the U-value decreases to about 0.14 0.18 W*m=2*K".
It is interesting to note that this value is below the passive house requirement for opaque
walls.

In the conductive case, the transition in the convection regime is achieved in the first
centimeters. For more important distances between the two cover panes, an almost
constant U-value is reached, which depends on the temperature: the additional insulating
air thickness compensates the increasing closed-cavity convection, as shown in the previous
section. The use of a selective painting decreases the U-value in the conducting case by a
factor of about 2, depending on the temperature difference. This has mainly an influence in
the summer night case, where the lower U-value in conducting case will diminish the
cooling of the thermal mass. It can also be observed that the U-value in the conducting
case varies more with the selective painting, since then the part of convection in the total
thermal resistance is more important.
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Then, the results for the window application were calculated:

Number of cavities in insulating case [-]
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Figure 43 - U-value calculated as a function of the total thickness of the element and the
number of cavities in the insulating case, for different inner and outer panes for the window
application. The thickness of the cavities in the insulating case is fixed (1 cm).

The solar glass-solar glass solution offers the highest U-value in the conducting state of
about 2.75 W*m2*K-'. In the conducting state, the cases SK and KS are identical with
lower values due to lower infrared exchange. Also, the dependence on the temperature
difference increases due to the higher importance of the convective resistance relatively to
the infrared thermal resistance.

In the insulating case, with a number of cavities between 2 and 5, the SK variant has the
lowest U-value. This is due to the fact that in the innermost cavity, the K-glass, facing a PET
surface, diminishes the longwave exchange. For the KS surface, in the outermost cavity the
K-glass doesn’t bring much benefit since it is facing the low-e surface of the exterior film,
while in the innermost cavity there is nothing to diminish the Infrared exchange. For a more
important number of cavities, the differences in U-value are much lower.

Based on this U-value results, it seems reasonable to have an important number of cavities
or overall thickness, since after the first 5 cm the U-value in the conducting state doesn’t
diminish anymore, while the U-value in the insulating case continue to decrease, thus
increasing the ratio between the U-value in conducting and insulating state.
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In a second step the g-values have been calculated. In the insulating case, with the
insulation layers rolled down, it can be assumed that the g-value is null by applying a rapid
energy balance to the system: it is assumed that the direct solar irradiance arrives at the
outer film with 0° incidence angle: for an incidence angle superior to 0°, more irradiance
would be reflected at the cover glazing and the g-value would be lower. To estimate the
part of incoming solar energy absorbed at the film's surface, it is assumed that the PET
surface is facing the exterior, which induce a more important solar absorbed energy than
the metallized side due to a lower solar reflectance of pms=0.859. The portion of solar
irradiance absorbed at the outer film is then assumed to be 1- puwns=0.141. The solar
absorptance absorbed in the outer solar glass pane is neglected.

The total heat transfer coefficient between this outer film and the exterior is given by:
1

h:axt = 1

Equation 64

+ Rcavit 1cm
hext 4

With:

hext [W*m2*K-'] the boundary exterior heat transfer coefficient of 25 W*m-=2*K-1.

- Reaviy, 1cv=0.366 [M?*K*"W-"] the thermal resistance of a 1 cm cavity as calculated in
the analysis of a single cavity for a temperature difference of 5 K. This is to take into
account the resistance between the outer film and the outer glazing. To be
conservative, it is this time assumed that the metallized side is facing the glazing, to
have a higher thermal resistance and a higher g-value as more energy will flow
towards the interior.

The total heat transfer coefficient between this outer film and the room is given by:
1

1 Equation 65

T 1_
U h

ext
With:

- U [W*m?2*K'] the U-value of the element. An U-value of 0.137 W*m=2*K"' is
assumed for the element in the insulating case, corresponding to 20 cavities of Tcm
thickness each, plus the boundary heat transfer coefficients.

- h'ex [W*m2*K"'] the total heat transfer coefficient between the outer film and the
exterior as defined above.

A simple energy balance then gives following result with the definition of the g-value given
previously and taking into account that the solar transmission of the films is null:
_ h;nt * Usol,outer film

hi ¢ + hoye

int

Equation 66

With asorouter fim the part of incoming solar energy absorbed at the outer film.
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Applying the above equations shows that the g-value in the insulating state is below 0.001
and can be considered as negligible. This is partially due to the high exterior heat transfer
coefficient of 25 W*m=2*K-'. With a low external boundary heat transfer coefficient of for
example 1 W*m2*K-", the g-value would increase to about 0.02, which is still very low. This
is of course due to the high thermal resistance provided by the stack of cavities.

For the calculation of the g-value in the conductive case, winter boundary conditions were
chosen, with a mean temperature between room air and exterior air of 10°C, and a direct
solar irradiance of 500 W*m2 incoming at the facade with 0° incidence angle. The amount
of solar energy absorbed in each layer has been calculated using WINDOW 7.2 (Lawrence
Berkeley National Laboratory 2015).
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Figure 44 — g-value calculated as a function of the total thickness of the element, for different
inner and outer panes for the application on the wall.

For this calculation, it has been assumed that the selective painting has the same optical
properties in the solar range than the standard black painting.

A high g-value in the conducting state is of advantage since it allows gathering more solar
energy when there is enough solar irradiance in the heating period.

The variation of the g-value with the total thickness follows the trend of the thermal
resistance of one air gap detailed in the investigation of a single air gap. The more
important is the thermal resistance between the glazings, the less absorbed solar energy
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flows towards the exterior. For the same reason, the variant with selective painting shows a
more important g-value. The maximum of the g-value corresponds to the maximum of the
convective thermal resistance.

For the case with selective painting, the difference between the two temperature
differences is more important than in the case with standard black painting. This is due to
the fact that in the selective painting case, the convective heat transport has more
importance.

For the case without selective painting, where the influence of longwave radiation in the
cavity is slightly higher due to the absence of low-e layer, it has been checked that the

influence of the average temperature is very low.

The g-value is also calculated for the window application, also in conducting state:
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Figure 45 - g-value calculated as a function of the total thickness of the element, for different
inner and outer panes for the application on the window.

For the case with two solar glasses, the absorbed energy and so the secondary heat gain
are very low, and consequently there is no variation with temperature or total thickness.

For the case with K-glass at the outer cover, more solar energy is absorbed at this outer
pane. A thickness of the air gap between the cover panes below 1 cm implies a lower
convective resistance, and more absorbed energy flows towards the interior. For the SK
variant, it is the opposite since the K-glass is at the inner position.
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It can be remarked that the external heat transfer coefficient of 25 W*m-2*K-! used in this
preliminary calculations and given for example by the standard (DIN EN 673:2011-04) is
high. In reality, this external heat transfer coefficient is often lower. The consequence
would be a lower U-value, but also a lower g-value, as more absorbed energy flows toward
the exterior. For the building simulation, a variating external heat transfer coefficient based
on wind-dependent correlation will be used.

The results are summarized in following table for a total thickness of 20 cm in the
conductive state and 20 cavities (20 cm) in the insulating state. The U-value is given for 25
K temperature difference in the insulating case and for 5 K temperature difference in the
conductive case to have conservative results. For the same reason, the g-value was
calculated with a 25 K temperature difference and 10 °C average temperature:

For 20 cm thickness in the conducting state and 20 cavities in the insulating state, the
results are the following:

U-value, | U-value, g-value,
Name of variant insulating | conducting | conducting | Application
state state state
) W*m— W*m—Z*K—1 -
Unit 2a
SB 0.137 2.762 0.487 Wall
SB+low-e 0.134 1.152 0.615 Wall
SS 0.137 2.699 0.840 Window
KS 0.137 1.576 0.670 Window
SK 0.135 1.576 0.762 Window

Table 16 - Summary of the calculated properties of different variants, for a total thickness of 20 ¢cm in the
conducting state and 20 cavities in the insulating state. The number of digits is not an indication of the
accuracy of the model but is rather to show small relative differences. The U-value is calculated with 25 K
temperature difference in the insulating case and for 5 K temperature difference in the conductive case to
have conservative results. For the same reason, the g-value was calculated with a 25 K temperature difference
and 10 °C average temperature.

In all cases, adding low-e properties to the covers doesn’t affect the U-value in the
insulating case (with the insulation rolled down) since they are already 13 other insulating
cavities at work.

For the wall application, having an IR-selective painting on the wall allows to increase the g-
value from 0.59 to 0.62, but the U-value in the conducting case decreases dramatically
from 2.76 to 1.15. Consequently, for the building simulation, the variant without low-e is
chosen. In reality, a layer could be added between the wall and the painting to prevent the
condensed humidity to penetrate the wall.
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For the window application, replacing one of the two glazings by a K-glass with lower
emissivity only lowers both the U-value in the conducting case and the g-value in the
conducting case, bringing no benefit. Consequently, for the building simulation the variant
with two solar glasses is chosen.

Similar results are presented for a thickness of 15 cm or 15 cavities:

U-value, | U-value, g-value,
Name of variant insulating | conducting | conducting | Application

state state state

*m- * 2% K -1 -

Unit YYKZ” WK
SB 0.183 2.755 0.487 Wall
SB+low-e 0.177 1.152 0.615 Wall
SS 0.183 2.693 0.840 Window
KS 0.182 1.575 0.670 Window
SK 0.179 1.575 0.762 Window

Table 17 — Summary of the calculated properties of different variants, for a total thickness of 15 cm in the
conducting state and 15 cavities in the insulating state. The number of digits is not an indication of the
accuracy of the model but is rather to show small relative differences. The U-value is calculated with 25 K
temperature difference in the insulating case and for 5 K temperature difference in the conductive case to
have conservative results. For the same reason, the g-value was calculated with a 25 K temperature difference
and 10 °C average temperature.

While the results in the conducting case are very near to the case with 20 cm/20 cavities,
there is a significant increase in the U-values in the insulating state. For heating dominated
climates, it is then of advantage to have 20 cavities of 1 cm each in the insulating case,
corresponding also to an overall thickness of 20 cm between the two cover panes in the
conducting case.

To summarize, for the building simulation, following elements are chosen with 20 cavities
and 20 cm overall thickness:

- The solar glass-black painting (not selective) variant for the wall application
- The solar glass-solar glass variant for the window application.
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Investigation on the U-value and g-value

In order to calculate easily the U-value and g-value of the facade element in all situations, it
is interesting to check the dependence of:

- The U-value to the temperature difference between the room air temperature and
the exterior air temperature, as well as the average temperature between room and
exterior air temperature.

- The g-value to:

@)
©)
@)

o

The angle of incidence of direct irradiance.

The total amount of incoming irradiance.

The temperature difference between the room air temperature and the
exterior air temperature.

The average temperature

In this part, a secondary goal is also to establish polynomial fits of the U- and g- functions.
To assess the accuracy of this polynomial fit, the R2 value is used. The coefficient of
determination R? shows how well the polynomial values fit to the calculated (“true”)
values. R-square ranges from 0 to 1. If R? is close to 1, the polynomial fit explains all the
variability of the calculated values around its mean; on the contrary if R? gets closer to O the
polynomial fit is unable to represent the variability of the calculated values around its mean.

Only the SS (window) configuration selected for the building simulations is investigated, in
the insulating and conducting cases. For this SS case, the internal and external boundary
heat transfer coefficients were identical to the previous analysis.
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First, the dependence of the SS (solar glass — solar glass covers) on the temperature
difference between inside and outside air was tested:

—— S5, conducting state
—— Poly. fit, degree 2, R* =0.980
—— S5, insulating state
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Figure 46 - SS case, U=f(dT) in the insulating and conducting case, for an average temperature
between room and exterior air of 15°C.

In the insulating state, the U-value is constant with a value of 0.134 W*m=2*K"'. In the
conducting case (only two solar glasses separated by 20 cm of air), the U-value varies with
the temperature difference as expected from the previous analysis, and a first degree
polynomial is not enough to represent the U-value with a R2 value of 0.900. This is mainly
due to the domain below 5 K where the U-value varies strongly with the temperature
difference, caused by the start of the convection in the 20 cm air gap. A second degree
polynomial is a better approximation, with significant differences only for a temperature
difference below 2 K.
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For the same facade configuration, the dependence of the U-value on the average
temperature between room and exterior air has been tested:

—— S5, conducting state

—— Poly. fit, degree 1, R* =1.000
—— S5, insulating state

—— Poly. fit, degree 1, B* =1.000
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Figure 47 - SS case, U=f(Taverage) in the insulating and conducting case, for a temperature
difference between room and exterior air of 15 K.

These results are in accordance with the results of the analysis of a single cavity:

- In the conducting case, with the absence of low-e layer, the thermal resistance and
so the U-value varies linearly with the average temperature, due to the variation of
the longwave infrared heat transfer coefficient.

- Also, in the insulating case and for the same reason, the variation is linear but with
lower absolute values going from 0.127 W*m=2*K-" for 0°C to 0.146 W*m=2*K-! for
40°C.
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In a second step, the g-value was investigated: first, the dependence of the g-value on the
angle of incidence was tested assuming winter conditions, with a direct solar irradiance of
500 W*m=, a temperature difference of 10 K and an average temperature of 10°C. The
part of incident energy absorbed in each layer was calculated with the software WINDOW
7.2 (Lawrence Berkeley National Laboratory 2015).The g-value was only investigated in the
conducting case, since it was proven in the previous section that the g-value in the
insulating case is negligible. The dependence of the g-value on the angle of incidence is
shown on following graph for the SS case:

XSS, conducting state, Irradiance=500 W*mn? , dT=10 K
—— Poly. fit, degree 5, R =1.000

. L

g—value of the element [-]
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Incidence angle [°]

Figure 48 - SS case, g=f(incidence angle) in the conducting state, for a temperature difference

between room and exterior air of 10 K, an average temperature of 10°C and an irradiance level

of 500 W*m-2. The hemispherical value for diffuse incoming light is showed as well. The value
for hemispherical incoming irradiance is also plotted.

As expected, the g-value varies strongly with the angle of incidence, since more irradiance
is reflected from the glazings with higher incidence angles.

In the SS case, the dependence of the g-value on the temperature difference and the
average temperature is negligible, with a constant value of about 0.84. The reason is that
for the SS variant, the secondary heat gain is always very low, because a very low amount
of incoming solar irradiance is absorbed in the glazings. For example, for 0° angle of
incidence, 1 % of the incoming energy is absorbed at the outer glazing and 1 % at the
inner glazing. The theoretical maximum of the secondary heat gain is then 2 %, but a large
part of the absorbed energy flows toward the exterior.
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In the SS case, the dependence on the irradiance is negligible. This is due to a very low
secondary heat gain generally but also to the fact that the order of magnitude of absorbed
energy in the two layers is the same and the temperature difference between the two
layers is not increased by the additional absorbed energy.

For the purpose of the advanced control strategies that will be used in the building
simulation, one could reasonably assume constant U- and g-values. For the U-value in the
conductive case, the constant values of Table 16 are assumed for both the SB and SS cases.
These values were calculated in the previous section for a conservative temperature
difference of 5 K (a higher temperature difference resulting in a higher, better U-value in
this state). For example, in the SS case, if the temperature difference is then 30 K, an error
of about 7 % is made on the U-value. However, a temperature difference of 30 K is
unlikely and the error would more likely be much lower. The U-values in the conductive
case presented in Table 16 were calculated with an average temperature of 21°C,
corresponding to a summer situation. If the average temperature drops to 0°C, an error of
about 6 % is made, but situations with such a low average temperature are also rare.
Identically, in the insulating case, the same assumption of constant U-values is made.

For the g-value, the dependence on the angle of incidence is strong in both configurations
and should be taken into account. However, the hemispherical values could be used as a
simplifying approximation that provides better results than the value for 0° incidence angle:
by takin the hemispherical value, when the irradiance is diffuse, the g-value is predicted
accurately. When the irradiance is direct, the error is acceptable for incidence angles below
60° (corresponding to winter and mid-season situations), and gets important for incidence
angles above 70°, for which the g-value is overestimated. In the SS case, the dependence
on irradiance level, temperature difference and temperature average is very low and can be
neglected, due to the low secondary heat gain in general.
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3.2.3 Comparison between measurement and ISO 150999 model

In this section, the prototype built is compared with the ISO 15099 calculation. The
prototype and the measurements are described in the experimental study.

To construct virtually the element, following assumptions were made:

- Isothermal boundary conditions at the outer and inner Plexiglas cover pane, taken
directly from the measurements.

- For the Plexiglas outer and inner pane, a thermal emissivity of 0.9 and a thermal
conductivity of 0.19 W*m"*K-! were assumed.

- Concerning the longwave properties of the films, the measured thermal emissivities
weighted for a Planck spectrum at 293.15 K were chosen, corrected with the DIN EN
12898 to take into account the angular response. This corresponds to a value of
0.031 for the aluminum “cold” side and a value of 0.479 for the PET “warm” side.
Since the transmittance in the infrared spectral range is negligible, we assume that
the thermal reflectivity is equal to 1-¢.

- The frame effect is neglected, since the U-value measurement device measures
center-of-glazing values.

In following figure, the measured values are plotted versus the calculated ones.
Measurements 1 to 3 refer to measurement with the same temperature difference at the
boundary but different average temperatures. Measurements 4 and 5 are with the same
average temperature and temperature differences of respectively 4.9 K and 19.8 K:

Measured and calculated U-value
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Figure 49 - Measured against calculated value for the first prototype.
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As the heat flux are measured in a 500*500 mm?2 central area, thermal bridges through the
wooden frame are unlikely to explain this difference. However, for this prototype, the films
were not fixed to the wooden frame, and the connection to the frame was loose.
Consequently the airtightness assumed during modeling was not realized. Thus, convection
and mass transfer is possible between two adjacent cavities, leading to a lower overall
thermal resistance. From the mechanical point of view, one design point is then to optimize
this airtightness at the sides, top and bottom while still allowing the films to be rolled up
and down, in order to reach the optimum shown by the model. At the end of this thesis,
this airtight prototype was not build yet.

For the building simulation, the optimal element as calculated by the model will be
simulated, before taking into account the higher U-value of the existing prototype in the
insulating state and assessing its impact on the overall performance of the element.



128

3.3 Evaluation of the element in a building application

In this part, the goal is to assess the potential of the new element on a building level. First,
the modeling approach is detailed. Then, variants are defined with the new elements and
control strategies are proposed. Finally, the results of the variants are compared to the
reference case based on the building energy demand (heating, cooling, artificial lighting).

3.3.1 Modeling approach

First, the building simulation environment and the implementation of the facade element
are presented, before choosing a climate and a reference building. Finally, the variants with
the new facade element are introduced as well as the control strategies to operate it.

3.3.1.1 Simulation environment

For the building simulation, the simulation program EnergyPlus (Crawley et al. 2001) has
been used, using the ISO15099 for the thermal modelling of facade elements. EnergyPlus
is a building energetic calculation tool which can calculate the heating and cooling loads as
well as artificial lighting load, process loads. EnergyPlus has many ready-to-use submodels
for different physical problems or components.

To model the window application, the element in the conducting state has been
represented by a conventional double pane window. The switching to the insulating state
has then been handled using the Energy Management System (EMS). The EMS can among
other things be used to switch dynamically facade element based on inputs or building
variables. In the insulating state, with the films rolled down, the element has been
implemented with (from the exterior towards the interior) an equivalent layer, one film and
the inner glazing, allowing to calculate accurately the inner temperature of the element
which is important for comfort. The equivalent layer was an opaque layer with an
equivalent thermal resistance, so that the total thermal resistance of the system was
represented accurately.

To model the wall component, the Trombe approach has been used. This approach has
been developed and validated in (Ellis 2003). The Trombe wall cavity is represented by a
thermal zone in which the internal convection is handled by the (Wright 1996) correlations.
In our case, this approach is valid for the conducting state, when the films are rolled up and
there is only one cover pane within a certain distance of the massive wall. However, it is
then not possible to model the insulating case, since the important air cavity cannot be
cancelled. In our case, the thickness of the Trombe wall zone has been set to a very low
value, so that the exterior surface of the wall is in perfect thermal contact with the interior
surface of the window. The windows are then switched using the EMS approach.
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3.3.1.2 Choice of climate
Following criteria’s where considered for the choice of the climate:

- Heating-dominated, to justify the need of insulation in winter, but with still an
important part of cooling needs.

- At least average yearly irradiance value, to be able to use irradiance in winter and
have cooling loads in summer.

- Important temperature variation between day and night, to benefit from the ability
to switch on or off the thermal resistance of the facade.

The European climatic conditions have been analyzed in depth within the European project
INSPIRE (Kuhn et al. 2014). An analysis considering air temperature ranges, heating and
cooling degree days as well as humidity in Europe allowed the differentiation of seven
different climates:

- Southern Dry

- Mediterranean

- Southern continental
- Continental

- Oceanic

- Norther continental
- Nordic

The climates are represented by following map:
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Figure 50 - Eurdbean climate classification. Source: (Kuhh et al. 2014).



130

Based on the criteria mentioned above, the continental climate has been selected for the
purpose of this study. The continental climate represented by the city of Stuttgart, is
described as “Inner land climate zone with high yearly temperature amplitudes between
cold winters and hot summers. It includes Central Europe (Germany, Austria, Czech
Republic, Slovakia, Hungary, etc.) as well as parts of Ukraine, Poland and Romania”.

In the INSPIRE report (Kuhn et al. 2014), is it stated that for the climate of Stuttgart, "the
repartition of the temperatures over the year is quite spread out, with an amplitude of 43°C
between the extreme summer and winter temperatures. During more than 10 % of the
year, the ambient air temperature is negative”. This is illustrated by following graphs:
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Figure 51 - Repartition of the ambient air temperature in Stuttgart over a year. Source: (Kuhn et
al. 2014).
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Figure 52 - Monthly ambient air temperatures in Stuttgart. Source: (Kuhn et al. 2014).

It can be observed that even in summer, the minimum air temperature during the night
stays below 10°C, which should allow us to cool down the building.

Alternatively, the southern continental climate, represented by the city of Lyon also fits to
the criterions above. This climate is described as “Climate zone with summer as warm as
Mediterranean summers, but with winters much colder. It includes most part of France,
North Italia, Slovenia, Serbia and Bulgaria”. This type of climate would produce more
cooling load and less heating load for the same reference building. The potential of the
switchable facade element to reduce the cooling load would still be important due to
important variation during day and night in summer. The potential of reducing the heating
load is diminished by the lower heating load, but increased again by the additional solar
irradiance.

Compared to the continental climate, the switchable facade element is likely to show less
potential for a northern climate: the cooling loads are lower in summer, reducing the
potential of switching to the conducting state during the night. Also, during the heating
period, the lower irradiance and very low external temperatures strongly diminish the
switching potential and potential heat gains. In a Mediterranean climate, lower insulation
levels are needed due to higher external temperatures and solar irradiance level. However,
the window application could still be used to lower the g-values of windows and diminish
solar gains.

For the purpose of this study, the climate of Stuttgart (Germany) is then chosen.
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3.3.1.3 Reference building

After the choice of the climate, a reference building is chosen. The reference building is
well insulated. To simplify the problem, a shoebox geometry is simulated. The simulated
room has one exterior facade and five adiabatic walls (three vertical internal walls, one roof
and one ceiling). The room had the following interior dimensions:

- Floor and ceiling: 4*5=20 m?2 each.

- Exterior south wall and north adiabatic wall: 4*3=12 m? each.

- Adiabatic east and west walls: 5*3=15 m?2 each.

- The middle third of the south exterior wall was occupied by the window (about 3.5

m2 glazed area and 0.50 m2 frame): 4 m2.

Figure 53 - Simplified representation of the simulated room (interior dimensions).

The orientation of the exterior facade was south. The south orientation produces an
important cooling load due to the high solar gains. These solar gains can also be used in
winter to diminish the heating load with the switchable element. In a second step, other
orientations will be investigated.

The external facade was defined as follow (from the exterior towards the interior):

Name Thickness | Conductivity | Density Specific heat | Source
_ M Wm 1 *K-! kg*m-a J*kg-1*K-1 _
Polyurethan | 0.2 0.031 40 2090 (TRNSYS
2013)
Concrete 0.15 2.100 2400 1000 (TRNSYS
2013)
T. Pflug, 2016
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Table 18 - Detail of the external wall (Reference building), from outside towards inside.

The U-value of this external wall is 0.149 W*m2*K-". This is compatible with the Passive
House standard.

The adiabatic internal walls, floor and ceiling are composed of 15 cm of concrete:

Name Thickness | Conductivity | Density Specific heat | Source

_ M W*m1*K-! kg*m—3 J*kg—1*K—1 _

Concrete | 0.15 2.100 2400 1000 (TRNSYS
2013)

Table 19 - Detail of the internal walls, floor and ceiling (Reference building), from outside towards inside.

The impact of this important thermal mass on the reference case is discussed in the results
section.

The selected triple glazing window with Argon and two low-e layers is detailed below:

Name U-value | g- Tsol Tuis Area | Source
value

Unit W*m- - - - m? -

2*K—1
Glazing: Saint- | 0.75 0.61 |0.51 [0.73 |3.5 | http://exprover.saint-gobain-
Gobain SGG glass.com/product/351/sgg-
PLANITHERM planitherm-lux#tabs-2
LUX
Frame: 0.85 - - - 0.5 | http://www.wiegand-
reinforced info.de/waermebruecken/dow
aluminum and nload.php?download=69
wood frame, 5
cm wide
Window 0.76 0.601 1051 10.73 |40 |-

Table 20 -Description of the overall properties of the reference triple glazing window.

This window complies with the passive house standard.

To avoid glare and overheating, the window was equipped with an external horizontal
venetian blind. The blind went down when the irradiance on the external surface exceeded
150 W*m2. The slat angle between the normal to the horizontal blind and the normal to
the glazing was then 25°.

In the room, the artificial daylight was turned on and modulated if the illuminance in the
room was below 500 lux (DIN V 18599-10:2007). When the light was on, an additional
heat gain of 10 W*m2 was assumed in the room.
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The room was assumed to be occupied by two people between 7:00 and 18:00 during
weekdays (DIN V 18599-10:2007). The total heat gain due to people including convective,
radiant, and latent was assumed to be 150 W per person (seated, light work, typing) (ISO
7730:2005), half of it being sensible heat.

The internal gains through auxiliary are equal to 15 W*m2 when the office is occupied (DIN
V 18599-10:2007).

The heating setpoint was 21°C between 5:00 and 18:00 during weekdays, and 17°C
otherwise (DIN V 18599-10:2007). The cooling setpoint was 24°C between 5:00 and 18:00
during weekdays, and 28°C otherwise (DIN V 18599-10:2007). To simplify the problem, a
perfect heating and cooling system was assumed: for example, during a heating period, if
the predicted room temperature was below the setpoint temperature, the room
temperature was set to the setpoint temperature and the calculated energy to be provided
to the room air node is then calculated as heating load.

Concerning the ventilation, the exterior airflow rate per person was 40 m3*hr' (DIN V
18599-10:2007). Heat recovery with a recovery rate of 75 % was active whenever useful.
The infiltration rate was 0.2 vol*hr "

These hypotheses and parameters had as a consequence that the building had a heating
and cooling demand corresponding to a passive house, as will be seen in the result section.
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3.3.14 Simulated variants

After the reference building was defined, different variants were introduced with the new
switchable element:

Reference Variant: wall Variant: window
facade
Window
element

Figure 54 - Reference facade and variants to be simulated.

The reference facade is divided in three parts: one window part in the vertical middle (1m
to 2m height), and two insulated opaque areas. For the wall application, the external
insulation in front of the opaque surface is replaced by the switchable element. For the
window application, the entire upper part of the wall (insulation and concrete) is replaced
by the switchable element. Only the upper part is replaced, because, from the daylighting
point of view, the benefit of having a transparent element in the lower third (1m) of the
facade is low.

The ratio between window area and frame area is the same than for the reference window.
The U-value of the frame is also the same (0.85 W*m=2*K""). At the moment of the writing
of this thesis, no complete frame with integrated mechanism to roll up or down the foil
was designed and the design of the frame was not developed yet.

T. Pflug, 2016
Development, Characterization and Evaluation of switchable facade elements 135
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3.3.15 Control strategies

After defining the reference room and different facade variants with the switchable
element, different control strategies are now proposed:

- Asimple control strategy that is easy to implement.
- An advanced control strategy.

3.3.1.5.1 Simple control strategies

These simple control strategies do not consider daylight. The priority is on the thermal
energy demand. Different control strategies are proposed for the window and wall
application. We have two modes: a heating-dominated mode and a cooling-dominated
mode. We decide in which case we are based on the mean temperature over the last 24
hour. Compared to a strategy based on the legal heating and cooling period for a location,
this strategy is more performant during mid-season where there are periods with
alternatively heating and cooling demands.

Name Inputs Controlled variables
c(z)fnttr:gl Tec2s Tow>Tint I>150 W*m-2 Insulating (0) or
strategy <Tswitch conducting (1) state

! - 1
Heating 1 0 1 1
0 0 0
0 0 1
Cooling 0 0 1 0
! - 0

Table 21 - Simple control strategy for the window application.

With:
- Tex24[K] the mean exterior air temperature over 24 h.
- | [W*m?] the total (direct+diffuse) energy arriving at the vertical facade.
- Taier [K] an arbitrary temperature above which we switch from the heating mode to
the cooling mode.

The limit of 150 W*m2 is meant to prevent overheating in summer, and to switch to the
conducting state only when there is enough sun in winter. The influence of this limit will be
investigated. As we only replace the upper third of the facade, glare is not taken into
consideration in these control strategies.

Hereunder is the control strategy for the application on the wall. The interior temperature is
replaced by the outer surface temperature of the wall with thermal mass, Twaiou (at the
connection with the switchable element). The reason is that, due to the thermal mass, this
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surface temperature is more meaningful than the inner temperature to decide if the
element is switched to the conducting or insulating state.

Controlled
Name Inputs :
variables
of the ,
control Tona Insulating (0) or
o Tex>Tualout 1>150 W*m? conducting (1)
strategy <Tswitch
state
1 - 1
Heating 1 0 1 1
0 0 0
0 0 1
Cooling 0 0 1 0
1 - 0

Table 22 - Simple control strategy for the wall application.

During the testing of these control strategies, the influence of the switching temperature
between heating and cooling mode as well as the influence of the limit on the global
irradiance on the facade will be investigated.

The advantage of this control strategy is that the four inputs are easy to measure and need
only to be compared logically to each other or to a fixed limit.
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3.3.1.5.2 Advanced control strategy: optimized heat transfer

Here, we try to predict what will happen in the current time step if we open the element.
To do so, we predict the total heat flux through the back of the element, composed of:

- The directly optically transmitted solar radiation

- The secondary heat gain

- The heat flux due to the temperature difference between the external air
temperature and the room air temperature or the temperature of the back of the
element for respectively the window or wall application.

This total heat flux is defined by:
Qtotin = Ysolar — Jthermal Equation 67
With:
- Quermat [W*m2] the heat loss due to temperature difference, defined as:
Athermal = U(I = 0) * (Ting — Texe) Equation 68
- Qsolr [W*m2] the heat gain due to solar irradiance, defined as:

Qsolar = g * 1 Equation 69

For the window application, we then have following control strategy:

Name of Controlled variables
th .
© Text,24 Qtot,in>0 Insulating (0) or
control Towi (conducting state) conducting (1) state
strategy < svieh 9 9
Heating 1 1 1
0 0
. 0 1
Cooling 0
1 0

Table 23 - Advanced control strategy with prediction of the total heat flux towards the back of the element
for the window application, if the element would be in a conducting state.
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For the calculation of the heat flow through the back of the element in the wall application,
the temperature difference deltaT’=Tex -Twanout is taken. Doing that, and using U" and g’
defined below allow us to calculate the heat flux that leaves the back of the element
towards the massive wall. For example, during a cold winter day, even if the interior air is
warmer than the exterior air, we may warm up the wall if the wall outer temperature is
lower than the exterior air temperature.

The advantage of this control strategy is that we take advantage of every situation where
the heat flux could be favorable. This control strategy could be easily adapted to other
climate. Only the switching limit between the heating and cooling mode has to be adapted
to the new climate. One alternative solution is to set the heating mode during the entire
legal heating period for a location, and set the cooling mode otherwise.

The U- and g-values of the wall and window elements (respectively SB and SS
configurations) have been calculated in 3.2.2.2.2. The influence of different boundary
conditions has been investigated in 3.2.2.2.3. Here, the U- and g values are considered
constant. Following values have been taken to predict the total heat flux towards the
interior in the conducting case:

o U=2.70 W*m=2*K" for the window (SS) configuration, corresponding to the
value of Table 16.

o U'=4.40 W*m=2*K"' for the wall (SB) configuration. The value is superior to
the one from Table 16 because the interior boundary heat transfer coefficient
has been set to a very high value, so that the heat flux predicted with the
advanced control strategy is the heat flux going from the facade element to
the massive wall. This is why U’ is used instead of U. The outer wall
temperature is then considered as an isothermal boundary condition for the
prediction of the total heat flux towards the wall.

o g=0.74 for the window (SS) configuration. This value is different from the
value in Table 16, since it corresponds to the hemispherical value. The
consequence is that for direct irradiance and low incidence angle (winter
situations), the g-value is slightly underestimated, while for high incidence
angles the g-value is overestimated. The g-value is modelled correctly for
diffuse incoming solar irradiance.

o g'=0.76 for the wall (SB) configuration, also corresponding to the
hemispherical value (and an isothermal internal side boundary condition).
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3.3.2 Results and discussion

In the following section, the building simulation results are presented. The goal is to assess
the potential of the new switchable facade element on the building level. After introducing
the modeling approach, choosing the climate, the reference building, the variants as well as
the control strategies to be simulated, the simulations are conducted as follow:

- First, the simulation results of the reference alone are presented.

- Then, the results of the window variant are presented, with the new switchable
element replacing the upper part of the facade.

- The results for the wall variant are then shown, were the opaque areas are equipped
with the new element.

- The impact of the difference between the properties of the theoretical facade
elements and the measured element on the building simulation is investigated.

- Finally, the influence of thermal mass is investigated, as well as other orientations
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3.3.2.1 Reference building and thermal mass

The building simulation results for the reference building are shown on following graph.
Along to the reference case, three other cases are shown:

- the same room with a lower thermal mass (5 cm concrete instead of 20 cm for each
wall, roof and ceiling)

- the same room without thermal insulation

- the same room without thermal insulation and a lower thermal mass
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Figure 55 - Simulation results: reference and influence of thermal mass as well as influence of
the insulation level of the external wall. Results expressed in useful energy.

The reference room has a passive house like energy demand, with heating and cooling
demands below 15 kWh*m=2. The artificial lighting demand is high, due to the high
illuminance setpoint of 500 lux in the room as well as the quite high light consumptions of
10 W*m-2,
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Thermal mass generally as well as the position of thermal mass compared to the position of
the insulation for the exterior facades are important criteria for the reduction of the
building heating and cooling demand as shown in (Kossecka und Kosny 2002), (Aste et al.
2009) or (Long und Ye 2015). In (Kossecka und Kosny 2002), analyzing different six
different US climates and different wall configurations, the authors show that the best
performance in terms of heating and cooling demand is achieved with concrete layers at
the inside and insulation layers at the outside. In (Aste et al. 2009), the author comes to the
same conclusion simulating a south room in Milan and several external wall configuration,
and also shows the importance of thermal mass since the highest energy demand results
from a light weight wall configuration with no significant thermal mass layers.

In our case, compared to the reference, the same room with a lower thermal mass has a
higher energy: thermal mass absorbs the peaks of room loads, tempering overheating in
summer and helping storing solar gains during winter days.

Without insulation, besides the obvious important increase of heating demand, it is
interesting to remark that the cooling demand slightly decreases compared to the case with
insulation. This is the effect that is aimed for in summer with the switchable element.
However, it can also be remarked that with the low thermal mass, this effect is reversed:
the effect of the switchable element is then also very likely to be dependent on thermal
mass.
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3.3.2.2 Window variant
In following section, the simulation results for the window variant are shown:

- First, the upper portion of the exterior south wall is replaced by the switchable
facade element, but with the switching state always insulating.

- Then, a second simulation is done with the element always in the conducting state.

- Then, the element is simulated with the simple control strategy defined previously.

- Finally, the element is simulated with the advanced control strategy defined

previously.
I Heating demand
[ Cooling demand
[ Artificial lighting demand
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Simple control
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Figure 56 - Building simulation results: window application. Results expressed in useful energy.

The difference between variant always down and the reference is the much lower thermal
mass in the upper part of the facade, which is compensated by a slightly lower U-value of
0.137 instead of 0.149 W*m-2*K-" for the reference opaque wall.
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When the switchable element is always in conducting state, the diminution of artificial
lighting demand is compensated by the additional cooling demand due to solar gains and
by the additional heating demand due to higher thermal losses in winter, not compensated
by the additional solar gains.

With the simple control strategy and compared to the reference, there is a reduction by
22 % (4.8 kWh*m2) of the sum of heating and cooling demands: the cooling demand can
be reduced by 3.3 kWh*m=2 (36 %) and the heating demand can be reduced by 1.5
kWh*m=2 (12 %). Due to the replacement of an opaque area with the switchable element
with a high transparency in conducting state, the artificial lighting is diminished by 12.7
KWh*m2 (52 %). For the simple control strategy, the system was in insulating state 47 %
of the time.

With the advanced control strategy and compared to the reference, the reduction of the
sum of the heating and cooling demands reaches 29 % (6.2 kWh*m=): the cooling
demand can be reduced by 5.1 kWh*m=2 (55 %) and the heating demand can be reduced
by 1.1 kWh*m=2 (11 %). For the advanced control strategy, the system was in insulating
state 58 % of the time during the year. The advanced control strategy is very effective
during the cooling period, but is slightly less effective than the simple control strategy
during the heating period. The assumptions of constant U- and g-values could explain these
differences.
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To understand more in detail the reductions of the heating and cooling energy demand,

the variation of different temperatures and variables is shown for two winter days, for the
simple control strategy:

—— Average external temperature over 24 hours
—— External temperature
Room air Temperature
—— Room air Temperature (Reference)
Element control state (O=insulating,1=conducting)
—— Irradiance on facade>150 W*m~2 (1=True)
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Figure 57 —Temperatures, irradiance condition and control state for the simple control strategy
during two winter days. The indoor air temperature of the reference is also plotted.

During this two sunny winter days, the irradiance on the facade is superior to 150 W*m-
during daytime. Consequently, the facade element is switched to the conducting state: this
conducts to a warming of the building’s internal mass and internal air temperature: the
temperature rises over the lower limit of 19°C when the room is occupied. The additional
solar gains are stored in the building’s mass is then released when there is not enough solar
irradiance anymore and the element is switched to the insulating state. Thus, the internal
air temperature decreases slower than the one of the reference case.
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The same analysis is performed for two summer days:

—— Average external temperature over 24 hours
—— External temperature
Room air Temperature
—— Room air Temperature (Reference)
Element control state (O=insulating,1=conducting)
—— Irradiance on facade>150 W*m~2 (1=True)
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Figure 58 — Temperatures, irradiance condition and control state for the simple control strategy
during two summer days. The indoor air temperature of the reference is also plotted.

During these two summer days, the switching to the conducting state during nighttime
allows to cool down the thermal mass. Consequently during daytime, when the element is
switched to the insulating state, the increase of the internal room air temperature is more
attenuated in the variant than in the reference.
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For the simple and advanced control strategies, one important factor is the switching
temperature which decides whether the system is operating in heating mode or in cooling
mode. In a preliminary step, this switching temperature has been optimized:
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Figure 59 - Building simulation. Window application: influence of the switching temperature
with a limit on the irradiance of 150 W*m2, with the simple control strategy. Results expressed
in useful energy.

A high switching temperature favors the heating demand, while a low one favors the
cooling demand, as the corresponding control strategies are activated more frequently. A
low switching value, by having more cooling control strategy, also lowers the artificial
lighting demand. The optimum was found for 5.2°C. This value is also the optimum for the
advanced control strategy.

Also, for the simple control strategy, the influence of the irradiance limit has been checked:
the same simulation has been conducted with an irradiance limit of 300 W*m2 instead of
150 W*m2: the results, visible in Appendix, show for the same switching temperature an
overall higher energy demand: the cooling energy demand is higher, since more solar gains
are allowed in summer before switching to the insulating state. The heating energy
decreases slightly, since in winter, the system is not switched to the conducting state
anymore for low solar irradiance level below 300 W*m=2. Another improvement step to this
control strategy would be to have two different conditions on the incoming irradiance for
the cooling and heating periods. The advanced control strategy based on the calculation of
the total heat flux to the interior is not dependent of such considerations.
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3.3.2.3 Wall variant
In following section, the simulation results for the wall variant are detailed:

- First, the upper portion and lower of the exterior insulation is replaced by the
switchable facade element, but with the switching state always insulating.

- Then, a second simulation is done with the element always in the conducting state.

- Then, the element is simulated with the simple control strategy defined previously.

- Finally, the element is simulated with the advanced control strategy.
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Figure 60 - Building simulation results: wall application. Results expressed in useful energy.

Although the switchable element in insulating state (element down) has a slightly better
thermal resistance than the insulation it is replacing, the frame of the switchable element
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has a much lower thermal resistance: it was assumed that the U-value of the frame is the
same as the one of a good window frame, equal to 0.85 W*m=2*K-". After weighting with
their respective areas, the U-value of the total element area (with frame) in insulating state
is 0.23 W*m=2*K™', while the reference external facade has an U-value of 0.15 W*m=2*K-".
Consequently, when the external insulation is replaced by the switchable element in the
“always down"” position, the heating demand increases while there is a slight decrease of
cooling demand.

When the element is always in a conducting state (up), it acts as a Trombe wall: the
absorbed energy at the absorbing paint on the wall external surface increases the cooling
demand dramatically. The additional heating gains in winter are not compensated by the
additional heat loss due to the higher U-value of the element in conducting state with a 20
cm air cavity.

With the simple control strategy, compared to the reference, the sum of heating and
cooling demands is reduced by 24 % (5.1 kWh*m2): the cooling demand is reduced by 1.0
kWh*m2 (11 %) and the heating demand by 4.1 kWh*m2 (34 %). However, if we
compare the switching element to the case of the element always in insulating case
("Always down"), it can be observed that a reduction of about half the heating demand
can be achieved. However, the cooling energy demand slightly increases, which is due to
the optimization of the switching temperature detailed below.

The advanced control strategy produces the best results with a reduction of the sum of
heating and cooling demands by 34 % (7.2 kWh*m2) compared to the reference: the
cooling demand is reduced by 3.5 kWh*m? (38 %) and the heating demand by 3.7
kWh*m=2 (31 %) compared to the reference. To assess the true potential of switching the
insulation, the variant with advanced control strategy is compared to the “always down”
case: a reduction by 41 % (9.9 kWh*m2) of the sum of the heating and cooling demand is
then achieved.

To underline the importance of the frame effect, the “window” frame of the wall element,
with an Usvalue of 0.85 W*m=2*K-, is insulated at the same level than the opaque walls of
the reference (U=0.15 W*m2*K"). Then, the reduction of the sum of heating and cooling
demand compared to the reference increase to 34 % (7.3 kWh*m2) instead of 31 %.
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Again, particular days are taken investigated for the simple control strategy:

—— Average external temperature aver 24 hours
—— External temperature
Room air Temperature
—— Room air Temperature (Reference)
Wall outer surface temperature
—— Element control state (O=insulating,1=conducting)
—— Irradiance on facade>150 W¥m 2 (1=True)
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Figure 61 - Temperatures, irradiance condition and control state for the simple control strategy
during two winter days. The indoor air temperature of the reference is also plotted.

During these sunny winter days, the wall outer surface temperature, coated with the
absorbing painting, reaches a high surface temperature above 40°C, despite the fact that
the external temperature is below 5°C. The consequence is a direct heating of the thermal
mass. During nighttime, this heat is delivered to the room, whose internal temperature is
higher than the one of the reference room.

During the cooling period, the mass of the external wall is directly cooled down during
nighttime, while the element acts as a standard exterior insulation during daytime.
However, with the actual simple control strategy, this effect is not emphasized, as shown
during the optimization of the switching temperature below.
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For the wall element, the switching temperature between heating and cooling mode has
also been optimized:
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Figure 62 - Building simulation. Wall application: influence of the switching temperature with a
limit on the irradiance of 150 W*m- for the simple control strategy.

The trend is the same than for the window element. The optimum is higher than for the
window element and was found to be 9.6°C (also for the advanced control strategy), with
a total annual energy demand of 40.7 kWh*m-2. The difference with the window element
is that the control strategy has no influence on the artificial lighting demand here. Towards
this optimum, the slight increase in cooling demand is overcompensated by the important
decrease of heating demand.

The influence of the solar irradiance limit followed the same trend as for the window
element, as can be seen in Appendix.
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3.3.24 Measured prototype versus theoretical values

The previous results have been simulated using the U- and g- values calculated with the
theoretical model in section 3.2.2.2. However, during the comparison between the
ISO15099 model and the experimental measurement of a prototype, it has been shown
that the prototype has a higher U-value than predicted by the model in the insulating state.
In this section, the impact of this difference on the building simulation is assessed.

From the five U-value measurements presented in 3.2.1.1, the case with the highest U-
value has been chosen (“worst case”), with an U-value of 0.45 W*m=2*K-', measured with
an average temperature of 20.1°C and a difference of temperature of 19.8 K. Since the U-
value measurement was done with 11 cavities of about 9 mm, the equivalent thermal
conductivity of the element has been calculated. This thermal conductivity has then be used
to calculate the thermal resistance of a “real” element of 20 cm overall thickness, which
has been implemented in the building simulation model. The U-value of this “real” 20 cm
element is then 0.22 W*m2*K"" to be compared to the value of 0.14 W*m2*K" of the
theoretical calculation.

For the window element, replacing the theoretical U-values with this measured value leads
to a very small increase of the heating demand from 11.0 kWh*m=2*yr' to 11.2 kWh*m-
2*yr'in the variant with the advanced control strategy. For the wall element, the heating
demand increases from 8.4 kWh*m=2*yr' to 8.7 kWh*m2*yr'. The cooling demand
remained unchanged for both the wall and window configurations. With the real measured
thermal properties, the performance of the switchable insulation is not affected in a
significant way. The reason is that this higher U-value is compensated by the solar gains
achieved during the heating period with the switching process.
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3.3.2.5 Influence of thermal mass

In this section, the impact of thermal mass on the performance of the switchable insulation
is investigated.

In our case, the well-insulated reference building has 15 ¢cm concrete on all internal and
external walls (see also 3.3.1.3). The reference case has already been simulated with a
lower thermal mass (see 3.3.2.1).The influence of the thermal mass on the variant with the
window element and the advanced control strategy is shown on following graph:
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Figure 63 — Influence of the thermal mass on the window variant with advanced control
strategy. Results expressed in useful energy.

The thermal mass has an important impact on the performance: for the case with 15 cm,
the sum of the heating and cooling demand was reduced by 29 % (6.2 kWh*m?)
compared to the reference, as shown previously. With 5 cm concrete, the reduction due to
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the switchable insulation drops to 23 % (6.4 kWh*m=), compared to the reference with
only 5 cm concrete: in winter the thermal mass allows to store the solar gains when the
element is in the conducting state, while during the cooling periods the thermal mass can
be cooled down during nighttime and dampen the effect of internal gains and solar
radiation during daytime.

For the wall variant, the conclusion is similar: the reduction of heating and cooling demand
drops from 34 % (7.2 kWh*m2) for the 15 cm case to 17 % (4.6 kWh*m2) for the case
with 5 ¢cm concrete. It has also been checked that the optimal switching temperature for
the control strategies did not change with another level of thermal mass.

3.3.2.6 Other orientations

In this section, the potential of the switchable insulation is investigated for other
orientations than the original south orientation, with the advanced control strategy.

The whole room was rotated so that the orientation of the external surface went from
south to west, north and east.

The reference building has an external blind over the triple glazing window in the central
area (see also 3.3.1.3). The blinds goes down when the total irradiance above 150 W*m?,
in order to prevent glare and overheating during the cooling period. This control strategy is
the same for all four orientations, and the consequence is that for example for the south
facade, the blind is down 1859 hours over the year while for the north facade it is only
down 534 hours. The consequence is that for the reference building the solar gains to the
room are quite similar for the four orientations, leading to very close energy demands.

For the window variant, the best reduction of the sum of heating and cooling demands is
for the south facade, with 29 % (6.2 kWh*m2) compared to the reference. The west, north
and east facade show reductions of respectively 17 % (3.8 kWh*m=2), 8 % (1.7 kWh*m)
and 19 % (4.3 kWh*m2): while the reduction of the cooling demand is still important (but
lower, especially for the North facade), there is no reduction of the heating demand: one
reason is the lower level of solar irradiance incoming at the facade for other orientations,
with less solar gains during the heating period. The other reason is due to the optimization
of the switching temperature between heating and cooling mode (see also 3.3.1.5), which
focus on the sum of heating, cooling and lighting demand. If the optimization is based on
heating and cooling only, a higher switching temperature is taken and a more important
reduction of heating and cooling can be achieved.

For the wall variant, the switchable element does not impact the artificial lighting. For the
south orientation, it was showed in the previous sections that a reduction of the sum of the
heating and cooling demand by 34 % (7.2 kWh*m2) compared to the reference could be
achieved. For other orientations, the reduction is less important. For the west and east
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orientations, the reduction of the sum of heating and cooling demand is respectively 15 %
(3.4 kWh*m2) and 13 % (3.0 kWh*m2), while this reduction is only of 3% (0.7 kWh*m) for
the north facade. Relatively to the variant with the element always in an insulating state, the
reduction is again higher, since the frame with low insulation is then present in both cases.
For the wall variant, it is interesting to remark that the optimal switching temperature
between heating and cooling mode (average external temperature over 24 hours) changes
significantly for other orientations: for the west and north orientation, the optimum
switching temperature is respectively 10.0°C and 13.4 °C instead of 9.6°C for the south
and east orientations.
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3.4 Conclusion: removable insulation system

In this chapter, a new facade element with switchable thermal properties has been
presented. A first prototype has been built and measured in a hotbox apparatus. The
optical solar and infrared properties of the films have also been characterized
experimentally.

The element has then been investigated from the theoretical point of view, first on the
single cavity level: the convective and radiative heat transports in one cavity have been
detailed: in particular, the effect of the choice of IR properties and cavity thickness has been
investigated. For a single cavity, as soon as there is a low-e layer in the cavity, the
equivalent resistance is dominated by the convective effect. A maximum is reached around
2 cm thicknesses, and the results are temperature dependent. Adding then a second low-e
layer in the cavity only improves very slightly the equivalent resistance due to the
dominating effect of the convective resistance. The cavity thickness should be chosen in
order to stay in the “purely” conductive range. For this purpose, and in order to keep a
limited number of films, a thickness of 1 cm is chosen. It has also been shown that the film
used for the first prototype, with a low-e layer on one side and PET on the other, is
sufficient to get almost the maximum possible thermal resistance for one air cavity and a
given thickness.

In a second step, several air cavities in series and the whole facade element have been
analyzed using the model introduced in (ISO 15099:2003). The influence of the number of
insulating cavities in the insulating state and the influence of the total cavity’s thickness in
the conducting state has been investigated, for different front and back covers. Finally, two
systems have been selected for the building simulation with 20 cavities and 20 cm overall
thickness:

- The solar glass-black painting (not selective) variant for the wall application. A
switching of the U-values from about 0.14 to 2.76 W*m=2*K-" was obtained as well
as a switching from none to 0.49 for the g-value.

- The solar glass-solar glass variant for the window application. The switching range is
from about 0.14 to 2.70 W*m2*K"" for the U-value and from none to 0.84 for the
g-value.

The influence of the difference between the room air temperature and the exterior air
temperature, as well as the average temperature between room and exterior air
temperature on the U-value has been investigated, as well as the influence of the angle of
incidence of direct irradiance, the total amount of incoming irradiance, the temperature
difference and average temperature on the g-value.

A comparison between the measurement of the U-values and the calculated values show a
higher U-value than predicted, the suspected reason being air tightness at the connection
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between films and frame. From the mechanical point of view, one design point is then to
optimize this airtightness at the sides, top and bottom of the element while still allowing
the films to be rolled up and down, in order to reach the optimum shown by the model.

A well-insulated building was simulated. Two different control strategies where developed.
The buildings simulations results showed that for the window configuration, a reduction of
the sum of the heating and cooling demands by 29 % (6.2 kWh*m2) could be achieved
with the advanced control strategy: the cooling demand can be reduced by 5.1 kWh*m=
(55 %) and the heating demand can be reduced by 1.1 kWh*m=2 (11 %). As an opaque
surface is replaced by a transparent (switchable) element, the artificial lighting is diminished
by 12.7 KWh*m=2 (52 %). For the wall element, a reduction of the sum of heating and
cooling demands by 34% (7.2 kWh*m2) could be achieved compared to the reference: the
cooling demand is reduced by 3.5 kWh*m? (38 %) and the heating demand by 3.7
kWh*m2 (31 %) compared to the reference. It is important that the “true” potential of
switching the insulation is higher, but dampened by the frame of the element. Building
simulations results showed us the importance of having a high thermal resistance for the
frame of the element in order to keep the benefits from the switching of the U-value.

The influence of thermal mass is very high on the reduction of heating and cooling
demands: for example, in a building with a lower thermal mass, the wall variant with the
advanced control strategy would only reduce the heating and cooling demand by 17 %
(instead of 34 %).

The best potential was found (for this Stuttgart climate) for a South orientation, with
important solar gains causing cooling loads in summer and possible heat gains in winter.
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4 Conclusion and perspectives

4.1 General conclusion

In this thesis, two new concepts of switchable insulation have been introduced and
developed.

For the first system, the closed movable insulation system, an extensive experimental
campaign was performed: the translucent insulation material was characterized optically
which allowed to parametrize a theoretical model. Numerous U-value measurements
permitted to investigate the impact of different thermophysical parameters on the
performance of this facade element. A detailed physical model was developed, showing a
good agreement with measurements. The detailed model was used to perform a
parametrical analysis and understand the range of possibilities that could be achieved with
this first concept. The model also allowed us to characterize in detail the thermal behavior
of the facade element. A building simulation based on the first U-values measured for the
prototype showed that important reductions of the cooling demand could be achieved with
the new switchable element as well as an important improvement of the summer comfort.
An optimized element could even compete with free cooling solutions, both from the
energetic and comfort point of view.

For the second system, the removable insulation system, the focus was on the theoretical
analysis on different levels: the convective and radiative heat transfers of a single air cavity
have been investigated in detail, showing the impact of the different thermophysical
parameters. Using an existing standard model, the properties of different variants were
calculated, as well as the influence of the most relevant thermophysical parameters and
boundary conditions. On the building level, an extensive simulation campaign was done to
assess the potential of the two variants of this removable insulation system. The influence
of control strategy, orientation and thermal mass was also shown.

If the closed movable insulation system is compared to the removable insulation system, it
can be concluded that:

- For the U-value, the highest switching range is offered by the removable insulation
system, with low U-values of about 0.14 W*m=2*K-! and high U-values of about 2.70
W*m2*K-". However, the detailed model presented in chapter 2 showed that with
the use of a vacuum insulation panel, the closed movable insulation system could
reach an even lower U-value in the insulating state, at the expense of a lower U-
value in the conducting state. In the case study on the closed movable insulation
system, a variant vas simulated with a “virtual” higher U-value of 3 W*m-=2*K",
producing an important reduction of the heating and cooling energy demand as
well as important improvements in the summer comfort. It is interesting to remark
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that, even if this virtual U-value value could not be reached with the first system, the
value is close to the 2.70 W*m=2*K-' reachable with the removable insulation system.

- The translucent closed movable insulation system has a very low overall solar
transmittance and g-value, due to the translucent insulation material used. This
could be solved by the use of a high-performance translucent insulation material,
such as aerogel. However, the system should then be equipped with an external
blind to reduce the unwanted solar gains in summer.

- The removable insulation system needs an important thickness of 20 cm to achieve
these thermal properties. The closed translucent system could be a good
compromise if for architectural reasons the thickness is limited.

- Concerning the costs, the removable insulation system is likely to be the cheapest
system of both, since it is using a technology to retract the films that already exists
for conventional roller blinds, and the much less expensive insulating material air.

- The mechanically moving parts of both technologies could be a barrier to the market
penetration, due to the added complexity. However, such mechanized parts are
already accepted in the blind industries.

Concerning the potential of switchable insulation, both systems showed an important
potential of reduction of the heating and cooling energy demand in buildings for the
continental climate investigated. The thermal mass of the building is a decisive factor for
the performance of switchable insulation, and the best orientation is south. The numerous
building simulations performed in section 3.3 showed potential of reducing the heating and
cooling demand by about 30 %, achieved not only by deactivating the insulation during the
cooling period, but also by using solar gains during the heating period, without consuming
any electricity to run pumps and fans, without exterior air to filter and noiseless.

4.2  Perspectives

Within this research, new scientific challenges appeared which can be addressed in future
research on switchable insulation:

- What is the potential of switchable insulation for other climates?
- What is the potential of switchable insulations system for a residential building?
- How cost-effective are the different new technologies that were introduced?

After demonstrating the potential of switchable insulations with building simulations and
numerous laboratory measurements, the next step would be apply the technologies in a
first commercial building project. Outdoor measurement results on a test building could
also help the market penetration of these new products.

With measurements of the airflow rate within the closed movable insulation element
presented in chapter 2 and a modelling of the airflow with a Computational Fluid Dynamic
software, the detailed physical model could be extended to more complex geometries
which may offer even higher switching factors.
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7 Appendix

A. Simulation details of the well-insulated office

In this appendix, the simulation details of the well-insulated office presented in chapter 2
are detailed:

Internal walls:

The internal walls are composed of:

- Light partition wall: 39.3 m2.
- Concrete internal wall: 21.5 m?
- Concrete ceiling: 63.3m?

Ventilation:

A heat recovery system was implemented, with an efficiency of 75 % and four different
cases:

- Heating: 75 % heat recovery.

- Heating: 0-75 % heat recovery: it is not advisable to introduce air with more than
20°C in winter, because this could lead to cooling loads in winter.

- Cooling: No heat recovery

- Cooling: 75 % recovery.

The ventilation rate is constant at 2 vol*h-'.

Occupation:

3 Persons between 7:00 and 18:00 on working days.

Cooling:

Cooling temperature: 24°C between 5:00 and 18:00 on working days, 28°C otherwise.
Unlimited cooling power.

Heating:

Heating temperature: 20°C between 5:00 and 18:00 on working days, 16°C otherwise.
Unlimited cooling power.
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Infiltration:
The new infiltration is 0.1 vol*h-".

Internal gains by occupation and computers:

The internal gain through occupation were calculated with the Norm ISO 7730 (seated,
light work, typing). The internal gains through computers are equal to 3*150 W when the
office was occupied.

B. Range of application of the correlation from EISherbiny

In this section, the range of application of the correlation from ElISherbiny introduced in
(EISherbiny et al. 1982) is presented graphically:
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Figure 64 - Parameter range for the correlation presented by EISherbiny for closed cavity
convection. Source (EISherbiny et al. 1982).

The EISherbiny correlation is used in section 3.2.2.1.1.
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C. Building simulation: influence of the switching temperature for a higher
limit on the irradiance for the window and wall configuration

In following graphs, the influence of the switching temperature as defined in the control
strategies on the energy demand for the window and wall configurations is presented, for a
limit on the irradiance of 300 W*m (see also 3.3.2):
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Figure 65 - Building simulation. Window application: influence of the switching temperature
with a limit on the irradiance of 300 W*m-2.
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Figure 66 - Building simulation. Wall application: influence of the switching temperature with a
limit on the irradiance of 300 W*m=.
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8 Résumé étendu

Les nouvelles réglementations européennes et nationales concernant les besoins
énergétiques des batiments impliquent des épaisseurs d’isolations toujours plus
importantes. Pour le climat continental européen, ces importantes épaisseurs d’isolations
ont pour conséquence, en hiver, des besoins de chauffage toujours plus bas. Par contre, en
été, ces épaisseurs importantes d‘isolations (parfois au-dela de 20 cm) ont parfois pour
conséquence une surchauffe des pieces, due aux gains solaires et aux apports internes
(personnes, équipements, etc.) : du fait de I'épaisseur importante d'isolant, ces flux de
chaleur ne peuvent étre évacués a travers les parois la nuit, ou quand les températures
extérieures sont favorables, et la masse du batiment ne peut étre refroidie.

Les moyens traditionnels d’'évacuer cette chaleur sont notamment la ventilation nocturne
(mécanique ou naturelle). Dans le cadre de cette these, un autre moyen d’optimiser les flux
de chaleur entre l'intérieur et I'extérieur du batiment est proposé : l'isolation commutable.
Une isolation commutable est une isolation dont on peut varier la résistance thermique en
fonction des conditions.

Pour arriver a déterminer le potentiel de tels éléments de facade, cette these aborde la
question scientifique suivante : les isolations commutables peuvent t-elles réduire les
besoins en énergie d'un batiment (chauffage, refroidissement, éclairage artificiel) de
maniere significative ?

L'étude se concentre sur les batiments de bureaux : les batiments de bureaux sont des
cibles intéressantes pour les isolations commutables car ils ont des gains de chaleur internes
élevés et une grande surface vitrée, ce qui conduit a des charges de refroidissement
importantes.

En ce qui concerne le climat, I'accent est d'abord donné aux climats continentaux
européens, avec des températures froides en hiver, des étés chauds, des niveaux annuels
d’ensoleillement moyens et d'importantes variations de température entre le jour et la nuit.
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Des isolations commutables existent déja, et ont été présentés dans un état de I'art. Un
résumé est présenté dans le tableau suivant :

Analyse
du
Valeur de Valeur de Etude potentiel
Année | Référence Concept U basse U haute expérimentale | au niveau
[W*m=2*K'] | [W*m?*K'] | ou théorique? du
batiment
?
L'isolation sur les
murs et le toit est
Sodha et - L ,
1082 | Sodhae retirée 0.62 6.02 Théorique oui
al. 1982)
manuellement
pendant la nuit.
(Leppkes Une cavité peut
und étre remplie de .
1987 . - - The N
Olbrich | sphéres de mousse eorique on
1987) isolante.
Libération et
(Caps et absorption
l. 1996; d’hydrogeé ,
1996 | ° ' yarogene 0.3 4.29 Les deux oui
Horn et gazeux par un
al. 2000) | hydrure métallique
dans un panneau.
La conductivité
thermique de
: flui
(Shima manar?efr)ti ULIJ(:(SESest
2011 | und Philip 9 ,,q - - Expérimentale Non
variée par
2011) cE e
application d'un
champ
magnétique.
(Stazi et | Isolation extérieure . .
2012 al. 2012) Jentilée 0.26 - Théorique Oui
Les films séparant
des cavités d'air .
. Théorique,
(Kimber et verticales peuvent nais un
2014 étre déplacés pour 0.26 3.47 Non
al. 2014) prototype
former une seule .
existe

couche conductrice
solide
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2015

Changement de
(Berge et pression interne
al. 2015) dans un
nanomatériau

0.05, en
supposant
une
épaisseur de
10 cm

0.2, en
supposant
une
épaisseur
de 10 cm

Les deux

Oui

Table 24 - Résumé des différentes études sur les isolations commutables.

L'isolation commutable n’est pas un concept totalement nouveau. Toutefois, seul un
nombre trés limité de systémes sont préts pour le marché. Souvent, il n'y a pas d'étude
expérimentale et I'analyse est entierement théorique. En outre, le potentiel de ces systemes
de facade ou de ces nouveaux matériaux n‘a souvent pas été analysé au niveau du
batiment. Dans cette these, deux nouveaux systemes d'isolation commutable sont
introduits et étudiés, de I'échelle de I'élément de facade a I'échelle du batiment. Les deux
éléments font également I'objet d’une étude expérimentale.

Les indicateurs de performances utilisés au niveau de I'élément de facade dans cette thése

sont :

Le coefficient de transmission thermique U, exprimé en W*m-2*K-", qui décrit a quel
point un élément de facade conduit la chaleur de lintérieur a I'extérieur du
batiment. Il exprime le taux de transfert de chaleur (en watts) a travers un métre
carré de I'élément de facade pour 1 K différence de température.
Le facteur solaire g (sans unité), qui représente la fraction du rayonnement solaire
incident qui pénétre dans le batiment apres son passage a travers |'élément de

facade.
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Le premier systeme d’isolation commutable consiste en un double vitrage, composé de
deux lames d'air verticales séparées par un panneau d’isolation translucide. Le panneau
d'isolation peut se déplacer verticalement :

ON OFF

&
&,

Figure 67 — Elément de facade commutable dans I'état isolant (a gauche) et conducteur (a
droite). Source : Fischer Architekten.

Deux états sont possibles :

- L'état isolant (@ gauche) : quand le panneau isolant est en position haute, la
convection entre les lames d’air avant et arriere est trés limitée. En pratique, on a
une lame d'air isolante, un panneau d'’isolation et une autre lame d'air.

- L'état conducteur (a droite) : le panneau d'isolant est cette fois en position médiane,
et les deux ouvertures au sommet et a la base permettent une convection entre les
deux lames d‘air : la résistance thermique de I'élément est fortement diminuée.
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Des simulations sur un batiment réel ont été réalisées avec un modéle simplifié :
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Figure 68 — Sommes annuelles des besoins énergétiques en chauffage et refroidissement pour le
batiment de référence ainsi que différentes variantes.

La différence entre la référence et la variante A ou la partie supérieure de la facade de
référence est remplacée par l'isolation commutable nous montre qu'en remplacant une
partie du vitrage par I'élément translucide sans commutation, on diminue a la fois les
besoins de refroidissement et de chauffage, le tout s'en commuter I'élément entre la
position isolante et conductrice: La diminution des besoins de refroidissement est
principalement due a la transmission solaire plus faible, alors que la diminution des besoins
de chauffage est principalement due a un coefficient de transmission thermique U plus
glevé de I'élément a I'état  isolé, par  rapport a la  fenétre.

Quand ['élément est commuté (variante B), une baisse des besoins de refroidissement de
I'ordre  de 10 %  est  oObservée  par rapport a la  variante @ A.
La variante C correspond au méme élément commutable mais avec une valeur virtuelle de
U plus élevée dans I'état conducteur (3 W*m=2*K'). Une diminution des besoins de
refroidissement de |'ordre de 29.6 % par rapport a la variante A peut alors étre atteinte. Par
rapport a la  référence, cela représente une diminution de 39.1 %.

La comparaison des variantes B et C avec la derniere colonne, ou le batiment est refroidi en
augmentant le débit de ventilation pendant les nuits d'été (« free cooling ») nous montre
que |'élément commutable est tres compétitif par rapport a cette solution traditionnelle,
surtout si il pouvait étre optimisé avec une valeur de U plus élevée dans I'état commuté.
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Le nouvel élément d'isolation commutable a aussi fait I'objet d'une vaste campagne
expérimentale : le coefficient de transmission thermique U de différents prototypes a été
mesuré en laboratoire:

Figure 69 — Prototype devant I'appareil de mesure « hot box » Taurus utilisé pour les mesures de
la valeur du coefficient de transmission thermique U.

Les premiers prototypes ont par exemple montré qu'il était possible de commuter entre une
valeur de 0.89 W*m2*K' en position isolante (correspondant a un double vitrage
performant) et une valeur de 1.71 W*m=2*K"" en position conductrice (correspondant a un
double vitrage).

Ont aussi été mesurées :

L'influence de I"épaisseur des lames d’air verticales.

L'influence du ratio entre lames d'air verticales et horizontales.

L'influence de I"épaisseur d'isolant.

L'influence du gaz utilisé, en remplacant I'air par du CO2 dans |'élément, ce qui
conduit a un élément légérement plus performant avec une valeur de U inférieure a
I'état isolant et une valeur plus élevée dans I'état conducteur.

I a été démontré que, dans ['état isolant, les colonnes d'air verticales peuvent étre
considérées comme des cavités fermées si la couche d'isolation se trouve dans la premiére
position.
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Les propriétés optiques de lisolation translucide utilisée ont aussi été caractérisées
expérimentalement en laboratoire:
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Figure 70 — Transmittance ou réflectance normale-hémisphérique en fonction de I'épaisseur
d’isolant translucide.

Du fait de la faible transmittance solaire de I'isolant pour des épaisseurs importantes, il n’est
pas possible d'avoir a la fois une bonne isolation et une baisse de |'éclairage artificiel avec
cet isolant.
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Un modele détaillé de I'élément a été développé: ce modele nodal est composé d'un
modele thermique, d'un modeéle aéraulique et d'un modele optique. Une description
schématique du modele de I'élément a |'état conducteur est présentée sur le schéma ci-
dessous:

Figure 71 - Schéma du modéle physique détaillé. L'élément est a |'état conducteur. Les noeuds
thermiques sont représentés, ainsi que le réseau de résistances thermiques. Les fléches jaunes
indiquent le rayonnement solaire qui est transmis ou réfléchi par le systéme. Les réflexions
multiples ne sont pas représentées. Les fleches orange montrent le rayonnement absorbé. Les
noeuds représentent, de gauche a droite, la température de I'air extérieur, la température du
vitrage extérieur, la température moyenne du fluide de la colonne d'air extérieure, les
températures de surface de part et d’autre du panneau d'isolation, la température moyenne du
fluide de la colonne dair intérieure, la température du vitrage intérieur et la température de I'air
intérieur (piece).
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Une description schématique du modele pour I'élément dans |'état isolant est présenté sur
le dessin ci-dessous:

Figure 72 - Schéma du modéle physique détaillé. L'élément est a |'état isolant. Les nceuds
thermiques sont représentés, ainsi que le réseau de résistances thermiques. Les fléches jaunes
indiquent le rayonnement solaire qui est transmis ou réfléchi par le systéme. Les réflexions
multiples ne sont pas représentées. Les fleches orange montrent le rayonnement absorbé. Les
noeuds représentent, de gauche a droite, la température de I'air extérieur, la température du
vitrage extérieur, les températures de surface de part et d'autre du panneau d'isolation, la
température du vitrage intérieur et la température de I'air intérieur (piéce).
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Le modele a été validé a l'aide de I'étude expérimentale : pour chaque configuration
géométrique et deux différences de température aux limites par géométrie (15 et 30 K), le
modele a été comparé aux mesures:
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Figure 73 — Comparaison entre modéle et mesures pour 14 mesures différentes.

Pour ces 7 cas différents, |'écart moyen est de 9.5 %. Des mesures de températures
supplémentaires ont permis d’expliciter les différences entre modele et mesures.
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Le modeéle a ensuite été utilisé pour réaliser une étude paramétrique, qui a permis de
montrer l'influence des paramétres les plus importants sur les valeurs de U et g. Par
exemple, I'impact de la conductivité thermique sur la valeur de U a été calculé :

2.50
2.00 / e
1.50 —

Etat conducteur

Etat isolant

Valeur de U [W*m-2*K1]

1.00 /
0.50 /

0 0.1 0.2 0.3

Conductivité thermique du panneau isolant [W*m™1*K1]

Figure 74 — Valeur de U en fonction de la conductivité thermique du panneau isolant.

Il peut par exemple étre remarqué que plus la conductivité thermique du matériau est
faible, plus I'écart entre valeur de U isolante et conductrice est élevé. Dans |'état
conducteur, avec une résistance thermique importante, |'écart de température entre les
deux colonnes d’air est donc plus élevé, et la force motrice du mouvement d'air aussi.

Ce premier élément a isolation commutable a fait I'objet d'un brevet visible dans la liste des
publications.
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Le deuxieme élément d'isolation commutable consiste en une série de lames d’air séparées
par des films plastiques métallisés. Ces films peuvent étre enroulés ou non autour d'un
tambour, tel un volet roulant, et sont protégés du vent par un vitrage extérieur :

Guiding rolls—&é";ﬂ
Vertical films /

Shell Z f—r-“f""'“""'

Spacer ~

Weight — || | [TH

Figure 75 - Systeme d'isolation commutable numéro 2 devant un vitrage, dans I'état isolant (a
gauche) ou conducteur (a droite).

Figure 76 - Systéme d'isolation commutable numéro 2 devant un mur, dans I'état isolant (a
gauche) ou conducteur (a droite).
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La aussi, deux états sont possibles :

- Dans I'état isolant, les films plastiques créent N fines lames d’air verticales isolantes,
décuplant ainsi l'isolation thermique.

- Dans I'état conducteur, les films sont retirés et il reste une large lame d'air
convective, bien moins isolante. Ceci permet de refroidir la masse du mur (ou du
batiment) en été quand les températures extérieures sont favorables, et d'utiliser le
rayonnement solaire en hiver.

Ce second systeme peut étre appliqué devant un mur opaque ou devant une fenétre.

Tout d’abord, ce systeme a fait I'objet d'une étude expérimentale, comprenant :

- La caractérisation des propriétés radiatives des films utilisés pour créer les lames
d'air. Il a été montré que les films utilisés ont une couche basse émissivité sur une

des deux surfaces.
- Des mesures de la valeur de coefficient thermique d'un premier prototype en état
isolant :

%

By - . et T g
Figure 77 — Vue extérieure du premier prototype.

En I'état isolant, la résistance thermique est comparable a une méme épaisseur
d’isolant traditionnel.

Ensuite, une étude théorique a été conduite a plusieurs niveaux: tout d'abord au niveau
d’'une seule cavité, puis de plusieurs cavités en série et I'élément de facade en entier.

Au niveau d'une cavité unique, les transferts de chaleurs convectifs et radiatifs ont été
détaillés: I'impact du choix des propriétés infrarouges des parois ainsi que l'impact de
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I"épaisseur des parois ont été étudiés et un modele de convection a été sélectionné. Pour
une seule cavité, dés qu'il y a une couche a faible émissivité dans la cavité, la résistance
thermique totale de la cavité est dominée par le transfert de chaleur convectif. Une
résistance maximale est atteinte pour une épaisseur d’environ 2 cm, et les résultats sont
dépendants de la différence de température. En ajoutant une seconde couche a faible
émissivité dans la cavité, la résistance thermique totale augmente seulement trés faiblement
en raison de |'effet dominant du transfert de chaleur convectif. L'épaisseur de la cavité doit
étre choisie afin de rester dans la plage purement conductive (sans convection) du transfert
thermique dans l'air. A cet effet et afin de conserver un nombre limité de films plastiques,
une épaisseur de 1 cm est choisie pour la cavité. Il a également été démontré que le film
plastigue métallisé utilisé pour le premier prototype, avec une couche a faible émissivité sur
un coté et de l'autre du PET, est suffisante pour obtenir la résistance thermique quasi-
maximale  possible  pour une cavité d'air et une épaisseur donnée.

Dans un deuxiéeme temps, plusieurs cavités d'air en série ainsi que |'élément de facade dans
son ensemble ont été analysés en utilisant le modele présenté dans la norme ISO 15099:
2003. L'influence du nombre de cavités isolantes quand I'élément est a I'état isolant et
I'influence de I'épaisseur de la cavité a I'état conducteur a été étudié pour différents types
de vitrages intérieurs et extérieurs ont été étudiées.

Enfin, deux configurations différentes ont été sélectionnées pour étre utilisées dans la
simulation énergétique du batiment, avec une épaisseur totale de I'élément de 20 cm:

- Une variante avec pour paroi extérieure un verre a haute transmission solaire et
comme paroi intérieure une peinture noire absorbante pour application sur un mur :
avec cette configuration, une commutation des valeurs de U d'environ 0.14 a 2.76
W * m2*K" a été obtenue, ainsi qu'une commutation de 0 a 0.49 pour le facteur
solaire g.

- Une variante avec pour paroi extérieure et intérieure un verre a haute transmission
solaire pour application sur une fenétre : la plage de commutation est d'environ
0.14 a 2.70 W * m?2*K' pour la valeur U et de 0 a 0.84 pour la valeur g.
L'influence de la différence de température entre I'air intérieur et extérieur ainsi que
I'influence de la température moyenne sur la valeur de U a été étudiée. Concernant
g, I'influence de I'angle d'incidence du soleil, de I'ensoleillement, de la différence de
température et de la température moyenne a été étudiée.

Une comparaison entre les valeurs U mesurées et calculées montre des valeurs plus élevées
gue prévues, la raison probable étant I'étanchéité a I'air du raccord entre les films plastiques
délimitant les cavités d’air et le cadre. Du point de vue mécanique, un point d'amélioration
pour atteindre I'optimum représenté par le modéle est I'optimisation de I'étanchéité sur les
cotés, en haut et en bas de I'élément tout en permettant toujours aux films d’étre rétractés.

Ensuite, des simulations énergétiques dynamiques a ['échelle du batiment ont été
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conduites. Un batiment bien isolé a été simulé. Deux régulations différentes ont été
développées : une stratégie «simple» pour laquelle la commutation de |'élément reposait
sur la différence de température entre la piece et I'extérieur, et une régulation plus évoluée
pour laquelle la commutation dépendait du flux de chaleur total vers l'intérieur du
batiment.

Les résultats des simulations du batiment ont montré que pour la configuration « fenétre »,
une réduction des besoins de chauffage et de refroidissement de I'ordre de 29 % pouvait
étre atteinte, avec la stratégie de contrdle plus évoluée: le besoin de refroidissement peut
étre réduit de 55 % et le besoin de chauffage peut étre réduite de 11 %. Comme une
surface opaque est remplacée par un élément translucide, I'éclairage artificiel est également
diminué de 52 %.

Pour la configuration « mur » une réduction des besoins de chauffage et de refroidissement
de I'ordre de 34 % peut étre atteinte par rapport au batiment de référence: le besoin de
refroidissement est réduit de 38 % et le besoin de chauffage de 31 % par rapport a la
référence. En hiver, I'élément commuté se comporte comme un mur trombe. Il est
important de remarquer que le "vrai" potentiel de cet isolation commutable est plus élevé,
mais est atténué dans ce cas précis par le cadre de I'élément : les simulations ont montré
I'importance d'avoir un cadre de I'élément fortement isolant afin de maintenir les avantages
de la commutation de la valeur du coefficient de transmission thermique U.

L'influence de la masse thermique est tres élevée sur la réduction des besoins de chauffage
et de refroidissement: par exemple, dans un batiment avec une masse thermique plus
faible, la réduction des besoins de chauffage et refroidissement n’est que de 17 %, au lieu
de 34 % pour la configuration « mur» avec la stratégie de contréle évoluée.

Le meilleur potentiel a été démontré pour une orientation sud, car les gains solaires
importants entrainent des charges de refroidissement en été et de possibles gains de
chaleur en hiver.

Apres avoir étudié le potentiel des systemes d’isolation commutable au niveau du batiment,
il peut étre intéressant de comparer le systeme étudié dans la premiere partie de la these
(systéeme 1, translucide) avec le systeme 2 (« store » rétractable, en configuration mur ou
fenétre). Il peut étre conclu que:

- Concernant le coefficient transmission thermique U, le systéme 2 a la plage de
commutation la plus élevée, avec des valeurs basses de U d'environ 0.14 W*m=2*K"!
et des valeurs hautes d’environ 2.70 W*m2*K'. Cependant, le modeéle détaillé
présenté dans le chapitre 4 a montré qu’en utilisant un panneau d'isolation sous
vide, le systeme 1 pouvait atteindre une valeur de U encore plus faible a I'état isolant
mais au détriment d'une valeur haute de U plus faible dans |'état conducteur.
L'étude du systtme 1 a montré qu’'avec une valeur haute de U plus élevée, le
potentiel de diminution des besoins de refroidissement ainsi que d’augmentation du
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confort d'été était encore plus élevé. Le systéme 2 a une valeur haute de U qui
s'approche de ces criteres.

- Le systétme 1 a une transmission trés faible pour le spectre solaire et une valeur g
tres basse en raison du type d'isolation translucide utilisé. Ceci pourrait étre résolu
par |'utilisation d'un matériau d'isolation transparente a haute performance, comme
un aérogel. Cependant, le systéme devrait alors étre équipé d'un store extérieur
pour réduire les gains solaires en été et éviter les surchauffes.

- Le systéme 2 a besoin de 20 cm d’épaisseur pour atteindre les propriétés thermiques
visées. Le systéme 2 peut étre un bon compromis si pour des raisons architecturales
I'épaisseur est limitée.

- En ce qui concerne les co(ts, le systeme 2 est susceptible d'étre le systéme le moins
cher des deux, car il utilise une technologie pour rétracter les films qui existe déja
pour les stores classiques ainsi qu’'un matériau isolant beaucoup moins cher: |air.

En ce qui concerne le potentiel des isolations commutables en général, les deux systemes
ont montré un potentiel important de réduction des besoins de chauffage et
refroidissement pour le climat continental étudié. La masse thermique du batiment est un
facteur déterminant pour la performance de l'isolation commutable, et la meilleure
orientation est le sud. Les nombreuses simulations énergétiques des batiments ont montré
un potentiel de réduction des besoins de chauffage et refroidissement de I'ordre de 30 %
pour les batiments de bureau étudiés. Ce potentiel est atteint non seulement en désactivant
I'isolation pendant la période de refroidissement, mais aussi en utilisant les gains solaires
pendant la période de chauffage, le tout sans consommer de ['électricité pour faire
fonctionner des pompes ou des ventilateurs, sans air extérieur a filtrer et de maniére
silencieuse.

Du point de vue scientifique, plusieurs questions demeurent concernant le potentiel des
isolations commutables:

- Quel est le potentiel des isolations commutables pour d'autres climats?

- Quel est le potentiel des isolations commutables pour un batiment résidentiel?

- Quelle est la rentabilité économique des différentes technologies étudiées?

Aprés avoir démontré le potentiel des isolations commutables avec des simulations
énergétiques de batiments et de nombreuses mesures en laboratoire, la prochaine étape
serait d'équiper un batiment test d'une facade d'isolations commutables.

Du point de vue scientifique, concernant le modéle détaillé présenté dans le chapitre 4, la
mesure du débit d'air dans I'élément et une modélisation du flux d'air avec un logiciel de
CFD permettrait une validation complémentaire du modele, ainsi qu'une meilleure
compréhension des optimisations a faire afin d'augmenter le débit d'air et d’améliorer les
performances globales.
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Résumé

Un niveau important d’isolation des parois de batiments peut diminuer le refroidissement du batiment en été, quand
les conditions extérieures sont favorables. Dans cette thése, le concept d’isolations commutable, est développé :
pendant les périodes de refroidissement, lisolation commutable peut étre désactivée pour refroidir la masse du
batiment pendant la nuit. Pendant les périodes de chauffage, ce concept peut étre utilisé pour utiliser les gains
solaires. Dans cette thése, le potentiel des isolations commutables est étudié pour des bureaux dans un climat
continental européen. En outre, deux nouveaux concepts d'isolations commutables sont introduits et développés et
caractérisés expérimentalement. Un modele nodal détaillé a été mis en place, validé et utilisé pour conduire une
étude paramétrique. Le potentiel des isolations commutables a été étudié a l'aide de simulations énergétiques
dynamiques du batiment qui ont montré que des réductions importantes des besoins de chauffage et de
refroidissement ainsi que des heures d'inconfort en été peuvent étre atteintes. Plusieurs stratégies de contrble ont été
mises au point, introduites et comparées. L'influence de la masse thermique a également été étudiée, ainsi que

I'influence de I'orientation ou du cadre des éléments.

Mots-clés: isolation commutable, éléments de facade, besoins de chauffage et refroidissement, étude expérimentale,

modéele physique, analyse de potentiel.

Summary

Important thermal insulation levels can prevent the building to cool down during the cooling period, when the external
conditions are favorable. In this thesis, the concept of switchable insulation is developed: during the cooling period,
the insulation can be deactivated during the night to let the heat flow out. During the heating period, the switchable
insulation can be deactivated whenever solar gains can be used. In this thesis the potential of switchable insulation for
an European continental climate and for office buildings is investigated. Also, two new concepts of switchable
insulation are introduced, developed and characterized experimentally. A detailed thermal model has been introduced,
validated and used for a parametric analysis. The potential of switchable insulation is investigated on a building level,
showing that important reductions of the heating and cooling load as well as summer discomfort hours can be
achieved. Several control strategies have been developed, introduced and compared. The influence of thermal mass

was also investigated, as well as the influence of the orientation or the elements’ frame.

Keywords: switchable insulation, facade elements, building heating and cooling energy demand, experimental

investigation, physical model, potential analysis.




