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Abstract

The reduction of energy consumption for heating and air conditioning and electric energy
saving in illumination plants could be improved byomative Transparent Insulating Materials
(TIMs), which aim to optimize two opposite requirements: transparency and thermal insulation.
Aerogel is one of the more promising for use in highly eneffjgient windows: in addition to

the low thermal conductity (0.010 W/(m K) in evacuated conditions), a high solar energy and
daylight transmittance is achievellight samples were manufactured, by assembling several
types of glass withmonolithic and granulamerogelin the interspace. Measurements of
transmisen and reflection properties were carried out and the energetic and luminous
parameters (light transmittance))(! solar factor (g) and thermal transmittance (U)) were
calculated. Walues slightly higher than 1 W were obtained for all the samples.€eTh
monolithic aerogel introduces a better light transmittange= (0.60) than granular one, (£

0.27), while Uvalues are compdpée in not evacuated conditians order to evaluate the
aerogel employing in buildings, a prototype of an aluminium fravimelow with granular
aerogel in interspace was realized. Thermal and acoustic properties of the prototype were
evaluated according to the standards. The thermal transmittance of the innovative glazing
system was little lower than 1 W/{rK) andit showed also good acoustic properties: the R
index was 3 dB higher than the oneaa@fonventionalvindow with air in interspae.

Keywords

Advanced building materiglsTIMs (Transparent Insulation Materialsheroge| Thermal
Transmittance.

Introduction

The recentdirectives of the European Parliament on the buildimg®rgy performanceake
energy saving one of the most relevant aimegidentialand not residentiduildings(offices,

public buildings, etc). Buildings accounin factfor 40 % of Europe’'s energy use amtethird

of its greenhouse gas emissions.

Windowshave a double role in the thermal envelope: their low thermal insulation performance,
for which they have to be as small as possible in order to reduce energy comsuiopt
heating and air conditioningnd natural lighting, for which they have to be as large as possible
for visual comfort and electric energy saving in illumination plawsdows have to assure
also adequate acoustic insulation le\Mg! These conaisting requirements could be overcome
using particular materials with both characteristics of high thermal insulation and high lighting
transmittance: transparent insulatioaterials (TIM).
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Among TIMs,aerogels avery interestingnaterialfor use in hghly energyefficient windows:

in addition to the low thermal conductivity of silica aerogel, a high solar energy and daylight

transmittance is achieved. In fact, by using the passive solar energy through windows, it is

possible to reduce the annual enecggsumption for spaeleeating in cold climates, such as in

the northern European Countries or in highlg2dls

Aerogel is a highly porous light material with a number of exceptional and even unique

physical propertiesit attract the attention of reseehers in various areas of science and

technology. The first aerogel specimens appeaigtty years ago 3]. The production is
localized in Europe (Sweden, Germany), USA, Japan and Russia. Aerogels are manufactured
on the basis of silicon dioxide (SiCamorphous quartz): they are constituted by approximately

96% of air and 4% opepored structure of silica; such structure confers the characteristic of

extreme lightness to the material (density is abot2@D kg/ni). Aerogel has the capacity to

absorb IR radiation and has the lowest thermal conductivity among solid materials

(approximately it is equal to 0.021 W/(m K) at room temperature, lowerahaof air). The

optical and thermal properties of aerogel depend on both the starting silica source and the

condition of its preparation procegs(].

Severahrethe fields of application of aerogél]{

I microelectronics, because aerogels are the materials with the lowest dielectric constant and
theiruse reduces the parasitic capacitances and thus inctieasesponse speed;

I electrical engineering: the use of carbon silica aerogel as electrodes with an extremely large
area allows the creation of superhigh capacitances;

I acoustics: aerogel is interesting for acoustic devices because the sound propetyatityn
in it is rather low;

I oil and gas pipelines: insulation with aerogel provides many advantages for oil and gas
transport operators;

I space exploration: aerogel is used as thermal insulator in USA spacecraft; furthermore, for
in space investigationaied out on artificial satellites, systems with aerogel are studied in
order to capture microparticles (micrometeorites, microscopic fragments of comets and
asteroids);

I heat insulation of buildings: aerogel is a transparent material with interestirgalopti
properties, such as high light and solar transmittance but, differently from the normally
used transparent materials such as glass, it has also very good thermal insulation properties;
it is in fact used as transparent wall in solar collecorsin dfice buildings

Aerogel is available as panes and as grarn@&3. Glazing systems with monolithic aerogel

are not yet used in mass productjb@-11], but during the year 2005 many types of translucent

granular aerogel appeared on the market for glagtig systemsl1pR-13]. The different systems

found in the Literature (polycarbonate panels, structural panels, insulated glasses) are able to

offer excellent thermal performance, high quality of the diffused light, a good solar heat gain

and good sound sulation characteristicd 4.

In this context, in the presepaperinnovative glazing systemsith aerogelin the interspace

were investigatedThe optical and thermal properties of the proposed glazing systems were

measured, in order to evaluate builgBnenergy saving. The optical properties of the single

pane of monolithic aerogel were firstly measured, evaluating sgperansmittance vs.
wavelength Then,eight different samples were made, by assembling several kinds of glasses
in various combinatioes, with monolithic and granular aerog®loreoverthreesample with
granular aerogel manufactured by the Europeampanies leaders the daylightingwere
considered.

Transmission and reflection coefficients vs. wavelength were measbsedthe

spectropbtometer UV/VIS/NIS SolidSpec 3700Qesults were employed to calculate the

energetic and luminous parameters and the performance of the different samples were
compared.
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In order to evaluate the aerogel employing in buildings, a prototype of an alunfiaiona
window with granular aerogel in interspace was realized; thermal and acoustic properties of the
prototype were evaluated according to the standards.

Finally the improvements in thermal performance of the innovative glazing systems, compared
to OconwvationalO windows, were estimated

2. Highly insulation windows with aeroget samples description

In this work both kinds of silica aerogel were analysed: monolithic silica aerogel, thickness 14
mm (samples dimensior®0x90x14 mm)[15], and granular aerodecharacterized byrain
sizescomprisecbetween & mm and 3 mm[16].

Four samples were realized by assembling, in various combinations, a pane of aerogel with
several kinds of glasses: float gldgdsnm) low-e coated glasand acoustitaminatedglasses,
which consists of two glass panes with one special acoustic PVB (polyvinyl butyealkxyer

to reduce incident sound energiye glasses are:

I 6/7a: laminated glass with two glass panes of 3 mm thickness and PVB layer (0.76 mm);

I 6/7low-e: laminated glass wittow-e coat

I 10/11a:laminated glass with two glass pane® ofim thickness and PVB layer (0.76 mm).
Granular aerogel were also incorporated into glazing systemgheittame glasses layetise
interspace was filled with aerogel grairisld mm thicknesqfour samples)

Moreover three samples manuiaed by two European companieperating in daylighting
systems were considerghlZ, 18] The glazing systerokagel[17] consistsof two glass layers

filled with granular aerogellt can be ged in roof lights as well as fiasade elementsthe
translucent materiah the gapenables optimal uniform lighting in the room and exceptionally
good thermal insulation up to 0.3 WAK). Finally, two nanogeffilled rooflight solutions
(Xtralite) in polycarbonat¢18] were consideredwo different thicknesss 16 and 25 mm).

The samplescharacteristicdexternal and internal slalinterspace andotal thicknesk are
reported inake 1. Some photos of the eleven samples are shown in figure

a)

Monolithic aerogel sample Okagel Xtralight
Figure 1: The tested samples with monolitlt and granular aerogel in interspace
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Table 1: Main characteristics of the samples

N. Sample Extemal slab and Inter§pace Inner slab and th-:-(?l;[ﬁles
' thickness and thickness thickness
s (mm)
1 4-aer-4 float, 4 mm monolithic, 14 mm float, 4 mm 22
2 4-aer-6/7a float, 4 mm monolithic, 14 mm acoustic, 6/7 mm 24
3 4-aer-6/7 lowe float, 4 mm monolithic, 14 mm low-e, 6/7 mm 24
4 10/11a- aer-6/7a acoustic, 10/11 mm monolithic, 14 mm acoustic, 6/7 mm 30
5 4-gran-4 float, 4 mm granular, 14 mm float, 4 mm 22
6 4bBgran-6/7a float, 4 mm granular, 14 mm acoustic, 6/7 mm 24
7 4Dgran - 6/7 lowe float, 4 mm granular, 14 mm low-e, 6/7 mm 24
8 10/11abgran-6/7a acoustic, 10/11 mm granular, 14 mm acoustic, 6/7 mm 30
9 Okagel float, 4 mm granular, 25 mm float, 4 mm 33
10 Xtralite 16 polycarbonate, 1Imm granular, 14 mm polycarbonate, Imr 16
11 Xtralite 25 polycarbonate, Imm granular, 23 mm polycarbonate, Imr 25

3. Evaluation of samples optical properties
3.1Experimental facility and methodology

Measurements were carried out by a spectrophotoni®févIS/NIS SolidSpec3700 [19],
available at the Thermotechnical Laboratory of the Department of Industriaheenigig,
University of Perugia. Thanks tolarge sample compartmef#00x700x350 mm)it allows to
evaluate spectral transmittance and reflectance of large wisdowles bykeeping them
horizontal(Figure 2.a).

The instrument can work in the wavelength range-38%0 nm and it is equipped with three
detectors: a photomultiplier tube (PMT) detector for the ultraviolet and visible region; InGaAs
and PbS detectorsiakes a significantly high sensitivity in the néafrared region The
spectrophotometer is equipped withiategrating spher@-igure 2.b) that is able to determine
the spectral reflectance and the spectral tratemse of scattering materials

The smctral transmittance'(#) and the spectral reflectio$(#) were measuredn the
wavelength range 3002500 nm;because of the materimlhomogeneity each measurement
was repeatefive timesby changing the sample positiaie final resulivasgiven bythe mean
of the obtainedalues

b)
Figure 2: The spectrophotometer UV/VIS/NIS SolidSpec 370@ith its sample
compartment (a) and the integrating sphergb)

3.2Experimental data

At the beginningmeasurements of transmission coefficient wavelength of pane aerogel
were carried oufFigure 3).
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Figure 3: Total and only direct transmission coefficient vs. wavelength of monolithic
aerogel pane

Aerogel has high transmittance for radiation in the solar spectrum as well as in the visible part
of the spectrum, similar to a conventional clear glass of 6 mm thickness. The comparison with
direct transmission and total light transmission measuremeiits tfvis methodall the light

that passes through the samplas measuredconsisting of the directly transmitted light and

the diffusely transmitted lightshowed that part of the radiation is diffused when transmitted
through the material, due to stru@linhomogeneities. The scattered radiation gives objects a
hazy look when observed through the aerogel: the material displays a slight bluish haze wher
an illuminated piece is viewed against a dark background and slightly reddens transmitted light.
Moreover, peaks of selective absorption are sh@#fo1400 nm# %1900 nmand# %2200

nm) in the spectral transmission values [20, 21].

Figures 4 and 5 show transmission coefficient values (obtained by total light transmission

measurements) for all the saeg
1
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Figure 4: Transmission coefficient of assembled samples
142¢



Third International Conference on Applied Enerdy6-18 May 2011- Perugia, Italy

1.0
Okagel (9)
0.9 === Xtralite 16 (10)
= Xtralite 25 (11)
0.8
==
= 07
@
(&) - - P At
S 06 S - \‘ P v
k5 r= \at v/ \
9 -=’ (YA \ \
o P / \ ,=
0.5 B Ny N
c Pl ] [ \
o ,—’ \ ] \
‘0 1\ sy | \
®» 0.4 7 1 N \
E / [ A Y N\
] [}
€03+ —\,/ N7\ ¢+ !
g U 1 \VaYj v d t
= ] ' "»n \
I V! \
[]
0.2 ] ] 1
' ] \
01 1 Y 2
= - v Y
] \ U /' \
] ! [nm] AP
R N N - R
8 8 8 8 8 8 8 8 8 88 8 8 8383 &8 8 8 38 8 8 38 &
™ < n © ~ [ee] ()] o - N ™ < n [(e} N~ e} (o] o i N (2] < n
— — — — — — — — — — N N N (V] N N

Figure 5: Transmission coefficient of Okagel and Xtralite

Data about the assembled samples show similar trends for the samples assembled with float
and acoustic glass, but the transmissiceffadent for monolithic aerogel is higher than the one

of granular sample; in the visible range the sanipJevith float glass layers and monolithic
aerogel is about 0.6; for the same external and internal glasses but with granular aerogel it
diminishesup to 0.3(5). Finally, smples 4 - aer 6/7 low-e (3) and 4gran 6/7 low-e (7) show

a different trendn the IR range, due to the lesvcoated glass

Xtralite glazing systems show a 50% reductiotramsmission when the thicknessgoanular
aerogelincreasesrom 16 to 25 mmThe transmission of th@kagel sample is lowandin the

visible rangat is about 0.1.

Results about reflection coefficients were not reported, for sake of brevity; they were employed
for determining the absorption coefficieaftthe samples.

3.3Optical and energetic parameteedculation

Optical characteristicsvere calculatedn complance with UNI EN 410/2000 B: light
transmittance ! and reflectanc&, (wavelength range 38080 nm),solar direct transmittance
l'e, reflectanceb. andabsorbancé&. (wavelength 78@2500) for all the samples ameported in
table 2.

Table 2: Optical parameters calculated for the samples

N. Sample "y $. "e $e &e

1 4-aer-4 0.60 0.13 0.51 0.11 0.38
2 4 - aer-6/7a 0.58 0.13 0.46 0.10 0.44
3 4 - aer- 6/7 low-e 0.57 0.13 0.35 0.14 0.51
4 10/11a- aer-6/7a 0.55 0.11 0.37 0.08 0.55
5 4-gran-4 0.27 0.14 0.26 0.12 0.62
6 4 Pgran - 6/7a 0.28 0.13 0.24 0.10 0.66
7 4 Pgran - 6/7 low-e 0.25 0.13 0.16 0.13 0.71
8 10/11abgran - 6/7a 0.22 0.11 0.16 0.08 0.76
9 Okagel 0.10 0.13 0.11 0.11 0.78
10 Xtrali te 16 0.45 0.16 0.46 0.15 0.39
11 Xtrali te 25 0.18 0.17 0.21 0.14 0.65
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In order to compare the performance of the sampiéis different fillings, three important
parametersvere considered:,! g and Uvalues. The light transmittance, !represents the
glazing system capacity to diffuse the natural light indoors: it is important since the natural
light concurs to save electric energy in the daytime and affects general tidaltham beings.
g and U, instead, determine the quantity of the heat transfer through the glazing systems an:
affect the calculation of heating and cooling loads.
According to the European standaB2][ the total solar energy transmittance g is the sum of
the solar direct transmittande and the secondary heat transfer factqy ¢4 the glazing
towards the inside:

g= 'Ie + qi
where gdepends on the heat transfer by convection and the solar direct abs&baridae
samples. Only for the ssmbled samples, the solar factor g was calculated from the
measurement results in compliance with UNI EN 410; the sample with monolithic aerogel in
interspace was considered as an evacuated triple glazing. The U value was calculated it
compliance with thenethod described in the technical norm UNI ISO 673, [@epending on
the internal and external heat transfer factors, the thermal conductivity values and thickness o
the glass layers and material in interspace. Thalues are referred to the centregtdzing,
excluding the frame and dividers effects; for the thermal conductivity a value of 0.010 W/(m
K) was assigned to monolithic aerogel, corresponding to evacuated aerogel glazing at a
pressure of 10 hPa 31 15], while for granular aerogeh value 6 0.018 W/(m K) was
considered16].
In order to evaluate the performance improvement due to the innovative glazing systems, &
comparison with OconventionalO windows characterized by the same inner and external sla
(float glass 4 mm) was carried oliiterature data werased forwindows normally used in
Italy and in the UE countrieg order to accomplish the law limif24] . Results are shown in
figure 6.
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layer and argon 90% (15
mm)

Figure 6: Comparison between the performance of samples characterized by the same
inner and external slab (float glass 4 mm) and conventional windows

The evacuated glazing systemith monolithic aerogebllow to obtain acalculatedU-value
little higher than 0.6 W/(fK), while thelight transmittance is equal to 0.58 ahé calculated
sola factor is 0.70; data are igood agreementith experimental values obtained in a previous
work [13]. For the granular aerogel glazing umitalculatedJ-value little higher than 1 W/(fm
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K) and acalculatedsolar factor equal to 0.32 were obtained, butitiie transmittance is lower

than 0.30.

With respect to conventional glazing systentBe innovative windows reduce visible
transmittance of about 28% for the monolithic aerogel samples and of 33% for the capillary
TIM samples; the reduction is equal to 6686the samples with granular aerogelnterspace
Furthermore, introducing monolithic aerogel in theneahickness interspace insteacaofthe
thermal transmittanceecreaseom 2.7 W/(nf K) to 0.6 W/(nf K).

The most recent Europea®4] and Italian Laws 25] suggest more and more strict limits for
thermal transmittance values. Starting by the y8ad 2the U values for the F zone (the coldest
zone in Italy) will be lower than 1.3 W/@K): this goalcouldbe obtained just by using double
glazing with argon gas in the interspace (air spac&ribgs = 15 mm) coupled with &
coated glassesygaceemissivity < 0.1), whicthave a Wvalue of 1.1 W/(rAK). If the thermal
transmittance should be further reduced until 0.6 Wi a triplelayer glazing with two

low-e layers and argon (90%) filled must be considered. However, the light transmission and
the solar factor are reduced because of the double Iayer and the weight of the window
increases by 1/3.

4. Window with granular aerogel: Prototype production and experimental evaluation of
the performance

In order to evaluate the aerogel employingouildings, a prototype of an aluminium frame
window with granular aerogel was realiz@this sample has a doubdgazing unit with aerogel

in interspace Aerogel in granular form was put in a gap 15 mm depth; indoor and outdoor
layersare floatglasseof 4 mm thicknessHigure 7). This sample is an aluminium frame with
two mobile shuttes (thickness 58 mm) and double rabbet; thiekness of the frame is about

51 mm.

Figure 7: Setting-up of the aerogel glazing system

To compareinnovative ancconventional solutions, in the same frame a degtaeing unit of

23 mm thickness with an air gap of 15 mm depth and a laminated glass wihcloat (4 mm)
wasinstalled;boththe samples have external dimensions 1175 x1454 mm

In order to validatehe theoretical valuesthermal trasmittancevas measuredthanks to the
calibrated hot box apparatwssailable atthe Department of Industrial Engineering of the
University of Perugia, accding to UNI EN ISO 12564 [26].

The instrument apparatus is tedibrated hebox (Figure 8.a} it is composed of two chambers
(dimensions 5 m x 12 m x 32 m height).The outer walls of the hot chamber are made with
very thick insulation (24 cm of foam polystyren&) minimise conduction losseand the
power flow through tle walls is measured for a range of hot chamber and laboratory
temperaturesusing the calibration panel§he thermal transmittance of the specimen is
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obtained from the heat rate needed to maintain the hot chamber at a fixed temperature, once tt
temperature of the cold chamber is fixed and stestaie conditions are achievethe cold

side is cooled by a chiller placed completely outside the cold chamber. In order to avoid direct
radiation effectsin both the chambers a panel with known emigsipropertiesis placed
between the probes and the heat sources. In order to assure a convective equiitarium
ventilation systems are plate both the chamber3he hot box needs a series of calibration
measurementsn order to evaluate the heatskes different from the flux transmitted through

the specimen, such as heat transfer through the surround panel and all flankin@fpsses [
Moreover three thermofluximeters are fixed on the glass and on the window fieeg

8.b).

Experimental results of the measured parameters and the computedavalsieswn in tabla.

b)
Figure 8: View of the hot box apparatus andf the sample during the laboratory test

Table 3: Experimental results: parameters measured for the converdnal window and for
the glazing prototype with aerogel in interspace

Conventional Glazing prototype with

window aerogel
Measured parameters
Mean temperature of the hot side (jC) 19.44 19.19
Power of the hot side (W) 99.26 80.57
Mean temperature dhe cold side (jC) -1.51 -0.78
Mean value of the heat flow (thermofluximeter method) 26.95 18.04
Calculated values
Heat flow through the sample [W#n 40.59 30.50
Temperature gap between the hot side and the cold on 20.43 19.52
Global thermatrasmittance (Hot box methd@iv/(m?” K)] 2.20 1.69
Normalizad thermal trasmittance of the glazing evaldatg 146 0.99

thermofluximeter methddW/(m? K)]

T Normalized considering air surface thermal resistance equal Zq(10f K)/W.

Thanks to the granular aerogel incorporated theéoglazing systemthe thermal transmittance

of the window is reduced by 23%, from 2.20 WAMK) to 1.69 W/(nf K): the innovative
glazing system contribution is remarkable: in fatttermal trasmittance, eluated by
thermofluximeter method, is about &.4/(m? K) for the conventionafjlazingwith laminated
glass with lowe coat; he thermal trasmittance of aerogel glazing system is lower than 1°W/(m
K) and it agrees with the estimated value.

Finally, in order toevaluatethe acousticperformance of the window prototype terms of
sound insulation in the buildings facaddise sound insulation index &cording tdJNI EN

ISO 1403 [28] was measured and the weightaind insulation index JRaccording toUNI
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EN ISO 7171 [29] was calculate. The experimental campaigwas carried out at the
Laboratory of Acoustics of the University of Perugia, where two coupled reverberating rooms
are available, wholly in compliance to WHEN I1SO 14061 [30].

Sound reduction index (R. frequencyor thewindowsis reported in figur®. With the same
aluminium frame, the granular aerogel in interspacesass the soundeduction index values

in all the frequency range (14BD0 Hz), above all in the centrange (500 2000 Hz).

Finally, for the innovative prototype the,Ralue(R,= 37 dB) was 3 dB higher than the one of
conventional windows with air in interspace,fR34 dB) confirming good acoustic insulation
properties.
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Figure 9: Sound reductionindex (R) valuesvs. frequencyfor the conventional window
and for the glazing prototype with aerogel in interspace

Conclusions

In therecent years there has been a growing interdsgminsulation glazing systemsecause

of their important role in blding envelope rom thermal, acoustic and visual point of view
Among innovative transparent materials, aerogel is one of the more promising because of very
low thermal conductivity and transparency.

In order to evaluatéhe performance of this new matérisome samples wittonolithic and
granularaerogelwere investigatedhanks to optical parameters measuremeatried outby

the UV/VIS/NIS spectrophotometeBolidSpec 3700The better performance was given by
monolithic aerogelboth for light transmittance (0.58 in interspace between two 4 mm float
glasses) and thermal insulation (U = 0.63 W/(K), calculated inevacuated conditions);
moreover the solar factor is 0.7r the granular systema U-value little higher than 1 Vith?

K) was obtainedbut the light transmittanceis little lower than 0.3.With respect to a
conventional windowdouble glazing with a love laye) in keeping with Law limits [25 26],

55% reduction inheat lossegs achievedoy monolithic aerogelwith only a 27% eduction in

light transmittancgfor the granular systems, the reduction was about 25% in heas lbgs

66% in light transmission.

The estimated resultgereconfirmed by he experimental campaign on leminium window
prototype with granlar aerogel in intefgace.The thermal transmittaneeeasuredby means of

the calibrated hot box apparatwss little lower than 1 W/(fMK) for the innovative glazing
system thanks to granular aerogehe aluminium frame window prototype showed 28%
reductionin thermal transmittanoeith respect to the same window with air in interspace and a
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low-e glass layeiMoreover thegranular aerogel in interspace can improve sound insulation of
the building envelopethe acoustic measurements on the samipteved thatthe weighted
sound insulation indeR,, for the aerogel window prototypgas 3 dB higher than theame
window with air in interspace

Glazing systems with aerogel avery interesting for employing in buildingapove all in
monolithic panesespecially consideringvery strict limits imposed by the law or in highly
glazed buildings neverthelessthe research is seeking to solgeme problemsuch as the
phenomenon of light scattering, which gives a reduced optical quality of vision through the
material; furthermore, the production process is very complex and it does not allow the use of
very large sheets, withio altering performance-inally, the costs reductioshould allow a
distribution on wide scale.

Nomenclature

g: Total solar energyransmittance or solar factof [
R: Sound Reductiomdex[dB]

Rw: WeightedSoundReductionindex[dB]

U: Thermal transmittance [W/(fiK)]

": Wavelength [nm]

& Solar absorbance][

#o. Solar reflectance]

#,: Light or visible reflectance-]

le:  Solar direct transmittande]

I'v: Light or visible transmittanck]
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