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Abstract

This paper deals with the performance of a higlosthuilding renovated with prefabricated
ventilated facade elements through a field expertalestudy under oceanic climate.
Temperature, relative humidity and heat flux wereasured at different points of the
renovated facade, while temperature, relative hitynidind CQ concentration were
monitored within a classroom. The performance efrégnovated building is discussed based
on the analysis of two years of measurement ddta. ékperimental results show that the
measuredn situ thermal resistance of prefabricated ventilatechdagelements could be
evaluated reliably only under winter period and th& higher than the design one. Secondly,
we note that the application of exterior thermauiation does not lead to major moisture
related pathology on retrofitted building envelo@anly small mold growth risks may exist
close to hygroscopic material in relation with soladiation. Last, we observe that
hygrothermal comfort is achieved most of the teaghime, whereas COconcentration

exceed critical threshold levels every day.

Keywords
Exterior thermal insulation; In situ thermal rearste; ISO 9869; Heat and moisture transfer;

Mold growth; Hygrothermal comfort; Indoor environmal quality

Highlights
» Performances of retrofitted educational building evaluated.
* Thermal resistance, moisture-related risks and dEinvestigated.
» Thermal resistance could be estimated reliably anlyer winter period.
» Overall safe behavior is observed despite ponchaddl growth risks.

* Hygrothermal comfort is mainly achieved in the sla®m



1 Introduction

In a context of high energy consumption and lamgarenmental impact of buildings,
external thermal insulation is increasingly usedtife retrofit of existing building envelopes.
There are basically two different systems:

» External Thermal Insulation Composite System (ETIC& insulation layer is
applied on outer side of existing facade and caveieher by a thin finishing layer
(usually of cement mortar) or with a cladding.

* Ventilated facade system: a ventilated cavity isated between insulation and
cladding.

Whatever the system, external thermal insulationstrmeet three main requirements:
improving building energy performance, avoiding store-related risks within the building
envelope and improving indoor environmental qualiBQ).

Regarding building energy performance, a buildiegovation including external
thermal insulation is found to be an effective viayreduce building energy consumption of
heating and cooling [1-4]. This is partly due te tleduction of thermal bridges and to the
thermal improvement of the building envelope asficmed by in-situ measurements of U-
values [5-7].

Regarding moisture-related risks, pathologies @erxountered at different position,
depending on the external thermal insulation syst@inthe exterior surface of ETICS,
excessive moisture content due to wind-driven miinvapor condensation may involve
biological growth or mechanical damage [8-9]. Thesks depend mainly on wetting—drying
kinetics, render thickness and presence of exteshatacles [10]. When external thermal
insulation is added on wet walls, condensationsrigkay exist at the interface between
existing wall and insulation. In the case of ETIG8y moisture diffusion properties of

insulation material and finishing layer prevent thall drying-out, leading to high moisture
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content at the interface [11]. Such high initialigtore levels were observed experimentally
by Capener and Sandin [12] for a south orientedvated AAC wall in Sweden as well by
Mandilaras et al. [7] for a north oriented renodateall in Greece. On the other hand, Kinzel
[13] mentioned that these condensation risks camveéded by using a ventilated fagcade
system. Nevertheless, designing ventilated facgsieis is a critical task. By simulating the
hygrothermal behavior of renovated massive wallselB et al. [14-15], Steeman et al. [16]
and Coupillie et al. [17] recommend to install gpea barrier and insulation with a good
moisture buffering effect close to the existing wa&lowever, their simulation results are
sensitive to initial moisture content of existinglivand to the vapor barrier resistance and
should be compared to experimental data like thos§l8]. Last, a risk of interstitial
condensation can be encountered within insulatiparticularly in presence of air
infiltration/exfiltration. For instance, LangmanadaRoels [19] predicted that adding an air
barrier at outer side of insulation (in the viewnoéeting the severe airtightness requirements)
is not suitable for moderate oceanic climates iroge. Even if their model, which assumes
cracks and air infiltration in the walls, was validd against laboratory experiments [20],
there is still a need to collect further experina¢iata at building scale under real conditions.
Regarding indoor environmental quality (IEQ), arpravement is generally observed.
For instance, Alimeida and De Freitas [21,22] asskt®e impact of retrofit on IEQ of school
buildings in Portugal. They observed that hygratier comfort is improved compared to
non-retrofitted schools, even if overheating wasesbed locally during the mid-season and
summer. Median C@concentration were found to be lower due to the elsmechanical
ventilation; However, critical level remains freaquy exceeded, particularly during winter
when the opening of windows is not always possiBieilar observations were made for

schools in Italy [23, 24] or in Denmark [25].



Since educational buildings are responsible forhhémergy consumption [26], a
renovated high school building is investigatedhis tvork. The main discussions concern the
hygrothermal behavior of the renovated buildingedape through the analysis of temperature
and relative humidity measurements and the moistlegded risks after the retrofit. In
addition, experimental data are analyzed in thev\aeevaluating the in-situ estimation of the
envelope thermal resistance. Last, a short measmtecampaign should give an overview of

indoor environmental quality in the classroom.

2 Materials and methods

2.1 Description of the building

The studied building is a high school built in 196%he city of Lorient (west coast of
France, characterized by an oceanic climate). Thidibg is 150 m long, 12 m large and 15
m high and is mainly oriented in SW-NE directioh.was made of reinforced concrete
skeleton, 16 cm precast concrete fagade panelsiagie-glazed windows.

In 2015, the building was renovated by adding meida ventilation systems and
prefabricated ventilated facade elements on exteiae of existing envelope. The use of
prefabricated elements presents numerous advantag@sh as standardizing and
industrializing manufacturing processes, enhangjuaglity, reducing costs, renovation time
and disturbance for occupants [27]. Here, each eins made of a timber frame structure
with dimensions of 4 x 8 m and includes 5 doubkzgt windows (see Fig. 1). The opaque
part of each element consists from interior to eateof 12 cm glass wool, OSB board, 12 cm
glass wool, rainscreen membrane (Delta-Maxx Plos fDoerken [28]), ventilated cavity and
black metal cladding (see Fig. 2). These prefatgtaelements must fulfil at least three

requirements: thermal insulation, vapor diffusi@sistance and airtightness. Regarding the
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first two points, thermal conductivity and vapoffasion resistance factor were measured in
the lab according to ISO 12939 [29] and ISO 125.[Material properties, dry density and
thicknesses are gathered in Table 1. The theordtieamal resistance of the opaque part
calculated according to 1ISO 6946 [31] ranges bem&63 and 7.59 K.\&m, while vapor
diffusion resistance is mainly fulfiled by OSB bda Airtightness of this building is
controlled from outside due to the rainscreen mamdrcharacteristic: for instance, blower
door tests conducted by an external company shdha&dairtightness (n50) was reduced
from 5.15 ' before renovation to 1.58'h

Last, we noted that a 20 cm thick non-ventilateditgais created between the

prefabricated element and the concrete wall sineekisting envelope is not flat (see Fig. 2).

Figure 1: Views of the building before retrofit atie prefabricated ventilated facade

element.
Thermal
Density Sd-value Thickness
Material conductivity
[kg ] . [m] [mm]
[Wm™ K]
Glass Wool 34 0.032 - 0.035 0.36 2x12D
OSB 678 0.11 0.46 10
Rainscreen membrang - - 0.08 0.4

Table 1: Measured materials properties.
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2.2 Description of the monitoring

The analysis was concentrated on one element thaatethe ¥ floor and on the
central longitudinal body of the SE facade. Thisngnt faces a classroom. Its hygrothermal
behavior is monitored by using K thermocouplesac#tpve humidity sensors (Sensirion SHT
75, Staefa, Switzerland) and heat flux sensors t@€ap.ille, France). Uncertainties on
temperature, relative humidity and heat flux wevaleated by the suppliers respectively at
0.5 °C, 2 % and 3 %. As illustrated in Fig. 2, seasvere placed at different interfaces in a
representative part of the element (avoiding tleeity of corners, junctions or window).

A weather station (Vantage PRO 2 by Davis InstrusieRlayward, CA) monitors
outdoor condition near the building (air temperatand relative humidity, wind speed and
direction, global horizontal irradiance). A capaathumidity sensor and Netatmo weather
station [32] provide measurements of indoor tempeeaand relative humidity, CO2

concentration and noise in the classroom.

i === Window
A Cladding
) i Ventilated cavity (4 cm)
Rainscreen membrane
£ - Tsi Insulation (12 cm)
L) I T OSB (1 cm)
: y @ Cav. Insulation (12 cm)
= P QO #O- Cavity (20 cm)
; = B N OSB (int.) Concrete wall (16 cm)
i = = i ‘\\‘\\
~ - OSB (ext.)
— T © Capacitive humidity sensors
a----- RS = Tse
e 8 Thermocouple
I = T R Concrete
v I Heat Flux sensor

65 cm

Figure 2: Overview of the design and the instrurmgon of the prefabricated ventilated

facade element.



All sensors are connected to different dataloggetsch records all the data at least
every 10 minutes. The experimental campaign statede end of renovation (in July 2015)
and was carried for 2 years (until June 2017). Asal for long-term experiments, some
measurement problems arise during the monitorimgpgend about 20 % of data are missing

due data acquisition failure and power outage.

2.3 Determination of in-situ thermal resistance

Since the above instrumentation and the desigheofrionitoring process followed the
guidelines of 1SO 9869 [33], the thermal resistante®paque building component can be
evaluated according to this standard. In this wtitkee methods are used to analyze the data:
average methods, average methods applied on nighbds, dynamic method. The
methodology for the calculation as well the coneeicg criteria are described in detail in the
standard or in the literature [33-36] and are brisim-up hereafter.

Average methods consider one-dimensional quasiigtstate transfer through the wall.
Basically, thermal resistance is evaluated as:

N
R = Y1 (Tsij=Tsej)
- yN _g:

j=1 aj

1)
whereTg; and Ty are the internal and external surface temperadnokg; is the heat flux
density. For light elements with a specific hegiazaty lower than 20 kJ/(»K) (which is the
case here), the standard recommend to carry owrthlysis only on data acquired at night
[33]. In the dynamic method, thermal resistanceakulated by minimize the difference

between the measured heat flux and the calculatedloough a transient thermal model. A

short description of the process for the data amslg given in [33-34].



Since heating device can significantly affect teéneation of the thermal resistance
[37], the methods are applied to the prefabricagéanent rather than to the retrofitted
envelope: internal surface temperature and heatdhe measured at the insulation/cavity
interface. On the other side, external surface &ratpre is measured on the rainscreen

membrane because of data availability.

3 Hygrothermal behavior of prefabricated ventilated

facade element

3.1 Focus on the cladding and the ventilated cavity during summer

A summer period (from 5to 19" august 2016) including two sunny and two cloudysda
studied. Wind is oriented mainly in the west directand its velocity does not exceed 2'm.s
The measured cladding temperature and the vemtilatavity conditions regarding
temperature, relative humidity and vapor pressloegthe wall are shown in Fig. 3.

In general, temperatures follow a logical trencblow down at night and warming up during
the day. On sunny days, cladding temperature isegerom 8 a.m. and reaches a maximum
of 60 °C at 11 a.m.. Due to thermal inertia, a phsisift of about 1.5 hours can be noticed
between cladding and ventilated cavity maximum terapres. Notably, maximum top
ventilated cavity temperature is higher of 5 °Cnthmaximum bottom one: air flow due to
thermal buoyancy is upwards when outside temperasutower than cavity temperature. A
part of solar energy is transferred outside byflawing in the ventilated cavity and the
thermal load on the insulation is thus limited. dbsence of direct solar radiation, both
cladding and ventilated cavity temperatures tenelxterior temperature. During nights after,
it should be noted that cladding temperature dimglew exterior temperature due to long-

wave radiation exchange with the sky. On cloudysdasiadding and ventilated cavity
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temperature do not exceed 40 °C and no signifiddfgrences are observed between the top
and bottom cavity temperatures.

During this experiment, bottom ventilated cavitypwa pressure closely follows exterior
vapor pressure. During sunny days, bottom vendlatavity relative humidity strongly
decreases and reaches levels of 30 % due to tetupeiacrease. On the other hand, top
ventilated cavity vapor pressure is much highemthize bottom one: because of solar
radiation, wet wall starts to dry out, causing hgghounts of vapor to be transported upwards
to the ventilated cavity. During nights and cloudgys, no significant differences are
observed between bottom and top ventilated cawtgtive humidity and their levels are
closed to the exterior ones. This behavior is sirmak the one observed by Vanpachtenbeke et

al. [38] for brick veneer cladding.

60
—Ext
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—VC (in)
L e S e VA O (+1114]
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Figure 3: Measured and simulated temperaturegjvelaumidity and vapor pressure closed

to the ventilated cavity during a summer period.
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3.2 Focus on prefabricated ventilated facade elemen  t during winter

The hygrothermal of prefabricated ventilated facatlment is analyzed from 230 27"
December 2016. During this period, the school ighee occupied, nor heated. Outdoor
temperature and relative humidity show levels regpely between 6 and 12 °C and between
70 and 100 %. It should be noted that outdoor teatpee remains almost constant and equal
to 11 °C for 48 hours. Daily solar radiation levate comprised between 100 and 370 W&.m
wind is oriented in the SW-NE direction and itsoaty does not exceed 2 il.s

Fig. 4 shows measured temperatures at differenitigos and heat flux at the interface
between insulation and cavity. During a sunny daywarms up in the ventilated cavity due
to solar radiation and the deeper within the wak, higher the decrement and the time shift
of solar heat wave. Consequently, measured heatiglueduced and even can be slightly
positive. Nevertheless, temperature within the tgaseems not to be impacted by outdoor
solicitations, but rather by the interior one sihigh thermal inertia of concrete may regulate
this temperature. During cloudy days and nightsjperature measured in the ventilated
cavity tends towards the exterior ones. Furthermnave notice a slight decrease of

temperatures within the wall and the cavity becaideeat loss.
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Figure 4: Comparison between measured and simulatageratures and heat flux during a

winter period.

Fig. 5 shows measured relative humidity and vapessure at different positions within the
prefabricated ventilated fagade element. In thesemee of solar radiation, relative humidity
decreases and vapor pressure increases behinditisereen membrane as in the ventilated
cavity. This hygric load is dampened within the veadd delayed, but much slowly compared
to thermal transfer. For instance, vapor pressuagations are dampened by 50 % and
delayed by 4 h across the OSB board. However, we sualden, quick (a mean of 1 hour and
a half) and significant (about 10%) increase ofitieé humidity closed to OSB board,
correlated with temperature variations. A posséxplanation of these observations relies on

13



the fact that OSB board is an hygroscopic matéoiawhich sorption isotherm may depends
on temperature: contrary to humid air, an increafséemperature leads to an increase of
relative humidity assuming a constant moisture @in{39]. The released moisture can be
either transferred if temperature remains constane-condensed if temperature decreases
again. Finally, this phenomenon induces a suddemrease of relative humidity above critical
levels without changing the moisture content levighin the materials [40]. Last, decrease of
vapor pressure in the cavity is correlated to the observed within the wall and not to the

indoor one: this indicates the absence of anytiafibn of indoor air into the cavity wall.

100
1400 m
80
<1200 = ]
g )
= o« 60
2 T \/-\
W | e
1000f J—
40b —BXU
—VC (in)
——OSB (ext)
—Cav.
[—Ext —V/C (in) — OSB (ext) — Cav.
23Dec16 24Dec16 25Dec16 26Dec16 27Dec16 23Dec16 24Dec16 25Dec16 26Dec16 27Dec16

Figure 5: Comparison between measured and simulel&iive humidity and vapor pressure

during a winter period.

3.3 Annual behavior and moisture-related risks

Fig. 6 presents daily averaged temperature, relatiumidity and vapor pressure

measured outdoor and at different positions ofpiedabricated element from June 2016 to

July 2017.
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The annual average effective outdoor temperatuler@ative humidity were 12 °C and
80 %, varying respectively between -2 °C and 28af@d between 45 % and 95 %. Solar
radiation may reach maximum values of 1250 W(sunny summer days). Wind have a
mean velocity of 2.5 m’sand is mainly oriented in the SW-NE direction,igading that the
investigated element is not facing directly to wiad.

The annual hygrothermal behavior within the elementgoverned by external
temperature and vapor pressure. In the ventilateityc temperature and relative humidity
shows large variations due to solar radiation, &vtdpor pressure follows external variations.
Even if there are large variations in the ventdatavity, mean daily temperature and relative
humidity variations are quite limited within theeatent. For instance, temperature in the
closed cavity do not exceed 23 °C during summerdmdot drop below 19 °C, excepted a
decrease to 10 °C during Christmas holidays, whenbuilding is not heated. In addition,
relative humidity varies slightly around 50 %. Higathe above results indicate that thermal
and hygric insulation is well fulfilled by the peddricated ventilated fagade element and that

the hygrothermal solicitation on the concrete wsalimited.
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-|——OSB (ext)
— Cav.

Jun16 Aug16 Sep16 Nov16 Jan17 Feb17 Apr17 Jun17 Jul17

Figure 6: Daily averaged temperature, relative liityiand vapor pressure measured outdoor

and at different points of the prefabricated vatditl facade element.

A similar behavior was also observed from June 2@i%uly 2016. In order to
compare the 2 first years of service, Fig. 7 evalsisthe mean relative humidity measured at
different positions. Here, the comparison is perfed during winter, i.e. from December to
February, since relative humidity show its highkestel during this period (see Fig. 6). At
each position, relative humidity, and thus moistuoatent, is lower the second year than the
first one. Even if moisture was accumulated in ¢bacrete wall before retrofit, it is slowly
transferred outside without inducing any interatitondensation in the element. The retrofit

of this envelope is therefore safe.
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-Year 1
Bl Year 2

OSB (ext) OSB (int) Cav. Concrete

Fig. 7: Comparison of mean relative humidity evéddaduring winter at different positions.

Risk of mold growth is broadly evaluated in Fighg comparing temperature and
relative humidity measured for rainscreen membramé OSB to Isopleth defining critical
conditions for mold growth [41]. In addition, Talegathers the frequency and the cumulated
time (i.e. the time of wetness TOW) when criticahditions are exceeded. For the rainscreen
membrane, risks of mold growth occur frequently aigghificantly. Critical relative humidity
is exceeded mainly during night periods: this is tlua temperature decrease combined to the
fact that moisture transfer is slower than thertnahsfer. On the other hand, measured
relative humidity may drop significantly below dcal level during daytime because of solar
radiation. For the OSB, the frequency and the madaiof risks are significantly lower and
are due to the relative humidity increase relatedsolar radiation (see Section 3.2).
Nevertheless, as highlighted by Viitanen et al] [d2by Johanson et al. [43], mold growth
occurs after an incubation time that is much latban the duration of the above-mentioned

RH increase. Therefore, no moisture-related riskeapected around the OSB board.
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Rainscreen memb.

OSB (ext)

100

RH [%]
RH [%]

T[°C] T[°C]

Figure 8: Mold growth risk from May 2016 to JunelZ0

Rainscreen membrane OSB
Frequency of risk [-] 1613 73
TOW [h] 2080,3 28

Table 2: Frequency of mold growth risk and TOW fritay 2016 to June 2017.

4 Building performance and indoor environmental qua lity

after renovation

4.1 Thermal resistance of prefabricated ventilated facade element

and building performance
In the view to evaluate the in-situ thermal resista of the prefabricated ventilated
facade element, a measurement period must be defarefully accounting for the following

considerations. Previous studies showed that tghehithe mean temperature difference
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between the internal and external surface, therfastd the more accurate convergence of the
average methods [35, 44, 45]. In addition, it stcaé checked that thermal mass effects are
negligible on average [33]. Last, change to thedlion of heat flux should be avoided since
the assumption of steady-state behavior is no malid. Whereas this change is scarce for
heavyweight walls, it may occur more frequently lightweight walls. Therefore, the average
method is typically only used during the winter teg season. The application of the
dynamic method is broader, even if some difficsltreere observed in the estimation for very
fluctuating outdoor conditions [35].

Here, the analysis is performed from 15/01/20171.8/02/2017. The measurement data
are plotted in Fig. 9: internal surface temperatiaeges from 16.3 °C to 19.2 °C with an
average of 17.5 °C, external surface temperatuies/éetween -3.5 °C and 33.4 °C with an
average value of 8.1 °C, and heat flux densitytfiates between -0.39 and -2.41 Winith a

mean value of -1.21 W/mPrior to this period, sunny and cloudy days ahées.

0 5 10 15 20 25 30
days

Figure 9: internal and external surface temperatarel heat flux density measured on the

prefabricated ventilated fagade element.

19



The thermal resistance estimates resulting from different analysis methods are
represented in Fig. 10 in function of the lengthtloé data sets, i.e. the number of days
included in the analyzed measurement data. Festhdte that first results appear in day 3
since a 3 days minimum measuring period is requirethe standard [33]. Second, we
observe that all methods converge to a single valhe convergence criteria defined in the
standard are satisfied after 10 days for the aeenagthods and after 6 days for the dynamic
method. Mean estimated thermal resistance andast@duaeviation are sum up in Table 3.

In addition, two uncertainty analysis are done: finst aims to quantify how the
measurement uncertainty defined in Section 2.2 ggapes to the estimated thermal
resistance; the second concerns the influence athee conditions prior to the analysis:
either 5 consecutive sunny days or 5 consecutivedgl days. The resulting uncertainties are

also gathered in Table 3.

Average Method

—_
N

—_
o

RKm2wW"
=

Average Method (night periods)

—_
N

—
o O

R[Km2W]

—_
o N

(o]

RKm2wW"

10 15 20 25 30
days

o
(4]

Figure 10: Comparison of the different analysishods for estimation of thermal resistance.
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Average and dynamic methods estimate similar theresastances that are up to 7 %
higher than the theoretical one. A gap betweeruéatied and measured thermal resistances of
renovated building envelopes was also previouslyeped in the literature [7,46].
Experimental uncertainties may be one reason: taiogr due to measurement errors is up to
5.3 %, whereas the influence of weather conditfmar to the analysis is less. Other reason
may be due to the limit of modeling assumptiondlyance of boundary conditions, of
thermal bridge, of ventilated cavity, of moistuedc.) [45]. Nevertheless, the differences
remain in the overall uncertainty bounds definethmstandard.

On the other hand, thermal resistance evaluatetd wight data differs by 37 %
compared to the theoretical one and is sensitivexferimental uncertainties. Even if the
prefabricated element is lightweight, its dyname&havior is not completely cancelled out.

Therefore, the average method applied on nighbgerseems not to be suitable in this case.

Standard | Uncertainty due| Uncertainty due to
Mean value
deviation | to measurement weather conditions
[K.m%W]
[K.m%W] uncertainty | prior to the analysis
Average Method 7.815 0.034 Upto 5.3 % Upto1l.3%
Average Method
9.503 0.037 Upto4 % Upto 5%
(night periods)
Dynamic method 7.954 0.064 Upto 4.5 % Upto 0.4 %

Table 3: mean estimated thermal resistance, stdm@siation and uncertainties.

4.2 Indoor environmental quality

In educational buildings, hygrothermal comfort andoor air quality (IAQ) interacts

with students’ health, attitude and performance].[47ygrothermal comfort within the
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classroom is evaluated here through the measureshéminperature and relative humidity in
the center of classroom. In terms of IAQ, £€ncentration is measured since it is the most
common indicator and a critical parameter in schadassrooms where occupant density is
high. Here, C@ measurement could be done on teacher's desk onlyvb weeks during
autumn 2016. Their variations are plotted in Fig.f@r 2 representative days. In addition,
Fig. 11 includes teaching periods defined when ddaewmel exceeds a threshold value of 45
dB.

Indoor temperature and G@oncentration vary significantly in relation wittassroom
occupancy, while relative humidity fluctuations aegher limited. After student’s arrival (in
the morning or after lunch break), indoor tempeamatacreases up to 2 °C due to internal heat
gain by metabolism and electric devices (comput&ishultaneously, COevel rises sharply
and continues rising towards 1500 ppm due to aassroccupancy. In return, temperature
and CQ concentration drops slightly during short break®iing of the first day) or after
expected window opening (afternoon of the secory) dad more significantly during longer
breaks (lunch time of the 2 days). Last, we not& thdoor CQ concentration tends toward
outdoor concentration in less than 4h, whereas ¢eatpre decrease is much slower due to
the thermal inertia of building envelope.

During unoccupied periods, G@oncentration measurement can be used to evaluate
the air change rate ACH in the class room throughas tracer analysis explained in the
standards 1SO 12569 [48]. Here, ACH of 1 + 0,15.Wblis evaluated during lunch times.
Such values are rather low to offer adequate indoprquality during teaching periods.
Indeed, during the 15 days of @@oncentration measurement campaign, the recomrdende
limit for school classrooms of 1000 ppm [49] waways exceeded within 30 minutes from
student’s arrival and for 30 % of all teaching tinféhese observations agree with previous

results of large study on indoor air quality in ek school [50]. Nevertheless, measured CO
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concentrations remain much lower than the ones unedsin non-retrofitted schools, as

highlighted in [21].

1500}
E :
& 1000f SR
N
© \ \
500p. NN
0:00 6:00 12:00 18:00 0:00

Figure 11: Temperature, relative humidity, CO2 @rication and teaching period for two

representative school days during autumn.

Fig. 12 gives an overview of hygrothermal comfoyt tomparing temperature and
relative humidity measured during winter, mid-seas®o summer with Givoni bioclimatic
chart. Here, only the data measured during therétieal period of occupied classrooms
(defined from 8:00 am to 6:00 pm, from Mondays tm&ys) were considered in the analysis.
In addition, percent of discomfort are mentionegigidthermal comfort is mostly acceptable
except for the following cases: during winter, inddemperatures lower than 19 °C were
measured early in the morning, particularly afte¥elrends and holidays, since building
heating is started at the same time than clas®gefiom April to October, solar gain
combined to other internal heat load may lead tmiBcant overheating. This leads to

particularly high theoretical percentage of discornfduring summer. In practice, the
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classrooms are rarely occupied during this perextigularly due to secondary school leaving

examination in June.
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Figure 12: Hygrothermal comfort chart in the classn during class period.
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5 Conclusions

This work presented the two years monitoring ofhhgchool building renovated with
prefabricated ventilated fagade elements. The aizafpcused on three points: the thermal
performance of the envelope, the short-term maistwiated durability and the indoor
environmental quality (IEQ).

First, the thermal resistance of the opaque path®fenvelope was estimated following the
ISO 9869 standard. Its application leads to esBhatalues higher than the design one,
particularly when only night periods were consideirethe analysis.

Second, we noted that this retrofitting solutiorsistable in terms of moisture-related risks:
the envelope dried during the two years investijaad no interstitial condensation was
observed in the envelope. Occasionally, criticahdiions were exceeded close to
hygroscopic material due to solar radiation. Nehadgss, the analysis revealed that moisture
content is expected not to vary significantly atiys, the risk of mold growth should be
rather limited. This point should be however inigetied more in detalil.

Last, the investigation on IEQ underlined that logigermal comfort and indoor air quality are
fulfilled most of the teaching time. However, unfaable conditions were observed either
early in the morning or after long occupation. Hiere, the comfort of the student and, thus,
their health, attitude and performance can be inguoby reconsidering and adjusting the

operation of energy systems in a retrofitted buodi
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