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ABSTRACT

The poor maintenance of social dwellings causes the possible building deficiencies to be
significantly increased, especially when most of these dwellings have been built before any
thermal standard and without considering the effect of climate change. Facades are one of the
building elements which are most degraded by the contact with the exterior, and surface
condensation is the most common cause. This study applies the calculation of surface
condensation from ISO 13788 to a representative case of social dwelling in Spain for all climate
zones, both in the current and 2050 scenarios. Risks of corrosion, mould formation, and surface
condensation were studied in nine different points of the facade, which were validated by in-situ
measurements. The results determined that there was a greater risk of condensation or mould
depending on the climate zone, and thermal resistance significantly influenced data variation in
future scenarios. The results also showed that an adequate ventilation generally decreased risks,
removing the risk of mould and surface condensation by 2050. To predict the results obtained, a
model based on artificial neural networks was generated, and it could also be used to estimate
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risks in the future.

Introduction

The lack of building maintenance plans can contribute to
the progressive degradation of buildings. Facades are
among those building elements that tend to be most
affected by the lack of maintenance. The interaction of
the facade with the exterior results in degradation due
to factors such as rain and humidity (Orr, Young, Stel-
fox, Curran, & Viles, 2018; Pereira, de Brito, & Silvestre,
2018). One of the most typical causes of degradation of
brick facades is surface condensations. From areas with
mild winters to areas with severe winters (Becker &
Jaegermann, 1982; Torres-Rivas et al., 2018), there are
many cases of degradation caused by surface conden-
sation. Condensation occurs when the internal surface
temperature of an element is lower than the dew-point
temperature (Bellia & Minichiello, 2003). In a facade,
the areas contributing to this effect are thermal bridges
(e.g. slab fronts and windows), although condensations
can also occur in other areas (Bellia & Minichiello,
2003), thus affecting their thermal properties (Barreira
& de Freitas, 2013).

The appearance of surface condensation depends on
several factors, such as temperature and humidity
(Urquhart, 1982), the kind of material (Gradeci, Labon-
note, Time, & Kohler, 2017), the size of the surface area

of the facade (Hens, 2003), and the room volume
(Woolliscroft, 1997). Although cold climate conditions
can imply the appearance of surface condensation pro-
blems, such problems are more likely in moderate cli-
mate zones due to both deficient heating patterns and
the low thermal insulation of the buildings in such
zones (Becker, 1993). In this sense, poor internal air ven-
tilation significantly influences the condensation risk.
Ventilation in the existing building stock is deficient in
most cases, thereby causing the appearance of surface
condensation (Dimitroulopoulou, 2012). The influence
of user’s behaviour can also lead to condensation. The
difficulties to raise users’ awareness of the importance
of a correct ventilation make the obtaining of solutions
to this problem quite challenging (Levie et al., 2014;
Sharpe, Bearman, Thornton, Husk, & Osborne, 2015).
The ventilation of bedrooms is a good example. The
air change rate of bedrooms is low in winter nights in
most regions to maintain adequate thermal comfort con-
ditions (Hou et al., 2018). Such inadequate ventilation
increases the surface condensation risk in this season
(Liu, Aizawa, & Yoshino, 2004). Having ventilation sys-
tems would reduce condensation by 20% (Liu et al,
2004), although this data could not be extrapolated to
all regions.
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Likewise, fuel poverty also encourages the appearance
of surface condensation problems (Galvin & Sunikka-
Blank, 2017; Sharpe, Thornton, Nikolaou, & Osborne,
2015). Inadequate warming in turn implies deficient
hygrothermal conditions, thus encouraging surface con-
densations on building elements (Sharpe, Bearman, et al.,
2015).

Furthermore, mould growth can be a problem for
users’ health. If there are not acceptable dry conditions,
water content is maintained in walls during long periods
of time. This excess humidity on the internal surface
encourages mould growth (Krus, Rosler, & Sedlbauer,
2006), which sheds spores to the internal environment
(Emenius, Egmar, & Wickman, 1998). The presence of
mould in buildings is a very common aspect in various
countries: (i) in a study performed by Platt, Martin,
Hunt, and Lewis (2009), mould was detected in 45.9%
of the 597 British dwellings analysed; (ii) in another simi-
lar study by Koskinen, Husman, Meklin, and Nevalainen
(1999), a sample of 310 houses were analysed in Finland.
The results showed that 52% of dwellings presented
humidity problems and 27% had mould problems; and
(iii) Howden-Chapman, Saville-Smith, Crane, and
Wilson (2005) examined 613 dwellings in New Zealand.
The authors noticed that 46.5% of dwellings had visible
mould in rooms. There are several research studies show-
ing the existing correlation between the formation of
mould and the appearance of allergy symptoms
(Holme, Hagerhed-Engman, Mattsson, Sundell, & Bor-
nehag, 2010; Jacob et al., 2002). This aspect becomes
important taking into account that users are inside
their dwelling for a long time (Schweizer et al., 2007).
The reduction of the condensation risk therefore helps
to ensure better indoor air quality (IAQ), which in turn
avoids health problems (Gladyszewska-Fiedoruk, 2013).

The method to determine the condensation risk is
included in ISO 13788 (International Organization for
Standardization, 2012). It is a theoretical method
which uses monthly data of temperature and humidity.
In the scientific literature, however, there are other
methods to estimate the surface condensation risk: (i)
Liu et al. (2004) developed a three-dimensional model
using computational fluid dynamics to simulate surface
condensations in a test chamber. The results presented
an adequate degree of adjustment with respect to the
experimental results; (ii) Klemm, Klemm, Rozniakowski,
and Wojtatowicz (2002a, 2002b) used a method to
measure surface condensations by applying laser radi-
ation. The results showed a great correlation between
the roughness of the element and the mould growth;
(iii) Antonyova et al. (2013) developed a non-destructive
method to measure the condensation on walls. This
method was used in two buildings in Slovakia, and the

results were similar to those obtained by simulation;
and (iv) Haldi (2015) devised a method that estimated
the risk of humidity in the interior. For this purpose, sto-
chastic models based on users’ behaviour were used.

Also, there are research works analysing surface con-
densations on buildings in various regions, thereby
allowing this problem to be characterized: (i) Becker
(1984) analysed the influence of the orientation, occu-
pation, and habits in the risk of mould growth in 200
dwellings. The results reflected that buildings facing
north presented a condensation risk greater than those
facing other orientations (due to the lack of solar contri-
butions). In addition, the inadequate ventilation and a
high number of people in the dwelling contributed to
an increase of the condensation risk; (ii) a study carried
out by the Building Research Establishment (BRE)
(Dimitroulopoulou et al., 2005) determined that 68%
of the dwellings built in United Kingdom since 1995
had an air change rates lower than 0.5, thus implying a
risk of surface condensation in winter; (iii) another
study conducted in United Kingdom showed that the
methodology used to evaluate the heat transfer in win-
dows can underestimate the risk of mould growth on
walls (Sierra, Bai, & Maksoud, 2015); (iv) Beko, Lund,
Nors, Toftum, and Clausen (2010) analysed the air
change rate in 500 bedrooms of Danish children between
3 and 5 years old. The results showed a correlation
between the surface condensation on windows and the
low air change rate; (v) Shin, Rhee, Lee, and Jung
(2018) evaluated the CO,-based ventilation control in
two residential buildings in Korea. The results allowed
the surface condensation risk to be reduced even for
external temperatures of —15°C; (vi) Kim, Kim, and
Leigh (2011) studied the use of a double window system
with ventilation slits to reduce the surface condensation
risk in apartments in Korea. Such system both decreased
the internal humidity by 50% and removed surface con-
densations from window frames; (vii) Cho, Iwamoto,
and Kato (2016) analysed the possibilities of decrease
in an office building located in Tokyo. By incorporating
great thicknesses of insulation materials (greater than
7.5cm) and triple float glass windows, condensation
risks were removed; and (viii) Dallongeville et al.
(2015) studied the IAQ in 150 dwellings in France. The
results reflected concentrations of different kind of
mould, such as Cladosporium and Penicillium, in more
than 90% of dwellings.

However, there is a lack of research studies analysing
internal condensation risks in the Spanish building stock.
Spain is characterized by having a wide typology of cli-
mate zones (Peci Lépez & Ruiz de Adana Santiago,
2015), which goes from desert climate (Bw) to subarctic
climate (Dsc), according to the Képpen-Geiger climate



classification (Rubel & Kottek, 2010). In addition, most
of the building stock was built without any technical
quality standard in the building sector (Kurtz, Monzdn,
& Lopez-Mesa, 2015). In this regard, 54.71% of social
dwellings of the existing building stock was built in
Spain in the 20th century (between 1940 and 1979).
This dwelling typology is characterized by having fagades
with low thermal resistance as well as by not having ven-
tilation systems (Kurtz et al., 2015).

This study therefore aims at analysing the surface
condensation risk in the existing social dwellings in
Spain. To do this, a representative case study was
selected, and the appearance of surface condensation
was evaluated according to the climate zone. Environ-
mental conditions (internal operative temperature and
internal relative humidity) were simulated using Design-
Builder, and internal surface temperatures of the facade
were simulated with HTflux, using models validated by
in-situ measurements. The effect of having ventilation
systems was also assessed. Given that the Directive
2018/844 (European Union, 2018) established the need
for having efficient buildings before 2050, the existing
condensation risk in buildings which are not renovated
in that year has also been analysed. Finally, automation
tools were developed by using artificial neural networks
(ANNGs) to ease the analysis in future research studies.

Method

The methodological frame of this research is based on
the selection of a representative case study of Spanish
social dwellings from the 20th century. After selecting
the case study, climate zones were characterized both
in the current scenario and 2050. Afterwards, the case
study was modelled, validated, and the data required
were simulated, from which conclusions were drawn.
Furthermore, data were used as training and validation
datasets for the ANNG.

Theory and calculation method

ISO 13788 (International Organization for Standardiz-
ation, 2012) establishes a calculation method to evaluate
problems related to the surface condensation of building
envelope elements. For this purpose, the concept of
temperature factor at the internal surface (fz,) is intro-

duced:

Ts,in - Tout

> (1)
Ti - Tout

fRsi =
where T, [°C] is the internal surface temperature of the
element, T;, [°C] is the internal operative temperature,
and Toy [°C] is the external dry bulb temperature.
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By using Equation (1), two different fg, can be
obtained: (i) the fg, presented by the element at the
instant analysed. The surface temperature can be deter-
mined by methods of finite elements according to ISO
10211 (International Organization for Standardization,
2017); and (ii) the limit fz, which will determine the con-
densation risk. To obtain this last fz_, it is necessary to
determine both the saturation pressure (ps) and the
limit internal surface temperature related to that pressure
(T intimit)- Equations (2)-(4) indicate how they can be
obtained. Values of fz, of the element higher than the
limit fz, will not present surface condensation risks.

Pin

psat - > (2)
st,cr
Psat
237.3 - loge< )
Ts,in,limit - 612;3
17.269 — IOge (m) (3)
for pet > 610.5 Pa,
psat
265.5 - log, (1=
Ts,in,limit = 612;3
21.875 — loge(610 5) (4)

for pst < 610.5 Pa,

where pj, [Pa] is the internal pressure, and ¢; ., [dimen-
sionless] is the critical relative humidity. To determine
the value of ¢ ,, the standard suggests the use of three
values for three types of surface condensation risks: cor-
rosion of metal elements (¢;; . is 0.6), mould growth
(@gir is 0.8), and surface condensation (¢, is 1.0).
The standard uses monthly mean values with the aim
of simplifying the calculation procedure. However, this
analysis presents limitations because the condensations
generated during the most unfavourable hours are not
detected. Therefore, the approach from ISO 13788 was
applied at a schedule level to have greater information
about the surface behaviour of the building envelope.

Case study

A residential building built in 1978 in Seville was selected
(see Figure 1(a)) because it represents most existing resi-
dential buildings in the country. According to data from
the Housing Census in Spain (Spanish Institute of Stat-
istics, 2011), 54.71% of social dwellings of the existing
building stock were built between 1941 and 1980. This
period corresponds to the period before publishing the
NBE-CT 79 standard (The Government of Spain,
1979), which establishes the quality criteria of the build-
ing energy behaviour, such as the incorporation of insu-
lation material in facades. This case study is therefore
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Figure 1. Case study: (a) facade of the building, and (b) 3D model of the room.

representative of a high percentage of the building stock
in Spain, as well as corresponds to buildings in which
performances and improvements should be made to
reduce the energy consumption and increase comfort
and healthiness conditions (Kurtz et al., 2015).

These buildings present an inadequate equilibrium
between the generation and removal of humidity due
to poor ventilation, thereby having acceptable conditions
to cause surface condensation problems. The dwellings
have six rooms with different orientations. For this
study, the most unfavourable case was analysed: the bed-
room facing north (see Figure 1(b)). In such types of
rooms this is where most humidity appears, especially
at night (Shin et al.,, 2018). Likewise, these rooms are
only ventilated with windows, so the condensation risk
is higher due to the lack of users’ awareness (Levie
et al.,, 2014; Park & Kim, 2012). The room studied is
only used by one user, a student, who is studying and
sleeping in the room most of the time.

Climate zones

Spain is a country with a wide variety of climate zones.
The various areas are classified by using the Spanish
Building Technical Code (CTE) (The Government of
Spain, 2013). This method uses the concepts of winter
climate severity (WCS) and summer climate severity
(SCS).
WCS = 3.546 - 10~* - DD}y — 4.043 - 10~ %
+8.394-107% . DD3, — 7.325 - 1072

n 2
: (ﬁ) ~1.137-107%, (5)

SCS =2.990 - 10* - DDg — 1.1597 - 10~ - DD;
—1.713-107}, (6)

where DDy, is the mean degree days, based on 20°C in
winter (between October and May); n/N is the quotient
between the number of sunny hours (n) and the number
of maximum sunny hours (N) between October and
May; and DDy is the mean degree days, based on 20°C
in summer (between June and September).

Each region is classified according to the WCS and
SCS values obtained. For WCS, a letter between A and
E is assigned, and for SCS, a number between 1 and 4
(see Table 1). By combining WCS and SCS in each of
the Spanish province capitals, 12 different climate
zones are obtained (see Figure 2). In this study, a city
representing each climate zone was analysed (see
Table 2). EnergyPlus Weather (EPW) files of each cli-
mate zone in the current scenario were generated from
MET files of the CTE (The Government of Spain, 2017).

Scenario 2050

To generate future climate scenarios, 12 EPWs of the
current scenario were selected. A morphing process
was applied to these files with the UK Met Office Hadley
Centre Coupled Model 3 HadCM3 (Met Office Hadley
Centre, 2016). This model considers the combination
of scenarios of CO, A2a, A2b, and A2c emissions, form-
ing the GHG A2 emissions scenario. By using the tool
called CCWorldWeatherGen (Jentsch, Bahaj, & James,
2008; Jentsch, James, Bourikas, & Bahaj, 2013), which
is based on research studies by Belcher, Hacker, and
Powell (2005), the climate files for 2050 were created



Table 1. Intervals of classification for WCS and SCS.
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Table 2. The cities selected for each climate zone.

Intervals for WCS Intervals for SCS Climate zone City Latitude Length Height
Class Value Class Value A3 Malaga 36.67 —448 7.0
A 0 < WCS < 0.23 ] 5CS < 0.50 A4 Almeria 36.85 -238 21.0
B 023<WCS<050 2  0.50<SCS<0.83 B3 Murcia 38.00 -1 620
C 050 <WCS<093 3  083<SCS<138Cs<050 B4 Seville 3742 =590 310
D 093<WCS<151 4  SCS>138 a Bilbao 43.30 —2:90 390
E WCS > 1.51 (@) Barcelona 41.28 2.07 6.0

a Granada 37.18 -3.78 570.0

4 Caceres 39.47 -6.33 405.0

(i.e. the time series of the climate variables for 2050). The D1 Oviedo 43235 587 339.0
12 EPW files were therefore morphed, obtaining 12 new  p Girona 41.90 277 1290
climate scenarios for 2050. D3 Albacete 3895 ~185 7040
Although the HadCM3 A2 model is the most widely g Soria 4181 265 1079.0

used to perform simulations for future predictions
(Jentsch et al., 2013) and several research studies are
based on this model (Bienvenido-Huertas, Moyano,
Rodriguez-Jiménez, & Marin, 2019), some consider-
ations are required. The HadCM3 model has a grid res-
olution of 2.5x3.8° (Pope, Gallani, Rowntree, &
Stratton, 2000), which means that each simulated grid
element should cover around 278 x 422 km, thus allow-
ing predictions to be carried out to the scale of climate
zones from Table 2. For specific case studies, however,
the model presents certain level of uncertainty. More-
over, it predicts future tendencies of the climate vari-
ables, but it cannot contemplate extraordinary natural
phenomena related to climate change, such as hurri-
canes, storms, strong seasonal floods, etc. The 2050
future scenario used in this research should be under-
stood as the most probable climate conditions in the

WCS

[JA [B

Ec D ME

future, considering the A2 ‘medium-high’ GHG emis-
sions scenario with a margin of error corresponding to
the size of the grid of the HadCM3 model.

The 2050 scenario significantly influences the climate
variables of the EPW files. Generally, the annual average
temperature had increases greater than 4°C, although
such increase was not the same throughout the year:
the coldest months (e.g. January and February) had a
temperature increase lower than the hottest months
(e.g. July and August). Concerning the variation of the
external relative moisture, it presented decreases in all
months of the year. In this way, the average variation
with respect to the current scenario throughout the
year was 2%, with the exception that the deviation oscil-
lated between 13.8 and 15.9% in July.

Burgos} .

, _

cfa
olid
>

11 [O2 @3 W4

Figure 2. Climate severity of winter and summer in the provinces of Spain.
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Simulation models

Surface temperatures were modelled by using the HTflux
software, a two-dimensional transient calculation soft-
ware according to ISO 10211. In total, 9 different points
were analysed in the facade (see Figure 3(a)): (i) P1, junc-
tion of the wall with the inferior slab; (ii) P2, wall without
any influence of thermal bridge; (iii) P3, the wall near to
the thermal bridge of the window; (iv) P4, junction of the
wall with the window; (v) P5, aluminium window frame;
(vi) P6, glass of window; (vii) P7, aluminium frame of
blind box; (viii) P8, junction of the wall with the blind

(b)

Figure 3. Simulation using HTflux: (a) simulation model using HTflux, and (b) thermograms carried out in the facade.

box; and (ix) P9, junction of the wall with the superior
slab. For such points, surface condensation risks were
analysed (see Table 3). Layers, thickness, and properties
of the materials were determined using reliable technical
documentation. Table 4 indicates the configurations of

Table 3. The surface condensation risks analysed on each point.
Risk Points

P5 and P7
P1, P2, P3, P4, P8 and P9

Surface condensation All

Corrosion of metal elements
Mould growth
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Table 4. Layer, thickness, and thermophysical properties of the building envelope.

Layers
Component Type s[mm] AW/m - K)/W] RI(m? - K)/W1 U[W/(m2 -K)l
Wall Cement mortar 10 1.000 - 1.35
Hollow brick 70 0.375 -
Air gap 50 - 0.18
Cement mortar 15 1.300 -
Brick facing 115 1.042 -
Window Aluminium frame 10 - 0.17 5.89
Simple glazing 3 0.900 -
Floor Terrazzo paving 20 1.800 - 1.76
Sand 30 2.000 -
Floor slab 250 0.893 -

the envelope elements. The values of internal and exter-
nal surface resistance from ISO 13788 were used for each
type of element. As can be seen, the fagcade of the case
study corresponds to a common typology of multi-leaf
walls with brick layers. Such fagade typology is found
in other countries, such as Italy (Corgnati, Fabrizio,
Filippi, & Monetti, 2013), Belgium (Singh, Mahapatra,
& Teller, 2013), and United Kingdom (Baker, 2011), so
the results can be extrapolated to other regions.

The model was validated by comparing actual and
simulated values. To do this, the facade was monitored
(see Figure 3(b)). Thermograms were made with an
infrared camera (FLIR E60bx), with a measurement
range from —10 to 105°C, FOV of 25° x 19°, and IFOV
of 1.36 mrad. Thermal sensitivity was lower than 0.05°
C at 30°C, and the spectral range went from 7.5 to
13 um. Thermograms were performed during sunset
due to the availability of access to the dwelling of the
user. In addition, aspects were considered as follows:
(i) during 24 h before performing the thermogram, the
external temperature was not greater than +10°C with
respect to the external temperature at the moment of
performing the thermogram; and (ii) during performing
the thermogram, the external temperature was not
greater than +5°C and the internal temperature was
not greater than +2°C with respect to the values of
such variables at the moment of starting the performance
of thermograms. Air temperature was measured with
thermocouples type K. The measurement range of ther-
mocouples went from —20 to 70°C, with a resolution of
0.1°C and an accuracy of £0.2%. To assess the degree of
adjustment, the Mean Bias Error (MBE) was analysed

ASHRAE Guideline 14-2014 (ANSI/ASHRAE) was
used (American National Standards Institute/American
Society of Heating Refrigerating and Air-Conditioning
Engineers (ANSI/ASHRAE), 2014). The MBE obtained
in the monitorings of the 9 points was lower than 10%.
n

MBE — 2=t Ui = %) (Z =) 00 (%), )
where 7 is the number of measures, y; is the actual value,
x; is the simulated value, and y is the mean of actual
values.

Internal environmental parameters (operative temp-
erature and relative humidity) were obtained by means
of a simulation with DesignBuilder. The validation of
the model used in the building was already included in
a previous study (Sanchez-Garcia, Rubio-Bellido,
Pulido-Arcas, Guevara-Garcia, & Canivell, 2018).

Schedule values of heating and cooling setpoint temp-
eratures as well as usage profiles were defined according
to CTE (The Government of Spain, 2013). Table 5 indi-
cates the schedule values associated with the setpoint
temperatures. Simulations were performed with and
without a ventilation system to see the improvement
generated by the performance in the dwelling (incorpor-
ating a ventilation system) in the current state (without a
ventilation system). The ventilation system had an air
change rate of 0.63.

Estimation using ANNs

ANNGs are one of the computational paradigms provid-
ing best features when facing statistical problems (Far-

(Equation (7)). The limit value of 10% included in shad, Garber, & Lorde, 2000), as nonlinear
Table 5. Setpoint temperatures of the residential profile of the CTE.
Setpoint temperature [°C]
January - May June - September October - December
Limit 24-7 8-15 16-23 24-7 8-15 16-23 24-7 8-15 16-23
Upper limit - - - 27 - 25 27 - 25
Lower limit 17 20 20 - - - 17 20 20
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relationships can be established among data (Bienve-
nido-Huertas, Rubio-Bellido, Pérez-Ordéniez, & Marti-
nez-Abella, 2019). To automate the process of
obtaining results of this research in new case studies,
the simulation process was automated.

In this study, the multilayer perceptron (MLP) was
used as an architecture of ANN. This architecture is
made up of three or more layers: (i) an input layer,
which obtains the information from the input variables;
(ii) one or several intermediate layers, which extract the
information required; and (iii) an output layer, which
estimates the output value of the model. The output
value of the last layer corresponds to the sum of the out-
put values of the weighted intermediate layers, which are
obtained through the weighted values of the input layer
(see Equation (8)). Hours of risk of corrosion (h.y),
humidity (Amoud), and surface condensation (hgew)
were analysed. However, ISO 13788 uses monthly data.
Thus, the possibility of estimating hours with risk was
analysed by using both monthly temperature data
(Tins Touss Tsin) and internal relative humidity data
(RHjy). Likewise, the estimation of the temperature fac-
tor at the internal surface for the year 2050 (fz,2050)
with current data was also analysed. Thus, four MLPs
were analysed (see Figure 4).

M d
z= U(Zl: w,&?a(@ W;%)Xi) + W,%)}h), (8)
= =

where z is the value of the output layer, o is the
activation function, x; are the input layer values, y, and

wﬁ)) are the input value and the weight of the bias neuron

of the hidden layer, respectively, W&? are the weights of
the hidden layer, and w,(g) are the weights of the output

layer.

MLPs were trained by using the Broyden—Fletcher—
Goldfarb-Shanno (BFGS) algorithm (Fletcher, 1980).
Trainings were performed by means of 10-fold cross
validation, and a sigmoidal activation function was
used (see Equation (9)). Architectures of one layer in
the hidden layer were considered because they usually
have a better behaviour than more complex architectures

(Kumar, Aggarwal, & Sharma, 2013). The MLPs were
optimized by determining the most adequate number
of nodes for the hidden layer. To generate datasets, the
data obtained from the simulations run in each climate
zone were used. Individual datasets were used for each
climate zone, and a combined one for all climate
zones. Such datasets were divided into two subsets: a
training (with 75% of instances) and a testing subset
(with 25% of instances). They were randomly generated.
Moreover, a learning rate of 0.3 and a momentum of 0.2
were used as fixed parameters of the MLPs.

1
o= ,
1+e*

)

where x is the weighted sum of inputs in the node.

The statistical parameters, which are quality indi-
cators of the MLPs, were the correlation coefficient
(R?) and the mean absolute error (MAE):

Z?:l (x; — yi)z

RP=1- ,
Yo — %)

(10)

MAE — 2= Vi =%l (11)
n

Results and discussion

Surface condensation risks in climate zones in the
current scenario

First, values of surface temperatures of the different
points were simulated. Figure 5 shows an example of
the values simulated in P2 and P6 in the area A3, and
Figure 6 reflects the existing correlation between the sur-
face temperature and the boundary conditions in area
A3. As can be seen in Figure 6, the internal surface temp-
erature presented a high correlation with the internal air
temperature. The values of R* for the various points in
each area were higher than 0.70, and the points with
the greatest correlation were those of the wall (P1, P2,
P3, and P9). The points with the lowest R* were those
of the window (P5 and P6). However, the correlation
of the internal surface temperature with the external
air temperature presented a different behaviour. On the

MLP-frsi2050

corr mould

Bias__ Bias
O

2050
2050

Figure 4. Scheme of the architectures of the MLPs.
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Figure 5. Internal surface temperature of P2 (brown line) and P6 (blue line) in the area A3.

one hand, the correlation was higher in the elements of
greater thermal transmittance (i.e. with a low thermal
resistance), such as the window frame (P5) and the
glass (P6), with a R? higher than 0.95. Also, the points
that presented a bidimensional flux due to the finishing
work of the window also had a correlation greater than
the external temperature. This anticipated that such
points were the most unfavourable points of the fagade
for the surface condensation risk. On the other hand,
the correlation was lower in the elements with greater
thermal resistance. This explains why the fluctuations
of the surface temperature of such points were greater
than that of other points, such as P2 (Figure 5 shows
that the fluctuation of P6 is greater than P2).

After analysing the existing relationship between the
boundary conditions and the surface temperature of
points, the number of hours with surface condensation
risk was obtained. As previously mentioned, the risks
of corrosion of metal elements, mould growth, and sur-
face condensation were analysed. For this purpose,
values of critical relative humidity set by ISO 13788
were used. Figure 7 shows the number of hours with
the risks associated with surface condensation. As can
be seen, the behaviour obtained in the different areas
was not the same. Regarding the hours with risk of
mould growth, the areas with the greatest risk were
those with a lower WCS (areas A and B), in which the
number of hours presented a percentage increase
between 6.52% and 165% with respect to the maximum
number of hours reached by the other areas (areas C, D,
and E). This aspect is in accordance with Becker (1993),
who reflected the greatest risk of mould in moderate cli-
mates. In addition, the area A4 was the one which
obtained the greatest number of mould growth, with a
mean increase of 168 h with respect to the following
area with a larger number of hours (B3). Likewise, the
point with the greatest risk of mould growth is the

junction of the wall with the aluminium window frame
(P4). The number of hours in such point was always
greater than 60% with respect to the following point
with the greatest mould growth (P8). In addition, the
thermal bridge of the slab front did not generate a
huge increase of the number of hours. In this sense,
the increase presented by the number of hours related
to the risk of mould growth with respect to the wall with-
out any influence of the thermal bridge was lower than
31.25% and 54.05% for the thermal bridge of the floor
and ceiling, respectively. This highlighted several impor-
tant aspects because the effect of the thermal bridge of
the slab in the surface condensation risk was not signifi-
cant in the case of old buildings, mainly due to the low
coupling coefficient of the joint (the thermal resistances
of the two elements joint were similar, unlike walls
with good insulation). Also, the effect caused by the win-
dow in the opaque area of the facade was quite significant
because they were the main areas where mould appeared.

Concerning the risks of corrosion of metal elements in
both points of woodwork, the number of annual hours
with risk of corrosion was higher than 4,500. Further-
more, the behaviour among climate zones was similar
to that of mould growth. In this regard, the areas with
a lower WCS were those obtaining a larger number of
hours with risk of corrosion, and the area A4 obtained
the greatest number of hours. As can be seen in Figure
7(b), areas A3, A4, and B3 obtained an increase greater
than 1.34% and 1.14% for P5 and P7, respectively, with
respect to the other areas. Only one area with a lower
WCS obtained less hours than the remaining areas
with a greater WCS. Area B4 obtained values lower
than in C2, C4, D2, and E1 in P5, and areas D3 and
El in P7. From the two points analysed, Figure 7(b)
shows that the point of the window frame (P5) obtained
a greater risk of corrosion than the point of the frame of
the blind box (P7), with an increase between 0.45 and
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Figure 6. Scatter plot of internal surface temperature and internal and external air temperatures in the area A3.

23.12% in the percentage of hours. This is because the
thermal transmittance of the window frame is greater
than that of the frame of the blind box (this last one
has the external layer of brick). The metal points of the
facade are therefore very likely to present risks of cor-
rosion throughout its useful life. This aspect would

imply users to replace them throughout the years due
to the damages presented.

Regarding hours of surface condensation, Figure 7(c)
indicates the values obtained by each point of the
facade. The point with the greatest surface condensation
risk is the glass of the window (P6), followed by the
window frame (P5). This result is quite important
because condensed water can be extended to other
areas of the facade if the drying of these elements is
not produced, thereby causing degradation. This
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Figure 7. Surface condensation risk in the current scenario: (a) hours per year with risk of mould growth, (b) hours per year with risk of

corrosion, and (c) hours per year with surface condensation risk.

showed the common problems of buildings with win-
dows, in which bad ventilation and bad thermal prop-
erties of the window were a main point of
condensations (Emenius et al., 2004; Hégerhed-Eng-
man, Bornehag, & Sundell, 2009). Also, the points cor-
responded to the wall of fagade (P1, P2, P3, P8, and P9)
did not present surface condensations. Only the point
of the thermal bridge between the window and the
wall (P4) presented hours with surface condensation
oscillating between 1 and 17. With respect to the exist-
ing difference among the climate zones, the behaviour
obtained for hours with risk of mould growth and cor-
rosion was not obtained for hours of condensation. In
this way, areas with a greater WCS obtained higher
values than areas with a lower WCS, with a mean
increase in each area between 27.57% and 84.17%.

Despite having less hours with risk of mould growth,
values of surface relative humidity were higher than
in the areas with a lower WCS, thereby causing the
value of critical relative humidity for surface conden-
sation to be exceeded (see Figure 8). Thus, the area
El was the one which obtained the greatest number
of hours with surface condensation risk, with an
increase higher than 85.27% with respect to the follow-
ing area with greater number of hours (D1).

The various climate zones had therefore favourable
conditions for the appearance of condensation problems
in the building typology analysed. The typical character-
istics of each zone implied different behaviours in each
type of risk, but a high appearance of such problems
was detected in all of them, thereby causing two aspects:
(i) the possibility of a low IAQ, with the risk of
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Figure 8. Jitter plot of the relative humidity at the surface of the facade for each climate zone. Values of critical relative humidity of
condensation, mould growth, and corrosion are represented by blue, red, and orange lines, respectively. Points with values higher than

1 are related to surface condensation.

respiratory health for users; and (ii) possible damages in
the elements of the facade of such buildings.

Influence of climate change in 2050

The scenario of A2 greenhouse gas emissions for the year
2050 changed the number of hours with risk which were
obtained in the current scenario. The number of hours
with risk of corrosion, mould, and condensation had
different variations, increasing or reducing the number
depending on the type of risk. This was because of the
variations presented by the limit fx, obtained at each
instant. Although, at first, the effect of climate change
causes a reduction of the external relative humidity
and an increase of the external air temperature, the ther-
mal gradient between the internal and external tempera-
ture presented a mean increase of 2.44°C in the coldest
months. This implied that fz, of mould and surface con-
densation increased with respect to the current scenario,
whereas the fz, of corrosion decreased or increased
depending on the environmental conditions (see
Figure 9). Such variations caused the number of hours
with risk of mould and condensation to be increased in
those points with a greater correlation with the external
air temperature (see Figure 5). As the limit value is
greater, a larger number of hours are below such value.

Tables 6-8 represent the variations in the number of
hours with risk in 2050. Regarding the hours of cor-
rosion, given that the limit fr, for corrosion presented
reductions, the number of hours with risk of corrosion
was lower. Table 6 shows that the oscillation of the per-
centage of reduction for both points was between 42.8%
and 57.63%.

The risk of mould growth in 2050 had two different
behaviours (see Table 7): (i) the points with the greatest
thermal resistance (P1, P2, P3, and P9) presented per-
centage reductions between 5.26% and 94.12% for all
the areas; and (ii) the points influenced by the window
(P4 and P8) presented a percentage increase of 3.17%
and 37.01%, respectively. Only in the area El, a
reduction of the number of hours of P4 was achieved.
In this way, the surface condensation risk had a similar
behaviour (see Table 8): (i) the points with the lowest
thermal resistance presented an increase of the number
of hours; and (ii) the points with the greatest thermal
resistance did not have hours with condensation. Also,
there was a decreasing tendency in the number of
hours in the areas with a greater WCS. This behaviour
was different to that obtained in the current scenario
because the thermal gradient obtained in the areas with
a lower WCS was greater than that obtained in areas
with a greater WCS (heating setpoint temperatures
were not exceeded in areas with a greater WCS, whereas
these temperatures were exceeded in areas with a lower
WCS, so the thermal gradient increased).

It was found that the predicted environmental con-
ditions due to climate change will significantly influence
the decrease of surface condensation cases. The increase
of average temperatures and the decrease of the relative
moisture reduces the conditions which contribute to
the surface condensation risk. This aspect was not
detected in zones with a low thermal resistance. The
improvement of the thermal resistance in such points
would reduce the surface condensation risk in the next
years. It is worth highlighted that it does not mean that
environmental conditions are improved by climate
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Figure 9. Deviation percentage of the limit fz, of the scenario 2050 with respect to the current scenario in the area A3.

change, but a tendency of decrease is detected in the
cases of surface condensation.

Incorporating a ventilation system

The implementation of a ventilation system allowed the
surface condensation risk to be reduced in all climate
zones. In this sense, the number of hours with risk of cor-
rosion in P5 and P7 presented reductions greater than
47% and 19% in the current scenario and 2050, respect-
ively (see Figure 10(a)). Likewise, the number of hours
with risk of mould formation almost disappeared (see
Figure 10(b)). Only some points in the current scenario
presented hours with such risk, but the reduced number
(lower than 20) allowed the effectiveness of having these
systems to be guaranteed in order to remove the surface
condensation risk in the existing buildings. For the year
2050, the risk of mould formation disappeared. There-
fore, hours with surface condensation were not obtained
in 2050. For the current scenario, although hours with
mould formation were obtained, the relative humidity

at the surface was lower than 100%, so hours with surface
condensation were not obtained. Thus, these results cor-
roborate the effectiveness of using a ventilation system as
a way to remove surface condensation risks in most of
the building stock in Spain. Also, the results obtained
by using the ventilation system allowed better reduction
percentages to be obtained in the condensation risk than
those analysed in other studies, such as the study by Liu
et al. (2004) in which a decrease of 26% was obtained. It
is therefore an effective measure to solve condensation
problems in the existing buildings. Also, it allows the
impact caused by the user’ behaviour to be reduced.

Estimation using MLPs

As mentioned in Section 2.6, three MLPs were suggested
due to the huge amount of time required to carry out the
schedule analysis of the surface condensation risk. Each
MLP determined the number of hours for each limit
value of surface humidity: corrosion (MLP-CH), mould
(MLP-MH), and surface condensation (MLP-DH).
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Table 6. Deviation percentage of hours per year with risk of
corrosion in 2050.

Deviation percentage [%]

Areas P5 P7

A3 —53.29 -51.26
A4 —53.59 —51.48
B3 —54.39 —50.54
B4 —53.84 —49.99
(@ —56.02 —47.00
Q —55.90 —48.64
a —57.63 —50.04
c4 —57.39 —50.60
D1 —55.15 —42.80
D2 —55.99 —46.25
D3 —56.76 —55.39
E1 —55.42 —53.50

Table 7. Deviation percentage of hours per year with risk of
mould growth in 2050.

Deviation percentage [%]
Area P1 P2 P3 P4 P8 P9

A3 —38.65 —50.23 —39.68 18.92 28.46 —34.96
A4 —40.50 —55.97 —47.04 5.63 18.11 —39.05
B3 —64.82 —74.90 —60.78 8.95 22.71 —62.63
B4 =57.21 —68.05 —59.17 21.85 30.30 —54.75
a -19.57 —20.00 —1091 26.58 21.00 —545
Q —45.07 —49.17 —27.89 8.18 6.01 -29.29
a —6.25 -16.22 -3333 18.18 20.38 —5.26
4 —65.87 —75.00 —66.09 3.7 9.12 —60.83
D1 -51.76 —50.65 —35.00 14.86 37.01 —41.11
D2 —71.79 —75.00 —73.81 8.68 27.49 —72.50
D3 —66.67 —67.05 —60.00 4.58 7.55 —61.62
E1 —84.09 -94.12 —82.93 -1.14 4.53 —81.82

Table 8. Variation in the number of hours per year with surface
condensation risk in 2050.

Variations of the hours with condensation risk [h/year]

Areas P1 P2 P3 P4 P5 P6 P7 P8 P9
A3 0 0 0 7 409 550 1 0 0
A4 0 0 0 12 493 638 1 0 0
B3 0 0 0 1 286 388 1 0 0
B4 0 0 0 -3 286 399 0 0 0
a 0 0 0 2 200 308 0 0 0
Q 0 0 0 -4 37 62 -1 0 0
a 0 0 0 =5 79 346 0 0 0
c4 0 0 0 -2 80 139 0 0 0
D1 0 0 0 -3 16 59 3 0 0
D2 0 0 0 -2 44 85 2 0 0
D3 0 0 0 -4 10 57 1 0 0
E1 0 0 0 -8 —-28 -19 -1 0 0

Likewise, the degree of adjustment presented by the MLP
among individual models for each climate zone was ana-
lysed, together with a model covering all areas. Figure 11
represents the values obtained by the statistical par-
ameters and the optimal number of nodes of the hidden
layer (H). All MLPs presented an adequate architecture,
with a number of nodes between 4 and 8. The R?
obtained in the training of all MLPs was greater than
90%. Furthermore, the statistical parameters of error in
the training presented acceptable values. MAE obtained
values between 9.91 and 29.21. Regarding the testing,
values similar to the training were obtained. The corre-
lation coefficient obtained by the models was greater
than 97%. Thus, there was a low dispersion between
the actual values and those estimated by the models
(see Figure 11). The parameters of error presented values
similar to those obtained in the training. With respect to
the best adjustment between the specific models of each
area and the models which are useful for all areas, there
were great differences among the statistical parameters.
In some MLPs, such as MLP-CH A3 or MLP-MH C4,
the R? obtained was slightly higher. Moreover, in other
specific models, the degree of adjustment was lower
than the generic model. Thus, the effect of using individ-
ual models in each area did not mean an improvement in
the degree of adjustment of the model. Therefore, the use
of a model for all areas determined, with a degree of
acceptable accuracy, the number of hours with the differ-
ent risks related to surface condensation.

In addition, a model determining the fg, in 2050 with
data from current scenario was suggested. Like for the
MLPs of hours, the possibility of developing both indi-
vidual models for each area and a generic model for all
was analysed. Figure 12 indicates the values obtained
in the training and testing. The architecture of the hid-
den layer was similar to that of the previous MLPs,
since the number of nodes of the hidden layer was
between 6 and 8. Regarding the degree of adjustment
in the training phase, R? was between 86% and 94%,
and MAE was in all cases 0.10 or lower. Thus, all models
obtained an acceptable degree of adjustment. Concern-
ing the testing, the values obtained were like those
from the training phase. The estimated values presented
an adequate degree of adjustment with respect to the
actual values of the subsets of the testing (see Figure
12). Regarding which model obtained the best perform-
ance, the same tendency as in the schedule MLPs can be
seen. In this sense, the specific models of each area
obtained R* presenting variations between —4.19% and
4.75% with respect to that obtained by the generic
model. Such variations mean again that there is not a sig-
nificant difference between the specific models of each
area and the generic model. As a result, there is
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Figure 10. The effect of implementing a ventilation system: (a) hours with risk of corrosion in case of incorporating a ventilation system
(current scenario and 2050), and (b) hours per year with risk of mould growth in case of incorporating a ventilation system (current
scenario).

coherence among the ANNs developed: the use of  Conclusions
specific models for each climate zone does not obtain a
greater accuracy in the estimated value. By using such
prediction models, accurate analyses can be performed
with monthly mean values, thus constituting a useful
tool for engineers and architects.

The results determined that the areas with a soft winter
presented a higher risk of mould formation, whereas
areas with a severe winter presented a higher surface
condensation risk. Likewise, the area with the greatest
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Figure 11. Behaviour of MLP-CH, MLP-MH, and MLP-DH models, and correlation between the actual and the estimated value in the

testing carried out for MLP-CH A3, MLP-MH A3, and MLP-DH A3.

risk of mould formation was the area of the wall near to
the window, whereas the glass was the point with the
largest number of hours with surface condensation.
The results reflect the combination of two aspects
affecting users in relation to the surface condensation

in the building typology analysed. On the one hand,
the number of cases with surface condensation risk
highlights the possibility that users have a low air qual-
ity inside the rooms, thus implying the appearance of
allergy symptoms and respiratory problems. On the
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other hand, the high risk of corrosion of the metal
elements of the fagades can contribute to the appear-
ance of damages which would reduce the useful life
of such elements. In this way, the high influence of win-
dows on surface condensations stresses the need of
improving such elements in order to obtain reductions
in condensation cases.

The 2050 scenario generated an increase in the limit
fr,» leading in turn to an increase in the number of
hours with risk of mould formation and condensation
in points with less thermal resistance. However, the
environmental conditions predicted for such scenarios
significantly reduced the percentage of hours with risks
(of different types) in most of the points in the facade.
This does not mean that climate conditions are better
in future scenarios, but a decrease in condensation
cases. The use of windows with better thermal character-
istics allowing greater surface temperatures in such
points to be kept would therefore reduce the surface con-
densation risk in the future.

What is previously indicated corresponds to cases in
which the ventilation is deficient. This means that,
apart from the condensation risk, the air quality could
be deficient in the room. The use of ventilation systems
would allow several advantages to be obtained. Besides
the improvement of the air quality due to its renovation,
the surface condensation risk both in the current scen-
ario and 2050 can be removed by using ventilation sys-
tems. The results showed that the use of a ventilation
system, according to the Spanish Building Technical

Code, reduced such numbers of hours by 0. This could
be achieved without the need of replacing the windows.

Moreover, multilayer perceptrons have been
suggested to estimate hours with surface condensation
risk, as well as to estimate such risk in 2050. The high
correlation obtained in the training and testing phases,
together with the low error obtained, guarantees the via-
bility of using these prediction models. In addition, hav-
ing individual and predicted models for each climate
zone was not required (i.e. the use of prediction models
allowing estimations to be performed in all climate zones
has similar performances with respect to the typical
models of each climate zone).

To conclude, the results can be useful to allow archi-
tects and engineers to propose improvements in build-
ings  with  degradation because of surface
condensations. The international aspect of the results is
found in the case study analysed (it is a typology of
facade used in various countries, such as Italy, Belgium,
and United Kingdom) and the climate zones analysed,
which are in many countries, particularly in the Mediter-
ranean area. Thanks to these prediction models, a greater
knowledge of the surface condensation risk of the fagade
of buildings could be obtained. Future steps of this
research will be focused on analysing the risk of external
condensation.
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