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Abstract 

This work presents the results of the evaluation of two Art Nouveau glass windows from the Casa-Museu Dr. Anastácio 
Gonçalves (Lisbon, Portugal) with IR-thermography during the summer solstice. According to the measurements, 
the surface temperature of glass depended on the outdoor environmental temperature and, mainly, on the direct 
solar radiation. Colored glasses presented a higher surface temperature due to the absorption of their chromophores 
at near-IR wavelengths. Enamels and grisailles showed higher surface temperatures than their support glasses due 
to both their chemical composition and color. The protective glazing, with small slits in one of the window panels, 
induced a hot-air pocket in its upper part due to the insufficient ventilation.
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Introduction
Stained-glass windows are large complex works formed 
by colored glasses in which the lead cames and the gri-
saille painting define the contours and shadows. They can 
also be made of uncolored pieces of glass painted with 
enamels and grisailles, these are normally denoted as 
glass panels [1–3]. The aim of both glass windows is to 
illuminate the inner part of the building, such as normal 
windows; but also to serve as decoration when the light 
illuminates them. In religious buildings, this latter func-
tion is frequently related to an instructive purpose; but in 
civil buildings, they are decorative elements usually with 
geometric patterns, symbolic elements, or landscapes. 
The stained-glass windows protect also the building from 
the external environmental conditions.

Rain and pollution are the environmental factors that 
contribute most for the glass alteration [4–12]; neverthe-
less, temperature has also a significant role [13–17]. From 
the physical point of view, solar radiation can induce the 
movement of the stained-glass windows due to the dila-
tation of the different materials [14]. Nevertheless, the 
main damage due to temperature fluctuations can be 

observed on surface paints (enamels, grisailles), which 
can present cracking, flaking, and, eventually, the detach-
ment of the paints from the glass support due to their dif-
ferent dilatation coefficient. This effect has been observed 
principally on historical bluish enamels [18–20].

To map the natural heating of the different materials 
on stained-glass windows, it is necessary to use infra-
red (IR) thermography, a portable technique capable of 
measuring in situ the temperature on different areas and 
over time. This technique has been applied to evaluate 
the thermal efficiency of different windows systems [21, 
22], as well as, to evaluate glasses with different industrial 
purposes [23–26], to research fire endurance of tempered 
glass [27], to study the mechanical defects and the elas-
tic deformations on glass sheets [28–32], and to analyze 
the efficiency of solar cells [33, 34]. The application of IR-
thermography on historical glasses is scarce [20, 32, 33]; 
nevertheless, these studies proved to be a useful tool to 
evaluate the conservation of historical stained-glass win-
dows [35, 36].

The main objective of this research was to assess the 
natural heating of two Art Nouveau glass windows from 
the Casa-Museu Dr. Anastácio Gonçalves (Lisbon, Por-
tugal) with IR-thermography for the period of one day 
during the maximum amplitude of sun radiation (sum-
mer solstice) to identify the influence of the environmen-
tal temperature, the solar radiation and the protective 
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glazing on the glasses, surface paints and other materials 
related to the glass windows.

Materials and methods
Stained‑glass windows
The Casa-Museu Dr. Anastácio Gonçalves has two glass 
windows in Art Nouveau style signed by the Societé 
Artistique de Peinture sur Verre in 1904. One of them 
is located on the first floor in the Dining room, and the 
other one is in the Atelier on the second floor (Fig.  1). 
This latter glass window presents a very poor state of 
conservation with loss of the bluish and purplish enam-
els. Unconventional colors were also observed in the 
lower part of this glass window, which can be probably 
related to retouching. Both windows have a protective 
glazing in their exterior. They are frameless glazing sys-
tems that permit to open both windows. The Dining-
room panel presents four sheets of protective glazing at 
~ 15 cm from the historical window, one in each lateral 
panel and two more in the central one with a small sepa-
ration between them to favor the ventilation. The Atelier 
panel presents a six-sheets protective glazing that coin-
cides with the historical panels. It is situated at less than 
2 cm from the historical window due to the presence of 
architectonical elements. Ventilation slits, with less than 
5 mm in some areas, are in between the different protec-
tive glasses and between the protective glass and the wall.

Infrared thermography
The characterization of the surface thermal behavior of 
the glass windows was carried out with a FLIR T650sc [3–
5]. The system used for the study comprises a detection 

device, and electronic and computing instrumentation 
for monitoring. The detection system is constituted of 
an infrared camera of thermography (20° × 15°/0.3  m 
Field of view, 1.1 mRad spatial resolution, 50 mK at 30 °C 
Thermal sensitivity, 7.5 to 13 μm Spectral range). Finally, 
an analysis module completes the system. The measure-
ments can be done in the range of temperature − 40  °C 
to 120  °C, with a thermal resolution < 0.02 at 30  °C. For 
both windows, a daily monitoring (3 IR images every 
5 min) was carried out. The heat sources were environ-
mental temperature and sunlight.

Results and discussion
Impact of the environmental temperature
The study was done during the summer solstice (June 
2017), with the longest and hottest days of the year. The 
presence of a hot wave during the first days of the moni-
toring produced higher environmental temperatures 
on the Dining room glass window and slightly lower 

Fig. 1 Orientation of glass windows in the Casa-Museu Dr. Anastácio 
Gonçalves with the sun path during the summer solstice (Data 
obtained from http://andre wmars h.com/apps/stagi ng/sunpa th3d.
html)

Fig. 2 Thermal variations in the window from the a Dining room, b 
Atelier 

http://andrewmarsh.com/apps/staging/sunpath3d.html
http://andrewmarsh.com/apps/staging/sunpath3d.html
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temperatures during the analyses of the Atelier panel 
(Fig.  2a, b). Nevertheless, it was detected that the envi-
ronmental temperature in the shadow rose up to 30  °C 
around noon and fell to ~ 20 °C during the hours previous 
to the sunrise (Fig. 2a, b).

The comparison between the temperature inside and 
outside the building showed that, in general, the apparent 
surface temperature measured on the indoor glass sur-
face was higher than the external environmental temper-
ature due to the greenhouse effect produced inside the 
building. Nevertheless, both temperatures were related 
because they presented a similar heating and cooling 
behavior (Fig. 2a, b).

During the morning, when the sun did not impact 
directly on the panels, it was observed a slow increase of 
the temperature due to the conduction of environmental 
heat through the glasses. This heat flow depends on the 
temperature gradient, as well as on the own characteris-
tics of the glass [37].

The colorless glass in the Dining room panel rose up 
to 32  °C (Fig. 2a), just due to the influence of the exter-
nal environmental temperature. In the case of the Atelier 
panel, the temperature detected on the colorless glasses 
in the middle of the panel rose up to 30 °C (Fig. 2b).

During the night, it was observed the gradual fall of 
the apparent surface glass temperature (Fig.  2a, b). The 
minimum temperature was detected around the sun-
rise. The temperature of the colorless glass in the Dining 
room panel decreased to ~ 28 °C and in the Atelier panel 
to ~ 25 °C.

Impact of the solar radiation
The direct solar radiation was the most important factor 
in the temperature of the glass windows. Nevertheless, 
it experienced slight variations due to the shadow pro-
duced by surrounding trees and buildings (Fig. 2a, b). The 
Dining room stained-glass window had more than 5 h of 
direct solar radiation, and the Atelier just 4 h. This differ-
ent duration of sun exposure is due to the orientation of 
the windows in the building (Fig. 1).

In the colorless glass of the Dining room window, it 
was registered an increase of ~ 2  °C each 20 min during 
the first hour of direct solar radiation (Fig. 3a). The dif-
ference between the temperature just before the radiation 
and the maximum during the radiation was around 10 °C. 
The contrary behavior was observed with the loss of solar 
radiation; it was detected a maximum decrease of 3.6 °C 
in 20 min and a total decrease of 9 °C (Fig. 2a).

In the Atelier panel, the impact of the solar radiation 
was lower than in the Dining room window because of 
the panel orientation, the shorter duration of expo-
sure (4 h), the lower greenhouse effect in the room due 
to their dimensions and, possibly, the lower outdoor 

environmental temperature. It was detected a progressive 
increase of ~ 1.3 °C each 20 min during the first 40 min of 
direct solar radiation (Fig. 3b) and a total increase of 3 °C 
(Fig. 2b). After the loss of the solar radiation, the decrease 
was higher because it coincided with the sunset and the 
corresponding decrease of temperature (Fig.  3b). It was 
observed a decrease of ~ 2  °C each 20 min during the 
hour after the sunset and a maximum of 5 °C of variation.

These thermal variations were higher than those 
observed in two monitored French churches (the Sainte 
Urbain Basilica in Troyes and the Saint Chapelle in Paris) 
[38]; nevertheless, the rate of the temperature increase/
decrease was slower due to the protective glazing and, 
probably, to the shadowing of the windows.

Most of the solar radiation ranges between 0.01 and 
4  µm, in the ultraviolet (UV), visible and near-infrared 
(near-IR) regions of the electromagnetic spectrum. 
Around 8% of solar radiation falls in the UV region 
(0.01–0.4 µm), ~ 40% contains the radiation of the visible 
region (0.4–0.7 µm) and ~ 52% of the radiation falls in the 
near-IR (0.7–4 µm) [39]. The transmittance of glasses to 

Fig. 3 Thermal variations, measured every 20 min, in the colorless 
glass from the a Dining room, b Atelier 
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radiations from 0.3 µm up to 2.8 µm is around 0.9 and the 
reflection is around 0.07, which means that they are prac-
tically transparent to the radiation [40, 41]. Nevertheless, 
the glass transmittance for radiations with wavelengths 
between 2.5 and 4.0 µm decreases to ~ 0.4, and for wave-
lengths higher than 5.0  µm the transmittance is almost 
null [40, 42]. According to this fact, glasses are transpar-
ent to most of the solar radiation (visible and near-IR 
regions) absorbing the mid-wave and long-wave IR radia-
tion. The short-wave IR radiation can be absorbed by the 
materials inside the room, being converted into heat. The 
material’s surface reacts to this rise in temperature by 
emitting long-wave heat radiation. The radiant heat emit-
ted by the materials with wavelengths higher than 4.0 µm 
(long-wave IR radiation) is mostly absorbed and some 
reflected by the glasses, but none is transmitted to the 
outside. This fact increases the temperature of the indoor 
glass surface, which will be re-radiated inwards increas-
ing, even more, the room temperature. This phenomenon 
is the greenhouse effect [41].

Considering the complete panel, the stained-glass win-
dow in the Dining room showed a similar surface tem-
perature during the night, independently of the glass 
color (Fig. 4a, b), instead of a vertical cold line in the bot-
tom panel and a slight temperature increase in the upper 
panel produced by the protective glazing (“Impact of pro-
tective glazing” section). During the morning without 
the direct solar radiation, the surface temperature of the 
glasses was similar but some colors presented a slightly 
higher temperature (> 0.5 °C) (Fig. 4c). During the expo-
sition to the solar radiation, the surface temperatures 
increase their value ~ 10  °C, depending on their color, 

with a maximum value of 48 °C (Fig. 4d). This phenom-
enon will be deeply discussed in “Impact on colored 
glasses” section.

Similar behavior was observed on the Atelier panel. 
During the night, the temperature of the panel was 
homogenous (Fig.  5b); but, during the day, the surface 
paints presented a higher temperature even without the 
solar radiation (Fig. 5c, d). This phenomenon will be fur-
ther discussed in “Impact of surface paints” section.

Impact on colored glasses
On the Dining room stained-glass window, it was pos-
sible to observe that some glasses increased more their 
surface temperature during the day (Fig. 4b, c). This phe-
nomenon could be produced by the thickness of the glass 
and/or their different color.

Regarding the thickness, the conduction of the heat 
from outside is faster in thin glasses due to the less dis-
tance between both surfaces. In the Dining room panel, 
some glasses (the hydrangeas on the left side of the panel 
and the irises on the right one) were acid etched to create 
different hues and volumes; but it was not detected local 
heating in the thinner areas. Furthermore, glaziers nor-
mally use glasses with similar thickness on stained-glass 
windows to better secure them with the lead came [43]. 
Thus, the different thermal behaviors were not correlated 
to the glass thickness.

Regarding the color of the glass, the chromophores can 
modify the glass heating by absorbing some of the solar 
energy and diminishing energy transmission [44]. It was 
observed that those areas with higher temperature were, 
principally, the greenish glasses from the vegetation 

Fig. 4 a Dining room stained-glass window, and the apparent surface temperature maps at: b before the sunrise, c before the solar radiation, d 
during the maximum impact of the solar radiation
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(Fig.  4b, c). It is not easy to compare the glasses from 
different areas of the window because of their differ-
ent exposure to natural solar radiation. Nevertheless, 
the analysis of a local area with different colored glasses 
(Fig. 6a) confirmed that the greenish glasses presented a 
slightly higher temperature than the orange ones during 
the period of solar radiation (Fig.  6b). This temperature 

variation is higher than the incertitude of the measure-
ment. It was also observed that the colorless glasses 
were the coldest ones. This phenomenon is related to the 
chromophore absorbance at near-IR wavelengths [42, 
45]. The colorless glasses do not present chromophores 
or they are chemically compensating each other, and 
therefore they did not absorb in the near IR-region. Nev-
ertheless, the most common chromophores on greenish 
glasses were iron and copper ions [46]. The  Fe2+-ions 
produce two absorptions in the infrared region at 1100 
(5T2 → 5E) and 2100  nm (distortion splitting) together 
with an absorption band at 440  nm (visible region) [47, 
48]; and the  Cu2+-ions have the electronic transition 
2E → 2T2 at 790  nm with a significant deformation due 
to the Jahn–Teller effect, the tail of this wide single band 
enters into the IR-region [42, 47, 48]. The absorption in 
this region favored the increase of the heat capacity of 
the glass, increasing its temperature [49]. Blue, red and 
purple glasses could have also higher temperatures due to 
a higher absorption coefficient [14, 15].

This phenomenon was mostly observed during the 
impact of the solar radiation (Fig.  4d); however, it was 
also detected during the morning, without the solar radi-
ation (Fig. 4b), due to the indirect lighting produced by 
the diffuse sky radiation and the reflection of the solar 
radiation on the building’s façades [50, 51].

Impact of surface paints
The inner surface of both windows was painted with gri-
sailles and enamels. A grisaille is a dark paint applied to 
draw the contours and details of the figures, and to pro-
duce the effect of shades and volumes. The grisailles are 
made by powdering a highly fusible glass, usually lead 
glass, with pigments such as iron or copper oxides, but 
it can also contain tin, and/or manganese oxides. During 
firing, the grains of fusible glass melt and fix the pigment 
grains onto the glass surface [52–55]. On the other hand, 

Fig. 5 a Atelier window, and the apparent surface temperature maps at: b before the sunrise, c before the solar radiation, d during the maximum 
impact of the solar radiation

Fig. 6 a Selected glasses to analyze the thermal behavior in function 
of the glass color, b thermal variations in the glasses highlighted in a 
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an enamel is a brightly colored paint formed by a highly 
fusible glass, a lead glass with/without borax, with a small 
amount of pigment. The powdery enamel is applied onto 
the glass pane with a brush and then fired. The result is 
a thin homogeneous layer of glass of bright color on the 
glass surface [52, 56].

In the glass windows from the Casa-Museu Dr. Anas-
tácio Gonçalves, the areas painted with enamels and gri-
sailles increased more their apparent surface temperature 
than in colorless glasses (Fig. 7a, b). During the morning 
(without solar radiation), the difference between the sur-
face paints and the support glass was ~ 1 °C, but the solar 
radiation increased this difference in ~ 3 °C, in addition to 
the increase of 10 °C produced by the impact of the solar 
radiation on the glass support (“Impact of the solar radia-
tion” section).

Soda-lime silicate glasses have a higher spe-
cific heat than high-lead glasses [42, 57]. This means that, 
in the same conditions, the support glass, a soda-lime 

silicate glass, need more energy to raise one degree Cel-
sius than the surface paints, prepared with high-lead 
glasses. In other words, for the same energy, the surface 
paints should increase more their temperature than the 
support glass, as it was observed. In addition, the thermal 
conductivity of borosilicate flint glasses and the heavy 
flint glasses (surface paints) is slightly lower than soda-
lime silicates (support glass) (Table 1) [58], which favors 
accumulation of heat in the enamels and grisailles instead 
of their transmission to the support glass (Fig. 7a, b).

It was also observed a direct relationship between the 
color of the grisailles and enamels and their apparent 
surface temperature (Fig.  7a, b), in the same way than 
colored glasses (“Impact on colored glasses” section). It 
was observed that clear colors such as the shadows made 
with grisaille (Fig. 7a) or the clear enamels (Fig. 7b) pre-
sented a similar behavior to colorless support glasses. 
However, brilliant colored enamels experienced a higher 
increase of temperature due to the absorption of the 

Fig. 7 Detail, apparent surface temperature map and thermal variation of the different points (average of 3 × 3 pixels) on the a woman’s face in the 
Dining room window, and b birds in the Atelier window. The dashed grey line shows the moment when the thermal maps were captured
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IR-radiation; and, black and very dark colors, such as gri-
sailles, were the areas with the highest increase of tem-
perature (Fig. 7a, b). These latter materials normally are 
rough dark paints with iron oxides in their composition. 
This favors an intense absorption of the thermal radia-
tion, increasing their temperature [36].

The different surface temperature observed on the 
paint and the support glass could promote the thermal 
incompatibility in the Atelier panel, mainly on bluish and 
purplish enamels, favoring the formation of fissures and 
the mass loss [59].

Impact of protective glazing
Protective glazing is formed by float glasses (soda-lime 
silicate glass) with a high resistance to environmental 
alteration [11, 12, 60], which creates a physical barrier 
between the historical stained-glass windows and the 
environmental weather (rain, wind, pollution…). The 
protective glazing also decreases the amplitude of the 
temperature along the day, which carries the reduction 
of the thermal shocks, the risk of condensation, and the 
dilatation of the window materials [38, 61–66]. Protective 
glazing is widely accepted as a preventive conservation 
method for stained-glass windows, but a lot of doubts 
still exist, in particular, if the microclimate in the inter-
space enhances the thermo-hygrometric cycles and/or 
the growth of micro-organisms [62, 65, 67]. An external 
ventilation permits to enter the humidity from the out-
door environment, which increase the humidity on the 
surface of the historic stained-glass windows, in con-
trast to the significant reduction of the humidity in the 
air chamber in glazing with internal ventilation [62–66]. 
Nevertheless, the efficiency of the ventilation depends on 
the size of the space between the original window and the 
protective glazing and, principally, on the size of the ven-
tilation slits [64].

Both windows in the Casa-Museu Dr. Anastácio Gon-
çalves presents protective glazing. In the Dining room 
window, the central panel has two sheets with a small 
separation between them to promote ventilation. This 
separation created an area of low temperature during 
the night because of the environmental air flow entrance 
through the slit creating complex recirculating flows in 
the bottom part (Fig. 4b) [68]. During the day, this area 
presented a similar temperature than the nearby areas 
(Fig. 4c), but the most important variation observed was 
due to the impact of the solar radiation, when a vertical 
line with higher temperatures (increases of ~ 3  °C) was 
detected because of the direct exposure of solar radia-
tion on the historical window (Fig. 4d). This vertical line 
shifted progressively to the left as the sun moved to west 
(Fig. 8a, b). Minima detected on Fig. 8b were due to the 
metallic elements of the window (“Impact on other mate-
rials” section).

A completely different case was observed on the 
Atelier window. The protective glazing was placed 
at less than 3  cm to the historical panel, due to the 
architectonical elements, and with very small slits of 
ventilation. This protective glazing almost airtight 

Table 1 Thermal properties of  different building 
materials, anormal emissivity of  glass at  50  °C. Data 
obtained from [58]

Material Thermal 
conductivity 
(W/m K)

Heat capacity 
at 25 °C (J/g K)

Air 0.026

Brick (dry) 0.04

Glass (borosilicate flint glass) 0.85 1.129a

Glass (heavy flint glass) 0.60–0.65 0.883a

Glass (soda-lime silicate) 0.95 1.131a

Iron (commercial) 76 0.449

Lead 35.3 0.130

Tin 66.6 0.227

Wood (pine in parallel axe) 0.26

Fig. 8 a Scheme of the sun movement along the day through the 
Dining room protective glazing. b Linear thermal variation of the 
stained-glass window from the Dining room along the day
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favored that the hot air was trapped in the upper part 
of the window panel increasing the temperature of this 
part of the panel (Fig.  5b). This effect was observed 
throughout the day, with the thermal variations of up 
to 3  °C between the upper and the lower part of the 
window (Fig. 5b).

Impact on other materials
Glasses and their surface paints (enamels and gri-
sailles) were the elements on the stained-glass win-
dows with the greatest thermal variations; however, 
there are other materials that are also affected by the 
diary thermal variation such as the lead cames, the 
tin–lead welds, the steel supporting rods, the wood 
frame, and even the walls and other nearby objects.

Regarding the metallic elements, it was observed 
that during the solar impact, the lead cames increased 
their temperature ~ 8 °C (Fig. 9a), with a similar behav-
ior than the colorless glass (Fig. 2a). This behavior can 
be related to the heat conduction on the lead, together 
with the reflection of the radiation on the metallic sur-
face, which can affect the measurements [40]. During 
the night, the lead cames decreased their temperature, 
but they remained hotter than glass (~ 1  °C) until the 
increase of the outdoor environmental temperature 
(around 9:00 h). This behavior can be related to a slow 
decrease of the lead temperature during the night.

Regarding the tin–lead welds on the lead cames, they 
experienced a small increase of temperature during the 
solar radiation (~ 4 °C) because of their higher distance 
to the glasses. The welds just increased their tem-
perature due to the thermal conduction from the lead 
cames or the heating due to the indoor temperature. 
During the night, they presented a higher temperature 
than lead (Fig.  9a), probably due to a slower process 
of cooling. This behavior can be related to the ther-
mal conductivity of different materials (Table 1). More 
conductive elements see their temperature decrease 
more quickly than less conductive elements.

The wood frames and the walls also experienced 
a variation on their surface temperature due to the 
impact of the solar radiation (Fig.  9b). In this case, 
the highest values were obtained at the end of the 
period of direct solar radiation, when the greenhouse 
effect inside the room was maximum. Both wooden 
frame and wall presented a small increase of tempera-
ture because of the lower thermal conductivity of the 
wood (Table 1); however, the screw in the wood frame 
increased further its surface temperature because of 
the room’s temperature due to its higher thermal con-
ductivity (Table 1).

Conclusions
Two Art Nouveau glass windows from the Casa-Museu 
Dr. Anastácio Gonçalves were characterized with IR-
thermography within the period of one day during the 
summer solstice. It was evaluated the influence of the 
environmental temperature, the solar radiation and the 
protective glazing on the glasses, surface paints and other 
materials related to the glass windows.

The outdoor temperature favored the thermal flow 
through the glass, increasing its indoor surface tem-
perature. Nevertheless, the most important factor on 
the temperature of the glass windows was the direct 
solar radiation, which could increase the surface tem-
perature up to 40 °C in the Dining room glass window 
and 35  °C in the Atelier panel. The different behav-
ior depended on the orientation of the window, the 
dimension of the room and, probably, the outdoor 

Fig. 9 Thermal variations in the a metallic elements of the Dining 
room window, b other nearby materials
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temperature. Regarding the colored glasses, the green 
areas showed the highest surface temperature because 
of the chromophores (iron and copper ions) in the near 
IR-region; in contrast to colorless glasses, which pre-
sented the lowest temperatures due to the absence of 
chromophores. Concerning the enamels and grisailles, 
they increased their surface temperature in comparison 
with the glass support due to the lower specific heat 
and thermal conductivity of the high-lead glasses and 
borosilicate glasses.

Both windows have a protective glazing. In the Din-
ing room window, the separation between the protec-
tive glass sheets favored the environmental air flow 
entrance promoting the presence of an area with a 
higher amplitude of the temperature throughout the 
day. In the Atelier, the short distance between the origi-
nal window and the protective glazing, and the small 
size of the ventilation slits favored the formation of a 
hot area in the upper part of the window panel increas-
ing the temperature of this part in around 3  °C. To 
avoid the thermal alteration of the stained-glass win-
dow, it is recommended to install a protective glazing 
with good ventilation (mainly in the upper part where 
the hot-air pocket is trapped) and to frequently venti-
late the space in between the historical window and the 
protective glazing.

The metallic elements (lead cames, tin–lead welds) of 
the glass windows showed a similar behavior than the 
colorless glass but their thermal variation depended on 
the thermal properties of each material. The wood frames 
and the walls also experienced a thermal variation, but it 
was directly related to the greenhouse effect inside the 
room.
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