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Abstract

Heating a historic church is expensive. To improve the energy efficiency of such churches, their windows are increasing-

ly fitted with protective glazing using a double-glazed unit. This applies particularly to the grear number of parish

churches in Switzerland with post-mediaeval stained-glass windows. The added glazing is intended to protect the

stained glass from weathering and to provide thermal insulation. In a collaborative research project, we are exploring

whether, or 10 what extent, protective-glazing systems that are primarily fitted for insulation purposes fulfil energy-

saving and conservation requirements. Among other issues, we are investigating the thermal efficiency and condensa-

tion behavionr of various protective-glazing systems. The aim of this study is to assist church authorities, architects,

and monument conservators to evaluate energy-saving options.

Context and Aims of the Project

Switzerland has approximately 5,000 parish churches. About
80% of these churches were built before 1850 and have his-
toric stained-glass windows that, with the exception of a
comparatively small number of mediaeval windows, date
mostly from the nineteenth and twentieth century. However,
these churches also feature some restored Renaissance and
Baroque glazing. Although originally constructed without
heating systems, today the great majority of these buildings
are heated (Giezendanner 2009, p. 24). Heating such large
and mostly non-insulated buildings is usually very costly.
The annual heating costs for a parish church in Switzerland
lie between 5,000 and 40,000 CHE, depending on the heat-
ing system and the energy source used (Bickel and others
2009, p. 9). The average cost is 9,600 CHF (€ 8,000) per
year. Two-thirds of the churches are heated electrically, with
average annual heating costs of 7,200 CHF (€ 6,000)
(Aufdereggen 2012). Because of rising energy costs, and
encouraged by the current energy debate, church authorities
are trying to lower the energy consumption of their

buildings.

Numerous guidelines have been published that provide
advice on how to improve the energy efficiency of churches
(for example Dahm 2010). Measures to improve the win-
dows are usually outlined among options to reduce heat loss
in buildings and lower heating costs (Bickel and others
2009, p. 19). When considering energy-saving options, there
is a tendency to assume that windows represent a determin-
ing factor in reducing energy consumption. This has already
led church authorities to install protective glazing on a large
scale. In the canton of Zurich alone, an estimated 50% of its
nearly 300 churches have been fitted with protective glazing
in the past 30 years, and the trend to install protective glaz-
ing for ‘energy-saving’ reasons continues. However, protec-
tive-glazing systems not only are intended to improve the
thermal properties of churches, but also have to fulfil a num-
ber of other requirements: to protect the stained glass from
environmental impact and vandalism, to reduce condensa-
tion on the historic windows and surrounding structures, to
be aesthetically in keeping with the rest of the building, and
to reduce the number of interventions (restoration, conserva-

tion, maintenance) on the stained glass.
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The question as to whether thermally efficient protective
glazing (e.g. protective-glazing systems glazed with a dou-
ble-glazed unit) also represent an effective solution in terms
of conservation has become fundamental to the preservation
of the large body of post-mediaeval stained glass in
Switzerland. The question becomes even more critical in the
long-term if one considers the high cost of fitting protective
glazing, the low durability of polymer materials often used
in such glazing (e.g. silicone sealants), and the risk of subse-
quent damage to the stained glass and building structures
adjacent to the windows (see, for example, Baumann,
Zehnder, and Riiegg 1998).

In the process of planning for the renovation and thermal

retrofitting of churches, architects and building owners in

Switzerland are advised to follow the guidelines of the Swiss

Federal Office of Energy and the Federal Commission of

Monument Preservation, according to which the effects of

measures to improve the thermal properties of a historic

building have to be quantified (Furrer and others 2009).

However, appropriate methods and techniques to quantify

measures and evaluate requirements (conservation, aesthetic

considerations, energy saving, comfort, etc.) have yet to be
defined. There is a general lack of experience when it comes
to understanding the effects of certain types of protective
glazing on stained-glass windows; further, there is an inade-
quate understanding of the thermal losses and climatic
impacts (condensation on the stained glass in particular). In
order to close this gap, the Vitrocentre Romont initiated an
interdisciplinary research project in 2012. The aims of the
project are twofold:

1. To determine the overall heat transfer coefficient of his-
toric windows fitted with protective glazing based on
calculations and measurements in a climate chamber,
the so-called ‘hot box’.

2. To investigate the climatic effects of protective glazing,
particularly condensation, on stained-glass windows, by
initiating a survey in situ of post-mediaeval stained-
glass windows with protective glazing, and by record-
ing measurements in a weathering chamber.

The project has focused on two particular protective-glazing

systems: (1) protective glazing fitted in a metal frame and

glazed with a single glass sheet, and (2) protective glazing
fitted in a metal frame and glazed with a double-glazed
unit. Both systems have been evaluated with and without
external ventilation. Despite being widespread in Swiss par-
ish churches with stained glass from the nineteenth and

twentieth century, these protective-glazing systems have
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hitherto received insufficient attention. Isothermal glazing,
a system more commonly used in the preservation of medi-
aeval stained glass, has been excluded from this study.

The results of this investigation should enable the following
questions to be answered. To what extent do the above-men-
tioned glazing systems improve the thermal efficiency of
historic windows? Do they meet preservation requirements
(by, for example, preventing condensation on the stained
glass)? It is also hoped, that this study goes some way
towards identifying appropriate solutions for the compre-
hensive, long-term preservation of post-mediaeval stained-

glass windows in Switzerland.

Efficiency of Protective Glazing: Current State
of Research

Condensation problems related to protective glazing have
been reported from various places all over Europe (see, for
example, Bacher 1988; Triimpler 1988; Berkenkopf 2005).
The observations prompted research on the effectiveness of
protective-glazing systems (see the overview in Oidtmann,
Leissner, and Romich 2000; Rémich 2004; Hor and Seele
2005). Among the first researchers to study systematically
the effects of internally and externally ventilated as well as
unventilated protective-glazing systems under variable cli-
matic conditions was Stefan Oidtman, who carried out sim-
ulations in a hot box and compared them to in situ measure-
ments (Oidtmann 1994). Many studies have followed since,
including the European research project VIDRIO, which
aimed to monitor the climatic conditions of stained-glass
windows with internally ventilated protective-glazing sys-
tems, and to develop methods to detect condensation in the
interspace between the historic window and the protective
glazing (Bernardi and others 2012). Researchers from the
Federal Institute for Materials Research and Testing in
Berlin have looked at, among other things, the problem of
dust deposition in the interspace in isothermal glazing
(Torge and Miiller 2011; Torge, Biicker, and Feldmann,
2013). To date, however, research has concentrated mostly
on the conservation aspects of protective-glazing systems in
general, and isothermal glazing in particular. To our knowl-
edge, the only investigation focussing on the thermal effec-
tiveness of protective glazing was published by researchers
from Eindhoven Technical University (Neilen, Schellen, and
van Aarle 2003).



Fig. 1. Unventilated protective glazing fitted in a metal or wood frame: ‘Eglise des Capucins’ in Romont, installed around 1950 (left); Parish church of
Frauenfeld-Oberkirch, installed probably before or around 1900 (right). Photos: authors.

Those authors provide interesting insights into the energy
efficiency of various insulation measures (including double
glazing) in churches. They also point out that, among the
various options to improve energy efficiency, the thermal
insulation of a church’s roof and floors, as well as well the
replacement of old heating systems, usually provides much
more potential for energy saving than the installation of pro-
tective glazing. Their conclusions draw on the evaluation
(from a conservation as well as an energy perspective) of
heating systems in churches (see, for example, Schellen
2004; Limpens-Neilen 2006). They also draw on the devel-
opment of sustainable heating concepts such as ‘friendly
heating’ (Camuffo and others 2010), which have found their
way into various guidelines, textbooks, and standards on
how to heat historic buildings appropriately (for example
DIN EN 15757). Yet, despite these findings, church owners
in Switzerland are reluctant to review the options to reduce

heating costs (for example, by reducing temperature set

points for heating). The fact that the Vitrocentre Romont
continues to be consulted on the choice of thermally effec-
tive protective-glazing systems seems to justify further
investigations into the efficiency of such systems, both in

terms of energy and conservation.

Results

Efficiency of Protective Glazing in Swiss Parish
Churches

One type of protective glazing with which the Vitrocentre
Romont has been confronted in recent years (in connection
with restoration and monitoring projects) is a system that
was prevalent in the 1950s or even earlier. This type of pro-
tective glazing is fitted in a metal or wood frame to the win-
dow’s reveal (i.e. the masonry adjoining the window) and is

not connected structurally to the historic window (figure 1).
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Fig. 2. ‘Bonded’ protective-glazing system: stained glass fitved in a metal
[frame together with the protective glazing, installed around 1970. Photo:
authors.

It is usually unventilated, although such protective glazing
is rarely perfectly airtight. The interspace between the
stained-glass window and the protective glazing normally
ranges between 10 and 30 cm, depending on the width of
the window reveal. The framing is usually delicate.
Occasionally, the drawn glass has been preserved, and the
stained glass has remained untouched in its original place.
Our observations show that this type of protective glazing is
still effective in protecting the stained glass. Because of the
limited extent of external ventilation, these systems have
created very good climatic and conservation conditions for
(at least certain types of) stained glass.

Another type of protective glazing became common in the
second half of the twentieth century. Here, the stained glass
is fitted in a metal frame together with the protective glaz-
ing to form a new type of ‘bonded’ glazing; the interspace
between the stained glass and the protective glazing glazed
with a single glass sheet is usually less than 4 ¢cm and nor-
mally unventilated. This leads to condensation on cold sur-
faces in the interspace: in winter on the inner side of the
protective glazing, and in summer on the outside of the
stained glass and the lead cames (figure 2). Another problem
associated with these ‘bonded’ systems is that structural
changes have to be made to the historic windows. For exam-
ple, the stained glass has to be trimmed to fit the new
frame, and historic armouring usually has to be removed.
Finally, a type of protective glazing that has found increas-
ing use since the 1980s consists of unventilated systems that
combine the stained glass with double-glazed units (figure

3). Practical experience shows that the fitting of such sys-
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Fig. 3. Protective glazing fitted with a double glazing unit: outside view
(above) and inside view showing fungal growth on the walls surrounding
the stained-glass window (below). Photos: anthors.

tems does not solve but only shifts the problem of condensa-
tion. Under certain climatic conditions, water condenses not
on the glass surfaces but on the frames and cold wall surfaces
adjacent to the windows. If the water is not properly
drained, it can lead to damage and fungal growth (figure 3,
bottom picture). In some cases, the double glazing creates
quasi ‘hermetic’ conditions, which, in contrast to the origi-
nally permeable stained-glass windows (which often includ-
ed little vent windows), can lead to climatic conditions that
are detrimental to the interior of the church (affecting wood-
work, wall paintings, organ, etc.). One variant of such a
double-glazed protective glazing is the so-called ‘sandwich
glazing’, which involves the stained glass being fitted
between the two panes of a double-glazed unit (figure 4).
The main problem with this system is the limited durability

of the materials used in the double glazing.



Fig. 4. Type of double-glazed protective glazing known as ‘sandwich glaz-
ing’, installed around 1990. Photo: authors.

Over the years, the silicone sealing begins to leak, leading to
condensation on the stained glass.

The durability of double-glazing systems has been shown to
be relatively short compared with the lifetime of historic
stained-glass windows with ‘low-tech’ protective glazing,
which — if properly maintained — can span a century. The
short lifespan of double glazing (with replacement likely to
be necessary every 20 to 30 years) presents additional risks
for the historic windows as well as additional costs, which
are usually not included in the original cost calculations for
improving the thermal efficiency of the church. Considering
the risks and the costs of repair or replacement, double-glaz-
ing systems seem to be less sustainable than, for example,
the ‘simpler’ protective-glazing systems that use a single
glass sheet. One might also add that the possibilities of an
aesthetic integration of a protective glazing using double-
glazed units into church fagades are limited in comparison
with (to give an example) a frameless protective-glazing sys-
tem or single-pane protective glazing framed in thin wooden

or metallic frames.

Preliminary Experiments and Calculations

Preliminary measurements in a hot box, as well as thermal
calculations, have been carried out in order to determine the
overall heat transfer through various glazing systems in
steady-state conditions (i.e. at constant internal and external
air temperatures). The measurements provide the thermal
transmission coefficients, called U-factor, for the tested glaz-

ing systems and allow verification of the thermal calcula-

tions. The U-factor is expressed in W/m? K and represents
the amount of heat transfer per square metre and per degree
of temperature difference between the warm side and the
cold side of the tested element. The rule is that the higher
the U-factor, the higher the heat loss of the tested element.
Three hot-box experiments have been carried out so far. In
the first one, a stained-glass window (146 x 71.5 x 2.5 cm)
fitted with a double-glazed protective glazing was tested.
The stained glass was taken from Vitromusée Romont’s
depository and dates from around 1910. The dimensions of
the unventilated interspace between the stained glass and
the protective glazing were as follows: height 146 cm,
length 71 cm, and width 0.39 cm. In the second experiment,
the same assembly was used but was ventilated to the exteri-
or and the interspace was slightly enlarged (gap width 0.44
cm) to allow for natural convection by four openings in the
protective-element. A third experiment was conducted with
the double glazing alone to get the precise U-factor of the
unit. This last test also represents the reference measurement
when comparing calculations to measurements. Figure 5
shows the stained-glass window and the double-glazed unit
as well as a model cross-section of the tested glazing systems.
In all three cases, the assembly was surrounded by insulating
material with a known thermal conductivity in order to eval-
uate the thermal performance of the window only. The tem-
peratures chosen in the measurements were 17°C for the
room side and 2°C as the outdoor temperature. For the venti-
lated assembly, thermal conductivities of the air cavities were
chosen according to the European standard EN ISO 10077-2.
The U-factor of the stained-glass window alone and the
sandstone wall were determined by calculation only, because
they represent very simple cases and need not to be con-
firmed by hot-box measurements: for the existing stained-
glass window, a U-factor of Usined glass = 5.78 W/m?2 K was
calculated; the U-factor of the sandstone wall with a thick-
ness of 0.5 m was Uwall = 2.38 W/m? K. The calculated and
measured U-factors for the three different glazing systems
range between 1.56 W/m? K for the stained glass with
unventilated double-glazed protective glazing and 2.1 W/
m? K for the double glazing alone. That the double-glazed
unit is composed of three fields fitted in a metal frame
explains its relatively high U-factor (which is usually found
to be less than 1 W/m? K for modern double glazing). The
ventilation seems to have a negligible effect on the thermal
conductivity of the window element: the U-factor for the
unventilated system is 1.56 W/m? K, while that of the ven-
tilated system is 1.68 W/m? K.
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Fig. 5. Stained-glass window and double glazing used in the hot-box measurements (left) and model cross-section of the three window assemblies tested in the

hot box (right): (a) unventilated assembly, (b) ventilated assembly, (c) double-glazed unit alone. Photo: authors.

In order to get an impression of the thermal efficiency of a
stained-glass window protected with double glazing in an
‘average’ parish church, the following simple calculation was
done using the calculated U-factors for the ventilated and the
unventilated glazing systems as well as for the stained-glass
window alone: Urotal = Uwindow X Awindow/Arotal + Uwall X
Awall/Acoral + PSI X Pywall, where U is the thermal transmit-
tance of the window or wall, respectively, A is their area, and
Puyall is the circumference (perimeter) of the window. The total
U-factor ranges between 2.6 W/m? K (stained-glass window
without protective glazing) and 2.4 W/m? K (with double
glazing). The results illustrate that, regardless of the type of
glazing system present, the thermal loss through the win-
dows, which in our example make up 5% of the total wall
area, is very small compared with the loss through the walls.
Figure 6 shows the calculated temperature distribution
through a cross-section of each of the tested assemblies. The
temperatures in the interspace are to be regarded as average
temperatures, because the model does not include computa-
tional fluid dynamics to model real air flow. The calculated
temperatures on the surfaces of the stained-glass window and
the protective glazing will be relevant in our further investi-
gations regarding condensation in the interspace between
stained glass and protective glazing. In a further step to inves-

tigate condensation, water vapour transmission through
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Fig. 6. Calculated temperature distribution in the three investigated assem-
blies for indoor temperature and external temperature of 17°C and 2°C,
respectively. False colour images: the temperatures range between 0°C (dark
blue) and 18°C (dark orange). Images: authors.



stained glass was measured. Two identical panes of stained
glass measuring approximately 30 x 40 cm and dating from
the mid-twentieth century were used in these tests: one test
panel had naturally aged putty, while the other had freshly
applied putty. The measurements were carried out according
to the European Standard EN 12086. The test results show a
clear reduction of water vapour transmission by a factor of
approximately 1.6 for the stained glass with freshly applied
putty. Additional measurements on older stained glass (nine-
teenth and early twentieth century) with naturally aged putty
are planned. These supplementary measurements should pro-
vide an indication of the range of water vapour transmission

values for stained glass in various states of preservation.

Summary and Conclusions

The calculations and measurements in this study represent
preliminary results on the thermal efficiency of stained-glass
windows protected by double-glazed units. The results have
shown that the addition of protective glazing with a double-
glazed unit improves the thermal conductivity of a stained-
glass window by a factor of approximately 3 as compared to
the stained-glass window alone. The experiments have also
demonstrated that the U-factor for a double-glazed unit that is
designed to protect stained glass and to fulfil aesthetic require-
ments does not achieve the thermal efficiency values of mod-
ern double glazing. Additional experiments on protective-
glazing systems glazed with a single glass sheet will follow.
They will include the thermal simulation of ventilated and
unventilated systems with interspace widths varying between
3 and 12 cm. In a further step, the efficiency of the glazing
systems investigated will also be compared under transient
(i.e. varying) temperature conditions. These calculations will
be verified by measurements in a weathering test chamber.
The aim of the research is to compare the thermal performance
of single-pane and double-glazed protective-glazing systems,
while taking into consideration the specific characteristics of
the different systems, for example the large insulating inter-
space of early protective-glazing systems and the divided
metal frames in double-glazed protective glazing. The results
of these experiments should enable us to discuss the pros and
cons of the glazing systems studied, regarding both thermal
loss and (more importantly in conservation terms) the frequen-
cy of condensation on the stained glass and in the interspace.
They should also allow us to identify the systems that are most

appropriate in terms of energy saving, stained-glass preserva-

tion, and aesthetic result. At this point in the study, the
results already corroborate the hypothesis that, regardless of
the glazing system chosen, the amount of heat loss through
church windows is minimal compared to the loss through the
walls. The effects of double-glazed units are negligible when
considering that, in historic churches, the thermal loss
through stained-glass windows without protective glazing is
estimated to be less than 10% (Neilen, Schellen, and van
Aarle 2003) and that the heat loss normally accounts for only
between 10% and 20% of the total energy consumption
(Baumann 2004).

With regard to appropriate solutions for the comprehensive
and long-term protection of post-mediaeval stained-glass win-
dows, our empirical survey has provided valuable information
on the environmental impact (the risk of condensation on the
stained glass in particular) of certain types of protective glaz-
ing. One major outcome of the study is the observation that
the early protective-glazing systems dating from the first half
of the twentieth century have created surprisingly good condi-
tions for the conservation of at least some of the post-mediae-
val stained glass in Switzerland. However, so far we only have
a limited understanding of the efficiency of these systems,
which is why they remain one of the focal points of the proj-
ect. The aim of further research will be not only to establish
whether there are additional arguments to preserve these early
protective-glazing systems, but also to understand how these
systems function and to apply the principles in the design of
new protective-glazing systems. Notwithstanding the advan-
tages of the systems outlined here (or any other protective-
glazing system), alternative approaches to the conservation of
stained glass should always be considered. Even from an ener-
gy-saving point of view, the conservation of stained glass with-
out protective glazing must remain an option, at least for win-

dows dating from the nineteenth and twentieth century.
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