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Prevention through awareness  

Churches constitute an inestimable wealth composed of sacred and liturgical items, relics, 
artworks, organs, monumental buildings, furniture, decorations etc. (fig.1), not less than 
the patrimony preserved in museums and historical buildings. These should be preserved 
against the environmental injuries that are repeated in the course of time. In the following, 
this wealth is referred to as Cultural Heritage.  

This Cultural Heritage is sensitive to changes in temperature and relative humidity and has 
adapted to the particular local microclimate, to its average values and to its variability. 
After having used cold churches for centuries, the habit of heating them has become quite 
common, often causing more or less evident damage. 

Two heating methodologies are possible:  

(i) heating the whole room and then allowing people to enter, e.g. central heating,  

(ii) keeping the room cool and warming people with local heating.  

Central heating has the advantage of utilising well-known, traditional techniques. On the 
other hand, it has two disadvantages: wasting energy and harming artworks. Local heating 
makes a better use of heat, reducing dissipation, and, most importantly, it is safe for 
conservation since artworks remain in the same environmental conditions. On the other 
hand, it is a less common methodology and thermal comfort is generally lower. 

In principle, local heating is more convenient for conservation. However, every type of 
heating presents specific advantages and disadvantages; it may be better employed for 
central or local heating, for continuous or intermittent or mixed use, alone or as a 
supplementary unit in addition to other systems. Every form of heating reserves possible 
risks for artwork conservation. Being aware of them helps to avoid damage or to improve 
thermal comfort. 

The aim of this Guide is to provide scientific support for the choice or the use of a heating 
system to reduce, as much as possible, the negative consequences of heating for a better 
conservation. The problem is enormous, given the quantity, quality, variety and the fragility 
of the artworks present in churches.  

This Guide does not attempt to clarify all the aspects dealt with, but simply to point out the 
risks that a heating system may lead to while, at the same time, suggesting that these 
should be faced and discussed by experts in the various fields involved.  

This Guide discusses pros and cons of heating systems in terms of the conservation of the 
Cultural Heritage preserved in churches. It is a useful tool, with the aim of providing the 
basic principles of conservation heating for a better compatibility between the thermal 
comfort of the congregation and conservation needs.  

This Guide constitutes a support for the priest, the congregation, and the technician who is 
less familiar with artwork conservation. However, the final decision is multidisciplinary in 
nature and should always be made in accordance with keepers of Cultural Heritage, 
engineers acquainted with the different systems, experts in microclimate, biodeterioration 
and other related disciplines to evaluate the synergistic influence on the building and the 
items preserved within. The decision is not to be made by laymen.  

At times it may be better to do nothing at all rather than to install a harmful heating system. 
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Choosing a heating system  

The choice and the use of a heating system are determined by the need to meet various 
requirements, i.e.:  

1. Liturgy and building use 

2. Taste of those involved 

3. Local traditions 

4. Costs (installation, operation and maintenance, artwork restoration in the case of 
accelerated decay) 

5. Energy conservation 

6. Thermal Comfort of the congregation 

7. Visual impact 

8. Environmental impact 

9. Invasive impact of the system (damage to structures) 

10. Compatibility with the conservation of the Cultural Heritage 

Any one solution is not necessarily exclusive, but will depend on the weight given to each 
of the above-mentioned factors. Naturally, to be able to choose, the various aspects need 
to be clarified and understood, which in itself is not easy in such a complex field. 

Although we are dealing with a merely technical installation, nevertheless, in a place of 
worship, it is a multidisciplinary problem, which involves liturgical, artistic and technical 
competence. Even the technical aspect is multidisciplinary, since aspects of conservation 
need to be considered along with those of installation, which in turn include the local 
microclimate, impact on people and on works of art, environmental pollution and the speed 
of deposition of smoke and dust on surfaces, the possible development of biodeterioration.  

The heat distribution should primarily fulfil liturgical needs. These may concern specific 
areas and modalities and require:  

1) solutions which are respectful of sacred items;  

2) the identification of areas to be heated permanently or on the occasion of particular 
services;  

3) different heating modalities for people of lower or higher dynamic activity, e.g. seated 
churchgoers and standing celebrant;  

4) flexibility for different uses, e.g., services, concerts. 

With the conservation of the Cultural Heritage in mind, the pros and cons of all the heating 
systems have been considered. Each one presents various types of more or less serious 
problems, many of which remain insuperable (from the conservation point of view), 
especially in the case of the occasional operation. This Guide gives a general indication of 
the types of risks each heating system presents for the Cultural Heritage. The aim of this 
comparison is to assist the user in the choice of the most suitable system, on the basis of 
the works to be protected. This does not mean that in special cases, with the adoption of 
certain measures, the problems indicated cannot be overcome. Indeed, awareness of 
critical points can help the buyer, the supplier and/or those who install or operate the 
system. 
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In order to combine both understanding and synthesis, each heating system has been 
characterised by its pros and cons, the main mechanisms of deterioration and the works 
most affected. There is a concluding table summing up the findings.  

Naturally, a general evaluation is given for each type of heating. These do not take 
individual solutions into account which, depending on each case, can greatly improve or 
worsen the situation. 

Heating always needs a multidisciplinary approach and every plan should be discussed 
with the authority for artwork conservation. A thorough analysis of the building may help to 
identify the most respectful solution for the conservation of the building and the artworks 
preserved within.  

 

Reversibility of Installation 

Keeping progress and the limits of technology in mind, as well as the continually 
increasing demand for well being and safety, no heating system can last for more than ten, 
twenty or thirty years. Inevitably, the installation of any system requires work and 
mutilation of the structure and of the decoration in the building. Examples concerning each 
heating system are shown in Part 2. For example, radiant floor heating requires the 
removal of the entire floor, and the problem can become particularly delicate when there 
are tombstones or tombs; warm air systems require large holes and ducts for emission 
and extraction of air; internal gas combustion not only requires piping for gas supply, but 
also ventilation holes and so on. 

The problem of changing heating system becomes dramatic for churches which are 
centuries old, which continue to be used regularly and which should not be readily 
mutilated every few tens of years. Therefore, the choice of a heating system needs to 
prioritise the least invasive system and the reversibility of conditions, for when the obsolete 
system is removed.  

These considerations are essential and should be the basis of every choice. 

 

The problem of the Microclimate  

From the point of view of the conservation of the ecclesiastical Cultural Heritage, the use 
of heating in a church can cause problems in three areas: physical integrity of works; 
deposition of pollutants and blackening of surfaces; condensation on cold surfaces from 
excess vapour. 

 

Physical integrity of works of art: 

Most materials used in artworks respond to both environmental temperature (T) and 
relative humidity (RH). The thermal level of a surface depends on the equilibrium reached 
after interaction with the air temperature and the visible and the infrared (IR) radiation (see 
Technical Appendix 1). In the air, the effective temperature from the above two 
contributions is called globothermometer temperature. On a physical body, the inner and 
the surface temperature are generally different from the air temperature, except in the 
stationary case of a body surrounded by air and other bodies at the same temperature.  

Any change in T generates a dimensional change of the artwork governed by the 
expansion coefficient of the material. The equilibrium moisture content (EMC) in 
hydrophilic materials is related to RH, i.e. when the RH level increases, the material 
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adsorbs water and swells; when RH drops, the EMC decreases and the material shrinks. 
Under such conditions the materials are exposed to exceedingly high stress generating 
yield and breaks. In most cases (e.g. wood, artworks composed of a number of different 
parts or materials) differential moisture penetration develops and gradients in dimensional 
changes may lead to internal tensions and fractures.  

Laboratory tests performed on hydrophilic materials have shown that changes in RH with 
stationary T are more dangerous than changes in T with stationary RH, and have 
concluded that RH is the key variable for wood, paper, leather, ivory, textiles and other 
organic materials. However, RH depends on both T and moisture content in the air. When 
a heating system operates, the rise in T causes a drop in RH, and the moisture naturally 
supplied by the congregation is usually insufficient for compensation. Generally speaking, 
any change in T is reflected in a mirror-like change in RH, so that variations in T ultimately 
govern variations in RH.  

In theory, the variation in RH might be compensated by means of a very sophisticated 
controlling system. However, this is unrealistic for a church and especially for short-term 
variability because, in non-stationary conditions, any object, due to its own thermal inertia, 
would have a different temperature, which implies a different RH at the interface between 
the object and ambient air. This is why we should pay the uppermost attention when 
heating a church, and why we should avoid any system that generates exceedingly high 
thermal levels (i.e. very low RH) or, for that matter, generates too much moisture such as 
that created by flueless gas combustion (i.e. too high RH). 

Over the centuries, works of art which are sensitive to hygro-thermal conditions have 
adapted to the local microclimate in one of two ways: 1) with permanent deformation as a 
result of the balance reached between the internal tension of the structures and the 
microclimatic changes (RH, T); 2) with the creation of internal fractures in materials to 
allow a degree of variability in size, or compatibility between variations in size of the 
various elements. These variations are generated by T-RH cycles typical of the 
environment. Once this delicate balance has been reached, it becomes irreversible 
through the ageing of the materials which lose their original elasticity. 

In an object, rapid variations of T and RH determine differential expansions and stress 
gradients between the surface and the inner layers. When the environmental RH varies, 
the canvas responds immediately, becoming limp or by undergoing shrinkage. Panel 
painting responds with an immediate dimensional change of the surface, and a slower 
change in depth. The superficial layer assumes dimensional changes and changing rates 
differing from those beneath, undergoing strong stress and possible breakage (fig.2). This 
leads to detachment of the paint layer, especially in the proximity of where one panel is 
joined to the next.  

Slow cycles penetrate in the depth in materials. Even the yielding point or the breaking 
point are not reached, in the case of objects with non isotropic deformations (as in wood), 
even slow RH variations can distort the structure and generate internal stress, especially in 
the presence of discontinuity or different parts interconnected together (e.g. furniture, 
books). The result is irreversible structural damage  (fig.3). 

T-RH cycles cause enormous damage to art works  (fig.4), especially organs, wooden 
sculptures, furniture, paintings, antiphonaries, books. The mechanisms of deterioration are 
triggered off by three aspects of variability: the extent of the sudden changes; their 
duration, and the frequency with which they are repeated. Sudden T-RH changes should 
therefore be carefully avoided or, at least, reduced to a minimum. 
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For purposes of conservation it is fundamental that the RH of the air and the T of the 
objects remain as unaltered as possible. This means stability in the moisture content of 
hydrophilic materials.  
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Pollutant deposition of and blackening of surfaces 

The microclimate variability generated by a heating system and the interaction with the 
surfaces (e.g. air movements, presence of cold surfaces, condensation) can increase the 
pollutant deposition rate, i.e. the blackening and defacing of frescoes, panel and canvas 
paintings, etc. (fig.5). 

The main deposition mechanisms are: Brownian, thermophoresis, inertial impaction, 
gravitational settling, Stefan flow, electrostatic capture (see Technical Appendix 2). 

Air movement and the presence of warm air (which contrasts with the cold surfaces) much 
increase the rate of deposition of smoke, dust, bacteria and other particles. Interior 
sources of smoke can be found in incense and candles  (fig.6), but people, on their shoes 
and clothing, bring in particles from the outside and other external pollutants penetrate, 
especially through door and window openings. The situation is further complicated by 
internal combustion of heating systems running on gas or other liquid or solid fuels that 
give off pollutants. 

It is therefore necessary to reduce to a minimum convective air motions within the church. 
Air movement is generated by uneven temperature distributions (e.g. among the various 
parts of the church, among surfaces and air, or they may be triggered off by a ceiling 
which is too cold or by sources of heat like, for example, heaters or lamps). 
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Condensation of water vapour excess 

In cold regions, when the church is too crowded (or a humidification system is active) and 
certain surfaces are relatively cold (e.g. windows, statues, walls, ceiling), the excess of 
water vapour from the congregation condenses on the cold surfaces (fig.7). The situation 
is worsened by certain heating systems with combustion of methane, propane, LPG etc., 
which produce large quantities of water vapour.  

Certain warm-air heating systems mitigate the decrease in relative humidity with the 
addition of vapour. This may do the air good, but it is not always advantageous for the 
surfaces of artworks, especially the cold ones (i.e. windows) or those with great thermal 
inertia (i.e. marble statues, walls), on which condensation may take place. 

When the RH level in the air and/or the moisture content in materials is high for whatever 
reason (e.g. crowded room and condensation, percolation, cold surfaces) a number of 
deterioration mechanisms may be activated (fig.8). The main ones are:  
1) oxidation and corrosion of metals (e.g., stained windows, organs, chandeliers); 
2) biodecay with deterioration of organic substances (e.g., wood, leather) and/or 

micro-biological colonization;  
3) efflorescences on bricks and plasters due to salt migration; also forced evaporation 

generates efflorescence.    

Condensation depends entirely on two factors: the moisture content in the air (expressed 
in terms of mixing ratio or dew point temperature) and the temperature of the surface. 
Condensation can be preceded by moisture absorption if deliquescent salts are present in 
materials. 

The theoretically possible remedies are:  

(1) Exchanging inside air with that from the outside, with controlled openings or fans. 
This method is useful to counteract the temporary excess moisture when the church is 
crowded, but not in the case of wall dampness for groundwater rise or water percolation. In 
the case of wall dampness, drying would accelerate the salt crystallisation and masonry 
decay. 

(2) Environmental dehumidification with dehumidifiers. This method is for short-term 
operation in the presence of excessive vapour concentration and not for extracting water 
from damp buildings, as before.  

(3) Heating of church structures, e.g. walls, ceiling, floor, but not of the air. Mere air 
heating would be pointless, at least until this in turn raises the temperature of the surfaces 
of the walls above dew point. The surface temperature of walls or ceiling can be raised in 
two ways: (i) using high-temperature, remote IR emitters at short and/or medium 
wavelength; (ii) inserting electrically heating cables or hot water pipes in the walls. The 
latter solution, however, is invasive. 

Windows are the coldest surfaces in the church. They easily reach the dew point whatever 
the heating system. To avoid window condensation, specific measures should be applied. 
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Biological decay 
In churches, the microclimate and its variability may favour the development of microflora 
with consequent biological decay (biodeterioration). The most frequent biodeteriogens are: 
fungi, bacteria (heterotrophic, chemoautotrophic and photoautotrophic) and algae. Every 
biodeteriogen is characterized by particular ecological needs. These may positively or 
negatively influence the development in relation to the characteristics of the substrate and 
existing environmental conditions. The quantity of water present in materials and, 
especially, water availability may be considered the principal determining factor. Water is 
needed for the metabolic activities of all living organisms and for maintaining cellular 
functionality. Each species has specific needs; organisms are identified according to their 
water requirement as: aquatic, hygrophilous, mesophilous, xerophilous and poikilohydric 
that can tolerate alternating conditions of very low and high values of water availability.  

Photoautotrophic species, e.g. algae and some bacteria, derive their energy from light 
and are able to produce the necessary organic substances for their existence. They need 
high water content and light. Heterotrophic species, e.g. fungi and some other bacteria, 
are unable to produce the necessary organic substances for their existence and must 
obtain them from the environment. They can also live in the absence of light. In churches, 
biological decay is mainly connected to the development of fungi and heterotrophic 
bacteria (primarily actinomycetes). Rare exceptions are found with permanent rising 
damp or seepage and illumination. Bacteria develop in materials saturated with water. 
Fungi live in a wide RH range or develop during the drying phase of hydrophilic materials.  

Temperature too is influential on metabolic activity in relation to the hygrometric values. In 
general, temperatures between 20° and 30°C favour microbial growth. 

Normally, the range of indoor daily T-RH cycles is smaller than outdoor ones. 
Nevertheless, critical situations can arise in damp environments where even minimal 
increases in temperature accelerate the colonisation and growth of microflora. When RH 
>65% and T near 18°-20°C, a temperature increase of 2°-3°C may stimulate the 
germination of fungal spores, resulting in the rapid colonization of organic materials 
(textiles, wood, paper). The same is true for mural painting, plaster and stucco at RH > 
80% and T close to 14°-15 °C. RH and T fluctuations increase permeability to water of the 
cellular fungal walls allowing the spores to germinate and grow. When high microbial 
contamination and high levels of RH coexist, temperature fluctuations favour fungal 
colonization. Bacterial attack is instead less frequent as it requires high and constant 
water content, and is associated with rising damp, seepage or frequent condensation.  

Indoor ventilation may play opposite roles. On one hand, air currents may transport 
biological particles inside, or disseminate internal spores. On the other, they can 
determine the dehydration of the substrate and of the cells during the early stages of 
colonization. This blocks biological growth, during the phase of dehydration and 
germination of the spores, as e.g. in the case of fungi. Under normal circumstances, 
however, it is improbable that the intensity of air movements constitutes a limiting factor 
on its own. If the movement of air influences biological growth, it is probable that it does 
so by indirectly affecting temperature, RH and water availability. 

Microclimate changes or variability, generated by heating, lighting (especially with 
incandescence lamps), churchgoers, door and window openings, light sources (above all, 
with incandescent lamps), use etc. determine specific conditions that must be carefully 
assessed from time to time. From the biological point of view, the T variability is a risk 
factor only in damp environments and in the presence of materials that foster growth (e.g. 
wood, plaster, stucco, brick, porous stone). 
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Draughts 

When the floor is colder than the ceiling, the air stratifies and remains still. When the floor 
is warmer than the ceiling, warm air (low density) rises from the floor, and cold air (high 
density) falls from the ceiling. The same happens in the presence of a source of heat for 
the natural buoyancy of warm air which rises up and, at the same time, is replaced by 
some other air, generating convective motions. Natural buoyancy of air above hot sources, 
convective motions, down-droughts from cold surfaces and draughts driven by wind or 
forced air systems constitute air motions that mix the internal air, and generate an 
unpleasant sensation on foreheads and necks.  

Draughts are absent only when the upper part of the church (i.e., ceiling, walls) does not 
remove heat from the air, either because: (1) the masonry is warmer than the air and the 
floor, or (2) the internal envelope does not absorb heat.  

Case (1) is when the whole building has reached thermal equilibrium with continuous 
heating. To this aim, air leakages and heat dissipation (e.g. through roof, doors, windows, 
ceilings or walls) should be carefully controlled.  Walls and ceiling with low thermal 
conductivity or roofs with good thermal insulation are helpful. 

Case (2) is typical of wooden churches, or buildings with wooden ceilings and/or internal 
envelope; another example is a simple curtain covering a cold window, or a cold wall.  

Whereas a thermal insulation of the building envelope can be planned in the newly built 
churches, it can be more difficult to introduce into historic churches, except for the roof or 
some other intervention. In the case of historical buildings, individual solutions aimed at 
improving the thermal insulation need to be sought as each fabric needs to be considered 
as a special case of its own. 

Draughts are frequently a problem in churches, especially in tall stone buildings, and in 
churches with a heat source near the floor (e.g. underfloor heating, pew heating, radiant 
heaters warming up the floor, convective heaters) or with warm-air systems, or simply in 
the presence of cold glass windows, ceiling or walls.  

Draughts become noticeable when the air speed exceeds 15 cm/s; they become more and 
more unpleasant when it exceeds 30 cm/s. This situation worsens when the ambient 
temperature is low.  

Sometimes, this troublesome air circulation is mitigated with an additional heating system, 
especially planned to locally counteract the down-draught currents below cold windows or 
other cold surfaces. Draught drawback is unavoidable with occasional or intermittent 
heating. 

 

Thermal Comfort 

Thermal comfort is defined as subjective indifference to the thermal environment. It is a 
condition in which a person does not feel the need to alter heat exchanges (heat 
production and heat loss) with the surrounding ambient. This thermal neutrality is 
disturbed by low or high air temperature around the body, which lowers or raises the 
average temperature of the skin and the perspiration rate. Air movements contribute to an 
increase in the convective loss of heat, causing a discomfort which increases with the 
average speed of the air and the level or turbulence. The level of RH of the air and the 
infrared (IR) radiation also contribute to churchgoers' thermal neutrality.  
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A certain amount of variability between one person and another is introduced by the fact 
that thermal neutrality depends also on many other factors, i.e.: clothing, physical activity, 
metabolism, personal reserve of fats, age, sex, adaptation, habits, level of attention.  

The variation of the feeling of thermal comfort is not only individual, but also collective. The 
citizen who is used to heat will be more sensitive to the cold than someone who works out 
in the open or lives in the mountains. Customs of dressing for church may also differ. This 
means that the ideal thermal environment needs to be defined on the basis of the needs of 
the local population. 

When the average skin temperature is between 30°-33°C, a condition of thermal neutrality 
with a slight feeling of coolness, a suitable level of attention is reached. At lower skin 
temperatures it becomes uncomfortably cold and at higher levels it brings on a feeling of 
excessive heat and sweating. The 30°-33°C interval which favours concentration, should 
be the goal of any heating system in churches.  

A person may feel thermally neutral as regards his body as a whole, but he/she might not 
be comfortable if one part of his/her body is warm and another cold. Naturally, not all the 
parts of the body are equally sensitive or have an equal supply of blood. Certain parts, the 
feet and hands, are particularly vulnerable to cooling and require a suitable level of heat. 
In an environment, the conditions of comfort are determined by the thermal profile: it is by 
far preferable to have ones feet, legs and hands neutral or warm and face cool (the body 
being adequately covered) than vice versa.  

Ears, nose forehead and neck are sensitive to cooling. A first form of thermal comfort is 
achieved by wearing comfortably heavy clothing. Those who enter a church are usually 
dressed appropriately for outside activity but, by sitting and standing still, they end up 
without the added heat given by physical activity. This problem arises especially in the 
peripheral parts of the body which may have been left with less protective clothing. The old 
tradition that women covered their heads with a veil, scarf or hat, helped them reach a 
satisfactory level of comfort in cold environments.  

Thermal comfort is reached as equilibrium of conductive-convective exchanges with the air 
and IR balance. When the environment is cold it is obviously convenient to reduce heat 
loss with clothing insulation. Heat supplied via IR should not be too powerful and it is 
advisable that the IR contribution does not exceed the equivalent of 10°C heating.  

Only the area directly hit by IR is heated while the area left in shadow remains cold. In 
order to distribute the IR among the entire congregation, the emitters are placed up high. 
As a consequence, heads and shoulders are well heated, while legs and feet and small 
children tend to be cold. The parts in shadow or shaded by people, pews or other 
obstacles remain cold.  

For IR heating to be comfortable, it needs to be distributed symmetrically and 
homogenously to limbs, e.g. bi-lateral IR irradiation. Symmetrical heating with IR emitters 
located on both sides of the nave is preferable. However, in churches with a wide nave, 
churchgoers receive IR from one side only, or an unbalanced amount from both. How 
warm the congregation is depends on the number of emitters, on their positioning and on 
how powerful they are. If IR radiation is too powerful, especially in the short and medium 
wavelengths, it can be harmful to both people (e.g. causing headaches, skin dehydration) 
and artworks (e.g. causing cracks and pealing). 

Given the factors of variability and of subjectivity, the ideal microclimate will mean a great 
number of satisfied people, but also a certain number of dissatisfied ones, half of which 
will complain that the temperature is too low, the other half that it is too high. The condition 
of thermal comfort is therefore that which minimises the number of dissatisfied people. 
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However, from a practical point of view, there is yet one more step to take: finding a 
compromise between the different needs: those of comfort, aesthetics, costs, artwork 
conservation and so forth.  

There are various suggestions and standards to attain a certain degree of comfort in 
places of work, offices etc. at usual indoor temperatures. However, no adequate 
theoretical support exists which regulates the various spaces at play in the case of severe 
short-term conditions, like for example an unheated church. Studies undertaken for the 
heating of people in cars or in stadiums have concluded that the solution lies in heating 
feet and legs with warm air streams (apart from the technical need of defrosting the car 
windscreen). This is a useful piece of information, only that it is of no direct use in a church 
due to the damaging consequences that it would have on the Cultural Heritage. 

Finally, exposed surfaces of heating elements should not exceed 70°C for safety reasons, 
to avoid burns on contact and the risk of fire. 

 

Ventilation 

On one hand, indoor air should be exchanged to avoid elevated concentrations of 
moisture, CO2, smoke and other pollutants when the church is crowded. Ventilation may 
avoid cold wall condensation in crowded churches. On the other, uncontrolled external 
leakage should be avoided to control microclimate and unpleasant cold air spells with the 
opening of the door. Uncontrolled leakage generates discomfort and requires a more 
powerful heating.  

Damp buildings for spring condensation and infested by bioorganisms, take advantage 
from adequate ventilation. On the other hand, damp buildings for capillary rise or 
percolation, when ventilated with dry external air may undergo decay for salt migration and 
crystallisation.  

The appropriate management of ventilation (e.g. intensity, during or after church use) 
should be established case by case by taking the above-mentioned situations and needs 
into account.  
 

Conservation of Pipe Organs 
The pipe organ, with its façade architecture and sound, is a multimedia and 
multidisciplinary object. It brings together wood and metal craftsmanship, knowledge in 
mechanics, pneumatics and acoustics. All these skills are combined to a high level of 
artistry in order to create music. Over many centuries the organ has represented high tech 
and its development has mirrored the technical, social and economic development of 
society in many different regions. An organ landscape has been created, implying many 
common traits but also fascinating differences in construction, style and sound. This 
makes the organ a central and indispensable part of our common musical heritage. 
A major threat to the organ heritage is presented by harmful indoor environments.  
The effects of heating systems on historic organs are under study with the EC project 
SENSORGAN. 
 
Damage to wooden parts 
Wooden parts are sensitive to RH fluctuations. A decrease in RH will cause wood 
shrinkage which can lead to cracks or deformation due to high stresses within the material. 
Cracks in the wooden parts (fig.9) can cause key action malfunction or leakage in the wind 
system or in the windchest containing the valve mechanisms and the distribution of the 
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wind to each single pipe. A windchest leakage caused by cracks will make the instrument 
unplayable and major and expensive repair work has to be performed, often resulting in 
replacement and loss of historical substances. The organ façade, often containing 
invaluable art handicraft like wood carvings and sculptures, can also be damaged by the 
air being too dry. 
On the other hand, high RH can lead to the development of mould and a fungus attack on 
the wooden parts and corrosion on the iron parts. 
Another form of damage to the wood is attacks from woodworm and insects. The risk 
increases at higher temperatures and RH levels. 
 
Pipe corrosion 
The combination of wooden and metal parts close together in the organ represents a 
potential conflict and can in some situations cause damage to the organ. The EC project 
COLLAPSE has shown that organic-acids emissions from wood in the organ can create 
lead-based corrosion inside the pipe foot leading to cracks and finally holes in the pipe foot 
wall (fig.10). The corrosion rate is dependent on the climate of the organ because the 
emissions from the wood are considerably higher at higher T and RH.  
 
Condensation 
An organ is often a large instrument and there may be a long distance between the wind 
inlet and the pipe location. Often the wind inlet and the bellows are in a separate room 
behind the organ. The different climate situations within the instrument can create 
condensation problems; when playing the organ, a condensation situation can occur when 
warm air from the wind inlet is transported through the wind system, enters the foot and 
comes in contact with the cold metal surface inside the pipe foot. Especially if there is a 
corrosion process in progress inside the pipe foot due to organic acid emissions, the 
condensation will certainly speed up corrosion. 
 
Tin pest 
Tin rich pipes were used in the organ façade because of their shiny appearance. In these 
pipes, the so-called “tin pest” can develop at low temperatures (below 13°C). Tin-pest is 
the allotropic transformation of white metallic tin into grey non-metallic tin which induces 
the formation of cracks and holes in the pipe wall. The risk of tin-pest increases at 
decreasing temperatures. Fortunately, this problem is not frequent. 
 
Creep 
Creep is a phenomenon where the organ pipe sags, meaning a slow and plastic 
deformation under constant stress. It is often the lower part of the pipe foot which is 
deformed. Creep resistance depends on the lead-tin alloy composition and on the 
temperature. Creep increases at higher temperatures. 
 
Tuning problems 
Different climates in different parts of the organ can create tuning problems. This is not 
destructive to the organ, but can, nevertheless, make the organ unplayable. The tuning 
problems are most often caused by rapid temperature changes or when a part of the 
pipework is heated by direct sunlight. 
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Heating for Thermal Comfort and Heating for Conservation 
 
There are three basic strategies for heating churches: 
1) no heating  
2) conservation heating 
3) heating for thermal comfort 

These strategies may be complementary, e.g. two heating systems can be combined to 
provide an optimal balance between an acceptable comfort for those using the church and 
limiting risk to the historic building and its contents. 

In an unheated church, there is no control of the indoor temperature and humidity other 
than that provided by the building itself. The natural, historic climate is maintained 
unchanged.  

A gentle heating, which is controlled to maintain the RH level indoors as constant as 
possible throughout the entire year, is referred to as Conservation Heating. A secondary 
aim of conservation heating is to reduce the winter drop in T, if the RH is not lowered 
below a sustainable level. Sometimes, however, the conservation heating may occur in the 
warm, or the mid seasons. 

Most of the existing heating systems have been developed for the thermal comfort of the 
congregation, with installation costs and economy of use seen as key factors. 
Unfortunately, the thermal comfort of the congregation and the conservation of the building 
and the artworks preserved within are often conflicting. The former requires a comfortable 
T level only when the church is in use; the latter requires no heating or continuous, gentle 
conservation heating, to compensate for daily and seasonal cycles. In contrast, economic 
methods of heating for comfort often cause rapid variations in T and RH levels. Whether 
this damages the building and its contents depends on the individual situation. The risks of 
heating systems aimed at thermal comfort have only become evident in the last decades, 
after churches have been heated at a high comfort level. A combination of the two 
conflicting aims, i.e. thermal comfort and conservation, would be preferable. 

From the Point of View of Conservation, is it better to Heat or to Leave the Natural 
Situation as it is? 

A crucial question is: is it better to heat or to leave the natural situation as it is? When the 
former solution is preferable and when the latter? The answer lies in the climate of the 
region, i.e. the actual RH level, and the state of artwork conservation.  The key question is: 
does the natural RH fit with conservation?  Possible answers are: 

1) Yes, in the case artworks are in very good conditions after centuries. In such a case any 
RH change is dangerous. Heating would lower RH. Conservation heating would not bring 
a further advantage. No heating is best. 

2) No, RH is too low, e.g. organic materials shrink too much. Any form of heating would 
worsen the situation. No heating is best. 

3) No, RH is too high and artworks suffer for dampness, e.g. mould growth. In such a case 
RH can be lowered to a more convenient level by increasing indoor temperature. Some 
gentle heating aimed to lower RH and improve conservation, i.e. Conservation Heating, is 
better than no heating.  

In practice, the above cases (1) and (2) are typical of regions with cold, dry winters, and 
case (3) with humid, rainy winters. 
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The case of cold, dry winters 

In dry, cold climates, continuous heating does not constitute a valid solution from the 
conservation point of view because the RH drops by too much. Except for a few cases, 
cultural heritage items that for centuries have been kept in naturally cold churches are in 
good conditions, at times even optimal, while rapid signs of degradation have been found 
immediately after the installation of one or more of the various heating systems. 

In winter, the water vapour concentration in the air is naturally low and seasonal heating 
lowers the relative humidity by too much (fig.11), which is especially harmful for organic 
materials, e.g. wood breaking and detachment of paint layers from panel paintings (fig.12).  

A supply of moisture for humidification is not a valid solution, in that it may prove to be 
effective for air, but may cause condensation in the cold surfaces (e.g. outer walls, ceiling) 
and damage them, e.g. with the growth of fungi and mould. 

High dust levels are generated in dry air and the deposition rate is accelerated. Smoke 
and dust blacken surfaces, which is particularly relevant for frescoes, paintings and 
tapestries. 

Passive interventions (i.e. application of materials to reduce the flow of energy or mass, 
e.g. thermal insulation, prevention of water infiltration), carried out when possible, are in 
general preferable to active ones (i.e.: heat sources driven by external power, fuel, etc.; 
e.g. heating systems). As far as active forms of intervention are concerned, either heating 
is carried out with all the necessary precautions, or it is best not to heat. 

When heating is only aimed at the thermal comfort of the congregation, it has been 
statistically proven that no heating is best from the conservation point of view.  

Some European authorities have concluded that no heating is best, except for the specific 
case of conservation heating in humid regions. 

In the case that the congregation needs warming, a compromise can be found with local 
heating, i.e. by reducing as far as possible the dispersion of heat within the church and, 
consequently, the negative impact on artworks. 

 

The case of humid, rainy winters 

In the humid areas for continuous rain, the problem is the exceedingly high RH level and 
the mould growth. RH can be better and more safely controlled with a wise use of the 
heating system than with humidifiers or dehumidifiers that might generate undesired 
effects.  

In principle, conservation heating should be ideally applied to all churches located in moist 
regions. However, its general application is not always possible for two practical reasons: 
the demand for a higher comfort level and the elevated operational cost.  

A compromise solution would be to have two distinct heating systems for each church, i.e. 
one to provide continuous, general, low-level heating to mitigate exceedingly low 
temperature levels and to avoid overly high RH (i.e. conservation heating), and a second, 
local heating system to be used whenever necessary to obtain suitable environmental 
conditions for the congregation. This would help to avoid dramatic T-RH cycles. However, 
it is extremely difficult to provide good conditions for both conservation and comfort. 

Attention should be paid to the actual cause for building dampness, i.e. water supplied 
from the air or the wall.  
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(i) If the wall temperature is below the dew point, suitable dehumidification via gentle 
structural heating and/or ventilation is welcome to make materials less vulnerable to 
biodeterioration.  

(ii) However, in the case of dampness due to capillary rise or roof percolation, internal 
drying is dangerous because of salt crystallization and growth. 

Summing up, continuous heating is useful for conservation only in mild, humid climates, to 
counteract dampness. In practice, conservation heating is specific and maintained by 
conservation authorities and is limited to a few buildings of special artistic relevance, thus 
preserving valuable artworks at risk.  

Sometimes a compromise is found between conservation heating and heating for thermal 
comfort, by establishing a thermal level oscillating between the two needs. 

 

Conclusions of Part 1. What is the Best Heating System? 

Church heating is a complex, multidisciplinary problem and the choice of a heating system 
cannot be made a priori, on the grounds of theoretical considerations. The heating system 
should necessarily respond to the ten fundamental needs presented in the section 
“Choosing a heating system”.   

Some needs will be conflicting, others pre-eminent, and still others irrelevant. The 
conservation, sometimes neglected, is under protection of the law. For instance, according 
to the Italian law: “The cultural heritage cannot be destroyed, damaged…” (art.20). “The 
safeguarding requires that… the protection and the conservation for public enjoyment are 
compulsory” (art.3) (Decree Law 22/01/2004 n.42, Italian Official Gazette n.45, 
24/02/2004, S.O. n.28). The type of heating, as well as the operation methodology, play a 
fundamental role in protecting and conserving, or in damaging church artworks. 

Thermal comfort and artwork conservation are only two of the needs to be considered. 
The optimum solution is not a matter of technology, but a compromise among the different 
needs as a response to the given priorities.  

It is essential to have a clear idea about the whole problem, and to be aware of the risk to 
which every material and every type of artwork is exposed during heating, and with the 
different heating systems. Each heating system presents pros and cons, or even risks, for 
conservation. The most common deterioration mechanisms and the artworks at risk will be 
summarised in Part 2. 

Is it possible to use heat-friendly methods with conservation? The European Project 
Friendly-Heating (see Part 2) has thoroughly studied this problem and has found, 
improved and tested the most convenient methodology from the point of view of artwork 
conservation.  

Other systems exist that may have lower performances in this area, but may have other 
features that better fit other needs in certain specific cases. 

The choice of the heating system can only be made when the user has a clear idea about 
the priorities and the weight that should be given to each of the above fundamental needs, 
including conservation. When conservation is pre-eminent, or appears among the most 
outstanding needs, Part 2 will constitute a useful tool in making a science-based choice 
and use.  
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Technical Appendix 1: A Few Notes on Infrared Radiation 

Infrared radiation (IR) is a source of energy which is transformed into heat in the body. IR 
can be divided into three wavelength bands, i.e.: short (0.76-2.0  m), medium (2-4  m) 
and long (>4  m). 

The interaction with the human body (comfort) and with materials (conservation) may vary 
considerably depending on the different IR wave lengths. For example, water completely 
absorbs or nearly IR radiation with wave lengths around 0.9, 1.1, 1.4, 1.9  m and in the 
spectral windows 2.4-3.3  m and 5.0-7.5  m. Thermal sources having temperatures that 
generate IR emission peaks which correspond to these absorption bands have a much 
greater impact than sources with equal IR power but with a different emission temperature.  

The first group of bands of absorption is generated by incandescent sources. A source 
becomes incandescent when, above 600°C, the energy is irradiated not only in the IR 
band but also in the form of light. Above 600°C the source is barely perceivable as a 
brownish light in a dark environment, but becomes bright red towards 800°C. The first IR 
absorption window (2.4-3.3  m) corresponds to an incandescent source (red-brownish 
colour) in the thermal interval 600°-950°C and the second to a source at between 110°-
300°C.  

Of particular practical relevance are the sources with red coloured temperatures which, 
due to their high efficiency, are also used in cooking. As far as high temperature sources 
(red colour) are concerned, one needs to be careful not to exceed the IR dose received 
because it can be harmful and cause, for example, dehydration and headaches. For this 
reason it is worth avoiding asymmetric distribution of IR on the body and increases in 
temperature above 8°C, while low temperature sources (i.e., lower than 100°C) are well 
tolerated.  

Short-wave IR radiation, from bright sources (white heat), can be efficiently focused with 
reflectors as the sources are small; medium-wave IR radiation from red-coloured sources 
(red heat) can be focused quite well, long-wave IR radiation from non-luminous sources 
(black heat) somewhat, and long-wave IR radiation from low-temperature sources, (i.e. 
normal hot water temperature) hardly at all. 

For the high filament temperature, Quartz Halogen Radiant Heaters emit visible radiation 
and dangerous ultraviolet radiation, i.e. UVA and UVB. In illumination lamps, UV is usually 
absorbed because glass is opaque to this wavelength. This is not true for quartz, which is 
transparent. The UV emission should be controlled, as it is harmful to people and artworks. 

 

Technical Appendix 2: Principal Deposition Mechanisms of Suspended Particles in 
the Air  
Brownian 

Deposition of particles increases with thermal motions of particles i.e. with air temperature. 
Maximum efficiency with fine particles e.g. smoke (particle diameter <<0.1  m). 

Thermophoresis 

Transport of particles towards colder air, with the result of impacting on cold surfaces, and 
blackening them. Maximum efficiency with fine and medium-sized particles (i.e. diameter < 
1  m). 
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Inertial impaction or aerodynamic deposition 

Microturbulence generated by air flowing near a rough surface (e.g. wall, ceiling) spreads 
particles in all directions, and the particles with large inertia can continue their motion and 
eventually reach the surface. The primary cause is the airflow, which can be generated by 
convective motions (for example, by a difference in T between wall and air; by a warm 
floor, or by a cold ceiling, or by interior sources of heat) or by advective movement (for 
example air currents) or turbulence. Maximum efficiency with medium-sized and coarse 
particles (diameter >1  m). 

Gravitational settling 

Settling of particles due to natural falling onto surfaces which stop them. Maximum 
deposition efficiency is with still air and medium and large-sized particles (diameter >1 
 m). 

Stefan Flow 

Transport of particles towards a surface on which condensation or absorption of vapour 
occurs. Speed of transport and deposition rate are independent of the particle size. 

Electrostatic capture 

Attraction due to electric induction in the presence of charged surfaces or particles. This 
mechanism is favoured in the presence of dry air. Efficiency independent of the size of the 
particles. 

 

Technical Appendix 3: Notes on Biological Decay  

In assessing the water effectively available for an organism, it is necessary to consider 
the quantity of free water or water activity (aw). This represents the total water content of a 
material that can be exchanged with the surrounding environment (aw = p/po where p = 
partial pressure of water vapour in the material and po = pressure of pure water vapour). 

Under conditions of pure water, aw is equal to 1; if solutes are added the vapour pressure 
of the aqueous solution is reduced and with it the value of aw. The free water indicates the 
fraction of water within the material available for germination and growth of microbic 
spores. Each microbic species is able to develop within a precise range of aw values, 
below which growth is no longer possible (threshold: 0.60-0.70). The majority of 
microorganisms require aw the range 0.75 < aw < 0.99. Xerophilous fungi (organisms that 
manage to survive in environments with low water content) are able to develop when 0.60 
< aw < 0.80. Bacteria generally require aw > 0.90 but halophilous bacteria (organisms that 
require a high content of salts in order to survive) can grow with aw > 0.75, actinomycetes 
among them. 

The majority of organisms grow in an optimum temperature interval 20°<T< 30°C, even 
though species exist that adapt to lower temperatures 0°<T<10°C ( psychrophilous) as 
well as others that adapt to higher temperatures 35°<T< 60°C ( thermophilous). 

Below 0°C, the formation of ice crystals breaks the biological membranes and causes 
cellular death, while the progressive increase in temperature results in an ever more rapid 
loss of water due to evaporation. Temperatures over 50°-60 °C are however damaging for 
their effects on enzymatic kinetics and for the excessive fluidification of the biological 
membranes and consequent modification of the permeability. Certain microorganisms 
can tolerate a wide range of temperature, managing to survive thanks to their capacity to 
develop resistant structures (spores, cysts, etc.). 
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No Heating at All for the Entire Cold Season  
 

The case of cave-churches 
Characteristics :  

A man-made or a natural cave transformed into a church (fig.13). Some benefit derives 
from the thermal inertia of the rock, but the cave is open to changing weathers and to 
consequent deterioration. 

Benefits:  

Natural environment, with low human impact. No cost for heating system. 

Problems :  

Preservation: No protection from weather. Especially in spring, when humid winds blow, 
condensation may occur on cold walls. Biodeterioration is frequent (fig.14). 

Thermal Comfort: None 

Deterioration mechanisms 

T-RH: Excess of humidity (especially due to percolation, capillary rise, rain) which may 
lead to biodeterioration, saline efflorescence, discolouring. In the presence of water within 
the structure, ventilation increases the evaporation and crystallization of soluble salts. 
Sudden T-RH changes are also dangerous. These depend on how and to what extent the 
cave-church is exposed to external agents and on how much sunlight enters the cave and 
on how weatherproof it is.  

Deposition of suspended particles: this depends on the evolution of the microclimate, but 
fortunately cave-churches are usually found in relatively low-pollution areas.  

Condensation: probable on cold surfaces, possibly throughout the whole church.  

Artworks at risk:   

Frescoes and paintings are the works most commonly found in these settings and which 
need to be especially protected from deterioration due to excess damp and its variability. 
Wood is not usually found since it does not easily withstand these severe environmental 
conditions. 

Summing up :  

This situation is often precarious and some form of passive intervention is often needed to 
protect the works of art. 

 

Keys 

Risk for sudden temperature changes: low to high  

Risk for sudden relative humidity changes or too low levels: low to high 

Risk for condensation on cold surfaces: high 

Blackening for deposition of smoke and particles: moderate to intense 

Pollutant generated: none 

Thermal comfort: low 

Visual impact: no 

Degree of invasion and damage to structures: no 
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The case of historic buildings 

Characteristics :  

No active systems, the only benefit comes from the thermal inertia of the building (fig.15-
16). 

Benefits:  

The whole environment is in naturally stable, quite isothermal conditions, without abrupt 
variations.  

Problems :  

Preservation: In the case of crowds, or during the inflow of warm, humid air in spring, 
condensation may occur on cold walls (fig.17). Organ pipes made of tin may undergo tin 
pest. 

Thermal Comfort: None 

Deterioration mechanisms 

T-RH: few if any sudden thermo-hygrometric changes. Water vapour condensation 
presents the greatest problem. When the air temperature drops below 13.2°C, pure tin in 
organ pipes may suffer tin pest. 

Deposition of suspended particles: minimal since there is thermal equilibrium and little 
convective movement.  

Condensation: probable on the cold surfaces, possibly throughout the whole church.  

Artworks at risk:  

In the case of damp buildings: organs, wooden works, books, tapestries, paintings on 
canvas, wall paintings, stuccoes, stone and masonry. 

 

Summing up:  

No heating is the situation in which artworks have been preserved per centuries and 
survived till today. It is very dangerous to change this microclimate because either it is 
convenient for the conservation or the survived artworks have adapted to it. From the 
practical and statistical point of view, no heating is the best solution.  

From the theoretical point of view, not always does the natural climate constitute a perfect 
solution, i.e., if the environment is affected by dampness, conservation heating may be 
considered. However, if artworks are found in an optimal state of conservation, it is best to 
leave things as they are. It is advisable to intervene above all with passive systems which 
tend to bring the microclimatic system to average values. Active systems of intervention 
should be viewed with extreme caution due to the irreparable damage that they can cause 
with the introduction of new microclimatic conditions. 

The most serious problem for conservation is found with environments with a strong 
exchange of air where warm winds (e.g. the southern Sirocco in Italy (fig.17) and France, 
western winds in the UK) can cause condensation. A cautious control of the natural 
exchange of external-internal air should only be carried out after the possible 
consequences have been considered. Extreme caution should be taken when considering 
heating the environment.  

 

Keys 



 !"

Risk for sudden temperature changes: low  

Risk for sudden relative humidity changes or too low levels: low to average  

Risk for condensation on cold surfaces: average to high 

Blackening for deposition of smoke and particles: moderate  

Pollutant generated: none 

Thermal comfort: low 

Visual impact: not applicable 

Degree of invasion and damage to structures: not applicable 
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Do-It-Yourself Heating  
Characteristics :  

Installation without the aid of experts. Use of various types of stoves and burners, various 
combustibles (e.g. wood, coal, kerosene, gas, electricity) depending on the situation.  

Operation only when needed. 

It is impossible to describe the variety of heating systems that have been precariously 
installed (fig.18). Among the apparently most reasonable systems are those which are 
available on the market for domestic use and have been adapted to meet needs. One 
example will suffice. Electric stoves of various types, among which the Fan Coil, are often 
used for ease of installation. These generally emit warm air with two damaging 
consequences: 1) dangerous sudden T-RH changes or too low RH levels, which cause 
wood breaking, 2) strong increase in the deposition of smoke and suspended dust. 
Furthermore, they may require a certain amount of electric current from a system where 
this was not foreseen. With do-it-yourself systems you often run the risk of fire from a short 
circuit.  

Benefits:  

Installation carried out without expert advice; minimal initial costs. Home management. 

Problems :  

Given precarious installation, with unsuitable materials, heating leads to strong fluctuations 
in T and RH.  

Strong convective air motions which facilitate the deposition of pollutants are often 
generated.  

Smoke emissions or generation of other chemical or optical (e.g. glare, UV) pollutants, 
harmful to people and artworks, may also accidentally occur. 

Various problems may derive from specific types of heating systems and from the 
cumulative long-term effects.  

Portable heaters of all kinds should be avoided for fire risk. The same for fuel cylinders. 
Absolutely safe overheat protection (e.g., double thermostat control) in electrical devices 
may be missing. 

Artworks at risk:  

This depends on the individual case but, generally speaking, they are all at risk, both 
individually and as a whole (for example, fire).  

Summing up :  

This solution can be very dangerous for conservation and at times even for people. 

 

Keys 

Risk for sudden temperature changes: high 

Risk for sudden relative humidity changes or too low levels: high 

Risk for condensation on cold surfaces: high 

Blackening for deposition of smoke and particles: high risk of intense blackening 

Pollutant generated: depends on the heating system installed  

Thermal comfort: low 
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Visual impact: high 

Degree of invasion and damage to structures: high, including fire  
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Warm Air Heating 
Characteristics :  

Warm air (with the addition of water vapour in some cases) is injected through grilles 
located in the floor, on walls or from hanging warm air generators (fig.19-20). The air can 
be outside air, recirculated air or a combination of these two.  

The most common use is to operate the system just before and during services. Less 
frequently is for continuous use. Another possibility is to operate continually at minimum 
power during the week to maintain an acceptable basic building temperature and at higher 
power during services (mixed operation). This may reduce the damage of each individual 
heating cycle but needs a thorough control of potential impact on artworks. 

The aim is to heat both the environment and the congregation. 

The earlier types had a forced air system with a unit heater blasting out hot air noisily and 
indiscriminately. 

Benefits:   

Quick heating (it can be turned on half an hour before a service). 

Low operating costs.  

Problems:   

Preservation:  

Warm air tends to rise, at some distance from the congregation, overheating and 
damaging the upper part of the church. A vertical temperature and humidity gradient is 
formed (hot-dry above and cold-unaffected RH below, fig.21). In practice, most of the heat 
is dispersed in the building damaging artworks, and especially the ceiling, whilst only a 
little is to warm people (fig.22). The strength of the T-RH gradients depends on two 
factors, i.e. warm air temperature and blowing speed. The warmer the air, the stronger the 
gradient and the higher the risk for artworks near the ceiling. If air is introduced into the 
church above 35-40°C, stratification is almost inevitable. The faster the speed at which air 
is emitted, the greater the mixing of internal air and the more homogeneous the 
temperature distribution. However, this better T homogeneity is reached at the cost of two 
negative factors, i.e.: (i) increased air speed and turbulence with greater aerodynamic 
deposition of airborne particles; (ii) blown air and noise.  

The traditional operational use, i.e. only at the occurrence, passing from cold to warm, 
generates sharp and damaging T-RH cycles (fig.23). With continuous operation the RH 
drops too much reaching unsustainable levels for conservation (e.g. wood breaking). A 
mixed operation, i.e. continuous operation at low level throughout the week (i.e. basic 
heating), followed by a higher operation level when needed at holidays, reduces the range 
of T-RH variability and may be less damaging. In any case, however, this practice and its 
impact on artworks should be carefully monitored to avoid conditions that may be critical 
for some materials. It is necessary to carefully monitor each individual case to avoid risky 
situations. In the ceiling and the upper part of walls, where heating-cooling cycles are at 
highest intensity, masonry damage may occur for dissolution-recrystallisation cycles. This 
problem is common to all systems designed to intermittent heating of the building. 

When warm air is blown from the floor, an uprising current is formed which transports and 
redistributes the pollutant particles transported on the soles of people’s shoes. Indeed, 
people often tend to stand on the grilles to warm themselves. Uprising currents transport 
particles present in the proximity of the floor or left by clothes. 
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When warm air is blown from the walls, the problem of people standing on heating grilles 
is avoided; however, the upper part of the church is heated much more than the rest of the 
building.  

In either case, smoke and dust particles are transported and spread by downdraughts of 
cold air which are formed (by both floor and wall emission systems) with contact with cold 
surfaces and which come down from the ceiling and are found around the walls. Air mixing 
increases deposition rate of pollutants and surface blackening.  

It is very difficult, if not impossible, to find a balance regarding the amount of water to be 
added to the warm air to reach an appropriate RH level. On one hand, by adding moisture 
to compensate for the RH drop in the air, paintings on canvas will benefit while, on the 
other, there is an increase in the risk of condensation on the cold walls. Whether or not the 
air from the heating system is humidified, depends on whether preference is given to the 
conservation of works of art with low thermal inertia such as canvas paintings (which warm 
up quickly and require humidification) or to those with great inertia, like frescoes (which 
warm up slowly and suffer for humidification). 

After heating, the air will cool, inducing a RH rise. The T-RH cycles generate dangerous 
shrinkage-swelling cycles to hydrophilic materials (e.g. wood). Damage to masonry due to 
cycles of re-crystallization of soluble salts is caused by periodic variations in T-RH when 
the system is used occasionally. 

Contamination of the circulated warm air with exhausts is a problem which may arise. 

Thermal Comfort: The thermal stratification that is formed (i.e. warm air above and cold 
below) tends to heat the head more than the feet, which leads the public to stand on the 
grilles of warm-air emission. Strong and annoying downdraughts of cold air are formed in 
the proximity of walls. Blown air may generate a buzzing noise. 

Visual impact: grilles for air emission and suction. 

Structural damage: Disruption caused by installation, i.e. mutilation of structure, especially 
the walls and floor to insert pipes, ducts, grilles, inlets. In most cases, this damage is 
unacceptable (fig.20). In some cases, a second installation is made reusing pipes, ducts, 
grilles and inlets of a previous, obsolete warm air system. This reuse may avoid further 
installation damage. 
 
Deterioration Mechanisms: 

T-RH: Too low RH levels with continuous use. Exceedingly warm and dry air may cause 
severe damage. T and RH cycles cause dangerous dimensional changes of materials, 
especially with intermittent use. Cumulative effect for repeated cycles (fig.24). Evaporation 
is generally forced by warm air on masonry and in moist buildings efflorescence may 
appear.  

Condensation: Condensation may occur on cold surfaces (e.g. lower part) especially when 
the warm circulated air is moistened or with intermittent operation. With continuous use, 
the ceiling and the upper part of walls are above the dew point: only stained glass 
windows suffer from condensation. 

Particle deposition: Air dustiness for warm, dry air. The strong mixing of indoor air and its 
high temperature, greater than walls and ceiling, force deposition of airborne particles 
especially via Brownian, thermophoresis, inertial impaction and electrophoresis. The result 
is intense blackening (fig.25). When public stand on the grilles of blown air, means 
considerable release of particles from soles of shoes. This phenomenon becomes 
particularly relevant in the case of crowded churches (e.g. sanctuaries, tourist sites). 
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Artworks at risk:  

Due to dehydration and sudden T-RH changes: organs, coffered ceiling (fig.26), statues 
and wood works, tapestries, books, paintings on canvas and on panels. 

Due to deposition of suspended particles: ceiling, frescoes and painting in general, 
stuccoes and tapestries. 

Due to structural damage: flooring and other structures due to ducts and holes. 

Summing up:   

It generates a number of problems for conservation. Too low RH level with continuous use. 
Dangerous T-RH cycles with intermittent use. Very difficult control of humidity when the 
heating system is used either occasionally or continually. Surface blackening. Invasive 
installation. The size of ducts and the location requirements for diffusers generally require 
major works for installation. Application can be planned and implemented without 
structural problems in new buildings. Generally, it is not very comfortable except for 
continuous use. Rapid and apparently cheap heating (when cost of restoration for damage 
due to its use is not considered).  

 

Keys  
Risk for sudden temperature changes: Continuous heating: average risk; Intermittent heating: high risk; 
Mixed heating: low to high risk 

Risk for sudden relative humidity changes or too low levels: Continuous heating: very high risk; Intermittent 
heating: high risk; Mixed heating: average to high risk 

Risk for condensation on cold surfaces: Continuous heating: low risk; Intermittent heating: high risk; Mixed 
heating: average risk 

Blackening for deposition of smoke and particles: Continuous heating: very intense; Intermittent heating: 
intense; Mixed heating: intense to very intense 

Pollutant generated: resuspension of floor dust  

Thermal comfort: Continuous heating: average comfort; Intermittent heating: low; Mixed heating: average to 
low  

Visual impact: high 

Degree of invasion and damage to structures: very high 
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Infrared Heating from High Temperature Emitters 

Characteristics  

Churchgoers are directly heated from infrared radiation (IR) emitted from a number of 
high-temperature, remote emitters. Emitters are brought to or near incandescence and 
emit IR at short and/or medium wavelength (fig.27). The emitters are attached to walls or 
suspended from the ceiling. A parabolic reflector, placed behind the source, focuses the IR 
towards churchgoers. IR warms the absorbing surfaces on which it impacts, leaving air 
temperature unaffected. Eventually, some heat is transferred from the heated bodies to 
the air. The heating power increases with the emitter temperature. 

This methodology is aimed at heating the congregation and, secondarily, the environment. 

This methodology includes two main families of heating systems, i.e.  

1. direct fuel combustion  

2. electric heaters.  

The two systems have various aspects in common, (see below) however, there are also 
several important differences that will be analysed separately.  
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Benefits:  

Quick heating (it can be turned on shortly before a service). It does not cause strong 
convective movement in the area lit up by IR, usually under the emitter. Low operating 
costs. 

Problems: 

Preservation: The works of art must not be directly hit by direct or reflected IR radiation. 
This is not always easily done, since IR is not visible. Ignition risk for most exposed 
materials. On the other hand, materials left in the IR shadow remain cold and may suffer 
from condensation when the church is crowded. 

IR brings the various surfaces present in the church to different thermal levels, depending 
on the energy flux and on the thermal response of the various materials (e.g. absorption, 
reflectivity, conductivity, specific heat). The consequential lack of thermal homogeneity of 
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the environment (e.g. the floor is warmer than the walls and the ceiling; wood is warmer 
than stone) generates stress to the works of art and convective movements in the air 
which increase the deposition of pollutants already present in the environment. 

Convective movement of air can occur in the area above the thermal source. Surface 
blackening develops above hot emitters. This is a general problem that concerns all the 
heat sources, e.g. gas fired or electric emitters, spot lamps (fig.28). The problem becomes 
relevant when a considerable number of emitters are used contemporaneously. 

 

 
Thermal Comfort: Only the area directly hit by IR is heated while the area left in shadow 
remains cold. Children are most affected. If IR radiation is too strong, especially in the 
short and medium wavelengths, it can be harmful e.g. headache, skin dehydration. In 
order to distribute the IR among all the members of the congregation, and avoid 
dangerous high intensity of the IR beams, the emitters are placed up high. As a 
consequence heads and shoulders are heated, while legs and feet remain cold. For IR 
heating to be comfortable, it needs to be distributed symmetrically and homogenously to 
limbs, e.g. bi-lateral IR irradiation. This is practically impossible except for small churches 
with lateral emitters.  
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Visual impact: Emitters and reflectors are visible, as well as piping for fuel or cables for 
power supply. In certain cases the emitters are retractable and can be masked behind 
architectonic features when not in use. However, the use coincides with the presence of 
people. When operating, an annoying glare is often visible. 

Structural damage: Emitters, fuel pipes or electric cables can be fixed only when there are 
no wall paintings or stuccoes on the surfaces involved.  

 

Emitters directly heated by gas combustion  

Characteristics  

In gas-fired units, radiant emitters (either metal or ceramic) are heated directly by a flame, 
as in domestic gas fires (fig.29). Fuel is methane, propane, LPG etc. Once the metal grid 
or ceramic elements are heated to incandescence, they emit infrared radiation (short and 
medium wavelength). The ceramic burner plates or the metal radiant plaque are flueless 
and the exhaust remains in the church. In general, this system has no extract of 
combustion gases (flueless gas heaters). 

Benefits and problems 

As discussed above in the introduction pertaining to infrared heating from high 
temperature emitters. However, in the case of emitters directly heated by gas combustion, 
a further problem arises: a generation of pollutants and condensation. 

 

Pollution and condensation  

Gas combustion inevitably produces certain undesirable products, such as CO2, H2O, 
NOx, soot, deficiency of O2, unburned hydrocarbons and possibly CO. In flueless gas 
heaters, these pollutants remain inside the church if they are not properly eliminated. In a 
large environment, the quantity of pollutants left during a ceremony can hardly reach 
worrying levels for man’s health. However, their cumulative effect on works of art should 
be kept in mind. These pollutants are eventually deposited on the surfaces with possible 
chemical reactions, blackening, humidification, efflorescence, biodeterioration. 

Vapour is an important product of combustion, e.g.:  

CH3-CH2-CH3 + 5O2 -> 3CO2 + 4 H2O.  

Part of the moisture condenses on cold surfaces or is absorbed by hygroscopic materials 
with possible deterioration. 

In principle, the presence of inflammable gas within the church is not advisable as leakage 
creates a fire and explosion risk. Cylinders for liquefied gas , LPG or other fuels cannot be 
kept or stored in the church. 

Deterioration mechanisms: 

T-RH: variations of T in accordance with IR distribution. The surfaces directly hit by IR 
(fig.30) or near the heat sources are at risk (e.g. detachment of plaster, breaking or even 
ignition). Increase in moisture content for the vapour generated by combustion.  

Condensation: Condensation is most probable in colder areas (e.g. ceiling, walls, statues) 
(fig.31) and is facilitated for the presence of hydrophilic pollutants (e.g. NOx). Excessive 
condensation can generate efflorescence, bioinfestation and biodeterioration. 
Condensation is abundant in the absence of extraction of exhaust gas. 
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Deposition of Suspended Gases and Particles: Gaseous and particulate pollutants deposit 
chiefly on surfaces above heaters (strong convection) and less in the rest of the room 
(moderate mixing). The effect is blackening of walls, paintings and tapestries. Pollutants 
may react on the surfaces causing corrosion (e.g. metal, glass, leather, paper) or tapestry 
fading. They may also favour microbial life. 

Artworks at risk:  

Due to humidification and sudden hygro-thermal changes: coffered ceilings, plaster, 
frescoes, organs, statues and wood works, tapestries, books, canvas and panel paintings. 
Historical windows (glass, ferramenta and lead cames) suffer for a synergism between 
increased condensation and pollutant deposition. 

Due to deposition of Suspended Gases and Particles: ceiling, frescoes and paintings in 
general, stuccoes, tapestries and historical windows. 

Visual impact: The radiating sources are visible, even though sometimes they may be 
hidden from sight when not in use. Emitters and fuel pipes can be fixed only when the 
surfaces involved are not decorated with wall paintings or stuccoes. An adequate 
exchange of air is essential to provide oxygen and to remove combustion products, with 
visible chimneys or exhaust pipes for flue gas. The fans have a visual and an acoustic 
impact. 

Structural damage:  

Damage to structures, murals and decorations due to fuel pipes, presence of ducts and 
exhausts. 

Summing up:   

Best used for industrial depositories, as it presents a number of problems for a church of 
artistic value. The flueless gas combustion generates noxious pollutants and moisture. 
Condensation of moisture released by the heating system and the congregation may occur 
on cold surfaces. If used frequently, and in an environment which is not well aired, it can 
be harmful for conservation.  

European authorities have concluded that this type of heater must not be used when a 
church is constructed of, or contains, potentially vulnerable materials. The risk for gas 
leakage and fire is to be feared. 

The level of comfort depends on the homogeneity, intensity and the distribution of the IR 
but is never optimal since heads are warmed more than feet. It can have negative effects if 
IR is too intense or the beam is badly oriented. Visual impact and structural damage due 
to installation. 

 

Keys 

Risk for sudden temperature changes: low to high  

Risk for sudden relative humidity changes or too high levels: high 

Risk for condensation on cold surfaces: very high 

Blackening for deposition of smoke and particles: average to intense  

Pollutant generated: chemical pollutants and water vapour 

Thermal comfort: average to low 

Visual impact: average to high 

Degree of invasion and damage to structures: high 
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Electric Radiant Heaters 

Characteristics : 

The radiant emitter is electrically heated at incandescence level and emits short and 
medium wavelength IR that is focused with a parabolic reflector. A major advantage of this 
system, in comparison with the flueless gas emitter, is that IR is produced without 
emission of pollutants.  

Quartz Tube Heaters are made from a common electric resistance (e.g. Ni/Cr) trapped or 
wound around an isolating material (e.g. quartz, steatite, ceramic material) (fig.32). 
Ceramic end caps hold the nichrome coil inside of the quartz tube and are 
cemented to each end of the quartz. The tubes are heated to bright red (700°-900°C) 
and emit IR centred in the medium wavelength band (2-4μm). Practically all the electric 
power is transformed into heat. They are the simplest and the cheapest emitters.  

Quartz Halogen Radiant Heaters (also called Quartz Infrared Lamps). They consist of a 
tungsten filament sealed into a quartz tube filled with a halogen gas to ensure long life 
(fig.33). Electric current heats the filament to a glow (1200°-2800°C). These lamps emit 
partially visible radiation (white or pink-red colour) which is annoying and which lessens (5-
25%) efficiency in terms of IR. The IR is peaked on the short-wave (0.76-2μm). Some 
sources with higher temperatures produce a whiter light but have less IR efficiency. 
Depending on the wire temperature, dangerous ultraviolet radiation, i.e. UVA and UVB, is 
emitted. In some lamps the blinding effect is lessened in various ways (e.g. gold 
lamination on the inside of the tube) but with ranging efficiency.  

In churches, Quartz Tube Heaters or other coiled heaters (e.g. silica, thermoelectric 
steatite or ceramic support) at a red-hot temperature are generally preferable to Quartz 
Halogen Radiant Heaters, since the latter are annoying for the glare, less safe (possible 
UV emission) and more costly. 

Benefits : 

No blowers or fuel burning; clean and silent operation. Electrical heaters do not produce 
pollutants as flueless gas combustion systems do. Quick heating. Possibility of integration 
with other heating systems. Effective possibility of providing heat to people standing in 
crowded churches, or with no or insufficient pews e.g. Orthodox churches. If properly 
designed, the system heats just the area where the people are with small perturbations to 
the natural climate in the rest of church. Low operating costs. 

Problems : 

Conservation and Thermal Comfort: the same problems apply as those found with high 
radiant heaters nearing the incandescence level (fig.34). Strong visual impact for Quartz 
Halogen Radiant Heaters. 

Deterioration mechanisms:  

T-RH: Objects directly hit by the IR radiation or near radiant heaters undergo dehydration 
and sudden hygro-thermal changes. Surfaces exceedingly heated by IR may be 
dramatically damaged or even ignited. On the other hand, objects that remain in the IR 
shadow may suffer from damage due to condensation. 

UV emission (only for Quartz Halogen Radiant Heaters): A side effect is that the lamp 
becomes a source of UV light, because the quartz is transparent to this spectral range. 
The UV should be stopped with filters. UV is dangerous to the eye, and causes colour 
fading and deterioration of organic compounds. 
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Suspended Particle Deposition: Deposition is intense above the emitters and low to 
moderate depending on temperatures to which various surfaces are heated and the 
resulting convective movement of air. 

Condensation: Walls, ceiling, statues, furniture and other surfaces not hit by IR remain 
cold. This makes condensation more likely when the church is crowded.  

Artworks at risk : 

T-RH: All objects (e.g. plaster, frescoes, organs, statues and wooden artworks, tapestries, 
books, canvas and panel paintings) may suffer from being hit by IR. 

Due to Suspended Particle deposition: frescoes and paintings in general, stuccoes, 
tapestries. 

Structural damage:  

Positioning of radiant heaters and distribution of the power supply. An advantage of 
electric systems is that the power supply is less invasive than gas piping and the exhaust 
system that should be included when there are burners.  

Visual impact:   

The radiating sources are fully visible (fig.35). The Quartz Halogen Radiant Heaters give 
off an annoying white or reddish glare.  

Summing up :  

As a method, it is similar to that used with gas combustion, but less risky for conservation. 
Planning and installation are crucial. Negative effects if IR radiation is too intense or the 
beam is badly directed and hits art works. The internal air mixing is low, and the surface 
blackening proceeds at low rate, except for above the emitters, where convection of hot air 
is heavy. Condensation is possible in the colder areas. When properly designed and 
installed, the system can provide local heating of areas where people sit or stand with 
small perturbations of the natural climate in the rest of church. 

The level of comfort depends on the homogeneity, intensity and symmetry of IR 
distribution, but it is never optimal, as heads are heated more than feet and the distribution 
is never symmetrical. It can be noxious if the IR is too intense, or badly oriented, or emits 
glare, or includes UV.  Under this point of view, Quartz Tube Heaters are preferable to 
Quartz Halogen Radiant Heaters and in addition have a higher efficiency. 

Strong visual impact, especially of the hot emitters. Minimal damage due to installation. 
Low operating costs.  

 

Keys 

Risk for sudden temperature changes: low to high 

Risk for sudden relative humidity changes or too low levels: low to average 

Risk for condensation on cold surfaces: high 

Blackening for deposition of smoke and particles: average 

Pollutant generated: Quartz Tube Heaters: none; Quartz Halogen Radiant Heaters: luminous glare and UV 

Thermal comfort: average to low depending on the design and installation; Quartz Halogen Radiant Heaters 
have a lower comfort rating for glare discomfort and harmful UV; for them the total comfort rating is from low 
to very low 

Visual impact: Quartz Tube Heaters: average to high; Quartz Halogen Radiant Heaters: high to very high 

Degree of invasion and damage to structures: low 
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Low Temperature, Convective Heaters 

Hot water radiators  

Characteristics : 

Radiators operate as natural convectors (fig.36). Air enters at the base of the radiator, is 
heated and rises for buoyancy, and finally emerges at the top or the front.  

In traditional radiators, hot water (45°-80°C) carries heat through pipes from the boiler to 
heaters. Radiators (e.g. panel, column, aluminium-convector radiators) are installed 
throughout the church, at some distance from, or very close to pews. Mobile radiators are 
electrically heated and use oil as thermo-convector fluid. Most of the heat is distributed via 
natural air convection and just a little via long-wave IR radiation. 

A variant consists of fan-assisted units which operate as forced-air convectors (fig.37). The 
air is heated after contact with finned heating elements, fed with hot water, or steam, or 
electric resistances, or burners. Fans spread in the church warm air streams. 

Aimed at heating first the environment and then the congregation. 

Benefits :  

The building is provided with a traditional, basic source of heat.  

The congregation benefits from the warm air and some people from heat radiated from 
radiators too. 

Problems : 

Preservation: When in operation, the RH level is low, sometimes too low. This is especially 
true for continuous operation in cold climates. When the system is used occasionally, or 
with mixed mode, damage is not limited to internal artworks and decorations, but may 
extends to masonry due to cycles of re-crystallization of soluble salts that follow the 
heating cycles. Convective motions of warm air develop above the radiators and smoke 
and pollutants blacken walls and ceiling during operation. Under this respect, the 
continuous or mixed operation is penalised. 

Thermal Comfort: To be efficient, the system needs to be turned on in plenty of time. The 
level of comfort depends on the number of radiators, on the temperature of the thermo-
convective fluid and on how long the system is kept in operation before the church is used. 
The best use is continuous heating. If possible, it is advisable to insulate the roof in order 
to reduce downdraughts of cold air. 

Visual impact: The radiators are external and are not in keeping with the environment. 
Piping is at times also visible. 

Structural damage: Passage of pipes and at times their concealment.  

Deterioration mechanisms:  

T-RH: Cycles of salt re-crystallization in the masonry due to intermittent use. T-RH cycles 
for objects hanging over or very near the heating elements. 

Condensation: possible in the coldest areas (e.g. floor). 

Suspended Particle Deposition: Convective rise of internal air leads to blackening of 
surfaces (e.g. paintings, tapestries), especially above the support brackets that trigger 
turbulence in the uprising airstream (Fig. 38). Forced air convectors blacken walls all the 
same, notwithstanding air filters are included (fig.37). 
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Artworks at risk: 

Due to sudden T-RH changes and re-crystallization of deliquescent salts: organs, wooden 
artworks, books, plaster, masonry. 

Due to suspended particle deposition: Blackening above the heated areas and on cold 
surfaces, especially the ceiling, frescoes and paintings in general, organs, stuccoes, 
tapestry. 

Structural damage: Damage to the structure with the installation of piping and radiators. 
This damage is particularly relevant in the absence of an accurate analysis of the building 
to identify the best place for the installation to minimize invasivity. 

Summing up 

A number of problems with conservation, e.g. dryness and wall blackening, especially with 
continuous use; recrystallization cycles to masonry, especially with intermittent use. 
Invasive. Visual impact of radiators. High to low comfort level, respectively for continuous 
or intermittent operation.  

 

Keys 

Risk for sudden temperature changes: Continuous heating: low risk; Intermittent heating: high risk; Mixed 
heating: average risk 

Risk for sudden relative humidity changes or too low levels: Continuous heating: high risk; Intermittent 
heating: high risk; Mixed heating: average risk 

Risk for condensation on cold surfaces: Continuous heating: low risk; Intermittent heating: high risk; Mixed 
heating: average risk 

Blackening for deposition of smoke and particles: Continuous heating: very intense; Intermittent heating: 
intense; Mixed heating: intense to very intense  

Pollutant generated: None 

Thermal comfort: Continuous heating: average to high; Intermittent heating: average to low; Mixed heating: 
average 

Visual impact: high 

Degree of invasion and damage to structures: high  
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Gilled tubes in a skirting-board frame  
Characteristics  

A variant of radiators is constituted of gilled tubes, like a miniaturized radiator, inserted into 
a two-band skirting board frame (fig.39). The two bands are spaced to hold gilled tubes 
heated with hot water or electric supply. The air is heated from the contact with the hot gills 
and convection starts. The two bands operate as a chimney to develop convective motions 
along the wall. Heat is mostly transported via convection and just a little via radiation.  

Installation is made with only one skirting board close to the floor (low visual impact) or 
adding another mid way up the wall (high visual impact) to obtain greater comfort in cold 
environments.  

Another application is found in pew heating, releasing warm air below seats (fig.40). 

Aimed at heating first the environment and then the congregation. 

 

Benefits:  

Low visual impact in the case of only one row at floor level. Linearly distributed heat 
source.  
 

Problems:  

As it is adjacent to the floor, the lower gilled tube attracts and lifts particles transported on 
shoes. Warm air convection blackens walls (fig.41) especially with continuous or mixed 
operation. With intermittent or mixed use, the T and RH cycles may be followed by 
damage to artworks as well as to walls for recrystallisation cycles. Uprising air loses heat 
after travelling a short distance along walls. Cold down-draughts are generated. For this 
reason a second gilled tube is useful mid way up the wall.  

In cold climates and big churches, a single gilled tube convector placed along the walls 
may be insufficient and needs integration. No fast heating. 

Deterioration mechanisms and summing up:  

Similar to the radiators but with intense blackening for two factors: a wide wall surface 
exposed to air motions and resuspension of floor particles. Smaller visual impact and 
damage to structures in the case of installation limited to the floor level; larger if at two 
levels, i.e. floor and mid wall height. 

 
Keys 

Risk for sudden temperature changes: Continuous heating: low risk; Intermittent heating: high risk; Mixed 
heating: average risk 

Risk for sudden relative humidity changes or too low levels: Continuous heating: high risk; Intermittent 
heating: high risk; Mixed heating: average risk 

Risk for condensation on cold surfaces: Continuous heating: low risk; Intermittent heating: high risk; Mixed 
heating: average risk 

Blackening for deposition of smoke and particles: Continuous heating: very intense; Intermittent heating: 
intense; Mixed heating: intense to very intense  

Pollutant generated: resuspension of floor dust 
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Thermal comfort: Continuous heating: high to average; Intermittent heating: average to low; Mixed heating: 
average. 

Visual impact: low to high 

Degree of invasion and damage to structures: low to average  
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Underfloor Heating – Footboard Heating 

Characteristics :  

Underfloor heating uses pipes embedded in the flooring (fig.42). The pipes carry hot water 
which can be provided by any of the usual sources. Instead of hot water pipes, electrically 
heated cables or mats can be used. The floor is gradually heated and provides a 
comfortable feeling of radiating warmth from below. About one day is required to reach 
equilibrium. The temperature gradually decreases after the system is switched off.  

A makeshift, less invasive solution is to install a footboard with embedded water pipes or 
electrical heating cables on the floor, as a basement for pews (fig.43). This solution leaves 
the floor untouched, but is less efficient. 

Aimed at heating first the environment and then the congregation. 

Benefits :  

Quite homogeneous heating with gradual variations. Preferably installed as a basic 
heating system, with continuous use, especially in mild, humid regions. In the case of 
continuous operation, all surfaces will be heated although in a different way: the ceiling will 
remain colder than walls and walls colder than the floor. Warm feet, mild body and thermal 
comfort. 

Problems :  

Preservation:  

In cold regions, and in the case of continuous use, the RH may drop below the threshold 
of sustainability for wood and other organic materials (fig.11). With intermittent or mixed 
operation, in the lower part of walls, where heating-cooling cycles are at highest intensity, 
masonry may be affected by dissolution-recrystallization cycles of soluble salts. 

A supply of moisture for humidification to mitigate RH may prove effective for air, but 
condensation and damage may occur on cold surfaces (e.g. windows, ceiling, walls) 
(fig.44). 

When in use, it generates an endless convective motion of the air above the floor, with 
heavy deposition of pollutants on walls (fig.45) and ceiling. The latter remains colder and is 
heavily blackened. Cold downdraughts formed on contact with the walls increase 
blackening. If possible, insulation of the roof is advisable as a preventative measure.  

The warm floor tends to mobilize underground vapour and in some cases it may generate 
a capillary rise. Ground water can be stopped by an adequate damp proof base; however, 
this is not always easy or possible with interventions in historic buildings.  

Thermal Comfort: Generally comfortable. To raise the average temperature to a 
comfortable level the system should be turned on days beforehand. Annoying 
downdraughts may form along walls especially with intermittent use. The problem may be 
partially mitigated with good insulation of roof or by heating the ceiling.  

For a thermal comfort sensation, the body should receive IR radiation from a free, 
extended heated area all around. Wood is a very good IR absorber (absorptivity 90%) and 
wooden pews intercept IR and reduce the underfloor heating efficiency. The efficiency is 
good for large floors and few pews, less for densely distributed pews. The advantage is 
tends to vanish if the radiant surface is limited, e.g. heated footboards. 
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The floor temperature should not be raised too much to avoid feet overheating and 
sweating, which is particularly annoying when leaving the church and passing to the cold. 
For this reason the floor temperature cannot exceed 24-26°C, and this may constitute a 
limitation in cold regions. The actual floor temperature should be based on a compromise 
of three main factors: external climate, comfort, artwork conservation. This means that the 
floor temperature should be much lower than the above threshold. 
 
The variant constituted of a heated footboard (fig.46) below pews is scarcely efficient for 
some fundamental problems: 

1) The radiant area is too small. The effective radiant surface, that provides IR to each 
person, i.e. the free portion of footboard that a person within pews can see in manned 
conditions, is limited to a few square decimetres, and is totally insufficient. Most of the 
emitted IR is absorbed by the existing pews, or intercepted by other churchgoers. 

2) The footboard temperature cannot be raised to compensate for the small radiant 
surface, because of the limit imposed by the threshold for feet sweating. 

3) The portion of the IR emitted from the footboard that reaches people is extremely 
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limited, much smaller than the natural IR that everybody receives from neighbouring 
churchgoers even in the absence of heating. Differently from underfloor heating, 
characterised by a wide surface and a long operation time before use, the footboard 
heating is unable to provide thermal comfort. 

4) A warm footboard generates convective air motions. The particles released from sole 
rubbing are transported upwards by rising air and dispersed within the church. 

5) Traditionally, footboards are made of wood. This material has very low heat conductivity 
and this further reduces the poor efficiency.  
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Deterioration mechanisms: 

T-RH: With intermittent operation, e.g. once a week, even if the T-RH variations are more 
gradual than with other systems and take place over a period of days, T and RH cycles 
are still dangerous for wood works, books, etc. since the thermal wave has enough time to 
penetrate in depth materials. When used continuously, the same comments apply for 
heating throughout the cold season, especially the risk of extremely low RH. 

Suspended Particle Deposition: The floor which is warmer than the ceiling constitutes a 
source of air mixing which develops more and more intense convective movements which 
in turn increase with the temperature difference between the floor and ceiling. In particular, 
heavy ceiling and wall blackening is due to inertial deposition (with air motions), 
thermophoresis (on colder surfaces) and electrostatic deposition (with low RH). Deposition 
strongly increases with the continuous use of this type of heating, especially if operated at 
high temperatures. Mixed use is also dangerous from this point of view. 

Condensation: Continuously operated floor heating generally leads to increased surface 
temperatures and therefore may mean less probability of condensation. However, 
condensation is still possible on the colder surfaces (e.g.: the ceiling, fig.44) especially with 
intermittent operation.  

Capillary uprising: problems of capillary uprising might be triggered off or worsened.  

Artworks at risk:  

Due to low RH: organs, wooden artworks, tapestries, books, canvas and panel paintings.  

Due to suspended particle deposition: frescoes and paintings in general, stuccoes, 
tapestries. The part most hit: ceiling. 

Due to condensation: ceiling, especially with occasional use and/or the footboard solution. 

Due to capillary uprising: walls, frescoes, wooden furnishings. 

Structural damage: with risk of damage to flooring, tombs and archaeological remains. No 
damage with the footboard solution. 

Visual impact: The installation is completely masked by the floor. However, in the case of 
historical floors, a certain degree of visual impact may depend on the difficulty of restoring 
the old floor. 

Structural damage:  

Extremely invasive installation (fig.47). Furthermore, it is problematic or impossible with 
historical floors, or in the presence of tombs or archaeological remains. In such cases, it 
should be forbidden by the competent authorities.  
Summing up:  

Too dry and dangerous for conservation except in humid, mild climates where some RH 
lowering is desirable. Tending towards a dusty environment especially if used 
continuously. Deposition of smoke and dust is strongly increased. 

A good comfort level if the building is conveniently, thermally insulated and the heating 
system is used continuously in wide, empty environments (to avoid infrared interception), 
which are not too high. Not very comfortable with a heated footboard placed under pews.  

Very invasive system. Use in a historic building can lead to various unexpected problems: 
(i) possible formation of capillary uprising; (ii) the discovery of tombs or archaeological 
remains. With an undisturbed underlying archaeological archive, installation of an 
underfloor heating system should be forbidden.  
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Frequently, there are unforeseen costs.  

 

Keys 

Risk for sudden temperature changes: Continuous heating: low risk; Intermittent heating: high risk; Mixed 
heating: average risk 

Risk for sudden relative humidity changes or too low levels: Continuous heating: very high risk; Intermittent 
heating: high risk; Mixed heating: average risk 

Risk for condensation on cold surfaces: Continuous heating: low risk; Intermittent heating: average to high 
risk; Mixed heating: average to low risk 

Blackening for deposition of smoke and particles: Continuous heating: intense; Intermittent heating: average; 
Mixed heating: average to intense 

Pollutant generated: none 

Thermal comfort: Continuous heating: very high; Intermittent heating: average; Mixed heating: average to 
high 

Visual impact: very low 

Degree of invasion and damage to structures: very high  
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Wall Heating (also called Temperierung ) 

Characteristics 

Derived from the Eureka/Eurocare “PREVENT” Project to reduce wall condensation and at 
the same time to warm people. One or more levels of heating pipes (hot water at 40-60°C) 
or electrically heated cable are placed just below the inner wall surface and warm the wall 
at the height of a person (fig.48). This forms a mild belt along the walls. As piping is 
invasive, a variant concerns external piping, to reduce structural damage to historical 
walls.  

Similarly to underfloor heating, some heat is distributed via IR, long-wave radiation, and to 
the air via first heat conduction into the wall (fig.49), and then air convection along the wall.  

The thermal comfort is better near the warm walls, so that the system is more convenient 
for small churches, without side chapels. 

Use should be continuous throughout the cold season.  

Aimed at heating first the walls, then the environment and then the congregation. 

Benefits :  

Condensation risk is reduced on walls. With continuous use, the building is provided with a 
basic source of heat while T-RH cycles are avoided.  

Problems :  

Air convection is formed along the warm wall belt, causing heavy pollutant deposition. 
Secondarily, air motions blacken the ceiling that is colder. Blackening is more intense with 
continuous operation. In the case of occasional, weekly use: damage to walls due to salt 
re-crystallization cycles and to artworks due to T-RH cycles. 

With intermittent operation, the system needs to be turned on in time or use hot water 
temperature to shorten heating times. The higher the water temperature, the higher the 
risk for conservation. Invasive installation. 

Thermal Comfort: 

This system works better with small churches, with a single nave without side chapels and 
with continuous use. Since moderate heating takes place along the walling, the benefit 
decreases with increasing distance from walls. With big churches, or those with multi-
structures, where worshippers are at a certain distance from the warm outer walls, this 
system is no longer sufficient and use of an integrative system is advisable.  

If the building is used continuously and the thermal level is insufficient, an underfloor 
heating system could be added; if the building is used occasionally, Friendly-Heating or 
another pew heating is more appropriate. The first solution (wall + floor) does not make 
much sense since underfloor heating would be sufficient on its own, while the second (wall 
+ Friendly-Heating or pews) is a more effective cross integration. 

Annoying downdraughts of cold air are possible. These are generated by contact with the 
ceiling which remains at a low temperature. 

Deterioration mechanisms: 

T-RH: Whether use is continuous or occasional, strong temperature gradients appear 
within the walls from thermo-convective piping with possible damage to materials (e.g.: 
mortar, plaster, bricks, stone). If use is occasional, T-RH cycles are generated to masonry 
(causing e.g. salt re-crystallization cycles) which makes continuous use advisable from this 
point of view.  
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Suspended Particle Deposition: The problem is that the source of heat is situated within 
the walls where a convective rise of heated air occurs. The combination of the convective 
movement of warm air and of the roughness of the wall leads to a rapid blackening of 
surfaces (e.g. paintings, stuccoes, ceilings, tapestries) just like in the well-known case of 
domestic radiators. On the ceiling thermophoresis and inertial impact are dominant. 
Continuous operation blackens more than intermittent operation. 

Condensation: As in general, when the church is crowded, condensation is possible in the 
coldest areas (e.g. ceiling). 

Artworks at risk : 

Continuous or mixed use: Suspended particle deposition, causes blackening above 
heated areas. Frescoes and paintings in general, stuccoes, tapestry.  

Mixed or intermittent use: Sudden T-RH changes and re-crystallization of deliquescent 
salts may damage organs, plaster, masonry, stuccoes. 

Structural damage:  

Damage to structures when embedding pipes. Internal installation in walls of historic-
artistic sites is impossible. A less invasive solution exists with external pipes; the visual 
impact, however, is greater. 

Summing up:  

This system is mainly planned for continuous operation throughout the entire cold season 
to provide basic heating to a building and avoid wall condensation. The installation is 
invasive and cannot be inserted in walls with artistic or historic value. Surface blackening 
is a negative aspect.  

Intermittent operation causes masonry crystallization cycles and damage to wall paintings 
and decorations.  

This system is suitable for small churches, with a single nave and without side chapels. 
Otherwise, an integrated system is advisable, i.e.: along the walls, with continuous 
operation to provide basic building heating and with the addition of Friendly-Heating or 
another pew heating for worshiper comfort. This integration allows operating at lower 
temperature, which would mean less impact on art works.  

 

Keys 

Risk for sudden temperature changes: Continuous heating: low risk; Intermittent heating: high risk; Mixed 
heating: average risk 

Risk for sudden relative humidity changes or too low levels: Continuous heating: high risk; Intermittent 
heating: high risk; Mixed heating: average risk 

Risk for condensation on cold surfaces: Continuous heating: low risk; Intermittent heating: high risk; Mixed 
heating: average risk 

Blackening for deposition of smoke and particles: Continuous heating: intense; Intermittent heating: average; 
Mixed heating: average to intense 

Pollutant generated: none 

Thermal comfort: Continuous heating: high to average; Intermittent heating: average to low; Mixed heating: 
average. 

Visual impact: low to high 
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Degree of invasion and damage to structures: high (internal piping) or average (external piping) 

 

 
 



 "!#

Pew Heating 

Unlike other heating systems which are aimed at the simultaneous heating of both the 
environment and the congregation, local pew heating is aimed to individually heat the 
person sitting on the bench where the heater has been installed. The building temperature 
remains substantially unaffected. This type of heating entails the insertion of one heating 
element in pews, which, in turn, need to be fixed to the floor or to a footboard (fig.50). In 
some installations with electrical heating, pews are directly connected to the socket in the 
wall through a loose cable. The use of free cables should be avoided for safety reasons. 

The heater temperature should be limited to avoid risk of fire or burning of skin (e.g. 70°C). 

Best used for a short period of heating at low heat emission. This type of heating is 
popular in small churches which are used occasionally (e.g. only on holidays), or in 
chapels (even if in constant use), in choirs, for small congregations, etc. It can also be 
installed for larger environments, but in mild regions or taking measures to counteract the 
unpleasant air motions that are amplified. 

This system has the advantage of a greatly reduced dispersion of heat in the environment. 
This is a great advantage for artwork conservation because they do not suffer for sudden 
temperature changes. As wall and ceiling temperature remains almost unchanged, 
condensation of excess water vapour emitted by people is possible on cold surfaces.  

Given the small heat dissipation, the operation is economical. 

Pew heating has a quick response and heaters can be turned on shortly before the 
service, at least in mild climates. 

In particularly cold climates, and in the absence of other basic forms of heating, the faces 
of people remain cold and exposed to annoying draughts. Draughts can be mitigated if the 
building temperature does not drop too much. To this aim some general precautions are 
useful (see section ‘Draughts’ in Part 1), for example: 

(1) reducing air leakage and thermal dispersion from openings in order to keep the 
building milder;  

(2) improving the thermal insulation of roof, ceiling and walls; controlling the cold internal 
surfaces; 

(3) turning the system on a number of hours beforehand; the number of hours depends on 
external temperature;  

(4) adding a secondary heating system (e.g. remote IR emitters or a basic heating or 
shortly heating the upper part of the building, or interventions devised to counteract 
draughts in a particular area, e.g. along walls). The use of a second, integrative system 
with complementary features gives the best results.  

Furthermore, the control of air leakage at the entrance with a double-door draught lobby 
and good insulation of the roof are in most cases advisable as a preventive measure for 
this, and for all other heating systems.  

In the case of historical pews, the installation of pew heating systems without damaging 
pews might constitute a problem and therefore, installation details should be previously 
discussed with a conservator/art historian. This might limit the application.  

Visual and invasive impacts are usually low. Damage to building structure depends on 
problems found with piping or the supply of electrical power. Concerning the visual impact, 
less visibility generally requires more invasion into the structure.  

In conclusion, pew heating is an interesting solution in its flexibility and in the use of 
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strategically localized sources. Although this system is popular in cold regions in Northern 
Europe or in the mountains (e.g. Sweden, Norway, Austria, Switzerland), this methodology 
is better suited to mild climates where a local heating is sufficient.  
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Pew heating, high temperature electrical heater  

Characteristics :  

The use of a hot pew heater is justified by the aim to produce enough heat for people 
sitting in the cold. High temperature electrical heaters (i.e. T>>100°C) are placed under 
the benches, one per pew (fig.51). When the electrical current is on, heaters emit medium 
and long-wave infrared radiation and generate convective motions in the surrounding air.  

Benefits:  

At a certain distance, pew heating does not damage works of art, for example those on 
walls or ceiling. People have warm legs (fig.52), or feet, depending on the heater location. 
Not very visible and not very invasive installation. Low operating costs, especially for 
occasional use in churches. 

Problems :  

Preservation: When the heater is not adequately insulated, or shielded, or regulated, it can 
damage pews on which it is installed and the underlying footboard. 

Warm updraughts form above the heaters, followed by downdraughts along the walls. 
These air motions increase the deposition of pollutants on surfaces. 

Condensation is possible on cold surfaces. 

Thermal Comfort: Generally speaking, the incandescent source emits IR that is almost 
totally absorbed when it hits people, especially when the wavelength is in the interval 2.4-
3.3  m. This requires limiting irradiation intensity in order to avoid injury. Therefore, it is 
difficult to meet both the need to provide enough heat to warm the entire body and that of 
using only one hot source within close range, without causing harm to people and/or pews. 

The problem lies in the difficulty of obtaining an appropriate distribution of heat while at the 
same time respecting physiological needs. This becomes especially critical when a sole 
source of heat is used per pew, in that, in order to be efficient, it must be brought to very 
high temperatures with two risks: (i) harm to the people and nearby objects, and (ii) strong 
dissipation in the surrounding area.  

As with all heating systems, annoying cold draughts are triggered off or increased by 
convective currents formed above the sources of heat (heaters and people) (fig.53) or 
below the cold ceiling. In the case of high temperature heaters, the hot rising air also has a 
very low level of relative humidity and is particularly unpleasant. As with all pew heating 
systems, in very cold climates, the face may remain unheated. In general, feet remain in 
the cold. 

Visual impact: Depends on installation. The best solution does not involve moveable pews, 
but those fixed to a footboard or linked together in permanent structures. Where such 
traditions do not exist, or are not appreciated, there may be problems. 

Structural damage: Generally not very invasive installation. Damage depends on problems 
found with the installation of electrical cables in a historical building. For historical pews 
see introductory pew-heating section. 
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Deterioration mechanisms: 

T-RH: strong T-RH cycles on pews (i.e. negative factor) and very weak cycles at a 
distance (on the walls and ceiling) (i.e. positive factor). 

Suspended Particle Deposition: the moderate convective motion of air leads to a slow 
blackening of surfaces (e.g.: walls, ceiling, windows). 

Condensation: possible on ceiling and walls. 

Artworks at risk:  

Due to sudden T-RH changes: pews if overheated. 

Due to suspended particle deposition: frescoes and painting in general, stuccoes, 
tapestries. Areas mostly hit: ceiling and walls. 

Summing up : 

Pew heating is better used in small churches which are heated occasionally in regions 
where winters are not severe. It is not easy to obtain a degree of comfort from only one 
heated element. The elevated temperature of the heater may be risky (skin burning and 
material ignition). Care must be taken not to damage pews. Visual and invasive impacts 
are usually low.  

 
Keys 

Risk for sudden temperature changes: low to high  

Risk for sudden relative humidity changes or too low levels: low to average  

Risk for condensation on cold surfaces: high  

Blackening for deposition of smoke and particles: average to intense 

Pollutant generated: none 

Thermal comfort: average to low  

Visual impact: average to high 

Degree of invasion and damage to structures: low to high 
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Pew heating, low temperature heater  

Characteristics :  

A heater (a hot water pipe or a radiant panel or an electrical heating cable at T < 100°C) 
generally placed behind or below each pew gives off heat, generates moderate convective 
air movements and long-wave infrared radiation (fig.54).  

Benefits:  

This system does not damage artworks on walls and ceiling except for some blackening. 
Pews are not damaged by a low temperature source and this is particularly relevant for 
historical pews (fig.55). There is also the advantage of greater thermal comfort. There is 
no risk of being burnt or of ignition. Relatively warm legs. Relatively low operating costs. 

Problems:   

Preservation: Presence of moderate convective motions (weaker with respect to high 
temperature sources) and moderate deposition of particles on walls and ceiling. 
Condensation on cold surfaces from excess water vapour emitted by people. To be 
efficient it should be turned on well beforehand. 

Thermal Comfort: It is difficult to reach a satisfactory degree of comfort with just one low 
temperature source since body temperature remains lower than what one would desire. 
Unpleasant air currents may form: warm updraughts over pews and cold downdraughts 
along walls, even if weak and generally inferior to those created by high temperature 
sources. As with all pew heating systems, in extremely cold climates, the face may remain 
inadequately heated.  

Visual impact: Generally modest. Pew heating needs pews fixed to the floor or a 
footboard. The latter may be a problem in areas where such traditions do not exist.  

Structural damage: Generally not very invasive. Depends on possible problems found 
when distributing the power supply. With historical benches see note in the general section 
Pew Heating.  

Deterioration mechanisms:  

T-RH: medium to low T-RH cycles on pews (i.e. negative factor) and very weak at a 
distance e.g. on the walls and ceiling (i.e. positive factor). 

Condensation: Possible condensation on cold surfaces (e.g. ceiling) from excess of water 
vapour emitted by the congregation. 

Suspended Particle Deposition: weak to moderate convective air movements cause a 
moderate blackening of surfaces. 

Artworks at risk:  

Due to sudden T-RH changes: none if heating elements are appropriately insulated and 
installed; pews might be at risk if they are overheated. 

Condensation: possible on ceiling and walls. 

Due to suspended particle deposition: frescoes and paintings in general, stuccoes, 
tapestries. Most blackened areas: ceiling and walls. 
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Summing up:  

Pew heating is better used in small churches, which are heated occasionally in regions 
where winters are not severe. It is not easy to obtain a degree of comfort from only one 
heated element. Care must be taken not to damage pews. Visual and invasive impacts are 
usually low.  

 

Keys 

Risk for sudden temperature changes: low  

Risk for sudden relative humidity changes or too low levels: low 

Risk for condensation on cold surfaces: high  

Blackening for deposition of smoke and particles: moderate to average 

Pollutant generated: none 

Thermal comfort: average to low 

Visual impact: average to low 

Degree of invasion and damage to structures: low to high  
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Pew heating, emission of warm air 

Characteristics  

Similar to the warm air system, but with emission grilles per each pew (fig.56). Underfloor 
ducts transport warm air to every pew. The warm air at floor level, or below seats. Another 
solution includes ducts within a footboard. The warm air rises around legs and even 
around the body of those standing. Pews may be fixed to the floor or to the board; in some 
cases they are loose.  

Another variation of this type uses skirting board convectors located under the benches to 
release warm air through natural convection. 

Benefits :  

Pews are less easily damaged by a low temperature source. Generally no risk of being 
burnt or of ignition. Relatively warm legs. Relatively low operating costs. 

Problems : 

Preservation: When grilles are on the floor and blown air resuspends shoe dust. The warm 
air rises forming convective motions and transporting suspended particles, which 
ultimately blacken walls and ceiling. T and RH cycles are generated every time the system 
is put into operation or turned off, with risk to hygroscopic materials. Condensation is 
possible on cold surfaces. 

Thermal Comfort: Although feet and legs are heated, unpleasant air currents are formed: 
warm, dry updraughts followed by cold downdraughts. Noise from fans of air intakes. No 
noise in the case of skirting board convectors based on natural buoyancy of warm air. 

Structural damage: Very invasive in the case of underfloor ducts. Less invasive if ducts are 
inserted in a footboard. The variant with electrically heated skirting board convectors is 
generally not very invasive. It may be damaging to historical benches.  

Deterioration mechanisms:  

T-RH: strong T-RH cycles on pews (i.e. negative factor) less at a distance (on the walls 
and ceiling). 

Condensation: condensation on cold surfaces (e.g. ceiling) from excess water vapour 
emitted by the congregation.  

Suspended Particle Deposition: continual convective air movements blacken surfaces. 

Artworks at risk:  

Due to sudden T-RH changes: pews. 

Condensation: possible on ceiling and walls. 

Due to suspended particle deposition: frescoes and paintings in general, stuccoes, 
tapestries. Areas most hit: ceiling and walls. 

Summing up:  

Risk is limited to historical pews, when overheated. Dusty environment due to the 
entrainment and resuspension of particles from the floor. Average to intense blackening of 
walls and ceiling. Invasive installation when a footboard is not used.  

 

Keys 

Risk for sudden temperature changes: average  
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Sudden changes in relative humidity: average to high risk  

Risk for condensation on cold surfaces: high  

Blackening for deposition of smoke and particles: average to intense 

Pollutant generated: resuspension of floor dust 

Thermal comfort: average to low 

Visual impact: average 

Degree of invasion and damage to structures: low to high 
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Pew heating, warm air steam grazing the floor (Coanda effect)  

Characteristics  

At floor level, a fan convector (composed of a heating coil and a fan) blows out warm air 
which grazes the floor at high velocity from a slot outlet. Every fan convector serves a few 
pews in front of it. The floor-based layer of warm air does not rise immediately because the 
air steam is entrained by the floor (Coanda effect). As soon as the warm air layer meets 
obstacles, e.g. pews, feet, the kinetic energy is dissipated into turbulence and the warm air 
immediately rises, forming convective motions and heating people (fig.57). This 
technology can be applied only with appropriate pew shape, allowing the free passage of 
the air. Pews and convector boxes must be fixed.  

Benefits:  

Quick heating and cheap operation. 

Problems : 

Preservation: The floor-based jet drags up dust, spores and other particles lying on the 
floor and from shoes, increasing environmental dustiness. The warm air soon forms 
uprising currents and convective motions with suspended particles, which ultimately 
blacken walls and ceiling.  

Temperature and humidity cycles are generated every time the system is put into 
operation with risk to hygroscopic materials. 

Thermal Comfort: Although feet and legs are heated, unpleasant air currents are formed: 
warm, dry updraughts followed by cold downdraughts. Possible noise from fans. 

Visual impact: The fan convector boxes behind each group of pews are visible.  

Structural damage: Generally not very invasive. Depends on the problems met when 
supplying electric power to fan convectors. 

Deterioration mechanisms:  

T-RH: strong T-RH cycles on pews (i.e. negative factor) weaker at a distance (on the walls 
and ceiling). 

Condensation: Condensation on cold surfaces (e.g. ceiling, walls) from excess water 
vapour emitted by the congregation.  

Suspended Particle Deposition: continual convective air movements blacken surfaces. 

Artworks at risk:  

Due to sudden T-RH changes: pews. 

Condensation: possible on ceiling and walls. 

Due to suspended particle deposition: frescoes and paintings, in general, stuccoes, 
tapestries. Areas most hit: ceiling and walls. 

Summing up:  

Strong T-RH cycles may damage historical pews. Floor particles entrained and 
resuspended; dusty environment and surface blackening. Visual and acoustic impact. 
Draughts and reduced comfort. 

 

Keys 

Risk for sudden temperature changes: average  
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Risk for sudden relative humidity changes or too low levels: average to high 

Risk for condensation on cold surfaces: high  

Blackening for deposition of smoke and particles: intense  

Pollutant generated: resuspension of floor dust 

Thermal comfort: low to average  

Visual impact: average to high 

Degree of invasion and damage to structures: low to average  
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The European Friendly-Heating project: a system specifically studied for 
conservation 

Characteristics :  

The method was especially studied for conservation with an international research project. 
It is aimed to warm people, while at the same time, leaving the environmental unaffected. 
Church and artworks remain almost undisturbed in their natural microclimate. This strategy 
was preferred after comparisons with the other heating systems, by optimising the pros 
and reducing the cons.  

To keep heat localized, low temperature radiant heaters (IR long-wave radiation) are more 
efficient than convective air movements. For the congregation, a number of radiant 
heaters at low emission temperature (e.g. from 40 to 70°C) are strategically placed in 
every pew to satisfy the different physiological needs for heat of the various parts of the 
body (fig.58).  

Heaters for feet, legs and hands are constituted of heating foils with different size and at 
temperatures especially studied per each limb. Heating foils are constituted of an 
electrically heated layer of graphite granules deposited on fibreglass and sealed between 
two plastic foils (fig.59). When the electric power is switched on, the graphite warms up 
and the resistance offered by the granules increases with T. For this property, the 
increasing value of the resistance reached by the granules reduces the intensity of the 
current.  Consequently, the maximum temperature is self-regulated. This provides a 
natural cut-out of the system and avoids the risk of ignition or burning skin. A thermostat is 
added for further fine regulation and safety.  

Another solution is with heating glass panes, made conductive with internally sputtered 
metal oxides which behave as an electrical resistance. A comfortable solution is to use 
them as back heaters (fig.60). 

Pews are in a fixed position on the floor or are fixed to a footboard. 

For the priest and the choir members different solutions are used, e.g. heating carpets, 
small additional IR integration from remote quartz tube emitters.  

A heating carpet is constituted of a heating foil or a heating wire placed between an 
insulating layer on the bottom and an upper layer with an aesthetical appearance of a 
carpet (fig.61). The upper layer should protect against mechanical injury of sharp objects, 
fire, water etc. It can be substituted according to colour required by the liturgical needs.  

Benefits : 

Heat is mainly confined to the area of emission and does not damage works of art (fig.62). 
Only a small fraction of heat is dispersed in the room via convective motions (fig.63). Heat 
dissipation is negligible at a short distance from the low-temperature emitters. Far from 
pews, the T-RH perturbation does not exceed the natural fluctuations (fig.64). Overheating 
of the wooden boards of the pews is of the same order as it is normally due to the natural 
body temperature of those seated (fig.65). The sources of heat are at low temperature and 
are insulated so as not to damage historic pews.  Artworks remain in safe conditions, with 
heating perturbation not greater than natural microclimate fluctuations (fig.66). 
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A certain level of comfort is reached with more than one low temperature source of heat, 
depending on the climatic conditions of the area and on the desired thermal level. Feet, 
legs, back and/or hands are kept relatively warm for the action of heaters especially 
devised for the specific needs of each of these limbs, especially for the lower part of the 
body (fig.67). This system has been controlled and tuned by direct measurements of the 
average skin temperature of churchgoers in very cold environments (fig.68). It has been 
proven to be more comfortable than the other pew systems that are based on only one 
heating element; nevertheless, its best use is in mild environments. When the building is 
not too cool, quick heating is possible and the number of pews to heat can be decided 
upon according to the number of churchgoers.  

The system is highly efficient in that the heat given off is nearly entirely used to heat 
people (fig.69). It is not necessary to heat all the pews, but only the desired number.  

The installation is reversible or requires a minimum work for the distribution of electric 
power. With historical pews, heating elements can be kept in the right position by means 
of an independent frame which is fixed to the board without damaging pews. 

Operating costs are relatively low for the high efficiency and the low dissipation. 

Problems : 

Preservation: Severe tests performed both in the laboratory and on the site have shown no 
risk for artworks or the environment.  

Thermal Comfort: Comfortable in mild or slightly chilly climates. As with all pew heating 
systems, in very cold climates, the face may remain inadequately heated. Especially in 
cold climates, weak draughts naturally generated by the environment (e.g. ceiling colder 
than the floor) can be enhanced by the heat released by the heaters and the congregation 
(fig.70). In an extremely cold climates, it is advisable an integration with other systems, 
especially medium-wave IR remote emitters which compensate for the upper part of the 
body. A secondary possibility is to turn the system on a number of hours beforehand to 
make milder the church. 

Visual impact: Generally modest. Pews should be fixed to the floor or to a footboard. The 
latter may be a problem in areas where such traditions do not exist.  

Structural damage: Generally not very invasive. Depends on the problems met with when 
supplying electric power.  

Deterioration mechanisms: 

T-RH: The weak T-RH cycles on the pews do not reach a level which causes damage and 
are all but insignificant at a distance (on the walls and ceiling). 

Suspended Particle Deposition: Near walls and ceiling, the system increases, although 
less than other systems, the moderate convective movements which exist naturally. 

Condensation: Possible on ceiling and walls when the building is crowded. In such a case, 
the European project suggests to remove the excess moisture to avoid condensation. This 
can be done either via fresh air ventilation or with dehumidifiers when the church is 
crowded. Another more demanding possibility is heating walls (see Part1: Condensation of 
vapour excess). 

Severely affected art works: none 
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Summing up: 

This system is particularly advantageous when priority or special care is being given to 
artwork conservation. With the use of low-temperature elements, the system presents 
fewer risks than other types of heating. Flexible and equipped with local heaters so as to 
reduce heat dispersion and to increase the thermal comfort above the level of other pew 
heating systems. Comfortable in mild and chilly climates. In cold regions an integration is 
preferable, e.g. remote IR emitters. Highly efficient. Electric power can be supplied to a 
selected number of pews, depending on need. Visual and invasive impacts very low. An 
anti-condensation option also exists. 

It is particularly convenient when: (1) priority is given to conservation needs; (2) heating is 
intermittent; (3) pews are fixed, e.g. to a footboard. 

 

Keys 

Risk for sudden temperature changes: low  

Risk for sudden relative humidity changes or too low levels: low  

Risk for condensation on cold surfaces: average to low risk  

Blackening for deposition of smoke and particles: moderate to average  

Pollutant generated: none 

Thermal comfort: average to high 

Visual impact: low to average  

Degree of invasion and damage to structures: low  
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Conclusions: Which is the best system for preservation?  

After having established that the most suitable heating system is the one that 
best adapts to the different needs (see Part 1), a thorough analysis has been 
carried out to point out the specific problem of compatibility with preservation. 
Clearly, every system has a different impact on the microclimate and, 
consequently, a specific impact on each type of artwork. The choice of the 
system should depend on the artwork type to protect, e.g. organ, painting on 
canvas, frescoes, wooden choir, historical floor. 

In principle, we should consider as preferable the heating system which is 
aimed to warm people and not the whole environment. This reduces the 
dispersion of heat and the microclimate perturbation, leaving artworks almost 
unaffected. Practical realizations of this type are: 

(1) Local heating. Pew heating systems constitute the traditional solution. 
The European Friendly-Heating project has optimised as far as possible the 
existing methodologies to reduce the impact on artworks and to improve 
comfort.  

(2) Remote electrically-fed IR emitters, but without halogen glare and UV. 
Special care should be paid to make sure that artworks are neither directly nor 
indirectly hit by short- and medium-wave IR radiation. Often, this potentially 
dangerous IR reaches artworks, even in the case of accurate installation with 
apparently precise orientation of reflectors and use of shields. However, this 
aesthetically invasive system is practically the most convenient solution in 
churches without pews, or with mobile pews. 

Thermal comfort is easily reached in mild or chilly buildings. In very cold 
environments, however, an integration of the above two systems is advisable 
to reach thermal comfort in both the lower and the upper part of the body. 

These systems better utilize the energy they produce in that heat is not 
dispersed in the environment. Energy saving is relevant and is in line with the 
Kyoto Protocol.  

All of the above statements argue, in general, for a well-planned, heating 
system which is installed and controlled with the aim of avoiding any negative 
impact on artworks preserved in a church. Too often we find apparently 
perfect heating systems, which in practice damage artworks in one way or 
another. An accurate control to the microclimate and the potential impact on 
artworks is always necessary and is of fundamental relevance. 

Other heating systems exist that may be better for other of the above 
mentioned purposes, e.g. comfort, but are potentially more risky for 
conservation. In the case they are installed, attention should be paid to the 
possible impact to artworks and/or building. These systems are: 

(1) direct gas or LPG heating (emission of pollutants and moisture, possible 
damage to artworks, installation with invasive piping, risk of explosion and 
fire);  
(2) warm-air system, especially in the case of intermittent use (possible 
damage to artworks, invasive installation with building mutilation); 
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(3) under-floor heating, with particular reference to the case of historical floors 
or in the presence of archaeological remains (invasive installation). 

Some users may already have or, for whatever reason, may decide to install 
one of these systems in view of other features that may be considered to have 
priority over preservation. For instance, under-floor heating is the less visible 
and the most comfortable. In the case of these heating types, great care 
should be taken to minimize risk of damage for microclimate or structural 
injury, if only by removing from the church the artworks most exposed to risk, 
or by temporary use of another winter chapel. Crypts benefit of the natural 
temperature constancy of underground environments. 

It should be noted that preservation risk is higher or lower, depending on how 
the system has been installed and is operated. Both installation and operation 
methodology are extremely important and should be thoroughly controlled.  

Reducing the thermal comfort and the heat supply is generally beneficial to 
preservation. The use of heavier clothing may help to solve the problem. 

Whichever the heating system, thermal comfort may be easily reached in mild 
climates. In cold climates, however, thermal comfort and preservation 
necessarily represent conflicting needs. This may require some sacrifice to 
churchgoers in view of sustainable conservation, e.g., lower temperatures, 
reduced use in the coldest period.  

The use of heavier clothing may help to solve the problem. 



 62 

Summary of pros and cons of the heating systems  

Heating system Use Temp RH Condens  Deposition  Pollution Comfort  Visib Invasivity  
 
Warm air heating 

 
I 

C:o 
I:- 

M:+/- 

C:= 
I:- 

M:o/- 

C:+ 
I:- 

M:o 

C:= 
I:- 

M:=/- 

D (floor  
discharge  
grille only)  

C:o 
I:- 

M:o/- 

 
- 

 
= 

Infrared Heating from Direct 
Gas Combustion 

I +/- - = o/- Ch,W o/- o/- - 

Quartz Tube Heaters 
 

I +/- +/o - o No o/- o/- + 

Quartz Halogen Radiant 
Heaters 
  

I +/- +/o - o G, UV -/= -/= + 

Low temperature, convective 
heaters: radiators at hot water 
temperature 

 
C/I 

C:+ 
I:- 

M:o  

C:- 
I:- 

M:o 

C:+ 
I:- 

M:o 

C:= 
I:- 

M:=/- 

 
No 

C:+/o 
I:o/- 
M:o 

 
- 

 
- 

Gilled tubes in skirting-board 
frame 

 
C/I 

C:+ 
I:- 

M:o 

C:- 
I:- 

M:o 

C:+ 
I:- 

M:o 

C:= 
I:- 

M:=/- 

 
D 

C:+/o 
I:o/- 
M:o 

 
+/- 

 
o/+ 

 
Underfloor heating 

 
C 

C:+ 
I:- 

M:o 

C:= 
I:- 

M:o 

C:+ 
I:o/- 

M:+/o 

C:- 
I:o 

M:o/- 

 
No 

C:++ 
I:o 

M:+/o 

 
++ 

 
= 

 
Wall heating “Temperierung”  

 
C 

C:+ 
I:- 

M:o 

C:- 
I:- 

M:o 

C:+ 
I:- 

M:o 

C:- 
I:o 

M:o/- 

 
No 

C:+/o 
I:o/- 
M:o 

 
+/- 

 
- 

Pew heating: high 
temperature heaters 

I +/- +/o - o/- No o/- o/+ -/+ 

Pew heating: low temperature 
heaters 

I + + - +/o No o/- o/+ -/+ 

Pew heating: warm air 
emission  
 

I o o/- - o/- D o/- o -/+ 

Pew heating: Coanda effect 
 

I o o/- - - D o/- o/- o/+ 

Friendly-Heating 
 

I + + o/+ +/o No o/+ o/+ + 
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Legend:  
Use: typical use, i.e. Continuous heating (C), Intermittent heating (I), Mixed heating (M) i.e. continuous (operating at low power with 

unmanned building) plus intermittent (higher power for services)  
Temp : risk for sudden temperature changes  
RH: risk for sudden relative humidity changes or too low levels 
Condens:  risk for condensation on cold surfaces, e.g. walls, ceiling, floor. Windows easily reach the dew point whatever the heating 

system. To avoid window condensation specific measures should be applied.  
Deposition : deposition of smoke, dust and other pollutants due to air motions and other deposition mechanisms  
Pollution : Pollutant generated: chemical pollutants (Ch), i.e. combustion products; water vapour (W); luminous glare (G); ultraviolet 

radiation (UV); resuspension of floor dust (D) 
Comfort : thermal comfort of the congregation, the officiant and the choir: annoyance for glare 
Visib : visual impact 
Invasivity : degree of invasion and damage to structures 
+: lower risk for preservation, or better for this item with respect to other types of heating 
++: the best with respect to other types of heating 
o: (risk) in average 
-: higher risk for preservation, or worse for this item, with respect to other types of heating 
=: very high risk for preservation or other very negative effects 
 
Note:  Some rating e.g. comfort, may vary from milder to colder climates (e.g. southern and northern Europe, high mountains) as well 
as from dry to wet regions. The same with the building size and internal/external envelope. 
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