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1. Introduction 

 
The International Co-operative Programme on Effects on Materials, including Historic and Cultural 
Monuments (ICP Materials) was launched in 1985 within the scope and the activities of the 
Convention on Long-range Transboundary Air Pollution. The aim of the Programme is to fill some of 
the major gaps in scientific knowledge in the area of materials corrosion influenced by atmospheric 
pollutants by performing a quantitative evaluation of multi-pollutant effects on atmospheric corrosion 
on both technically important materials and materials used in historic and cultural monuments. 
 
Many of the materials used in the construction of historic and cultural monuments are very sensitive 
to air pollution, resulting in corrosion and soiling of the materials which was used to create the 
artefacts. The Programme, through the Sub-Centre for stock of materials at risk and cultural heritage, 
agreed to launch a Call for Data on “Inventory and condition of stock of materials at UNESCO world 
cultural heritage sites”. UNESCO sites are considered of outstanding universal value and are 
therefore ideal for illustration and dissemination of effects of air pollution on materials. The Call was 
approved at the 1st joint session of the Steering Body to the EMEP and the Working Group on Effects 
(Geneva, 14-18th  September 2015) and then launched in October 2015. 
 
Documents provided by the Call included the Call text, the reporting template, an explanatory note 
with guidance on the use of the reporting template, and a brochure on a pilot study “Inventory and 
condition of stock of materials at risk at five UNESCO world cultural heritage sites”, exemplifying 
the approach. In addition, a page dedicated to the Call for Data was added to the ICP Materials 
website (http://www.corr-institute.se/icp-materials), where all documents and some examples of the 
reporting template are available for downloading. The call was closed in June 2017. 
 
Six Parties to the Convention, Croatia, Germany, Italy, Norway, Sweden and Switzerland, provided 
qualitative and quantitative data on both historic/cultural monuments and on concentrations of main 
air pollutants and meteo-climatic parameters measured at monitoring stations close to the selected 
UNESCO world cultural heritage sites. Taken together, the twenty-one cultural heritage objects 
included in the call have a total external surface area of about 430,000 m2 and cover a wide range of 
materials (natural stone, artificial stone, copper, bronze, glass and others) as well as a wide range of 
environmental conditions. Detailed information on monuments/sites and their selection can be found 
in a report (ICP Materials Report No 80: Call for Data “Inventory and condition of stock of materials 
at UNESCO World Cultural Heritage sites”, 2015-2017. Status Report) released in September 2017. 
 
In a subsequent report (ICP Materials Report No 83: Call for Data “Inventory and condition of stock 
of materials at UNESCO World Cultural Heritage sites, Part II – Risk assessment) released in 
September 2018, the damage due to air pollution on the materials of these twenty-one cultural objects 
was assessed by using dose-response functions established by ICP Materials. The degradation rates 
calculated for the materials constituting the twenty-one cultural objects on the basis of these 
functions and using the environmental parameters collected during the Call for data, were compared 
with the target (tolerable corrosion rate) suggested by ICP Materials for protecting cultural heritage 
monuments for 2050. This comparison was then used to assess the relative risks due to air pollution 
for different pollutants and different materials. 
 
The purpose of the present report is to assess the cost of damage from air pollution to the different 
materials constituting the selected twenty-one objects of cultural heritage. 
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2. Cultural objects   

 
The list of the twenty-one cultural heritage monuments (Figure 1-21) considered in the call for data is 
shown in Table 1. Table 2 summarizes the occurrence of the different materials in these monuments 
of outstanding universal value. Taken together, the twenty-one cultural heritage objects have a total 
external surface area of about 430,000 m2. Main materials present in these cultural objects are natural 
stones (60%), artificial stone materials (17%), glass (6.5%), copper (3%) waterproof materials 
(2.5%), painted surfaces (2%), bronze and others. A more detailed description of the materials can be 
found in the previous ICP Materials report (ICP Materials, 2017). 
 
 
 
 
 
 
 

 
 

Figure 1. The Cathedral of Saint Domnius, Split (Image by Živko Bačić) 
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Figure 2. Aachen Cathedral (copyright: Domkapitel Aachen, Dombauhütte) 
 
 
 
 

 
 

Figure 3. Speyer Cathedral (Image by Alfred Hutter, source: www. wikipedia.de) 
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Figure 4. Garden facade of Würzburg Residence (Image by Rainer Lippert, source: www. 
wikipedia.de) 

 
 
 
 
 
 
 
 
 
 

 
 

Figure 5. South-facade of the Porta Nigra in Trier (Image by Michael Auras) 
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Figure 6. South-facade of the Town Hall of Bremen (copyright: Landesamt für Denkmalpflege 
Bremen) 

 
 
 

 
 

Figure 7. Palas (with Knights bathhouse in front) and castle keep of Wartburg Caste  
(copyright: Wartburg-Stiftung) 
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Figure 8. Hercules-Monument (image by Hendrik Thole, source: www. wikipedia.de) 
 
 
 
 

 
 

Figure 9. West-facade of the Gatehouse of Lorsch Abbey (image by Hans Joosten, 2014) 
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Figure 10. Colosseum exterior, inner and outer walls (Photo by Adrian Pingstone1) 
 
 

 
 

Figure 11. View of the Leaning Tower and the Duomo in Pisa (Photo by Yair Haklai2) 

                                                 
1 https://commons.wikimedia.org/wiki/File:Colosseum.rome.arp.jpg 
2 https://commons.wikimedia.org/wiki/File:Leaning_Tower-Pisa.jpg 
By Yair Haklai (Own work) [CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/3.0) or GFDL 
(http://www.gnu.org/copyleft/fdl.html)], via Wikimedia Commons. 
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Figure 12. Palazzo Madama, Turin (Photo by Adelina Rossano3) 
 

 

 
 

Figure 13. The Cathedral in Modena with the Ghirlandina Tower (Photo by Biancamaria Rizzoli4) 

                                                 
3 https://commons.wikimedia.org/wiki/File:Palazzo_Madama_facciata.jpg 
By Adelina Rossano (Own work) [CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia 
Commons 
4 https://commons.wikimedia.org/wiki/File:Emilia-Romagna_Modena_Duomo_Abside_e_Ghirlandina.JPG 
By Biancamaria Rizzoli (Own work) [CC BY-SA 4.0 (http://creativecommons.org/licenses/by-sa/4.0)], via Wikimedia 
Commons 
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Figure 14. The main façade of the Royal Palace of Caserta (Photo by Antonio Gentile5) 
 
 
 
 
 

 

 
 

Figure 15. Aerial view of Hydroparken 
 
 
 

                                                 
5 http://www.reggiadicaserta.beniculturali.it/wp/ 
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Figure 16. A panorama of Nidarosdomen, Trondheim (Photo by Eikern6) 
 
 

 
 

Figure 17. The south facade of Drottningholm Palace Theatre (Photo by Arild Vågen7) 

                                                 
6 https://commons.wikimedia.org/wiki/File:NidarosdomenPanorama.jpg 
By Eikern (Own work by uploader) [CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/3.0) or GFDL 
(http://www.gnu.org/copyleft/fdl.html)], via Wikimedia Commons 
7 https://commons.wikimedia.org/wiki/File:Drottningholm_June_2013_07.jpg 
By Arild Vågen (Own work) [CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia Commons 
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Figure 18. Nederluleå church in Gammelstad church town (Photo by Lars Falkdalen Lindahl8) 
 
 
 
 

 
 

Figure 19. Visby town wall (Photo By En-cas-de-soleil9) 
 
 
 

                                                 
8 https://it.wikipedia.org/wiki/File:Nederlule%C3%A5_church_October_2011.jpg 
By Lars Falkdalen Lindahl (Own work) [CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia 
Commons 
9 https://commons.wikimedia.org/w/index.php?curid=27992087 
By En-cas-de-soleil (Own work) [CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/4.0)], via Wikimedia 
Commons. 
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Figure 20. The towers of the cathedral of the Abbey of St. Gall (Photo by Petar Marjanovic10) 
 
 

 
 

Figure 21. The Cathedral (Münster) of Bern (Photo by Maksym Kozlenko11). 
 

                                                 
10 https://commons.wikimedia.org/wiki/File:Stiftskirche_St.Gallen.jpg 
By Petar MARJANOVIC (edit von Image:StiftskircheSt.Gallen.jpg) [GFDL (http://www.gnu.org/copyleft/fdl.html), CC-
BY-SA-3.0 (http://creativecommons.org/licenses/by-sa/3.0/) or CC BY 2.5 (http://creativecommons.org/licenses/by/2.5)], 
via Wikimedia Commons. 
11 https://commons.wikimedia.org/wiki/File:M%C3%BCnster_(Bern).jpg 
By Maksym Kozlenko (Own work) [CC BY-SA 4.0 (http://creativecommons.org/licenses/by-sa/4.0)], via Wikimedia 
Commons. 
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Table 1. List of the cultural objects. 
 
Country Name of the UNESCO World Cultural Heritage Site Name of the cultural object Location Latitude Longitude 

Croatia Historical Complex of Split with the Palace of Diocletian Cathedral of Saint Domnius Split 43.5094 16.4433 

Germany Aachen Cathedral Aachen Cathedral  Aachen 50.7744 6.0844 

Germany Speyer Cathedral Speyer Cathedral Speyer 49.3167 8.4430 

Germany Würzburg Residence with the Court Gardens and Residence Square Würzburg Residence Würzburg 49.7928 9.9389 

Germany Roman Monuments, Cathedral of St Peter and Church of Our Lady 
in Trier 

Porta Nigra Trier 49.75 6.6333 

Germany Town Hall and Roland on the Marketplace of Bremen Town Hall of Bremen Bremen 53.0759 8.8075 

Germany Wartburg Castle  Wartburg Castle (palace and keep) Eisenach 50.9668 50.9668 

Germany Bergpark Wilhelmshöhe Hercules Monument Kassel 51.3158 9.3931 

Germany Abbey and Altenmünster of Lorsch The Gatehouse of Lorsch Abbey Lorsch 49.6537 8.5686 

Italy Historic Centre of Rome, the Properties of the Holy See in that City 
Enjoying Extraterritorial Rights and San Paolo Fuori le Mura  

The Colosseum  Rome 41.8902 12.4923 

Italy Piazza del Duomo, Pisa  The Tower of Pisa Pisa 43.7230 10.3964 

Italy Residences of the Royal House of Savoy  Palazzo Madama  Turin 45.0725 7.6857 

Italy Cathedral, Torre Civica and Piazza Grande, Modena  Ghirlandina Tower Modena 44.6462 10.9257 

Italy 18th-Century Royal Palace at Caserta with the Park, the Aqueduct 
of Vanvitelli, and the San Leucio Complex 

Royal Palace  Caserta 41.0733 14.3264 

Norway Rjukan-Notodden Industrial Heritage Site  Hydroparken  Notodden 59.5560 9.2600 

Norway * Nidarosdomen Trondheim 63.4269 10.3958 

Sweden Royal Domain of Drottningholm Drottningholm Palace Theatre  Ekerö 59.32306 17.88333 

Sweden Church Town of Gammelstad,   Nederluleå church Luleå 65.64611 22.02861 

Sweden Hanseatic Town of Visby  Wall of the Hanseatic Town of Visby Gotland 57.64167 18.29583 

Switzerland Abbey of St Gall  Towers of the cathedral of the Abbey 
of St. Gall 

St Gall 47.42333 9.37778 

Switzerland Old City of Berne  Bern Minster Bern 46.94806 7.45028 

* Nidarosdomen is not an UNESCO site. It is considered to be the world’s northern most medieval cathedral. As the most monumental and well known stone heritage building in 
Norway it was considered to be interesting in this context. 
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Table 2. Occurrence of materials in the twenty-one cultural objects. 
 
Name of the cultural object Total 

surface 
(m2) 

Limestone 
marble 

(m2) 

Sandstone 
(m2) 

Render, 
mortar, 
plaster 

(m2) 

Brick 
(m2) 

Glass 
(m2) 

Copper 
(m2) 

Bronze 
(m2) 

Other 

Cathedral of Saint Domnius 1 960 1 385 0 42.99 492.08 13 - Yes Wood, steel 

Aachen Cathedral  17 300 3 287 7 698 - 17 1 557 - Yes Greywacke, trachyte, 
tuff, granite, lead, slate 

Speyer Cathedral 26 000  16 900 - - 1 040 7 800 Yes Slate 

Würzburg Residence 41 100 1 027 19 522 5 959 - 3 493 - - Painted surfaces, slate 

Porta Nigra  5 500  4 840 - - - 660 - - 

Town Hall of Bremen 4 060  1 868 41 690 244 1 218 - Painted surfaces, 

Wartburg Castle (palace and keep) 4 300 201 2 165 - - 120 765 - Wartburg-Konglomerat 

Hercules Monument 15 100 - 0 - - - 151 - Tuff 

The Gatehouse of Lorsch Abbey 570 17 120 200 - Yes - - Slate 

The Colosseum  22 750 19 450 - - Yes - - - Roman concrete, tuff 

The Tower of Pisa 7 735 7 735 - - - - - Yes - 

Palazzo Madama  7 300 2 700 - 900 3 500 200 - - Gneiss, terracotta tiles 

Ghirlandina Tower 2 650 2 623 27 - - - - Yes Trackyte, lead 

Royal Palace of Caserta 149 800 54 700 - 4 000 28 500 17 400 - - Steel, terracotta tiles, 
wood 

Hydroparken  40 460 - - 11 220 1 460 2 820 - - Painted surfaces, Tar 
paper/ruberoid, concrete 

Nidarosdomen 4 430 60 60 - - 94 1 165 Yes Talc-schist, slate 

Drottningholm Palace Theatre  4 205 - 55 1 577 - 288 - - Painted surfaces, wood 

Nederluleå church 3 166 - - 2 603 - 175 2 Yes Painted surfaces, wood, 
tarred shingles 

Wall of the Hanseatic Town of Visby 62 000 58 900 - 3 100 - - - - - 

Towers of the cathedral of the Abbey 
of St. Gall 

3 150 158 2 918 - - - 75 Yes - 

Bern Minster 8 980 240 8 740 Yes - Yes - Yes Lead 
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3. Risk assessment  
 
The methodology used to calculate surface recession of two stone materials (limestone and 
sandstone) and corrosion of two metals (copper and bronze) due to attack of atmospheric 
pollutants at the selected UNESCO world cultural heritage sites is based on the use of dose-response 
function, first year of exposure, from ICP Materials (CLRTAP, 2014): 
 
Portland limestone 
 

R = 4.0 + 0.0059[SO2]Rh60 + 0.054Rain[H+] + 0.078[HNO3]Rh60 + 0.0258PM10 

 
White Mansfield dolomitic sandstone 
 

R = 2.0[SO2]
0.52 ef(T) + 0.028Rain[H+] 

f(T) = 0 when T≤10°C, otherwise -0.013(T-10) 
 
Copper 
 

ML = 4.2 + 0.00201[SO2]
0.4[O3]Rh60·e

f(T) + 0.0878Rain[H+] 
f(T) = 0.083(T-10) when T<10°C, -0.032(T-10) otherwise 

 
Mass loss (ML, g m-2) can be converted into recession (R, m) by dividing by the density of copper, 
equal to 8.93 g cm-3. 
 
Cast bronze 
 

R = 0.15 + 0.000985[SO2]RH60e
f(T) + 0.00465Rain[H+] + 0.00432PM10 

f(T) = 0.060(T-11) when T<11°C, otherwise f(T) = -0.067(T-11) 
 
 
where  
 
R  = surface recession, µm 
ML  = mass loss, g m-2 
Rh60  = Rh - 60 when Rh > 60, 0 otherwise (Rh = relative humidity, % annual average) 
Rain  = amount of precipitation (mm year-1) 
T  = temperature, °C – annual average 
[SO2]  = annual average concentration in air, g m-3 
[H+]  = annual average concentration in precipitation, mg l-1 
[HNO3] = annual average concentration in air, g m-3  
[O3]  = annual average concentration in air, g m-3 
PM10  = annual average concentration in air, g m-3 
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The methodology used to calculate soiling of a non-transparent material (limestone) and of a 
transparent material (glass) is based on the use of dose-response function. For non-transparent 
materials, soiling is expressed in terms of loss of reflectance (Multi-Assess, 2005) while for 
transparent materials soiling is expressed in terms of haze (Lombardo et al, 2010). 
 
Portland limestone 

R/Ro = 1 – exp(-PM10 . t . 6.5 . 10-6) 

 
where  
 
R/Ro  = relative loss of reflectance  
PM10   = average annual concentration of PM10, g m-3 
t  = time, days 
6.5 . 10-6  = soiling constant for limestone. 
 
 
Modern glass 
 

Haze = (0.2529⋅[SO2] + 0.1080⋅[NO2] + 0.1473⋅ [PM10]) ⋅1/(1 + (382/t))1.86 

 
 
where  
 
Haze  = haze12, % 
[SO2]  = annual average concentration, g m-3  
[NO2]  = annual average concentration, g m-3  
[PM10]  = annual average concentration, g m-3 
t  = time, days 
 
 
 
A detailed discussion about corrosion and soiling of the materials of the individual cultural objects 
can be found in the previous ICP Materials report (ICP Materials, 2018). Main findings are reported 
in Table 3 and Table 4 which summarize, respectively, the main risks (corrosion/soiling) and for 
which materials at each cultural object and the risk factors (pollutants) for the different risks. 
 
 
 
 
 
 

                                                 
12 Defined as the ratio between the diffuse transmitted light (Td) and the direct transmitted light (TL). 
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Table 3. Risks due to air pollution for the materials constituting the artifacts 
 

Materials Name of the cultural object 
Limestone 

(m2) 
Risk Copper 

(m2) 
Risk Glass 

(m2) 
Risk 

Cathedral of Saint Domnius 1385 Soiling -  13 Soiling 
Aachen Cathedral 3287   Corrosion 1557 Soiling 
Speyer Cathedral -  7800 Corrosion 1040 Soiling 
Würzburg Residence 1027 Corrosion 

and soiling 
- 

 
3493 Soiling 

Porta Nigra -  660 Corrosion -  
Town Hall of Bremen -  1218 Corrosion 244 Soiling 
Wartburg Castle (palace and 
keep) 

201  765 
 

120 Soiling 

Hercules Monument -  151 Corrosion -  
The Gatehouse of Lorsch Abbey 17 Corrosion 

and soiling 
- 

 
Yes Soiling 

The Colosseum 19450 Soiling -  -  
The Tower of Pisa 7735 Corrosion 

and soiling 
- 

 
-  

Palazzo Madama 2700 Corrosion 
and soiling 

- 
 

200 Soiling 

Ghirlandina Tower 2623 Soiling -  -  
Royal Palace of Caserta 54700 Corrosion 

and soiling 
- 

 
17400 Soiling 

Hydroparken -  -  2820 Soiling 
Nidarosdomen 60  1165  94  
Drottningholm Palace Theatre -  -  288 Soiling 
Nederluleå church -  2 Corrosion 175 Soiling 
Wall of the Hanseatic Town of 
Visby 

58900 Soiling - 
 

-  

Towers of the cathedral of the 
Abbey 
of St. Gall 

158  75 
Corrosion 

-  

Bern Minster 240  -  Yes Soiling 

 
 
 
 
 
Table 4. Risk factors (pollutants) for different risks to materials constituting the artifacts (+ low 
impact; ++ medium impact; +++ high impact). An empty square indicate that the specific risk/ 
pollutant combinations was not included in the used dose-response function. Therefore the impact 
level could not be estimated. 
 
Risk  SO2 NO2 HNO3 SO2*O3 PM10 pH 
Limestone corrosion  +/++  ++/+++  ++ + 
Sandstone corrosion  +/++     + 
Copper corrosion     ++/+++  + 
Bronze corrosion  +    ++ + 
Limestone soiling      +++  
Glass soiling  +/++ ++/+++   ++/+++  
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4. Model for calculating costs due to air pollution 

 
The model used for calculating costs due to air pollution was developed in the EU Project (V 
Research Framework Program) “Rationalised Economic Appraisal of Cultural Heritage (REACH)” 
(Reach, 2001). 
 
The REACH project defined the total corrosion costs for a given type of material per year (Kt) as the 
sum of the material corrosion costs due to local air pollution per year (Kp) and the material corrosion 
costs in the background atmosphere per year (Kb): 
 

Kt = Kb + Kp 
 

Thus: 
 

Kp = Kt – Kb 
 

This indicates that, for the calculation of the cost attributable to air pollution, the cost that would have 
been required in a scenario characterized by background pollution  must be subtracted from the actual 
cost of maintenance/restoration work.  
 
REACH further defined, for each type of material,: 

 

Kt =  
 
 

Kb =  
 

 
where: 
 
M = stock of a given type of material at risk (m2) 
P = maintenance/restoration costs per m2 of the material 
tt = actual lifetime for the material (years) 
tb = lifetime of this material in the background atmosphere (years) 
 
 
Inserting Equations 7.2 and 7.3 in Equation 7.4 gives: 
 

 

 
 
The variables M, P, tt and tb in this equation will have different values according to the different 
materials and the nature (quality and quantity) of the air pollution. 
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4.1 Stock of a given type of material at risk 

 
The stock of material at risk for each of the cultural objects is reported in Table 2. Of the different 
materials present in the twenty-one monuments studied, only limestone, copper and glass are taken 
into account as being at risk since the damage estimated by the dose-response functions exceeds the 
tolerable level.  
 
Sandstone and bronze were not identified as at risk of corrosion for any of the monuments since the 
calculated values from the dose-response functions all were below the target level. However, the lack 
of a dose-response function for sandstone for the multi-pollutant situation should be noticed. The 
only available dose-response function was from the SO2 dominating situation and therefore only the 
effects of SO2 and of the current levels of acidity of precipitation could be quantified. The effect of 
HNO3 and/or PM10, the most important pollution terms for limestone, could not be assessed for 
sandstone and they could also be important for the corrosion of this material. Therefore, it is not 
possible to exclude risks to sandstone monuments even if the risk could not be quantified with the 
present methodology. 
 
As for other materials present in these monuments (Table 2), some of these could be at risk of 
corrosion and/or soiling due to air pollution. However, it was not possible to quantify this risk due to 
lack of dose-response functions. Nevertheless, for other natural and artificial stone materials other 
than limestone, including sandstone, it was assumed that, being stone materials, the soiling process 
leading to aesthetic degradation should be similar. It therefore seemed appropriate to attempt an 
estimate of the costs also for the soiling of these important materials. A number of objects of cultural 
heritage investigated in the Call for Data, particularly in Central Europe, consist mainly of sandstone 
or other natural stones or have significant surfaces of artificial stone materials (render, mortar, 
plaster, brick, etc.) exposed to the outdoor environment. For this rough estimate the dose-response 
function for the soiling of the limestone was used. 
 
 
4.2 Maintenance/repair/restoration costs 

 
Maintenance, repair and restoration work is carried out on the external surfaces of buildings and on 
monuments exposed to the outdoor environment because the materials of which they are built 
undergo a continuous degradation process due to natural causes. The degradation is aggravated by 
atmospheric pollution. These works are intended as direct interventions on a cultural asset in order to 
maintain it over time and recover its material integrity.  The aim is to preserve its functional identity 
and efficiency in such a way that it can be offered to collective knowledge and enjoyment and passed 
down to future generations in the best condition which can be achieved with today's technology. 
 
Generally speaking, the sequence of restoration operations can be: 
 
1) Diagnosis 
2) Cleaning 
3) Repair 
4) Consolidation 
5) Protection 
 
Maintenance, repair and restoration work is always preceded by a planning phase, accompanied by 
in-depth investigations, which identify the state of conservation of the cultural object and the most 
appropriate conservative treatments. In the preliminary phase of the intervention a careful 
examination of the available documentation and the study of the surfaces is carried out. 
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Documentation operations are also carried out which may include high resolution photographic 
documentation, three-dimensional laser scanner survey, computerized transposition of information on 
materials, execution techniques, degradation pathologies and interventions performed. Then, the most 
suitable techniques and materials for restoration and conservation work are chosen and applied. 
 
All these activities have an associated cost. Prices can differ depending on the size of the object, the 
complexity of the structure, the extent of damage, the technology applied, the material used in the 
restoration, the local economy and all other factors that are site-specific. For objects of cultural 
heritage, maintenance costs are expected to be higher due to the high demands in terms of the 
expected high quality of the job and professional skill. 
 
To date, the most comprehensive collection of information on average maintenance costs in Europe is 
still represented by that obtained during the CULT-STRAT project (Cult-Strat, 2006), which collated 
data supplied from Czech Republic, Italy, Norway and United Kingdom. The key data for the present 
discussion are summarized in Table 5, which reports the original cost values adjusted with the change 
in the harmonized index of consumer prices (HICP) from 2006 to 2018 (Eurostat, 2019). 
 
In addition to the direct material costs and labor costs, other complementary costs are linked to the 
intervention of maintenance, repair and restoration. These costs may include:  
 

 technical costs related to the design, preliminary and support activities; 
 loading, unloading and handling of materials;  
 transportation to a licensed authorized landfill of waste materials and landfill charges; 
 security charges; 
 technical investigations such as thermographic investigations, magnetometric survey and 

endoscopic survey for the analysis of the state of conservation of the non-visible material. 
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Table 5. Key data on average maintenance costs in Europe. 
 
No* Surface layer or system Unit Average 

cost, 
€2018 

Non-plastered masonry 
18 Non-plastered ashlar masonry – marble – total replacement m2 718 
20 Non-plastered irregular stone - masonry 200 mm – total 

replacement 
m2 710 

21 Non-plastered stone masonry – Pointing renewal m2 34 
22 Non-plastered stone masonry – repair of degraded surface with  

 replacement of stones up to 10% 
m2 284 

23 Non-plastered stone ashlar masonry – cleaning (power water) m2 16 
24 Non-plastered stone masonry – luting of small defects and 

consolidation 
m2 132 

26 Non-plastered irregular stone masonry – cleaning (power water) m2 103 
Sculptures or sculptural items 
84 Stone – cleaning I – light damage  m2 156 
85 Stone – pre-restoration works (removal of damaging parts, 

mechanical fasteners, …) 
m2 57 

86 Stone – consolidation of damaged parts (organo silicate) m2 114 
87 Stone – new fasteners, filling with cement etc. m2 50 
88 Color retouch of surface m2 49 
89 Protective coating (hydrophobic paint, ..) m2 48 
90 Alternative surface protection (lime wash, micro mortars, …) m2 108 
91 Balustrade cleaning  m2 18 
92 Pre-consolidation m2 37 
93 Stone – cleaning II – severe damage (incl. desalination) m2 204 
94 Stone – consolidation II – severe damage m2 42 
96 Stone – new fasteners, filling with cement etc. II m2 65 
Metals - Roof envelope/Sculptures or sculptural items 
1 Copper sheet – total replacement m2 83 
108 Bronze – cleaning with luting  m2 232 
109 Bronze – protection coat m2 52 
Glass 
28 Flat glass surface – cleaning by hand washing m2 4.9 
29 Flat glass surface – cleaning by power water m2 1.3 
30 Glass historical – staggered  protection sheets including structure m2 1080 
Supporting works 
80 Scaffolding for rendering works up to 10 m of height, 1 m wide m2 5.6 
81 Heavy scaffolding for masonry works up to 10 m of height, 2,5 m 

wide 
m2 12 

*Item number as reported in Table 1 (Average European conservation and renovation costs) of the reference document 
Cult-Strat, 2006. 
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4.2.1 Limestone 

 
For stone materials, typical maintenance/restoration activities could include the following steps: 
 

 identification and classification of every block units of the monument;  
 mechanical removal of deposits not pertinent to the original surfaces (black crusts, layers of 

lime, manure deposits of birds, resin and stucco fillings from previous restoration works, 
etc.); 

 cleaning from the superficial deposits (sprinkled water, low pressure steam-jet, brushing, 
localized chemical cleaning, laser cleaning, etc.); 

 repair of gaps in the walls and bonding of fragments; 
 biocide and anti-fouling treatment; 
 consolidation and protection of the stone structure. 

 
During the “Pilot study on inventory and condition of stock of materials at risk at United Nations 
Educational, Scientific and Cultural Organization (UNESCO) cultural heritage sites” (ICP Materials, 
2013), an average cost of € 440 was assumed for an intervention to repair the damage of one m2 of 
limestone/marble on the basis of costs in Italy reported by the Istituto Superiore per la Conservazione 
ed il Restauro (ISCR). For the present evaluation, an average cost of 500 €/m2 is assumed for 
conservation/renovation works for limestone materials. This value derives from the sum of the costs 
related to the different steps of the maintenance process as reported in Table 5, in particular pre-
restoration (item No 85), cleaning (average of items 26, 84, 93), repair (average of items 21, 22, 24), 
consolidation (average of items 86, 94), protection (average of items 89, 90) and supporting works 
like heavy scaffolding for masonry works (item 80). The sum of the average costs of these steps is 
520 €/m2. Using the median of the groups of values instead of the averages the sum becomes 484 
€/m2.  
 
Data on the costs of specific maintenance/restoration works performed in recent years in Italy on the 
objects of cultural heritage selected for this Call for Data, namely on limestone surfaces, were 
collected during the data collection phase and are reported in Table 6.  
 
 
 
Table 6. Cost of maintenance work on selected objects of cultural heritage in Italy. 
 
Name of the cultural 
object 

Surface restored 
(m2) 

Total cost 
(M€) 

Unit cost 
(€/m2) 

Colosseum  
(Rome) 

13 300 6.1 458 

Tower of Pisa  
(Pisa) 

7 735 5.5 711 

Ghirlandina Tower 
(Modena) 

2 650 3.3 1 245 

Royal Palace  
(Caserta) 

74 000 15 203 

Median                                                                                                                               584 
Average                                                                                                                              654 
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The median of these costs is 584 €/m2 and the average is 654 €/m2. These values seems aligned with 
the median and the average costs estimated on the basis of the values reported in Table 5. Therefore, 
an average value of 500 €/m2 seems to be a good approximation of current average costs for 
maintenance of limestone surfaces of objects of cultural heritage in Europe. 
 
Regarding the cleaning costs of soiled stone materials, it appears unlikely that a maintenance and 
restoration work, which is usually a very complex operation on historic and cultural heritage 
buildings, will be carried out only to recover the soiling effects without intervening at the same time 
to repair any damage due to corrosion. It is true that vehicular traffic has a greater effect on soiling 
than on corrosion but, generally, sites where the soiling effect is higher are also those with a higher 
risk of corrosion.  
 
In the context of this economic assessment, we consider the maintenance and recovery phases of an 
intervention aimed at repairing the soiling effects consisting only of pre-restoration (item No 85 in 
Table 5), cleaning (average of items 26, 84, 93), consolidation (average of items 86, 94), protection 
(average of items 89, 90) and supporting works like heavy scaffolding for masonry works (item 80), 
thus excluding any repair work (average of items 21, 22, 24). The maintenance and restoration cost 
due to soiling effects is assumed equal to 350 €/m2. 
 

4.2.2 Copper 

 
The conservative restoration of metal works (monuments, metal elements to be conserved in historic 
buildings including gratings, balustrades, windows, doors, etc.) located outdoor is articulated into a 
sequence of operations, each one with specific conservation aims: 
 

 cleaning (mild washing with demineralized water and surfactant, mild manual brushing with 
natural fiber brushes and soft bristle, localized application of absorbent tablets soaked with 
aqueous solution of complexing substances, etc.) finalized to remove from the surface foreign 
materials such as degraded products of past restorations, unstable products (especially 
incoherent patinas), harmful products (soluble salts, unstable substances), etc.; 

 integration of small gaps, grouting of cracks and lesions on the artefacts; 
 treatment for inhibiting corrosion; 
 intervention for re-harmonizing the surface color; 
 application of some hydrophobic coating (acrylic resins, natural microcrystalline waxes, 

polyethylene waxes, chelating agents, etc.) specific for the protection of artifacts exposed 
outdoors. 

 
In the object of cultural heritage selected for the Call for Data, copper is mainly present as roofing 
material. The intrinsic nature of copper makes a copper roof virtually maintenance free over its 
lifetime under most circumstances. Copper surfaces exposed to humidity and the action of the 
elements in the atmosphere develops a patina as a result of superficial oxidation. This patina is 
pleasing to the eye and provides protection against atmospheric corrosion. However, under the action 
of atmospheric pollutants the copper may deteriorate before it has a chance to develop a protective 
patina or the protective layers can be dissolved and removed, thus accelerating the corrosion 
processes of the metal. 
 
Excessive corrosion can lead to thinning and perforations in the metal. Deteriorated copper areas 
should be removed and replaced with new copper sheets if they cannot be salvaged. When replacing 
portions of a copper roof, it may be necessary to treat the entire roof, in order to allow it to re-
patinate uniformly. The copper roof should be treated with a protective coat, which gradually wears 
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off, allowing the patina to form evenly. For historical structures, restoration can further extend the 
lifespan of aged copper roofs. 
 
Precise information on the service life and maintenance requirements of a historic copper roof, 
converted into cost, are difficult to find. The information available is enclosed in table 5 which 
contemplates two different types of intervention on metal surfaces: total replacement of copper sheets 
and restoration (cleaning and protection) of bronze surfaces. We suppose that the complete 
replacement of the copper roof when a tolerable damage has been achieved is not feasible since we 
wish to preserve the historical identity of the building for as long as possible. The type of 
maintenance that we assume in the present evaluation is cleaning and protection of copper surfaces. 
We assume this cost ≈ 280 €/m2, equal to that reported in Table 5 for the cleaning and protection of 
bronze surfaces (sum of entries 108 and 109). 
 

4.2.3 Glass 

 
Original windows and historic glass are important features of historic buildings as they greatly 
influence the character of a building and its surroundings. Historic windows are of special interest 
both for their age and because they have more richness and brilliance than modern glass, which has a 
uniform and flat appearance. Historical glass were produced with processes that produce bubbles and 
imperfections in the glass that distort the reflections and the views through the glass. This gives the 
glass its unique character. However, they rapidly lose their appeal if not regularly cleaned and 
maintained. 
 
The traditional method of glass windows cleaning by hand washing is by far the best way of 
cleaning, as the windows are left clean and dry with any dirty water wiped away. Therefore, cleaning 
by hand washing should be preferred over automatic washing. A gentle blast of water through a 
spray-nozzle can be used to lose much of the dirt and prepare the glass. Steam or pressurized air can 
be too aggressive for historic glass and will result in damage to the glass. Likewise, abrasive powders 
could scratch the glass surface.  
 
Special care needs to be taken when cleaning stained glass panels, especially painted stained glass. A 
professional pH neutral cleaner can be used once any glass painting has been tested for stability. In 
exceptional circumstances more abrasive methods like bristle brushes and plastic pot scourers may be 
used as a last resort. In other cases, cleaning may be impossible. Time has left its mark and that 
change is part of the window’s history. 
 
Medieval glass will often show corrosion damage and weathering crusts. Underneath the weathering 
crusts the medieval glass surface is always severely damaged and very fragile. The removal of 
corrosion deposits on medieval glass is controversial, because over-cleaning can expose very fragile 
corroded glass surfaces. Cleaning of corroded glass should only be attempted by appropriately 
trained and experienced stained glass conservators.  
 
Recent data on the cost of cleaning glass surfaces are available for the Paris area (Verney-Carron, 
2018). The costs range from 0.5 to 7.5 €/m2 depending on the height to be reached for cleaning 
operations and the technology used for cleaning. The cleaning of the windows of historic buildings 
may requires the right type of equipment for working safely at height (ladder, scaffolding, suspended 
access equipment, etc.). Special tools and extra time may be required to clean some hard-to-access 
windows. The cleaning cost of glass surfaces in historic buildings should be at the top of the price 
range identified for Paris. For the present economic evaluation, we assume an average cost of 5 €/m2 
(Table 5, item 28). 
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4.2.4 Summary of maintenance costs 

 
Estimates used in the present report for the average maintenance costs arising from damage due to air 
pollution to materials are summarized in Table 7. 
 
 
Table 7. Summary of maintenance costs assumed in the present assessment. 
 
Material Damage Cost, €/m2 
Limestone Corrosion 500 
Limestone Soiling 350 
Copper Corrosion 280 
Glass Soiling 5 
 
 
Two risk factors were associated with limestone, corrosion and soiling, and two different costs were 
defined. These costs are not to be added together. A maintenance and restoration work on historic 
buildings is a very complex operation and it is unlike that it will be carried out only to recover the 
soiling effects without intervening at the same time to repair any damage due to corrosion and vice 
versa. Soiling of a limestone surface is a faster process than limestone corrosion (for a complete 
discussion see sections 4.3 and 4.4). In a background scenario, the theoretical maintenance time for 
the soiling of limestone, triggered by a decrease in reflectance greater than 35 per cent, has been 
estimated at 14 years, while the theoretical maintenance time for the corrosion of limestone, triggered 
by a tolerable recession depth before action of 100 m, has been estimated at 114 years. In a polluted 
urban atmosphere, these maintenance times become shorter and will be even shorter for those driven 
by soiling because of the high levels of PM10, the main responsible for limestone soiling. Therefore, 
the lifetimes and the associated maintenance costs for limestone surfaces will be driven primarily by 
how the soiling progresses. 
 
It should be noted that these costs only include the expenditures to remediate the damaged surfaces of 
the object of cultural heritage, i.e. by repairing, cleaning, consolidating and protecting the surface. 
These actions have a market price and involve market transactions. An additional component of the 
costs associated with the degradation of a cultural asset is the so-called loss of amenity, e.g. the 
decrease in aesthetic appeal. Looking a dirty and degraded building reduces the value of the visitor's 
experience leading to a reduction in the number of visitors to the site and the potential impact on the 
local economy. These losses do not have a well-defined monetary value as they are not traded in 
markets. According to a simple approach, the costs of amenity loss are approximately equal to the 
cost of cleaning and repair (Rabl, 1999). 
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4.3 Lifetime of materials in the background atmosphere 

 
Lifetime of materials, in other words times between maintenance, in the background atmosphere can 
be calculated knowing the appropriate damage rates in the background scenario and the tolerable 
damage before action. 
 
Reference levels representing the background corrosion rate for several materials have been 
calculated by ICP Materials as the lower 10 percentile of observed corrosion rates in the materials 
exposure programme which started in 1987 and ended in 1995. These background corrosion rates are 
expressed in µm, first year exposure. Average corrosion depth before action were reviewed in the 
framework of the MULTI-ASSESS project for sensitive materials often found in objects of cultural 
heritage.  
 
Background corrosion rates and tolerable corrosion depth before action for limestone and copper, the 
two materials identified as most at risk of corrosion among those present in the twenty-one cultural 
objects considered in the Call for Data, are shown in Table 8. In the present report, times between 
maintenance for limestone and copper in the background atmosphere were calculated according to 
the time-dependent dose-response functions for corrosion of Portland limestone and copper, 
respectively, in the multi-pollutant situation (Multi-Assess, 2005). 
 
The time-dependent dose-response function for corrosion of Portland limestone in the multi-pollutant 
situation is: 
 

R = 3.1 + {0.85 + 0.0059[SO2]Rh60 + 0.054Rain[H+] + 0.078[HNO3]Rh60 + 0.0258PM10} t 
 
where  
 
R  = surface recession, µm 
Rh60  = Rh - 60 when Rh > 60, 0 otherwise (Rh = relative humidity, % annual average) 
Rain  = amount of precipitation (mm year-1) 
[SO2]  = annual average concentration, g m-3 
[H+]  = annual average concentration, mg l-1 
[HNO3] = annual average concentration, g m-3  
PM10  = annual average concentration, g m-3 
t  = time, years 
 
In the absence of any effect due to atmospheric pollutants the terms 0.0059[SO2]Rh60, 
0.054Rain[H+], 0.078[HNO3]Rh60 and 0.0258PM10 approximate to zero, thus the equation is reduced 
to: 
 

R = 3.1 + 0.85 t 
 

It is therefore easy to calculate the time t for any value of R. Predicted lifetime of limestone for 
tolerable corrosion depths of 100 m and 50 m in the background atmosphere are reported in Table 
8. 
 
The time-dependent dose-response function for the corrosion of copper in the multi-pollutant 
situation is: 
 

ML = 3.12 + {1.09 + 0.00201[SO2]
0.4[O3]Rh60·e

f(T) + 0.0878Rain[H+]}t 
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f(T) = 0.083(T-10) when T<10°C, -0.032(T-10) otherwise 
 
where: 
 
ML  = mass loss, g m-2 
Rh60  = Rh - 60 when Rh > 60, 0 otherwise (Rh = relative humidity, %, annual average) 
Rain  = amount of precipitation, mm year-1 
[SO2]  = annual average concentration, g m-3 
[O3]  = annual average concentration, g m-3 
[H+]  = concentration, mg l-1, annual average 
T  = temperature, °C, annual average 
t  = time, years 
 
Mass loss (ML, g m-2) can be converted into recession (R, m) by dividing by the density of copper, 
8.93 g cm-3. 
 
In the absence of any effect due to atmospheric pollutants the terms 0.00201[SO2]

0.4[O3]Rh60·e
f(T) and 

0.0878Rain[H+] approximate to zero, thus the equation is reduced to: 
 

ML = 3.12 + 1.09 t 
 
It is therefore easy to calculate the time t for any value of ML (R). Predicted lifetime of copper for 
tolerable corrosion depths of 50 m and 10 m in the background atmosphere are reported in Table 
8. 
 
 
Table 8. Background corrosion rates, tolerable corrosion depth before action and lifetimes for 
limestone recession and copper corrosion. 
 
Material Type of surface Background 

corrosion rate, 
first year of 

exposure 
(m/year) 

Tolerable corrosion 
before action  

(m) 

Time between 
maintenance in 

the 
background 
atmosphere 

(years) 
Ornament, aged 100 114 Limestone/ 

marble Ornament, corroded 
3.2 

50 55 
Ornament, aged 50 407 Copper 

monument Ornament, corroded 
0.32 

10 80 
 
 
 
 
Regarding the soiling of transparent and non-transparent materials, the frequency of cleaning depends 
on the level of dirt that an individual is willing to accept. Socio-economic factors are also important. 
For stone materials, tolerable level of soiling has been indicated in a 35% decrease in surface 
reflectance: at this level of relative loss of reflectance the appearance of a building surfaces becomes 
unacceptable to the public and the reaction is the feeling that the building is dirty and it should be 
cleaned. 
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Soiling of transparent objects made of glass is preferably expressed as haze, which takes into account 
the loss of transparency due to both absorption and scattering of light. If the haze exceeds 1%, the 
human eye perceives the transparent product as "hazy" and feels the visual annoyance of seeing 
through a dirty glass plate. Clear glass products 3 - 4 mm thick, not coated and not laminated, the 
typical glass plate of a window, have a haze level of 0.1-0.2%. This haze level can be overlooked in 
all practical cases. 
 
Reference levels for the soiling of materials in the background atmosphere are not provided by 
previous activities of ICP Materials. The current work planned by ICP Materials involves the update 
of the mapping manual to include the recommended levels for soiling in 2021. In the present report, 
an estimate of times between maintenance for the soiling of materials in the background atmosphere 
was carried out starting from the information on air quality reported by the European Environment 
Agency (EEA) for all monitoring stations in Europe (http://aidef.apps.eea.europa.eu). The most 
recent data (2017) available at the time of writing were used. 
 
In analogy with the methodology applied by ICP Materials for the background corrosion rate of 
materials, background concentrations of atmospheric pollutants were assumed as the lower 10 
percentile of observed annual averages of concentrations for all air quality monitoring stations in 
Europe reporting to the EEA. These “background” concentrations are:  
 

PM10 = 13.0 g/m3 (3494 entries) 
NO2 = 7.1 g/m3 (3327 entries) 
SO2 = 0.88 g/m3 (1813 entries) 
O3 = 39.2 g/m3 (2274 entries) 

 
By introducing the value PM10 = 13.0 g/m3 in the equation for the soiling of Portland limestone 
reported on page 19, a time between maintenance of 14 years can be calculated. This is the time 
interval required for the achievement of a relative loss of reflectance of 35% with a PM10 
concentration of 13.0 g/m3. For objects of cultural heritage, a time between maintenance of 10-15 
years seems appropriate. 
 
According to the equation for the soiling of modern glass (page 19), the time required to reach a haze 
value of 1% at background concentrations of 13.0 g/m3 of PM10, 7.1 g/m3 of NO2  and 0.88 g/m3 
of SO2 is 270 days. Therefore, for the purposes of this report we assume that the time between 
cleanings in a scenario of background air pollution is 270 days. 
 
All considerations regarding time between maintenance due to soiling of materials (limestone and 
modern glass) in the background atmosphere are summarized in Table 9. 
 
 
Table 9. Tolerable level before action and tolerable time between maintenance for the soling of 
limestone and modern glass. 
 
Material Tolerable level of soiling before action Tolerable time between 

maintenance  
Limestone 35% loss of reflectance 14 years 
Modern glass 1% haze 270 days 
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4.4 Lifetime of materials in the actual atmosphere 

 
Lifetime of the materials present at the UNESCO sites under investigation in the actual atmosphere 
was calculated using the current data of environmental parameters (atmospheric pollutant 
concentrations and meteoclimatic parameters) reported for each site. The predicted values are 
reported in Table 10 (corrosion of limestone), Table 11 (corrosion of copper), Table 12 (soiling of 
limestone) and Table 13 (soiling of modern glass). For convenience, these Tables also report the 
expected values in the background scenario. 
 
 
Table 10. Lifetimes of limestone for a tolerable corrosion depth of 100 m. 
 
Name of the cultural object Lifetime of limestone in the 

background atmosphere 
(years) 

Lifetime of limestone in the 
actual atmosphere 

(years) 
Cathedral of Saint Domnius  114 67 

Aachen Cathedral 114 36 

Würzburg Residence 114 26 

Wartburg Castle 114 38.5 

The Gatehouse of Lorsch Abbey 114 27 

The Colosseum 114 30 

The Tower of Pisa 114 22 

Palazzo Madama 114 23.5 

Ghirlandina Tower 114 30.5 

Royal Palace of Caserta 114 20.5 

Nidarosdomen 114 41 

Abbey of St. Gall 114 33.5 

Bern Minster 114 32 

Hanseatic Town of Visby 114 31 
Note: lifetimes in the background atmosphere calculated with the time-dependent dose-response function and background 
corrosion rate; lifetimes in the actual atmosphere calculated with the time-dependent dose-response function and actual 
concentrations of pollutants. 
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Table 11. Lifetimes of copper for a tolerable corrosion depth of 10 m.   
 
Name of the cultural object Lifetime of copper in the 

background atmosphere 
(years) 

Lifetime of copper in the 
actual atmosphere 

(years) 
Speyer Cathedral 80 32.5 

Porta Nigra 80 22.5 

Town Hall of Bremen 80 22.5 

Wartburg Castle 80 33 

Hercules-Monument 80 25.5 

Nidarosdomen 80 32.5 

Abbey of St. Gall 80 26 

Nederluleå church  80 21 
Note: lifetimes in the background atmosphere calculated with the time-dependent dose-response function and background 
corrosion rate; lifetimes in the actual atmosphere calculated with the time-dependent dose-response function and actual 
concentrations of pollutants. 

 
 
 
 
Table 12. Time between cleaning of limestone surfaces for a tolerable soiling corresponding to a 35% 
loss of reflectance.  
 
Name of the cultural object Time between cleaning of 

limestone in the 
background atmosphere 

(years) 

Time between cleaning of 
limestone in the actual 

atmosphere 
(years) 

Cathedral of Saint Domnius  14 9.6 

Aachen Cathedral 14 13.0 

Würzburg Residence 14 7.9 

Wartburg Castle 14 12.1 

The Gatehouse of Lorsch Abbey 14 9.6 

The Colosseum 14 5.9 

The Tower of Pisa 14 6.3 

Palazzo Madama 14 4.5 

Ghirlandina Tower 14 5.9 

Royal Palace of Caserta 14 8.5 

Nidarosdomen 14 15.1 

Abbey of St. Gall 14 14.2 

Bern Minster 14 11.4 

Hanseatic Town of Visby 14 4.9 
Note: times between cleaning in the background atmosphere calculated with the dose-response function for the soiling of 
limestone and “background” concentrations of pollutants; lifetimes in the actual atmosphere calculated with the dose-
response function for the soiling of limestone and actual concentrations of pollutants. 
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Table 13. Time between cleaning of glass surfaces for a tolerable soiling corresponding to 1% haze.  
 
Name of the cultural object Time between cleaning of 

glass surfaces in the 
background atmosphere 

(days) 

Time between cleaning of 
glass surfaces in the actual 

atmosphere 
(days) 

Cathedral of Saint Domnius  270 154 

Aachen Cathedral 270 213 

Speyer Cathedral 270 152 

Würzburg Residence 270 133 

Town Hall of Bremen 270 170 

Wartburg Castle 270 213 

The Gatehouse of Lorsch Abbey 270 150 

Palazzo Madama 270 99 

Royal Palace of Caserta 270 150 

Hydroparken 270 390 

Nidarosdomen 270 210 

Bern Minster 270 170 

Drottningholm Palace Theatre  270 215 

Nederluleå church  270 230 
Note: times between cleaning in the background atmosphere calculated with the dose-response function for the soiling of 
modern glass and “background” concentrations of pollutants; lifetimes in the actual atmosphere calculated with the dose-
response function for the soiling of modern glass and actual concentrations of pollutants. 

 
 
 
Figures 22 shows the evolution over time of the recession of the limestone surfaces of the objects of 
cultural heritage exposed to the local environmental conditions, compared with the background 
scenario. The predicted lifetimes required to reach a tolerable recession depth of 100 m can be 
easily seen in the graph. Similarly, the Figures 23-25 show the evolution over time of the corrosion of 
copper surfaces, the soiling of the limestone surfaces and the soiling of modern glass. The 
corresponding tolerable targets are a corrosion depth of 10 m, a loss of reflectance of 35%, and a 
haze of 1%, respectively. 
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Figure 22. Evolution over time of the recession of limestone surfaces in the objects of cultural 
heritage considered in the Call for Data (legend arranged according to the ranking). 
 

 
Figure 23. Evolution over time of the corrosion of copper surfaces in the objects of cultural heritage 
considered in the Call for Data (legend arranged according to the ranking). 



 

 37 

 
Figure 24. Evolution over time of the soiling of limestone surfaces in the objects of cultural heritage 
considered in the Call for Data (legend arranged according to the ranking). 
 
 

 
Figure 25. Evolution over time of the soiling of glass surfaces in the objects of cultural heritage 
considered in the Call for Data (legend arranged according to the ranking) . 
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The estimated values of the actual lifetime of the materials subjected to atmospheric pollution can be 
compared with the frequencies of maintenance operations as they occurred in real life. Table 14 
shows these maintenance frequencies for the objects of cultural heritage covered by this study on the 
basis of the information that has been possible to collect in the framework of the Call for Data. 
 
In real life, a number of factors can affect the frequency with which a monument or historical 
building needs maintenance. This frequency depends on the level of damage or dirt that an individual 
or the society is willing to accept. Socio-economic factors are also very important. In general, 
maintenance work on the outer shell of historical and cultural heritage buildings is carried out with a 
periodicity of several decades (20-50 years) but in some cases it can even take centuries before 
undertaking this type of intervention. 
 
Cleaning interventions on glass surfaces can be carried out with a very variable frequency. For 
instance, many building owners, including owners and managers of historic and cultural heritage 
buildings, can choose to have their windows cleaned on a monthly basis for aesthetic reasons. The 
same service can be performed on a bi-monthly or quarterly basis or twice every year. Skyscraper 
windows are usually cleaned once every one or two years. The frequency of cleaning can also be 
influenced by weather conditions, for example in case of frequent thunderstorms. 
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Table 14. Major restoration woks on the objects of cultural heritage covered by the Call for Data. 
 
Name of the cultural object Major restoration work 
Cathedral of Saint Domnius, Split, 
Croatia 

1890-1908: major restoration of the bell tower. 
1996: renovation of the roof of the mausoleum. 

Aachen Cathedral, Aachen, 
Germany 

1986-2011: massive program of restorations. Exterior 
renovations were completed in 2006. 

Speyer Cathedral, Speyer, Germany 1957-1966: extensive restoration work. 
2015: restoration of the south facade of the sacristy. 
2016: cleaning, inspection and restoration of the northwestern 
tower. 

Würzburg Residence, Würzburg, 
Germany 

1945-1987: reconstruction of the building and its interiors 
(during World War II the residence suffered severe damage). 

Porta Nigra, Trier, Germany 1968-1973: comprehensive restoration work (stone 
replacement, copper roofing). 
2017: start of restoration work at the western façade. 

Town Hall of Bremen, Germany 1964-1968: comprehensive restoration of the exterior. 
2001-2004: comprehensive stone restoration of the facades. 
2016: renovation of the copper roof. 

Wartburg Castle, Eisenach, 
Germany 

1952-1966 the castle was extensively restored. 

Hercules-Monument, Kassel, 
Germany 

2005-2018: complete restructuring process of the entire 
monument, including the Hercules statue and the octagonal 
base. 

The Colosseum, Rome, Italy 1993-2000: restoration programme (only a section was 
restored). 
2011-2016: first full cleaning in the Colosseum’s history. 

The Tower of Pisa, Pisa, Italy 1989: the Tower was closed to visitors because of the danger 
of a structural collapse. 
2003-2011: major restoration program.  

Palazzo Madama, Turin, Italy 1997-1998: restoration project. 
2010: a new restoration was necessary. 

Ghirlandina Tower, Modena, Italy 1970s: significant renovation intervention on external 
surfaces. 
2008-2011: last renovation intervention on external surfaces. 

Royal Palace, Caserta, Italy 1999-2005: restoration work on the roof of the building. 
2014-2016: restoration work of external facades. 

Nederluleå church, Luleå, Sweden 1954: the old, red painted plaster was removed. A decision 
was made to abort the replacement of the plaster. 

The Wall of the Hanseatic Town of 
Visby, Visby, Sweden 

1961: collapses and reconstruction of part of the wall. 
2012: collapses and reconstruction of part of the wall. 

Towers of the cathedral of the 
Abbey of St. Gall, St Gall, 
Switzerland 

1928-1935: restoration of the church exterior. 
2000-2003: restoration of the church exterior. 

Bern Minster, Bern, Switzerland 1950: restoration work on the exterior. 
2017: restoration work on the exterior  
(further renovation is expected within 25 years). 
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5. Evaluation of costs due to air pollution 

 
Damage costs due to local air pollution (Kp) in Euro per year were calculated for each material and 
for each object of cultural heritage knowing all the parameters: stock in m2 of a given type of 
material at risk (M), maintenance/restoration costs per m2 of the material (P), lifetime of this material 
in the background atmosphere (tb) and the lifetime for the material in the actual, polluted atmosphere 
(tt). The evaluation of these parameters has been discussed in Chapter 4. 
 
The results of these calculations are reported in Table 15 (cost due to the corrosion of limestone), 
Table 16 (cost due to corrosion of copper), Table 17 (cost due to the soiling of limestone) and Table 
18 (cost due to the soiling of glass). The columns of each Table report, in order, the lifetimes of the 
material in the background atmosphere (tb), the actual lifetime of the material due to local air 
pollution (tt), the average cost for the maintenance/cleaning work of one square meter of the material 
surfaces (P), the total annual cost of maintenance/cleaning work under current condition (Kt) per 
square meter of surface, the annual cost of maintenance/cleaning work attributable to air pollution 
under current condition (Kp) per square meter of surface, the annual cost of maintenance/cleaning 
work attributable to the background atmosphere (Kb) per square meter of surface, the % of the total 
annual cost attributable to air pollution under current condition, the stock in m2 of a given type of 
material at risk (M), and, finally, the total annual cost of maintenance/cleaning work attributable to 
air pollution under current condition for that material and that object of cultural heritage. 
 
A number of cultural objects investigated in the Call for Data, particularly in Central Europe, consist 
mainly of sandstone. Sandstone has made an important contribution to the cultural and architectural 
heritage of the world for its building qualities and its versatility. In addition, other natural and 
artificial stone materials are present in fair quantities in the cultural objects investigated in the call for 
data. It therefore seemed appropriate to attempt an estimate of the costs also for the soiling of these 
important materials. For this rough estimate the dose-response function for the soiling of Portland 
limestone was used under the assumption that, all being stone materials, the blackening process 
leading to aesthetic degradation should be similar. However it should be pointed out that this 
assumption is not supported by experimental evidence and therefore the results must be considered 
with extreme caution and used only for the purpose of having an indication of the order of magnitude 
of the relative costs. The results of the calculations for the cost of cleaning for soiling of these stone 
materials other than limestone are shown in Table 19. 
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Table 15. Maintenance costs due to the corrosion of limestone. 
 
Name of the cultural object Lifetime of 

limestone in 
the 

background 
atmosphere 

(tb) 
 
 
 
 

 
 

 
 

 
(years) 

Lifetime of 
limestone in 

the actual 
atmosphere 

(tt) 
 
 
 

 
 

 
 
 

 
 

(years) 

Average 
cost for 

restoration 
of limestone 

surfaces 
(P) 

 
 
 

 
 
 
 

 
 

(Euro/m2) 

Total annual 
cost of 

restoration 
work under 

current 
condition 
(Kt) per 

square meter 
of surface 

 
 

 
 
 
 

(Euro/m2 
year) 

Annual cost 
of 

restoration 
work 

attributable 
to air 

pollution 
under 

current 
condition 
(Kp) per 

square meter 
of surface 

 
 

(Euro/m2 
year) 

Annual cost 
of 

restoration 
work 

attributable 
to the 

background 
atmosphere 

under 
current 

condition 
(Kb) per 

square meter 
of surface 

 
(Euro/m2 

year) 

% of the 
total annual 

cost 
attributable 

to air 
pollution 

under 
current 

condition 
 
 
 
 

 
 

(%) 

External 
surface of 

the cultural 
object made 
of limestone 

(M) 
 
 
 
 

 
 
 

 
 

(m2) 

Total annual 
cost of 

restoration 
attributable 

to air 
pollution 

under 
current 

condition 
 
 
 

 
 
 

(Euro/year) 

Cathedral of Saint Domnius  114 67 500 7.5 3.1 4.4 41 1,385.6 4,263 

Aachen Cathedral 114 36 500 13.9 9.5 4.4 68 3,287 31,236 

Würzburg Residence 114 26 500 19.2 14.8 4.4 77 1,027.5 15,253 

Wartburg Castle 114 38.5 500 13.0 8.6 4.4 66 201 1,729 

The Gatehouse of Lorsch Abbey 114 27 500 18.5 14.1 4.4 76 17.1 242 

The Colosseum 114 30 500 16.7 12.3 4.4 74 19,450 238,860 

The Tower of Pisa 114 22 500 22.7 18.3 4.4 81 7,735 141,870 

Palazzo Madama 114 23.5 500 21.3 16.9 4.4 79 2,700 45,605 

Ghirlandina Tower 114 30.5 500 16.4 12.0 4.4 73 2,623.5 31,502 

Royal Palace of Caserta 114 20.5 500 24.4 20.0 4.4 82 54,700 1,094,234 

Nidarosdomen 114 41 500 12.2 7.8 4.4 64 60 469 

Abbey of St. Gall 114 33.5 500 14.9 10.5 4.4 71 157.5 1,660 

Bern Minster 114 32 500 15.6 11.2 4.4 72 240 2,697 

Hanseatic Town of Visby 114 31 500 16.1 11.7 4.4 73 58,900 691,667 
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Table 16. Maintenance costs due to the corrosion of copper. 
 
Name of the cultural object Lifetime of 

copper in 
the 

background 
atmosphere 

(tb) 
 
 
 
 
 
 
 
 

 
(years) 

Lifetime of 
copper in 
the actual 

atmosphere 
(tt) 

 
 
 

 
 
 
 
 

 
 

(years) 

Average 
cost for 

restoration 
of copper 
surfaces 

(P) 
 
 
 
 
 
 
 

 
 

(Euro/m2) 

Total annual 
cost of 

restoration 
work under 

current 
condition 
(Kt) per 

square meter 
of surface 

 
 
 
 
 
 

(Euro/m2 
year) 

Annual cost 
of 

restoration 
work 

attributable 
to air 

pollution 
under 

current 
condition 
(Kp) per 

square meter 
of surface 

 
 

(Euro/m2 
year) 

Annual cost 
of 

restoration 
work 

attributable 
to the 

background 
atmosphere 

under 
current 

condition 
(Kb) per 

square meter 
of surface 

 
(Euro/m2 

year) 

% of the 
total annual 

cost 
attributable 

to air 
pollution 

under 
current 

condition 
 
 
 
 

 
 

(%) 

External 
surface of 

the cultural 
object made 

of copper 
(M) 

 
 
 
 
 
 
 

 
 

(m2) 

Total annual 
cost of 

restoration 
attributable 

to air 
pollution 

under 
current 

condition 
 
 
 
 

 
 

(Euro/year) 

Speyer Cathedral 80 32.5 280 8.6 5.1 3.5 59 7,800 39,900 

Porta Nigra 80 22.5 280 12.4 8.9 3.5 72 660 5,903 

Town Hall of Bremen 80 22.5 280 12.4 8.9 3.5 72 1,220 10,912 

Wartburg Castle 80 33 280 8.5 5.0 3.5 59 765 3,813 

Hercules-Monument 80 25.5 280 11.0 7.5 3.5 68 151 1,130 

Nidarosdomen 80 32.5 280 8.6 5.1 3.5 59 1,165 5,959 

Abbey of St. Gall 80 26 280 10.8 7.3 3.5 68 75 545 

Nederluleå church  80 21 280 13.3 9.8 3.5 74 2 20 
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Table 17. Cleaning costs due to the soiling of limestone. 
 
Name of the cultural object Time 

between 
cleaning of 
limestone 
surfaces in 

the 
background 
atmosphere 

(tb) 
 

 
 

 
 

(years) 

Time 
between 

cleaning of 
limestone 
surfaces in 
the actual 

atmosphere 
(tt) 

 
 

 
 
 

 
(years) 

Average 
cost for 
cleaning 
work of 

limestone 
surfaces 

(P) 
 
 
 
 

 
 

 
(Euro/m2) 

Total annual 
cost of 

cleaning 
work under 

current 
condition 
(Kt) per 

square meter 
of surface 

 
 

 
 

 
(Euro/m2 

year) 

Annual cost 
of cleaning 

work 
attributable 

to air 
pollution 

under 
current 

condition 
(Kp) per 

square meter 
of surface 

 
 

(Euro/m2 
year) 

Annual cost 
of cleaning 

work 
attributable 

to the 
background 
atmosphere 

under 
current 

condition  
(Kb) per 

square meter 
of surface 

 
(Euro/m2 

year) 

% of the 
total annual 

cost 
attributable 

to air 
pollution 

under 
current 

condition 
 

 
 

 
 

(%) 

External 
surface of 

the cultural 
object made 
of limestone 

(M) 
 
 
 
 
 

 
 

 
(m2) 

Total annual 
cost of 

cleaning 
work 

attributable 
to air 

pollution 
under 

current 
condition 

 
 

 
 

(Euro/year) 

Cathedral of Saint Domnius  14 9.6 350 36.6 11.6 25.0 32 1,385.6 16,094 

Aachen Cathedral 14 13.0 350 27.0 2.0 25.0 7 3,287 6,527 

Würzburg Residence 14 7.9 350 44.3 19.3 25.0 44 1,027.5 19,858 

Wartburg Castle 14 12.1 350 28.9 3.9 25.0 14 201 786 

The Gatehouse of Lorsch Abbey 14 9.6 350 36.6 11.6 25.0 32 17.1 199 

The Colosseum 14 5.9 350 59.8 34.8 25.0 58 19,450 675,928 

The Tower of Pisa 14 6.3 350 55.9 30.9 25.0 55 7,735 238,885 

Palazzo Madama 14 4.5 350 77.1 52.1 25.0 68 2,700 140,662 

Ghirlandina Tower 14 5.9 350 59.8 34.8 25.0 58 2,623.5 91,172 

Royal Palace of Caserta 14 8.5 350 41.1 16.1 25.0 39 54,700 877,977 

Nidarosdomen 14 15.1 350 23.1 - 25.0 - 60 - 

Abbey of St. Gall 14 14.2 350 24.7 - 25.0 - 157.5 - 

Bern Minster 14 11.4 350 30.8 5.8 25.0 19 240 1,400 

Hanseatic Town of Visby 14 4.9 350 72.1 47.1 25.0 65 58,900 2,771,423 
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Table 18. Cleaning costs due to the soiling of modern glass. 
 
Name of the cultural object Time 

between 
cleaning of 

glass 
surfaces in 

the 
background 
atmosphere 

(tb) 
 
 
 

 
 

(years) 

Time 
between 

cleaning of 
glass 

surfaces in 
the actual 

atmosphere 
(tt) 

 
 

 
 

 
 

(years) 

Average 
cost for 
cleaning 
work of 

glass 
surfaces 

(P) 
 
 
 
 
 

 
 

(Euro/m2) 

Total annual 
cost of 

cleaning 
work under 

current 
condition 
(Kt) per 

square meter 
of surface 

 
 
 
 
 

(Euro/m2 
year) 

Annual cost 
of cleaning 

work 
attributable 

to air 
pollution 

under 
current 

condition 
(Kp) per 

square meter 
of surface 

 
 

(Euro/m2 
year) 

Annual cost 
of cleaning 

work 
attributable 

to the 
background 
atmosphere 

under 
current 

condition 
(Kb) per 

square meter 
of surface 

 
(Euro/m2 

year) 

% of the 
total annual 

cost 
attributable 

to air 
pollution 

under 
current 

condition 
 
 

 
 
 

(%) 

External 
surface of 

the cultural 
object made 

of glass 
(M) 

 
 
 
 
 

 
 
 

(m2) 

Total annual 
cost of 

cleaning 
work 

attributable 
to air 

pollution 
under 

current 
condition 

 
 

 
 

(Euro/year) 

Cathedral of Saint Domnius  0.740 0.422 5 11.9 5.1 6.8 43 13 66 

Aachen Cathedral 0.740 0.584 5 8.6 1.8 6.8 21 1,560 2,822 

Speyer Cathedral 0.740 0.416 5 12.0 5.2 6.8 44 1,040 5,457 

Würzburg Residence 0.740 0.364 5 13.7 7.0 6.8 51 3,490 24,299 

Town Hall of Bremen 0.740 0.466 5 10.7 4.0 6.8 37 240 954 

Wartburg Castle 0.740 0.584 5 8.6 1.8 6.8 21 120 217 

The Gatehouse of Lorsch Abbey 0.740 0.411 5 12.2 5.4 6.8 44 Yes - 

Palazzo Madama 0.740 0.271 5 18.4 11.7 6.8 63 200 2,335 

Royal Palace of Caserta 0.740 0.411 5 12.2 5.4 6.8 44 17,400 94,089 

Hydroparken 0.740 1.068 5 4.7 - 6.8 - 2,820 - 

Nidarosdomen 0.740 0.575 5 8.7 1.9 6.8 22 95 184 

Bern Minster 0.740 0.466 5 10.7 4.0 6.8 37 Yes - 

Drottningholm Palace Theatre  0.740 0.589 5 8.5 1.7 6.8 20 290 501 

Nederluleå church  0.740 0.630 5 7.9 1.2 6.8 15 180 212 
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Table 19. Cleaning costs due to the soiling of sandstone and other natural and artificial stone materials (other than limestone). 
 
Name of the cultural object Time 

between 
cleaning of 

stone 
surfaces in 

the 
background 
atmosphere 

(tb) 
 
 
 

 
(years) 

Time 
between 

cleaning of 
stone 

surfaces in 
the actual 

atmosphere 
(tt) 

 
 

 
 

 
(years) 

Average 
cost for 
cleaning 
work of 

stone 
surfaces 

(P) 
 
 
 
 

 
 

(Euro/m2) 

Total annual 
cost of 

cleaning 
work under 

current 
condition 
(Kt) per 

square meter 
of surface 

 
 

 
 

(Euro/m2 
year) 

Annual cost 
of cleaning 

work 
attributable 

to air 
pollution 

under 
current 

condition 
(Kp) per 

square meter 
of surface 

 
(Euro/m2 

year) 

Annual cost 
of cleaning 

work 
attributable 

to the 
background 
atmosphere 

under 
current 

condition 
(Kb) per 

square meter 
of surface 
(Euro/m2 

year) 

% of the 
total annual 

cost 
attributable 

to air 
pollution 

under 
current 

condition 
 
 

 
 

(%) 

External 
surface of 

the cultural 
object made 

of stone 
(M) 

 
 
 
 
 

 
 

(m2) 

Total annual 
cost of 

cleaning 
work 

attributable 
to air 

pollution 
under 

current 
condition 

 
 

 
(Euro/year) 

Cathedral of Saint Domnius 14 9.6 350 36.5 11.5 25.0 31 535 6,130 

Aachen Cathedral 14 13.0 350 27.0 2.0 25.0 7 8,598 17,072 

Speyer Cathedral 14 10.1 350 34.7 9.7 25.0 28 17,160 166,380 

Würzburg Residence 14 7.9 350 44.3 19.3 25.0 44 25,482 492,487 

Porta Nigra 14 10.1 350 34.7 9.7 25.0 28 4,840 46,928 

Town Hall of Bremen 14 10.7 350 32.8 7.8 25.0 24 2,598 20,173 

Wartburg Castle 14 12.1 350 28.9 3.9 25.0 14 3,214 12,564 

Hercules Monument 14 10.7 350 32.7 7.7 25.0 24 14,949 115,261 

Lorsch Abbey 14 9.6 350 36.6 11.6 25.0 32 552.9 6,422 

Palazzo Madama 14 4.5 350 77.1 52.1 25.0 68 4.450 231,832 

Ghirlandina Tower 14 5.9 350 59.8 34.8 25.0 58 30 1,043 

Royal Palace of Caserta 14 8.5 350 41.1 16.1 25.0 39 38,300 614,745 

Nidarosdomen 14 15.1 350 23.1 - 25.0 - 3101 - 

Abbey of St. Gall 14 14.2 350 24.7 - 25.0 - 2,920 - 

Bern Minster 14 11.4 350 30.8 5.8 25.0 19 8,740 50,999 

Drottningholm Palace Theatre  14 15.1 350 23.1 - 25.0 - 3,732 - 

Nederluleå church 14 14.6 350 24.0 - 25.0 - 2,633 - 

Wall of the Hanseatic Town of Visby 14 4.9 350 72.1 47.1 25.0 65 3,100 145,864 
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6. Discussion 

 
The picture that emerges from an examination of the data reported in the previous sections, in 
particular that deriving from the evaluation of the costs due to atmospheric pollution, is sufficiently 
clear. Under current conditions, the costs attributable to air pollution constitute a significant 
percentage of the total costs that must be addressed for a proper maintenance of the façade materials 
of the European cultural heritage. 
 
In no case is the lifetime due to the recession of the limestone and to the corrosion of copper in the 
current atmosphere comparable to the lifetime of these materials in a background scenario. They are 
always significantly shorter. This translates into higher yearly façade maintenance costs attributable 
to air pollution. On the other hand, in some cases (Nidarosdomen and Abbey of St. Gall for the 
soiling of limestone, Hydroparken for the soiling of glass, Nidarosdomen, Abbey of St. Gall and 
Drottningholm Palace Theatre for the soiling of other natural and artificial stone materials) the time 
between cleaning under actual conditions is comparable with that expected in a background scenario, 
suggesting that in these cases there is no excess of air pollution able to significantly affect the soiling 
rate. Consequently, no additional costs due to air pollution above the background can be predicted in 
these cases. 
 
According to the methodology used, the costs due to the corrosion of the façade materials from 
atmospheric pollution over the background level represent, as a percentage of the total façade 
maintenance costs, an average of 71% for the recession of the limestone (minimum 41% for the 
Cathedral of Saint Domnius; maximum 82% for  the Royal Palace of Caserta) and an average of 66% 
for the corrosion of copper (minimum 59% for Speyer Cathedral, Wartburg Castle and 
Nidarosdomen; maximum 74% for Nederluleå church). Instead, the costs due to the soiling of façade 
materials from air pollution over the background scenario appear more contained, representing on 
average 35% of the total cost for the soiling of the limestone (maximum value 68% for Palazzo 
Madama), 33% for the soiling of glass (maximum 63% for Palazzo Madama) and 21% for the soiling 
of other natural and artificial stone materials (including sandstone) different from the limestone 
(maximum 58% for Ghirlandina Tower). 
 
The annual cost of damage attributable to air pollution under the current condition and above the 
background atmosphere range from €3.1 to €20 per square meter of surface per year (€ m-2 year-1) for 
the recession of limestone, from €5.1 to €9.8 m-2 year-1 for the corrosion of copper, from €0 to €52.1 
m-2 year-1 for the soiling of limestone surfaces, from €0 to €11.7 m-2 year-1 for the soiling of glazing 
and from €0 to €34.8 m-2 year-1 for the soiling of other natural and artificial stone surfaces, depending 
on the pollution level and the meteo-climatic conditions. These costs add to the cost in the 
background scenario, estimated at €4.4 m-2 year-1, €3.5 m-2 year-1, €25 m-2 year-1 and €6.8 m-2 year-1, 
respectively, for limestone recession, copper corrosion, limestone soiling and glass soiling. 
 
Annual cost of damage attributable to air pollution may seem small if expressed in € m-2 year-1. 
However, the total annual cost of restoration work attributable to air pollution for a given type of 
material and a specific object of cultural heritage depends on the stock in m2 of material at risk. This 
total cost may be significant, as reported in Tables 15-19. For example, the total annual cost of 
maintenance work from soiling of the limestone surface of the Colosseum in Rome, Italy, (with an 
area of 19,450 m2) was estimated to be about € 680,000 year-1, the annual cost due to the corrosion of 
the Speyer Cathedral’s copper roof (with an area of 7,800 m2) in Germany was estimated to be 
€39,900 year-1 and the cost of cleaning the glazing of the Royal Palace of Caserta in Italy (with an 
area of 17,400 m2) was estimated to be about €94,000 year-1. 
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Table 20 summarizes and simplifies the indications of the maintenance costs due to atmospheric 
pollution above the background atmosphere reported in Tables 15-19.  The costs are indicated to be 
“low” (hundreds or thousands of Euro/year, “medium” (tens of thousands of Euro/year), “high” 
(hundreds of thousand Euro/year) and “very high” (approaching or exceeding one million Euro/year). 
This is done for each of the cultural heritage monuments investigated in the present study and for 
each of the façade materials. 
 
 
 
Table 20. Cost due to air pollution above the background scenario for the materials of the façade of 
the monuments.  
 

Material (risk) Name of the cultural object 
Limestone 
(corrosion) 

Limestone 
(soiling) 

Copper 
(corrosion) 

Glass 
(soiling) 

Other stone 
materials 
(soiling) 

Cathedral of Saint Domnius  Low Medium  Low Low 

Aachen Cathedral  Medium Low  Low Medium 

Speyer Cathedral    Medium Low High 

Würzburg Residence  Medium Medium  Medium High 

Porta Nigra   Low  Medium 

Town Hall of Bremen    Medium Low Medium 

Wartburg Castle (palace and 
keep) 

Low Low Low Low Medium 

Hercules Monument    Low  High 

The Gatehouse of Lorsch 
Abbey  

Low Low  
 

Low 

The Colosseum  High High/Very high    

The Tower of Pisa High High    

Palazzo Madama  Medium High  Low High 

Ghirlandina Tower Medium Medium/High   Low 

Royal Palace of Caserta  Very high High/Very high  Medium/High High/Very high 

Hydroparken     Low Low 

Nidarosdomen  Low Low Low Low Low 

Drottningholm Palace 
Theatre  

   Low Low 

Nederluleå church   Low Low Low 

Wall of the Hanseatic Town 
of Visby  

High/Very high Very high  
 

High 

Towers of the cathedral of 
the Abbey of St. Gall 

Low Low Low 
 

Low 

Bern Minster Low Low  Low Medium 

Note: low = hundreds or thousands of Euro/year; medium = tens of thousands of Euro/year; high = hundreds of thousands 
Euro/year; very high = approaching or exceeding one million Euro/year. 

 
 
For the cultural objects of the Scandinavian countries (Norway and Sweden), the effects of 
atmospheric corrosion attributable to air pollution above the background levels are still relevant. 
Under current conditions, the cost of corrosion due to air pollution above the background represents 
64-73% of the total cost of restoration work for limestone and 59-74% for copper. On the other hand, 
the additional cost of the soiling effects due to atmospheric pollution for stone materials and glass is 
negligible in many cases or quite limited, for example representing 0-22% of the total cost for 
cleaning the glazing of Hydroparken, Nidarosdomen, Drottningholm Palace Theatre and Nederluleå 
church. The only exception with regard to soiling is the city of Visby on the island of Gotland, 
Sweden, where due to the high concentrations of PM10 the rate of blackening of the Wall of the 
Hanseatic Town is expected to be very high (a 35% loss of reflectance is reached after about 5 years) 



 

 48 

and consequently the cost attributable to air pollution was estimated to account for 65% of the total 
cost of maintenance-cleaning work.  
 
In absolute terms, due to the modest quantities of the stock of materials at risk of the Scandinavian 
cultural heritage monuments included in this study, the expected cost of damage due to air pollution 
can generally be considered low (in the order of hundreds or thousands of Euro/year). The only 
exception is again the Wall of the Hanseatic Town of Visby, where due to the high impact of 
atmospheric pollution and the considerable quantities of the stock of materials at risk (62,000 m2), the 
damage cost was estimated to be very high (approaching or exceeding one million Euro/year) 
considering the effects of corrosion and of the soiling of its limestone facades. 
 
In central Europe (Germany and Switzerland) the picture is more varied due to the variation in the 
environmental conditions (mainly air pollution levels) to which the objects of cultural heritage 
considered in this study are exposed. Air pollution above the background scenario still contributes to 
a significant percentage of the cost of damage due to corrosion of the materials (66-77% for 
limestone recession and 59-72% for copper corrosion). However, air pollution contributes differently 
to the soiling costs at the sites. For stone materials (limestone and other stone materials) the soiling 
costs due to air pollution above the background level range from practically 0 (Cathedral of the 
Abbey of St. Gall, Switzerland) to 44% (Würzburg Residence, Germany) of the total cleaning cost, 
while for glass materials the contribution from the air pollution above the background level vary from 
21% (Aachen Cathedral and Wartburg Castle, Germany) to 51% (Würzburg Residence, Germany). In 
this group of cultural heritage buildings belonging to UNESCO world cultural heritage sites, the 
Würzburg Residence in Germany seems to be the most sensitive to damage due to air pollution. The 
site has the highest concentrations of atmospheric pollutants, in particular NO2, HNO3 and PM10. 
This results in higher corrosion and soiling rates and therefore more frequent maintenance 
interventions are expected. In addition, the considerable size of the building (with an area of 41,100 
m2, of which 47.5% is sandstone, 27% is slate, 14.5% is plaster, 8.5% glass and the remaining other 
materials) make these interventions particularly onerous. They are estimated to cost in the order of 
magnitude of 0.5 million euro per year. 
 
As regards the objects of cultural heritage in the Mediterranean countries (Croatia and Italy), the 
Cathedral of Saint Domnius in Split presents the lowest recession rate of the limestone façades 
among those observed in the present study. This should be attributed to the low relative humidity 
(56%): according to the dose-response function, no corrosive effects due to the presence in the 
atmosphere of SO2 and HNO3 should be observed below RH = 60%. As a result, air pollution above 
the background level contributes only 41% of the total maintenance costs related to the corrosion of 
the limestone, the lowest of all the sites included in this study. On the other hand, the soiling rate of 
the materials are in the medium-high range of the values found in the present study. Air pollution was 
estimated to contribute to 32% of the cleaning costs resulting from the soiling of the limestone and to 
43% of the cleaning costs resulting from the soiling of glass. Due to the limited size of the cathedral 
(with a total surface area of 1960 m2), the overall maintenance costs attributable to air pollution can 
be considered medium-low, in the order of tens of thousands of Euro/year. More than 70% of the 
total maintenance costs attributable to atmospheric pollution is for the cleaning of the limestone 
surfaces (with a total area 1385 m2) 
 
The situation for objects of cultural heritage belonging to UNESCO world cultural heritage sites in 
Italy appears more critical. In general, the levels of air pollution, in particular of NO2 and PM10, 
appear to be the highest among the sites which reported to the Call for Data and are included in this 
study. As a result, the contribution of air pollution above the background levels to the 
maintenance/restoration costs is among the highest estimated in this study. The cost of maintenance 
due to air pollution above the background represents 73-82% of the total cost of restoration work due 



 

 49 

to limestone corrosion, 39-68% for limestone soiling and 44-63% for the soiling of glass. Even for 
the smallest of these monuments in terms of surface extension, the Ghirlandina Tower (with a total 
surface of 2650 m2), the maintenance costs attributable to air pollution above the background must be 
considered high, approaching 100,000 Euro/year. For the most noteworthy buildings, the Colosseum 
(total surface 22,750 m2) or the Royal Palace of Caserta (149,800 m2), the costs attributable to 
atmospheric pollution are very high, reaching or exceeding one million Euro per year. If glass 
surfaces are present in significant quantities, such as for example for the Royal Palace of Caserta, the 
cleaning costs of these surfaces can also be significantly increased due to atmospheric pollution, 
approaching, in this case, one hundred thousand Euro/year. 
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7. Conclusions 

 
This report presents an assessment of the cost of damage due to corrosion and soiling from air 
pollution for twenty unique monuments in sites that are on the UNESCO world cultural heritage list 
(plus an additional monument not on the UNESCO list), located in six countries in Europe: Croatia, 
Germany, Italy, Norway, Sweden and Switzerland. The assessment was made on the basis of the 
information on the materials and the environmental parameters collected during the Call for Data and 
by using dose-response functions established by ICP Materials and a well-recognized methodology 
for cost assessment developed in the EU REACH Project. 
 
The tolerable damage suggested by ICP Materials for the corrosion and soiling of a selection of 
materials constituting these objects of cultural heritage was used as a reference level in the 
assessment. The tolerable damage in turn determines the theoretical times between two maintenance 
operations, according to the environmental conditions (air pollution and meteorological parameters) 
to which these materials are exposed to the outdoor environment. The application of the estimated 
average maintenance costs in Europe for the different materials allowed the evaluation of the cost due 
to air pollution above the background scenario for each of the main materials of the façades for which 
a dose-response functions was available. 
 
The annual cost of damage attributable to the current air pollution above the background atmospheric 
level, and depending on the meteo-climatic conditions, was estimated to range from €3.1 to €20 per 
square meter of surface per year (€ m-2 year-1) for the recession of limestone, from €5.1 to €9.8 m-2 
year-1 for the corrosion of copper, from €0 to €52.1 m-2 year-1 for the soiling of limestone surfaces, 
from €0 to €11.7 m-2 year-1 for the soiling of glazing and from €0 to €34.8 m-2 year-1 for the soiling of 
other stone surfaces. These costs add to the cost at the background level, estimated to be €4.4 m-2 
year-1, €3.5 m-2 year-1, €25 m-2 year-1 and €6.8 m-2 year-1, respectively, for limestone recession, 
copper corrosion, limestone soiling and glass soiling. 
 
This “air pollution cost over background” represents, according to the methodology used, an average 
of 71% of the total maintenance costs due to the recession of limestone and an average of 66% of the 
total maintenance costs due to the corrosion of copper. The soiling costs above the background 
scenario appear more contained, representing on average 35% of the total maintenance cost for the 
soiling of the limestone and 33% of the total maintenance cost for the soiling of glass.  
 
In general terms, it is possible to identify a geographical trend. The cultural objects studied in the 
more northern countries are generally less impacted by air pollution and consequently the air 
pollution cost over background is lower, with the notable exception of the Wall of the Hanseatic 
Town of Visby in Sweden. In contrast, in the Mediterranean countries and in particular in Italy, the 
effects of atmospheric pollution on the materials of historic and artistic monuments appear more 
intense and consequently the maintenance cost due to air pollution above the background is more 
relevant, representing in some cases (limestone recession) even more than 80% of the entire 
maintenance cost. 
 
The number of cultural heritage objects taken into account in this Call for Data is small compared to 
the number of objects in sites of the UNESCO world cultural heritage list located in countries which 
are Parties to the Convention on Long-range Transboundary Air Pollution. Nevertheless, the quantity 
and quality of the collected data, as well as the wide range of materials and environmental conditions 
that they cover is substantial. Despite the limitations and the assumptions made in the present study, a 
sufficiently clear picture emerges on the cost of damages due to corrosion and soling of the outdoor 
cultural heritage materials deriving from atmospheric pollution. 
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