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1 Introduction 
 
The International Co-operative Programme on Effects on Materials, including Historic 
and Cultural Monuments (ICP Materials) started in 1985. It was initiated in order to 
provide a scientific basis for new protocols and regulations developed within the 
Convention on Long-range Transboundary Air Pollution. One of the aims of ICP 
Materials is to  
 

“Use the results for mapping areas with increased risk of corrosion and 
soiling, and for calculation of cost of damage caused by deterioration of 
materials.” 

 
The cost for deterioration and soiling of different materials due to air pollution are 
huge and the damage to culture targets endangers seriously the rich European cultural 
heritage and modern buildings and infrastructure too. Effective policy making requires 
environmental impact assessment, cost benefit analysis and risk management. 
 
The aim of the present report is to present a collection of case studies aimed to 
calculate costs of corrosion and soiling due to pollution. Before presenting the 
individual studies, an overview of methodologies is given. All these studies could be 
organised in different ways; by chronological order, by method, by scale or, as in the 
present report, by country.  
 
Some of the studies include original data on for example maintenance costs and it is 
not the intention of the present report to repeat all this data but to discuss possible 
methods of generalisation. 
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2 Methodologies for economic evaluation 
 
For assessment of direct costs of corrosion damage caused by air pollutants a model 
has been developed and used first in three cities in Europe: Stockholm, Sarpsborg and 
Prague (Kucera et al. 1993), and subsequently also for a rough estimation for whole 
Europe (Cowell and Apsimon 1996). 
 
The estimated economic damage can be calculated according to the equation 
 
 Cf = P · M · (t-1 - tb

-1)   
 
where Cf is the cost of corrosion/soiling due to air pollution per year, P is the 
maintenance cost per surface area of material, M is the surface area of material (stock 
at risk), t is the actual maintenance interval (life time) in polluted areas and tb is the 
maintenance interval in clean (background) areas. Each component in the equation has 
a spatial dependence, i.e., the cost; exposed areas and lifetimes may each depend on 
the geographical location. There is a simple relation between the percentage cost due 
to air pollution and the concept of acceptable and tolerable levels of corrosion as 
defined in the Mapping Manual 
 
 Ka = n · Kb 
 
Where Ka is the acceptable rate of corrosion or deterioration, n is a multiplication 
factor and Kb is the background corrosion or deterioration rate in unpolluted areas. 
The acceptable rate is ideally related to the actual maintenance interval in the same 
way as the background rate is related to the maintenance interval in clean 
(background) areas. If we with Ct denote the total cost of corrosion/soiling then 
 
 Cf / Ct = 1 – t / tb = 1 – Kb / Ka = 1 – 1/n  
 
This means that an n value 2 corresponds to a relative cost of air pollution of 50% and 
an n value of 2.5 to a cost of air pollution of 60%. 
 
The model described above can be used for calculating the direct cost for maintenance 
and repair. For cultural heritage, however, indirect costs associated with the welfare 
loss of damages are also important to consider. 
 

2.1 Methods specific for cultural heritage 
 
According to Watt et al (2009), the welfare loss of damage to cultural heritage by 
pollution (or indeed any other damage) is a term that refers to the additional losses 
that are added to the repair and maintenance costs discussed in the previous section. 
These additional costs usually result from a reduction in the number of visitors (and 
thus a reduction in income) together with some measurable loss of the value of their 
experience. Such losses, though real, are much harder to quantify than the direct repair 
costs since they are not traded and so do not have an obvious price. A number of 
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approaches towards the valuation of non-marketed goods have been developed in 
recent years including: 
 

- Implied market decisions revealed preferences (RP) including hedonic 
pricing and the travel cost method (TCM) 

- Experimental market techniques including stated preferences (SP) and 
the contingent valuation method (CVM) 

- Surrogate market methods including the replacement cost method, 
shadow prices and surrogate markets. 

 
The most useful technique is the contingent valuation method (CVM), which is a 
questionnaire-based valuation technique whereby willingness to pay (WTP) or 
willingness to avoid (WTA) are directly obtained from the respondents with respect to 
the specific goods (or action). 
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3 Economic evaluations performed in 
individual countries 

3.1 Czech Republic 
 
As the area of the Czech Republic (or former Czechoslovakia) had been affected by 
high SO2 pollution mainly from industrial sources, the interest had been focused for a 
long time on the effect of sulphur pollutants and especially sulphur dioxide, which 
was identified as the most important factor for deterioration of several materials. After 
2000 a synergistic corrosive effect of sulphur dioxide and nitrogen dioxide and later of 
sulphur dioxide and ozone has been discovered. This changed pollution situation must 
be taken into account when calculating modern costs estimates for the effects of 
pollutants on the deterioration of important materials groups. 
 
The first evaluation of economic loss caused by pollution were performed in the 
former CSFR in early seventieth in connection with a deeper environmental study of 
characteristics and negative environmental effects in North Bohemian industrial 
agglomeration. The systematic evaluation of economic cost of corrosion damage 
continued later in calculations for regions with different levels of industrialization and 
for the City of Prague. The inventory of exposed materials and objects included steel 
structures, rendering and roofing materials.  
 
SVÚOM specialists had been concerned with economic evaluation of the air pollution 
effects since 70ties and they were ones of the founders of these studies. Methodology 
of the SVUOM´s last studies reflected the contemporary approach in other European 
countries.  
 
The differences between the cost of optimized corrosion protection measures and their 
maintenance in atmospheres with corrosivity categories 3, 4 and 5 according to ISO 
9223 as yearly values or values for expected service life were used for the calculation 
of economic damage caused by pollution. Detailed assessment of stock at risk in given 
material or products groups and corrosivity mapping represented an important task in 
solving all problems. Optimized corrosion protection, expected service life of 
corrosion measures and life limiting deterioration criterions (decisive quality sign, 
extreme acceptable depreciation sign) were in agreement with technical standards. An 
extensive list has been obtained for the Czech Republic of prices for construction and 
maintenance work based on recommended prices for the building industry. The prices 
are usually subdivided in the cost for the material including labour and management, 
cost for removal of material from the building and transport and storage of waste.  
 
Prague was part of the three-city study (Kucera, 1993, see section 4). 
 
The aim of the project granted by the Ministry of Environment of the Czech Republic 
between 1996 and 1998 was to propose the process of evaluating economical damage 
caused by atmospheric pollution to serve as a basis for various further solutions of the 
Department of Protection of Atmosphere of the Ministry of Environment. Results can 
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then be used in different solutions, including ones that are more general. 
Investigations and calculations related to a specific location or region are very 
laborious and their high specificity does not allow for their general use, which 
necessary at some levels of the decision is making process. The aim of this study is to 
present a process, which will allow for a more general analysis of the issue. 
 
Construction objects in a city built-up area are usually divided as follows: 

- family houses 
- blocks of flats 
- industrial objects 
- individual objects with a specific way of use (schools, hospitals, 

offices) 
 
Comparing Prague to other big cities in the Czech Republic (over 100,000 citizens), 
Prague has the lowest share of flats in family houses. Prague has the lowest share of 
flats built after World War II (53%), Ostrava has the highest share (81%). 
 
The lowest estimate of total annual cost was in rural environment. Total annual cost in 
a model district with heavy industrial atmosphere was estimated to 10% higher 
compared to the cost associated with a rural area. The difference in annual costs was 
smaller between rural and urban areas, the difference between low (P1) and middle 
(P2) polluted atmospheres, or middle (P2) and high (P3) polluted atmospheres, 
respectively, to approx. 4%. 
 
In 1998-2000 in the frame of the REACH project (Rationalised Economic Appraisal 
Of Cultural Heritage, ENV4-CT98-0708) the case study had been performed for 
Prague City Centre, Czech Republic (typifying a collection of important cultural 
buildings and objects, which have added value by their proximity and relationship to 
each other- the Municipal House and Baroques Houses in the Old Town of Prague). 
 
It is stated that prices for maintenance and restoration of objects of cultural heritage 
are subject to an agreement in every individual case. A general estimate gives a 12 % 
increase of prices on objects of cultural heritage compared to modern buildings. 
 

3.2 France 
 
Rabl (1998) set up a methodology to calculate the amenity loss of civilian building in 
France induced by air pollution. The methodology, inspired by Newby et al. (1991), 
was based on directly observed data of renovation frequencies and costs. Indeed, in 
France there are fairly detailed data on renovation costs, because these costs can be 
deducted from the income tax. 
 
The data presented in the paper concerned the year 1994 and referred to cost per 
taxpayer, aggregated over administrative regions (cities, départements). Finally, data 
were correlated with pollution data such as SO2 and particle (black smoke, PM10) 
concentrations. 
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The study showed that the amenity loss cost could be evaluated as being 
approximately equal to the renovation cost. The cost was directly correlated with the 
income of the population, while the correlation with particle concentration was less 
important. No correlation was found with SO2 concentrations. According to the author 
these results reflected the fact that the majority of the renovation were cleaning 
operations related to soiling more than to corrosion. The average renovation 
expenditure was found to be 12.8€ per person year-1, only 26% related to particles. 
Finally, the cost due to air pollution was estimated to be 0.63 € per person year-1. µg 
m-3; and 0.21 € . Kg-1 (taking into account particulate emitted by power plant only).  
 
Using data on real cost of cleaning operation (38€ per m2) and their frequency, Rabl 
(1998) calculated the annual cost of façade renovation in Paris. Considering only the 
cleaning of the façade facing the street, this cost was estimated at 41 Million € . year-1, 
for 2714 buildings having a typical 400 m2 surface.  Finally, considering the 
population of Paris (2.15 million) the average cost was 19.2€ per person . year-1.  This 
value being close to that estimated through the renovation expenditures.  
 
Finally, Rabl reported the cost supported by the state for the renovation of historical 
Monuments (including buildings, historical objects, furniture and gardens). For years 
from 1988 to 1992, 183 Million € . year-1 were spend by the Ministry of Culture for 
the restoration and renovation of the national heritage. This sum increased to 240 
Million € . year-1 between 1994 and 1998. Taking into account the fact that the 
contribution of the state only covers 40% to 50% of the expenses, the total annual 
expenditure was estimated to approximately  458 Million € . year-1, which 
corresponds to 7.9€ per person . year-1. Furthermore, the cost attributed to particulate 
air pollution (emitted by power plant only, to the damage of historical building was 
found to be 0.13 € . Kg-1. For comparison the damage due to health impacts was 
calculated as 13.6 € . Kg-1. 
 

3.3 Germany 
 
The report concerning activities in Germany assessing economical data of corrosion 
and soiling damages caused by air pollution starts within the time period dominated 
by high sulfur dioxide concentrations. 
 
In 1979 Groß reported on effects of air pollutants damaging coatings applied to 
building facades and metal constructions in Germany. Regarded pollutants were: H2S, 
SO2, SO3, H2SO4, NH3, NOX, Cl, HCl, HF, O3 and CO2. Some special effects on 
different coatings were explained in the study. Resulting economical evaluation was 
just done by giving some literature data from few other European countries and the 
United States concerning renovation efforts for facades and other coated surfaces. A 
list of parameters to be regarded for the calculation of costs was given. 
 
In a report of 1980, published by the Umweltbundesamt, Schärer discussed  
economical aspects of damages caused by air pollutants in a general way. Damages 
appearing at building (materials), steel constructions and the additional effort for 
cleaning were roughly estimated, a general estimation of costs concerning the national 
product was given (3-5% caused by air pollution damages resulting in 40-70 Billion 
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DM). To avoid damages on cultural heritage about 15 % of costs constructing 
museums should be taken to build effective air conditioning systems. Some special 
costs for restoration activities in Germany were also listed in the paper. 
 
In 1980 also Heinz published a report on economical effects of material damages 
caused by air pollution and performed some further calculations in the next 
years(Heinz 1984). He looked for either data resulting from direct material 
degradation or from cost information of different branches of economy. He calculated 
costs for some special constructions like electricity pylons or car/railway bridges. In 
1990 a further report was given by Weltshev and Heinz. They extended the materials 
under inspection (e.g. integration of brick facades) but also looked for indoor 
situation. A short chapter was written on the effects on cultural heritage, but without 
doing real cost calculations there. 
 
An assessment of material damage costs caused by air pollution, done as a case study 
for Germany, was published in 1998 by Mayerhofer et. al.. This group was doing 
calculations due to costs by using data and formulas resulting from the UN-ECE ICP 
materials activities. Results were summarised in a paper of 1999 (Mayerhofer et al. 
1999). Main part oft the project was the generation of a building and a material 
cadaster for the year 1995. With ICP materials mapping and formulae there was a sum 
of about 430 million DM quantified due to damage costs of residential buildings for 
the reference period 1993-1995. Regarding about 80 million inhabitants costs of 5 
DM/individual resulted per year. Highest damage costs were calculated for the Ruhr 
area (up to 46,000 DM/km2). Other agglomerate areas like e.g. Rhein-Main scored 
also relative high damage costs between 14,000 – 23,000 DM/km2. 
 
A further study was promoted by the Umweltbundesamt and finished in 2003 (Droste-
Franke &Friedrich 2003). The work contained the extension and update of the 
methodology for the assessment of economic damages at residential buildings in 
Germany on the basis of measured data, developed within the previous project. 
Particularly, material inventories were derived for the years 1990, 1995, and 1999 and 
used for the calculations of material damages. In order to carry out calculations for 
such a large area like Germany, ICP materials damage function approach was used. 
Because of the availability of data, the study was restricted to the estimation of 
maintenance costs of residential buildings. The loss of cultural heritage and the 
damage on further economic goods could not be considered. Furthermore, other cost 
components like e.g. the loss of cultural and aesthetical value were not taken into 
account. 
 
Galvanised steel, zinc, aluminium, sandstone, limestone, other natural stones, and 
rendering were considered. Additionally, rough estimates were assessed for alkyd 
melamine and alkyd paintings, windows made of PVC and copper. 
 
In the first step of the calculations a stock of residential buildings was derived from 
the data of the building censuses of 1987 and 1995 derived by the Federal Statistical 
Office of Germany and respective updates together with data for the new Laender in 
1990. Simultaneously, the data were categorised by age, number of floors, number of 
apartments, and type of construction. The calculated values were in a next step 
attributed to specific types of buildings before they were assigned to specific 
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settlement types. For the used settlement types, a census of material surfaces at 
representative buildings had been published for Cologne and Dortmund. Thus, by 
using those data finally maps of material surfaces on the level of districts for the years 
1990, 1995, and 1999 were estimated. Furthermore, within the district areas, the data 
on material surfaces were distributed to areas of settlement. For comparison, both sets 
of maps were used in the calculations of economic costs. The estimation of the 
maintained surface area resulted in the highest estimates at about 3.2 km2 
for galvanised steel in 1990. It could be seen that the estimates become smaller for 
1995 and 1999 with 2.9 and 2.6 km2. Similarly the shares of damaged materials 
compared to the total surface area decreased from 4 to 3.5 to 3.1 percent. The second 
largest material surface area which is to be maintained was calculated for rendering 
with 1.8, 1.3, and 0.96 km2. Aluminium is following at 1.2, 1.1, and 0.97 km2 
(calculations on district area). The results of the estimations on the settlement areas 
show only a small discrepancy to those results. 
 
For the calculation of maintenance costs considering the material surfaces which can 
be calculated with a comparable low uncertainty, the largest values were estimated at 
81, 74, and 66 million Euro for galvanized steel, followed by aluminium (55, 49, 44 
million Euro), rendering (55, 39, and 29 million Euro), and the natural stones. The 
total costs were estimated to 310, 250,and 210 million Euro in 1990, 1995, and 1999 
respectively. Referred to the population of Germany, per capita costs of 4.9, 3.2, and 
2.6 Euro per person were derived. The largest contribution was assessed for 
galvanised steel. The highest cost values with about 29000 €/km2/a were observed for 
1990 in the Ruhr area. Further high costs were calculated at about 10000 to 15000 
€/km2/a for the regions Cologne-Bonn, Berlin, Frankfurt, Bremen, and Hamburg. For 
1999, estimates higher than 10000 €/km2/a were only assessed for the Ruhr area (up 
to about 18000 €/km2/a) and for Stuttgart (about 11000 €/km2/a).  
 
Further German activities were restricted to the ICP Materials and CULTSTRAT 
projects which are described in the main text here. 
 

3.4 Greece 
 
Hellenic Ministry of Culture and Tourism is responsible for the preservation of the 
cultural monuments. In 2003, the Ministry funded a project for the conservation of the 
facade and the internal of the National Archeological Museum. This project lasted 
from February of 2003 till May of 2004. For the restoration of the facade of the 
building because of the corrosion and soiling, the next tasks were accomplished: 
 

• Surface cleaning from color spot in an area of 5.61 m2. The spot removal was 
done with the use of soft chemical thinner and with the help of mechanical 
devices. 

• Black crust removal: it was done with the application of AB 57 substance and 
with the help of mechanical devices in an area of 23.50 m2. 

• Biological deposition removal in an area of 40.62 m2. 
• Protective spike removal: it was done through a mechanical way in an area of 

6.07 m2. 
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• Graffiti removal in an area of 14.53 m2. 
• Removal of oxide metals in area of 1.05 m2 
• Plant removal in an area of 7.44 m2 
• Soot and other dirt removal in an area of 489.11 m2. 
• Bird dirt removal in an area of 459.31 m2 

 
In the internal area of the museum (697.51 m2), was accomplished removal of soot 
and dirt. Additional tasks were accomplished in order to restore deteriorations not 
related to corrosion and soiling. Total project cost was 674.981,70 €. The cost for the 
restoration of the damages caused by corrosion and soiling was 438.738,10 €, about 
65% of the total budget (Hellenic Ministry of Culture and Tourism, 2010).  
 
Another project funded by the Hellenic Ministry of Culture and Tourism was the 
conservation of the Hadrian gate. This project started at November of 2002 and 
completed at June of 2004. For the restoration of the damages because of corrosion 
and soiling were accomplished the following tasks: 
 

• XRD analysis for the determination of the composition of black crust. 
• The ancient links that were apparent were smeared with acrylic resin (Paraloid 

B72) and were covered with mortar in order to eliminate, up to a degree, the 
direct contact with the corrosive environment. 

• Soot deposits were removed from the total surface via adsorptive aluminate and 
demineralized water. As a result, ancient painting signs were revealed.  

 
In figure 1 the Hadrian gate before the conservation is presented, while figure 2 shows 
the same side of the monument after the restoration. During the project, an area of 21 
m2 was repaired and 200 m2 was cleaned. The total cost of the project was 374.692,57 
€. The cost for the restoration of the damages caused by corrosion and soiling was 
176.082,20 €, about 47% of the total budget (Hellenic Ministry of Culture and 
Tourism, 2005). 
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Figure 1. The monument of the Hadrian gate before the conservation.  

 
Figure 2. The monument of the Hadrian gate after the restoration. 
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3.5 Italy 
 
The economic evaluation of the effect of corrosion and soiling on materials is important for 
commercial materials (residential, industrial, services constructions) and cultural heritage.  
In Italy a methodological evaluation of the economic impact of corrosion and soiling on 
commercial materials on national level is not elaborated. One general idea of the impact 
may be sought out taking into account the stock of buildings in the country and the cost of 
reparation works in different parts of Italy. 
 
Administratively Italy is divided in 20 Reagions: Lazio, Veneto, Toscana, Lombardia ecc.  
ISTAT (Italian National Statistical Institute) every 10 years elaborate a census of the 
population and of different aspects of development of the country. During the last censuses, 
a valuation of the residential and non-residential buildings was elaborated. The last census 
was done in 2001. In this study the population was 56.995.744, subdivided as: N. ovest: 
14.938.000; N. east: 10.634.000; Center: 10.906.000; Sud: 13.914.000; Islands: 6.600.000.  
 
The valuation of residential buildings was 12.774.131, 9% more than in 1991. 859.990 are 
the buildings of industrial, commercial and other use (schools, hospitals etc.).  The media 
density of the buildings on the national territory is 42.5 for km2 and is different for the 
different areas: N. ovest: 49.4 km2; N. east: 39.3 km2; Center: 36.1 km2; Sud: 45.2 km2; 
Islands: 42.2 km2. 
 
41.8 % of the population lives in buildings constructed after 1962 and 16.8% in houses 
built before 1919. 22.0% of the population live in mono familiar houses. 71.4 % of the 
residential houses are propriety of the residents. The media surfaces of the flats are 96.0 m2 
(94.1 m2 in 1991). It changes in the different parts of the country: in N.east it is 103.9 m2, 
much higher than in the othe parts. In the big cities the media surfaces is lower: Milan 80.1 
m2, Rome 79.5 m2, Turin 77.3 m2.  
 
In every region the Ministry of Infrastructures and the local administration periodically 
publish a reference price list of construction materials, man power (divided by classes) and 
facilities used. This price list is a reference for the public tenders for the region. From it is 
possible to valuate the cost of every interment of replacement, restoration etc. The price 
lists are different for the different reasons. The last publication was in 2007. 
 
The Italian cultural heritage is one of the most important in world. There are 32 CH in 
UNESCO list 14 from which are cities and towns. Rome, Florence ecc. ICR (Istituto 
Centrale per il Restauro) of Rome elaborate a “Risk Map” of Italian CH. 
 

In it the risk factors have been divided into:  

- Individual Vulnerability (V)  - namely a function that indicates the level of exposure of a 
given item to the aggression of territorial environmental factors;  
- Territorial Danger (P)  - namely a function that indicates the level of potential 
aggressiveness of a given territorial area, irrespective of the presence or otherwise of the 
items.  

In order to build the Risk Model, three different domains were identified, valid for 
Vulnerability as well as Danger.  
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The domains identified for Vulnerability  (V) are:  

-  the Environmental-Air domain  (defined by the aspect of the surface), V1;  
-  the Static-Structural domain (defined by the constructional and static-structural 
characteristics), V2;  
-  the Anthropic domain  (defined by use and safety), V3.  

Similarly, the domains identified for Danger (P) were:  

-  the Environmental-Air domain  (characterised by climatic and micro-climatic factors 
and air pollutants), P1;  
-  the Static-Structural domain (defined by the geomorphological characteristics of the 
ground and the subsurface), P2;  
-  the Anthropic domain  (defined by demographic and socio-economic dynamics), P3.  
 
The model described above allows Risk (R) to be expressed as a general function of the 
Vulnerability (V)  components, related to each unit of population, and of Danger (P), 
related to each territorial area on which the item is located.  

R = R(V1,V2,....Vn, P1,P2,...Pn)  

Where R indicates the Risk and configures itself as a weighted average of the Vulnerability 
(V) and Danger (P) Indicators.  

The system is created according to a client-server type modular structure, and is organized 
at a central level (Central System) and a local level (Remote Systems).  

Until now 105.000 prevailingly stone monuments was scheduled on the national territory.  
No economic evaluation was included. 

From the individual monument it is possible to calculate the surface to be restorated and 
the material used. 

The ARI (Associazione dei Restaurattori Italiani) periodically publish a reference price list 
(Restauro dei Beni Artistici) of materials, labor (divided by classes) and facilities used for 
the restoration of cultural monuments. This price list is a reference for the public tenders. 
From it is possible to valuate the cost of every intervention of replacement, restoration etc. 
at the national level. The last volume was published on 2007. It takes into account the type 
of the monument to be restored, sculptures, facades etc. 

 

3.6 Netherlands 
 
The benefits of the Dutch acidification policy in relation to damage to materials and 
monuments has been presented by Bleeker and Duyzer (2006) and this summary is based 
on their report. 
 
The total damage was estimated to decrease from 153 M€ year-1 in 1990 to 119 M€ year-1 
in 2000 to 107 M€ year-1 in 2010. This reduction is mainly caused by a reduction of the air 
pollution levels for zinc and galvanised steel. Damage to polymeric materials caused by O3 
and soiling of buildings results in an additional cost of about 50 M€ year-1 but there is no 
obvious decreasing trend between 1990 and 2010. The cost difference (savings) were 2.10 
€ capita-1 (from 1990 to 2000) and 2.85 € capita-1 (from 1990 to 2010). 
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3.7 Norway 
 
The south eastern Norwegian town of Sarpsborg was part of a “three city study” (Kucera, 
1993, see sections 3.13 and 4). 
 
In the EU-project REACH (ENV4-CT98 0708), “Rationalised Economic Appraisal of 
Cultural Heritage” NILU performed a Case Study of "Kristiania Kvadraturen" in Oslo 
(Henriksen et al. 2001). Maintenance cost calculations, in 1994 prices, were made for 16 
historical buildings in the old centre of Oslo for a 1979 and a 1995 scenario. The average 
yearly maintenance cost per square meter outer surface of the buildings was found to have 
decreased with 20 %, from 0.78 Euro to 0.62 Euro, over this period.  In 1979 20.6 % of the 
maintenance cost was due to air pollution in Oslo where as the remaining (79.9 %) was due 
to background pollution. In 1995 only 4.8 % of the maintenance cost was due to air 
pollution in Oslo while the remaining (95.2 %) was due to background pollution. This 
represents a reduction in the maintenance cost due to local Oslo air pollution of 81.4 % and 
a reduction in the maintenance cost costs due to background pollution of 4.1 %, from 1979 
to 1995. The reduction in local Oslo pollution gave a benefit in terms of total maintenance 
cost savings of 15.8 % over the period. The decrease in the effect of background pollution 
was caused by an increase in the rain acidity from pH = 4.3 to pH = 4.6.  
 
The costs were calculated for the 10 different major surface materials registered for the 
buildings. The highest maintenance costs were found for painted steal: 4.98 Euro per year 
in 1995 representing a decrease of 28.7 % from 1979. The lowest maintenance costs were 
found for copper roofing: 0.12 Euro per year in 1995 representing a decrease of 61.9 % 
from 1979. The lowest yearly benefit of 6 % maintenance cost savings, from 1979 to 1995, 
was found for painted aluminium. 
 
In the EU project CULT-STRAT (SSPI-CT-2004-501609) NILU contributed with 
Norwegian prices for maintenance of a number of types of building surfaces, for the year 
2006. The calculation was performed based on values collected in 1995 adjusted for the 
general price increases (CULT-STRAT, 2006-1). In CULT-STRAT NILU further 
calculated and compared reductions in cost for maintenance of building surface materials, 
including cleaning of limestone due to soiling, which could be obtained by reducing air 
pollution (CULT-STRAT, 2007). The study was performed for Oslo, Norway, and for the 
average European urban and background situations. The calculation used pollution values 
for Oslo for 2003, average European urban pollution values as determined in the EU 
project MULTI-ASSESS (2005) and average European background pollution values as 
determined in the EU project CULT-STRAT (2006-2).  In the present “multi pollutant 
situation” with relatively low SO2 concentrations the degradation caused by other air 
pollutants than SO2, NO2, O3 and PM, has been found to be comparable that of SO2 
MULTI-ASSESS (2005). Therefore, the study focused on the effect on metal and stone 
corrosion, and on related maintenance costs, of reducing these other air pollutants, with 
SO2 reduction only considered for painted rendering. The average European prices for 
maintenance for 2006 were used. The reductions were in all cases estimated for the single 
pollutants from an initial pollution concentration of 30 µg m-3. 
 
The calculation showed that the possible savings in maintenance cost by reducing the 
concentration of the air pollutants would be  0.08 Euro / µg m-3 m-2 year-1 for soiling of 
limestone due to PM, and in the range from 0.003 to 0.012 Euro / µg m-3 m-2 year-1 for the 
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corrosion effect of various air pollutants on metal, limestone and painted rendering. The 
only significant difference between the three pollution scenarios (Oslo, European urban and 
European background) was found for copper with a doubling of the benefit of reducing O3 
from the situation in Oslo (0.003 Euro / µg m-3 m-2 year-1) to the European urban situation 
(0.006 Euro / µg m-3 m-2 year-1) to the situation in Oslo (0.003 Euro / µg m-3 m-2 year-1). 
The reason for is the observed synergy between O3 and SO2 for the corrosion of  copper 
and the 4 times  higher SO2 values used of European urban situation  (13 µg m-3) than for 
Oslo (3 µg m-3).   
 
In a project financed by the Norwegian research council NILU has used the dose response 
functions developed in the ECE-ICP materials programme and in EU projects that has 
worked in the same field (MULTI-ASSESS and CULT-STRAT), to compare probable 
future effects of climate change on corrosion rates in Norway with the corrosion rates 
presently observed due to air pollution (at pH = 5). The results showed that for a 20 % 
increase in average yearly precipitation, with pH 5 – 5.6, the increase in maintenance costs 
for metals and Portland limestone is expected to be of the same magnitude as would be the 
savings due to a 20 % reduction in concentrations of single corrosive air pollutants.  For 
lower values of pH the increase in maintenance costs due to increase in precipitation would 
be higher. The reduction in pollutant concentrations were calculated from an initial value 
of 30 µg m-3 (Grontoft 2009-1, 2009-2). 
 

3.8 Spain 
 
In 1976, Prof. S. Feliu estimated that the annual direct corrosion costs in Spain were 2·109$ 
(2% of the national GDP) (Feliu, 1980).  The estimation was based on the assumption that 
the amount of exposed metal to the corrosive effects is directly linked to the 
industrialization level of the country. Likewise, two of the main indicators of the 
industrialization level are the steel and electric energy consumption. Based on the statistical 
data for those indicators and the estimated corrosion costs in UK (Hoar, 1971), 
Japan (Japanese committee 1977)), USA (Hausler, 1978) and USSR (Kullis, 1976), the 
extrapolation in the case of Spain led to estimate the annual direct corrosion costs in 2·109$ 
(1,5·1011 Spanish pesetas) (Figure 3). In the same way that in the Hoar (1971) report (UK), 
the costs were also broken down into industrial sectors (construction, energy, transport, 
food, etc.). 

 
 

Figure 3. Estimation of annual direct corrosion costs in Spain in 1976 
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In 1981, the National Technical Department for Corrosion and Protection (central 
delegation) directed by Prof. M. Morcillo obtained a similar estimation derived from a 
questioner answered by the national chemical industries (Morcillo, 1981). The main 
conclusion was that the corrosion costs could be significantly reduced if the industries 
make really aware of the importance of corrosion increasing the number of specialists, 
training courses, etc.    
 
Finally in 2003, Prof. L. Bilurbina updated the estimation of corrosion costs in Spain to 
4·109$ (Bilurbina, 2003). According to him, the corrosion costs could be distributed into 
three groups: economic, environmental and public safety. A distribution among different 
industrial sectors was also presented.  
 
Regarding the maintenance costs of materials of the Cultural Heritage, a case-study was 
carried out in 2004 based on the restoration of a small palace, the Palace of the Marquis of 
Fontalba (Madrid) (De la Fuente, 2007). The building presented a significant soiling in all 
façade and some cracks in many areas of the surface were also observed. Significant signs 
of deterioration were detected in the decorative elements as pilasters, cornices, imposts, 
balustrades, pinnacles, window brickmoulds, etc. In some cases it was possible to clean and 
restore the elements but not in others where the complete replacement was the only 
possibility. In summary, the costs for maintenance/replacement in €/m2 for the different 
types of materials/coatings used is presented in Table 1. 
 

3.9 Sweden 
 
Stockholm was part of the three-city study (Kucera, 1993, see section 4). 
 
Andersson (1994) estimated SO2 induced corrosion costs in Sweden for the year 1991 and 
used the Stockholm results from the three-city study to gross up stock at risk for Sweden in 
order to make cost calculations. The building damage cost was estimated to 1700 x 106 
SEK, the cost for infrastructure to 26 x 106 SEK, the cost for vehicles 50 x 106 SEK and 
the cost for cultural heritage excluding rock carvings 10 x 106 SEK. The cost for electric 
contact materials as well as cost for rock carvings was discussed but could not be 
estimated. Based on the total emission in 1991 the total SO2 related cost was estimated to 
10 SEK / kgS. 
 
One of the richest agglomerations of rock carvings in the world, more than 75,000 images, 
can be found in the border region between Sweden and Norway (counties Bohuslän / 
Dalsland / Østfold). The distribution of these carving has been presented in a case study by 
Magnusson (2001). The development cost for preservation and research was about 2,5 x 
106 SEK per year during the period 1993-2000. Despite this, the rock carvings are an 
excellent regional/local affair, as was shown by a balance sheet including cost and benefits. 
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Table 1.  Case study- Maintenance/Restoration costs (Palace of the Marquis of Fontalba, 
Madrid, 2004) 
 
 

3.10 Switzerland 
 
A GVF Study (GVF 1995) estimated air pollution (SO2, NO2, O3 and particles) induced 
costs in Switzerland for the year 1993. The GVF study gives stock at risk data for the 
surface of building structures in Switzerland, the percentage of exposed surface to traffic, 
the reduction of use and the costs for repair and cleaning. The building damage cost 
(renovation and cleaning, without cultural heritage buildings) by traffic was estimated to 
544 x 106 CHF and by heating systems to (450 - 830) x 106 CHF. This study includes data, 
which came from two former studies about building damages (INFRAS 1986, INFRAS 
1992).  
 
Another study (BFK 1994) estimated for the year 1990 the cost only for renovation for 
buildings by traffic and heating systems to 785 x 106 CHF. 
 

3.11 United Kingdom 
 
Interest in the costs and benefits at a national scale of reducing atmospheric pollution began 
in 1980s with LRTAP protocol.  Before then the estimates had concentrated on the impacts 
on health and mortality. In the mid 1980s the UK Government (through the then 
Department of Environment) commissioned a series of studies on the costs associated with 
air pollution and the benefits that could be expected if atmospheric concentrations of acid 

 Element €/m2 

Façade 80.36 Cleaning + 
Plastering Skirting board (stone) 55.59 

Grille cleaning Fence 75.73 

Window brickmould 33.66 

Skirting board (granite) 38.00 

Zinc Cornice Balcony  40.27 

Imposts including zinc elements 43.65 

Small Corbel  55.00 

Zinc Cornice  58.90 

Big Corbel 
(0.40 x 2.50)  

102.00 

Cornice 174.50 

Balustrade 240.00 

Restoration 

Pilaster 265.00 

Window brickmould  495.00 

Balustrade 567.96 

Cornice (restoration mortars and 
zinc elements) 

586.00 
Reproduction 

Pinnacle  985.00 
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gases were reduced. The research included the development of an inventory methodology 
to determine the numbers and kinds of buildings, building components and stock at risk. 
The approach was developed and applied in four case studies for the towns Dortmund, 
Cologne, Lincoln and Birmingham (ECOTEC, 1990). The methodology was then used to 
provide estimates of the costs for the UK. The methods used in the assessment are 
described in Yates et al 1996. The costs for maintenance/replacement in £/m2 for different 
types of materials used in these studies are given in Yates et al 1996. 
 
The results were based upon two scenarios; firstly, of a reduction in emissions of SO2 of 
70% on 1980 levels by 2005 and 80% by 2010 compared with current emissions and 
secondly, a speeding up of the existing abatement programme to secure a reduction of 80%, 
on 1980 levels, by 2005. 
 
The total cost savings (at 1994 prices assuming a discount rate of 6% and an evaluation 
period of 37 years).  The first scenario was estimated to result in a present value of cost 
savings of £2614 m in the period to 2030.  This cost saving is equivalent to an amortised 
annual benefit of £177 m.  The speeded up programme is estimated to result in a present 
value of cost savings of £114 m in the period to 2030.  This cost saving is equivalent to an 
amortised annual benefit of £8 m.  However, the total cost savings associated with 
abatement from 1998 pollution concentrations were significantly higher; with total damage 
costs in the order of £4700 m (£320 m). 
 
ApSimon and Cowell (1996) provided an estimate of the cost saving per head in Western 
Europe associated with the implementation of the Second Sulphur Protocol. This protocol 
used an effects-based approach, which aimed at gradually attaining critical loads, and set 
long-term targets for reductions in sulphur emissions. The materials at risk and the costs 
were based on Tolstoy et al 1990. Their estimate was US$10.40 per head which for the UK 
which equates to around £400m per year (1996 prices).  
 
In the period after 2000 the emphasis shifted further from the reductions in sulphur dioxide 
towards the multi-pollutant atmospheres covered by the Second Sulphur Protocol, In the 
UK this shift was also in response to the very significant reductions in sulphur dioxide 
achieved in the UK in the period 1980 – 2000. One area of continued interest was the 
benefits from reducing atmospheric particles, particularly those classed as PM10. Research 
undertaken by Watkiss et al (2001) on behalf of the UK government looked at the benefits 
expected from reductions in PM10s and the potential additional benefits from further 
restrictions in emissions.  
 
The estimated soiling costs (for PM10) using a dose-response approach for the 1998 and 
2010 baseline were estimated at £ 337m per year and £ 177m per year respectively. This 
implies an estimated reduction in damages from building soiling over the period 1998 to 
2010 of £160m per year on a Business as Usual scenario. 
 
The benefits in terms of reduced building soiling damages from the additional measures 
show an estimated annual benefit in 2010 of £12m from the additional transport measures 
(particulate traps, introduction of 10ppm sulphur diesel and retrofitting) and £41m for the 
stationary measures, implying a total annual benefit in 2010 of £52m (at 2001 prices). The 
total benefit comprises cleaning costs and amenity costs (Watkiss et al 2001). The same 
report also estimated benefits to materials from reductions in SO2. The annual benefit in 
2010 from the illustrative package of additional measures is small at less than £1m but 
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there was estimated to be a benefit of around £26m per year from the reductions expected 
under the Business as Usual scenario.  

 
 



 

22 

4 The “three-city” study (Stockholm, Sarpsborg 
and Prague) 
 
In 1991, a comparative study for three cities (Stockholm – Sweden, Sarpsborg – Norway, 
Prague – Czech Republic) was worked out. These three cities differ not only in the 
intensity of atmospheric pollution impact, but also in quantity of exposed materials. Stock 
of materials at risk is considered to be the main source of inaccuracies in the majority of 
carried out studies. That is why in all three cities there were carefully organized and 
methodically prepared inventories of quantity of materials exposed to the outdoor 
environment taken, while methods used in Sweden and Norway slightly differed from 
methods used in Prague. Specific methods were applied for single summarization periods 
of: 
 
• living houses (family and appartment houses) 
• other than living buildings (school, hospitals, churches, theathers, etc.) 
• steel structures (power distribution, bridges, public lighting) 
• historic objects as sculptures, fountains, etc. 
 
The cost savings were estimated for two different scenarios: 
 

i) decrease of SO2 in all areas by approximately the same amount 
ii)  decrease of SO2 in all areas to the lowest pollution class 

 
The cost savings were (10 SEK = 1€) 41.5 € capita-1 and 71.1 € capita-1 for Prague,  30.4 € 
capita-1 and 36.0 € capita-1 for Sarpsborg and 11.8 € capita-1 and 13.9 € capita-1 for 
Stockholm. 
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5 Economic estimations for Europe 
 
Cowell and ApSimon (1996) made a significant contribution when they estimated the cost 
of damage to buildings by acidifying atmospheric pollution in Europe. They estimated the 
cost savings associated with the implementation of the second sulphur protocol. The total 
figure was 14.45 US$ per capita (1991 values). 
 
A UN ECE Workshop on economic evaluation of air pollution abatement and damage to 
buildings including cultural heritage was held in Stockholm (1996), Kucera et al, 1997. 
They made an overview based on the damage per pollutant (Table 2). 
 
Table 2 Cost of damage to materials per pollutant 
 
 
Study 

 
Emitter 
country 

 
Stock at risk 
included 

Damage per kg of pollutant 
emitted (in 1995 ECU) 

   SO2 NOx 
ExternE, 1995 Germany Europe 0,3 0,2 
 United 

Kingdom 
Europe 0,1 0,1 

BRE/ECOTEC, 1994 United 
Kingdom 

United Kingdom 0,1 - 

Glomsrρd et al., 1995 Norway Norway 0,7 - 
Cowell & ApSimon, 1994 Europe Europe 1,5 - 
Iseke, 1990 Germany Germany 0,9–1,6 - 
Netherlands National 
Environment Programme 

Netherlands Netherlands 0,8–1,3 - 

Barbier et al., 1990 United States United States 0,2 - 

 
The ExternE (Externalities of Energy) project started in 1991 as the European part of a 
collaborative study between the European Commission and the US Department of Energy. 
It aimed to be the first systematic approach to the evaluation of external costs of a wide 
range of different fuel cycles (Krewitt, 2002). The cost per kilogram of pollutant for health 
effects were according to Spadaro and Rabl (2002) 9,95 € / kg SO2 and 15,7 € / kg NO2 for 
mortality and morbidity  (compare table 2).  
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6 Discussion 
 
Several case studies from individual countries have been presented with cost savings 
associated with pollution reductions ranging from (for example) 2 € capita-1 for the 
Netherlands to 10 € capita-1 for Europe to 40-70 € capita-1 for Prague in the three city 
study. The reason for these different numbers is not primarily geographical differences. 
Recall (chapter 2 Methodologies) that the only possible way to estimate corrosion costs 
associated with pollution is to compare two different scenarios. This methodology has been 
used for the different estimates but there is no consistency in the way scenarios are 
constructed and compared and this is one of the main reasons for the differences. Therefore 
it is difficult to generalise these estimates to other scenarios for future pollution reductions. 
 
Furthermore, the estimated costs are substantial but describe to a large extent savings 
associated with direct cost reductions from reduced SO2 pollution and resulting increased 
maintenance intervals for construction materials during the 20th century. Future concerns 
are instead associated with corrosion and/or soiling of our cultural heritage due to several 
different pollutants acting alone or together. The use of cost-benefit analysis in relation to 
cultural heritage is not uncontroversial (Watt et al, 2009). On one hand it is not in doubt 
that society values heritage for historic, cultural and aesthetic reasons but, often, attempts 
to place a monetary value on these benefits are not seen as desirable. On the other hand, 
funds are limited and only economics can give a relative merit to different proposals. In any 
case, estimate costs can not be limited to direct costs but must also include welfare costs 
associated with for example reduction in the number of visitors (and thus a reduction in 
income) together with some measurable loss of the value of the visitor’s experience. 
 
A main part of the uncertainty in the cost estimates is by a number of authors pointed out to 
be the estimation of stock at risk (see also report 61 “Assessment of stock of materials at 
risk including cultural heritage”). Different views in European countries on what should be 
considered as cultural heritage, makes it very difficult to make a European-wide estimate of 
stock of cultural heritage materials at risk in the same manner as has been done for building 
materials. An imposed high level definition of what constitutes cultural heritage is 
necessary but may be incompatible with national data bases on cultural heritage 
monuments or, worse, may be considered offending to people working in management and 
conservation of cultural heritage. Call for data is therefore restricted to specific case studies 
such as “Gothic cathedrals in Europe” but could never cover the entire European cultural 
heritage.  
 
Finally, it is clear that estimated costs for health overshadow cost estimated for corrosion 
as well as it does to other costs to the ecosystem. Therefore, in the time frame and 
resources of the current ex-post analysis for the Gothenburg protocol negotiations, rather 
than making aggregated European cost estimates for materials and cultural heritage it is 
more useful for policy purposes to identify geographical areas where criteria for protecting 
cultural heritage poses more stringent demand on air pollution reductions than those for 
human health. 
 
The tools for identifying those areas are described in Chapter 4 of the UNECE Mapping 
Manual and are based on the concept of tolerable corrosion/soiling levels. Targets for 
protecting materials of infrastructure and cultural heritage monuments for 2050 and 2020 
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have been given in “Indicators and targets for air pollution effects” 
(ECE/EB.AIR/WG.1/2009/16) corresponding to n=2,5 (2020) and n=2,0 (2050) and as 
stated in chapter 2 this corresponds to a relative cost of air pollution of 50% (n=2,0) and 
60% (n=2,5). 
 
The reasoning behind the derivation of these tolerable levels is as follows. Regardless of 
how low pollution we have there is always a residual corrosion attack due to weathering. 
Therefore, interventions of conservation/preservation at regular intervals will always be 
necessary to maintain the object in a good condition. However, these intervals can not be 
too short. If the maintenance interval calculated from the actual corrosion rate is shorter 
than the shortest maintenance interval that is considered to be practical then the object will 
suffer irreversible damage and this is considered a not tolerable situation. Resulting 
tolerable corrosion and soiling rates makes it then possible to identify areas where these are 
exceeded and areas where the necessary reductions poses more stringent requirements than 
health air quality guidelines. 
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7 Conclusions and recommendations 
 
Estimated annual corrosion and soiling cost savings for materials obtained during the 20th 
century as a result of decreased pollution levels has been substantial as has been illustrated 
by several case studies in this report. 
  
Future possible savings are mainly associated with air pollution costs for cultural heritage. 
These costs are largely welfare costs that are much harder to quantify than the direct repair 
costs since they are not traded and so do not have an obvious price. 
  
Therefore it is suggested that for the current ex-post analysis the best way to determine 
target pollution levels for protecting cultural heritage is not through a complete cost-benefit 
analysis but instead using the concept of tolerable corrosion/soiling and pollution levels as 
proposed by ICP Materials and described in the Mapping Manual. 
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