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Abstract 
 

The purpose of the reported research was to estimate maintenance costs, cost savings and 

lifetime increases for outdoor material surfaces in Europe, obtainable by reducing air 

pollution. Data and methodology from the ICP-materials project were used. The results 

suggest that for material surfaces exposed outdoor in Europe, a hypothetical 50% reduction in 

air pollution from present (2014) levels, would give an average overall increase in the near 

future lifetimes between maintenance due to atmospheric chemical weathering, of about 25%, 

and savings in maintenance cost of about 10%. It was found that for zinc surfaces since 1987 

until 2014, the theoretical lifetime before maintenance has, on average for the ICP-locations, 

increased with about 125% (from 118 to 265 years). The additional average lifetime due to 50 

% pollution reduction would have been about 26%, representing maintenance cost savings 

sinking from about 20% in 1987 to 10% in 2014. For Portland limestone an increase in 

lifetime since 2002 until 2014, and additional lifetime due to 50 % pollution reduction, of 35-

40% was indicated, representing maintenance cost savings of about 14%. This would have 

been very significant cost savings considering the total use of zinc and Portland limestone as 

construction and façade materials.  
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1. Introduction 

 

Atmospheric weathering of metals, stone and other construction materials causes huge 

maintenance costs. The atmospheric weathering is caused partly by air pollution (Watt et al., 

2009). One expected effect of the reduced air pollution that has been observed in Europe over 

the last 30 years (Tidblad et al., 2017; 2014), is a reduction in maintenance costs for material 

surfaces, façades and built structures. This work presents estimations of probable maintenance 

costs for outdoor material surfaces in Europe due to the observed air pollution, and of cost 

savings that could have been obtained by reducing the air pollution. The estimations were 

made by applying data and methodology from the ICP-materials project1 (ICP, 2018). The 

ICP-materials programme has since 1987 measured the atmospheric weathering of material 

samples and the values for the influencing environments at 55 exposure stations. Statistical 

dose-response functions developed in the ICP-materials programme were used in this work to 

estimate atmospheric chemical weathering costs. 

 

                                                           
1 The International Co-operative Programme on Effects on Materials including Historic and Cultural 

Monuments, within the Convention on Long-range Transboundary Air Pollution (CLRTAP), organized under 

the United Nations Economic Commission for Europe (UNECE). 
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Increased rates of atmospheric corrosion of built structures were observed over most of 

Europe in the second part of the 20th century (Kreislova & Knotkova, 2017). The high 

corrosion was caused mainly by burning of sulfur rich hydrocarbons and consequent 

increased concentration in air and deposition of sulfur dioxide (SO2), and increased acidity in 

precipitation. In this situation the ICP-materials programme was set up. It exposed selected 

metals, stone and other material samples in a European wide exposure programme, which also 

included a few measurement sites in North America. The North American stations were in the 

range of the European environments, thus enlarging the database and relevance for what could 

be termed a “European situation”. Measurements were performed for some longer periods of 

mainly four and eight years, and for 19 annual periods up to the present. The measurements 

are now ongoing in a trend programme with measurements every third year, and with new 

four and eight years exposures (ICP, 2018).  

 

Figure 1 shows a corrosion measurement site in the ICP-materials programme 
 

  

 

Figure 1: The ICP-materials station (no. 21, Appendix) located in the urban background in 

Oslo, Norway (2012). The picture shows metal plate samples in unsheltered position (1), 

holder disks for passive pollution samplers to the left on the rack (2), shelters for samples in a 

box behind the metal samples (3a) and under a plastic shield to the right (3b), and a 

precipitation collector to the very right on the photo (4). Limestone samples mounted on a 

carousel can be seen through the upper left corner of the plastic shield (5a) and in the low 

insertion (5b). 
 

The aim of ICP-materials has been to explain the corrosion, to assess trends in, and tolerable 

levels of the corrosion, to calculate maintenance cost, and to map such parameters over the 

European geographical area (ICP, 2018; Watt et al., 2009). Towards the end of the century, 

control of SO2 emissions and other changes in the industrial sector lead to reduction in SO2 
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concentrations in air (EEA, 2017). A change to a multipollutant situation was generally 

observed, where the atmospheric corrosion of many materials were significantly influenced 

by several other air pollutants in addition to SO2 (Tidblad, 2014; Kucera 2005). 

The reporting from ICP-materials since 1987, shows a significant decrease in atmospheric 

metal corrosion and maintenance cost over the recent 30 years, correlating with decrease in 

the concentrations of corrosive air pollutants, especially sulfur dioxide, SO2 (Tidblad et al., 

2017; 2014). 

 

This new situation lead to the development, within the ICP-materials programme and in 

several EU projects (Kucera, 2007; Kucera, 2005) of multi-pollutant dose-response functions 

for a range of metals and Portland limestone, based on statistical analysis of the measured 

corrosion and the impacting environmental parameters (Tidblad, 2014; Kucera et al., 2007). 

The programme today recommends the use of one of two sets of dose-response functions. One 

set for an “SO2 dominated” situation and another set for a “multipollutant situation”, 

depending on the air pollution situation. 

The dose-response functions have been used to calculate maintenance costs for buildings and 

monuments due to atmospheric chemical weathering of their surfaces, depending on levels 

and changes in air pollution and climate loads (Grøntoft, 2017, 2011; Doytchinov, Spezzano, 

Screpanti, & Leggeri, 2013; Watt et al., 2009). This paper goes a step further by applying 

ICP-materials zinc and Portland limestone dose-response functions to calculate changes in 

such maintenance cost, over recent years and due to hypothetical pollution reduction, for 

selected ICP measurement sites and for the average of all the European, and three North 

American, ICP sites, representing a “European situation”. Large total areas of zinc and 

limestone are exposed in facades and monuments in Europe (Figure 2), and the total cost of 

their maintenance is clearly large. A significant part of this cost would be due to atmospheric 

weathering and corrosion impact on the surfaces (Grøntoft, 2017). 

 

 

Figure 2: Weathering of a limestone facade in Palermo, Italy, of zinc roofs in Paris, France 

(Wikipedia), and of a zinc monument (19th century, from a German workshop) in Oslo, 

Norway. 

 

Atmospheric weathering of materials can, generally, be caused by chemical, physical and 

biological processes. Corrosion processes have been studied since the early 20th century. 

Atmospheric corrosion of metals is an electrochemical process with oxidation of the metal 

and inclusion of different anions, which are available in the environment, such as for example 

carbonate, sulfate and chloride (Graedel & Leygraf, 2000). The term “atmospheric corrosion” 

is also used for stone materials. It then involves chemical dissolution reactions, but could also 

include physical and biological processes (Watt et al., 2009).  



4 
 

In this work the terms “atmospheric chemical weathering” and “atmospheric corrosion” are 

used, interchangeably, but depending on context, such as type of materials and usage in 

referenced literature. The terms will, as used, not include major physical and biological 

degradation processes. Small-scale physical and biological processes that may occur together 

with experimental chemical weathering is however not excluded. The rate of the atmospheric 

chemical weathering depends on climatic factors, such as rain amounts and temperature, and 

on the chemical composition of the atmosphere, especially the amount of air pollution (Watt 

et al., 2009; Gaedel & Leygraf, 2000). 
 

2 Methods 

 

This work applies dose-response functions reported from the ICP-materials programme, to 

estimate historical (since 1987) changes in maintenance costs due to atmospheric chemical 

weathering, and savings that could have been obtained due pollution reduction. 

 

The calculations represent a selection of 23 urban, 8 industrial and 21 rural ICP-sites for zinc, 

and of 9 urban, three industrial and 8 rural ICP-sites for Portland limestone (Figure 3 and 

Appendix). Of the “zinc-sites”, one (no 32, Appendix) is termed urban-industrial, and one (no 

57, Appendix) “urban-rural” in the ICP-materials data base (Tidblad et al., 2014). Station no. 

32 was therefore included in both the “urban” and “industrial” categories, and station no. 57 

in both the “urban” and “rural”, categories, when making separate calculations for the 

categories. The three North American stations were included in the study to fully represent the 

data available from ICP-materials.  
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Figure 3: The ICP-materials exposure locations since 1987. The scale changes from south to 

north due to the map projection. (See Appendix for station names and measurement years) 
 

The calculations were made with the zinc dose-response function for the SO2 dominated 

situation (as information from recent exposures in ICP-materials indicate that the nitrate effect 

included in the multipollutant function (Tidblad, 2014) is uncertain (ICP, 2017)), and using 

the Portland limestone function for the multipollutant situation (Watt et al., 2009). Multi-

pollutant dose response functions are also available from the ICP-materials programme for 

carbon steel, cast bronze and copper. Functions including chloride are also available 

(Sabbioni et al., 2010). Differently from the zinc function, the multi-pollutant functions for 

carbon steel and cast bronze include particulate exposure, measured as the concentration of 

particulates in air with average aerodynamic diameter smaller than 10 µm (PM10). PM10 has 

only been reported from the ICP stations in five years since 2002, for an average number of 9 



6 
 

stations per year. The copper function includes, besides SO2, tropospheric ozone, O3, which is 

a secondary photochemical pollutant. The sources for O3 are complex with less immediate 

connection to anthropogenic emission reductions (Seinfeld & Pandis, 1998). The 

environmental parameters, which are included in the used zinc function (SO2 and H+(pH)) are, 

on the other hand, available from 19 years from an average number of 25 stations per year 

(Tidblad et al., 2014). The weathering steel function for the SO2 dominated situation only 

includes the SO2 pollution, whereas the zinc function includes the effect of acid rain in 

addition to the effect of SO2. Zinc is a common construction material. The zinc function for 

the SO2 dominated situation (1) was for these reasons selected to represent the metal 

corrosion in this work, together with the Portland limestone function.  

The ICP, SO2 dominated dose-response function for Zinc is given by (Tidblad, 2014): 

 

ML = 1.4·[SO2]
0.22·exp{0.018·RH + f(T)}·t0.85 + 0.029·Rain·[H+]·t        (1) 

 

f(T) = 0.062·(T-10) when T<10°C, otherwise -0.021·(T-10)         

 

The ICP, multi-pollutant dose-response function for Portland limestone is given by (Watt et 

al., 2009): 

 

R = 4.0 + 0.0059·[SO2]·RH60 + 0.054·Rain·[H+] + 0.078·[HNO3]·RH60 + 0.0258·PM10     

(2) 

 

where [HNO3] can be approximated by (Kucera, 2005): 

 

[HNO3] = 516e-3400/(T+273)([NO2][O3]RH)0.5           (3) 

 

where ML is mass loss (g/m2) and R is the surface recession (μm). The remaining parameters 

are the annual averages of relative humidity (RH, %), temperature (T, °C), amount of 

precipitation (Rain, mm/year) and concentration of hydrogen ions in rain water ([H+], mg/l), 

the time (t, years), and finally the concentrations in air (µg/m3) of sulfur dioxide, [SO2], nitric 

acid, [HNO3], particulate matter with average aerodynamic diameter smaller than 10 µm 

[PM10], nitrogen dioxide, [NO2], and ozone, [O3]. For zinc the calculation can be made with 

(1) to obtain as the result the recession (R, µm) instead of the mass loss (ML, µm), by dividing 

(1) by the density of zinc, equal to 7.14 g/cm3 (Tidblad, 2014). 

 

Kucera (2005) reports a near similar equation as (2) including a time dependence, derived 

from four years of exposure experiments: 

 

R = 3.1 + (0.85 + 0.0059·[SO2]·RH60 + 0.054·Rain· [H+] + 0.078·[HNO3]·RH60 + 

0.0258·PM10)·t                  (4) 

 

When the time dependence is included the weathering loss over a number of years can be 

calculated. When the tolerable2 weathering depth (recession, R) before action (maintenance or 

replacement) and the environmental parameter values for the present situation and the 

background situation, or the background recession depth, are known, then the lifetimes, t, 

until maintenance or replacement can be calculated. The weathering cost due to air pollution 

                                                           
2 The term “acceptable” is reserved for materials used in technical constructions while “tolerable” is used in 

connection with degradation of cultural heritage (Tidblad, 2014). The term “tolerable” is used in this paper for 

both. 
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can then be calculated by the “standard method” (Doytchinov, Spezzano, Screpanti, & 

Leggeri, 2013; Watt et al., 2009) from: 

 

Kp,r= MP(1/tp,r – 1/tb),                            (5) 

 

and a maintenance cost saving due to pollution reduction would be given by:  

 

ΔC = Kp –  Kr                (6) 

 

Where Kp and Kr (Euro/year) are material weathering costs due to national or local air 

pollution in the present (p) or some reduced (r) air pollution situation, ΔC (Euro/year) is the 

maintenance cost saving that could be obtained by reducing the air pollution, M (m2) is the 

area of stock at risk of a given type of material, P (Euro/m2) is the maintenance costs per 

square meter of the material, and tp,r and tb (year) are the «lifetimes» between conservation-

restoration intervention in the present (p) or some reduced (r), and the background (b), 

pollution situations. The maintenance cost savings over a period of years could be calculated 

by multiplying by the number of years of interest. 

 

In this work this “standard method” was used for zinc and Portland limestone, with 

modifications as described below.  Calculations were made of the “absolute” atmospheric 

weathering costs due to air pollution over background levels (Eq. 5 and 7, Table 23, A1 and 

A3), and the savings in the weathering costs that could have been obtained by reduction in air 

pollution (Eq. 6 and 9, Table 3, A2 and A3, Figure 4 to Figure 6, Figure 10). The calculations 

were performed for a maintenance cost (MP), set to 100 Euro, giving results values 

representing % savings. Average European first year background corrosion rates for zinc, 

reported to be 0.45 µm, and for Portland limestone, reported to be 3.2 µm (Tidblad, 2014), 

and suggested tolerable corrosion depths (R) of 80 µm for an evenly corroded zinc monument 

surface and of 100 µm for a Portland limestone ornament (Kucera, 2005), were used in 

lifetime calculations, by (1) and (4). The average expected service lifetimes between 

maintenance were calculated for the ICP locations for each year of environmental 

measurement at the ICP stations, assuming constant future environments as in the 

measurement years (Figure 8). The lifetimes were calculated numerically for zinc, from (1), 

and analytically for Portland limestone, from (3-4), from the suggested corrosion depths 

before maintenance, of 80 µm and 100 µm. The service lifetimes at reduced pollution 

situations were calculated similarly (Figure 4, Figure 8 and Figure 9). It must be mentioned 

here that suggestions for corrosion depths before maintenance are highly uncertain for 

Portland limestone. Therefore, the following calculation of cost savings for Portland 

limestone avoids this approach (as explained below). When reading the results reported below 

for the lifetime before maintenance of Portland limestone ornament this uncertainty must be 

taken into account.  

 

For zinc, the lifetime until maintenance in the background (tb) was approximated from the 

measured environmental values for the rural ICP station in Toledo, Spain, in 2014. The 

measured first year annual corrosion was in that year 0.46 µm, close to the suggested average 

European first year background corrosion of 0.45 µm (Tidblad et al., 2014; Tidblad 2014). 

The lifetime until maintenance at a target recession of two times the background (= 0.9 µm), 

suggested for year 2050 (Tidblad 2014) was approximated from the measured environmental 

                                                           
3 References to results-figures and tables are included in the Methods chapter to assist in the reading of where 

results from use of the equations is shown. The results-figures and tables are presented in the Results chapter. 
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values for the rural ICP station in Oslo, Norway, in 2000. The measured first year annual 

corrosion was in that year 0.896 µm, close to the suggested target of 0.9 µm (Tidblad et al., 

2014). The background lifetime was estimated by adjusting the lifetime calculated for Toledo 

(2014), according to (1), by multiplying with “the first year Toledo (2014) to background 

recession rate” of 0.46/0.45. A background lifetime of 436 years, as compared to the 

calculated Toledo (2014) lifetime of 425 years, was then obtained. Similarly, the 2050 target 

lifetime was estimated by adjusting the lifetime calculated for Oslo (2000), according to (1), 

by multiplying with “the first year Oslo (2014) to target recession rate” of 0.896 /0.9. A target 

lifetime of 174 years, as compared to the Oslo (2000) lifetime of 175 years, was then 

obtained. 

 

A tolerable corrosion depth can be difficult to recommend for limestone (Grøntoft, 2017). All 

the calculations of cost savings for Portland limestone were therefore made for an 

undetermined service life time, represented by different recession amounts for different 

pollution scenarios in the first year of weathering according to the linear (with time) equation 

(3-4). Instead of calculating cost per year as for zinc, the costs were adjusted to represent the 

same, undetermined, time span (service life) as for one reference station and year, which was 

selected to be Prague (2005), by adjusting the calculated values according to the reference 

(Rref,PL,  Eq. 4-7) by (for further details see Grøntoft, 2017): 

 

Kp,r = P· [(Rp,r – Rb)/Rref, PL]  (7) 

 

where R is the material corrosion recession (µm) and the subscripts represents the measured, 

“present” (p) and hypothetically reduced (r), air pollution and/or climate situations. For a 

suggested tolerable corrosion depth the cost per year for any station and year would simply be 

the calculated value for Kp,r divided by lifetime in Prague (2005) as calculated by (4).  

 

The maintenance cost savings for Portland limestone that could be obtained by reducing the 

air pollution, were then calculated by subtracting the maintenance cost in the hypothetical 

situation with reduced air pollution, or changed climate, from the measured (“present”) air 

pollution situation for any year. This is, as the direct mathematical derivation from Grøntoft 

(2017), given by:   

 

ΔC(Euro) = Kp –  Kr = P· [(Rp – Rr)/Rref, PL]  (8) 

 

ΔC(%) = (ΔC(Euro) / P) ·100 = [(Rp – Rr)/Rref, PL] · 100  (9) 

 

where ΔC(Euro) and ΔC(%) are the cost savings due to the pollution reduction, in Euro and in 

% of the total maintenance cost4.  

 

When calculating the total maintenance cost and cost savings due to air pollution (7), a first 

year approach was used in this work for Portland limestone. It was assumed that the relative 

values for the weathering between different air pollution and climate situations, including the 

background value, were similar for the first and the later years of façade weathering, and 

given by Eq. (7). By using (7-9) rather than (5-6) for Portland limestone, the maintenance cost 

and savings (Euro or %) over the same undetermined working life, similar to the lifetime 

before maintenance for the reference, was calculated, rather than the cost saving per year. 

                                                           
4 Differently from the “cost savings due to air pollution reduction as % of the total maintenance cost due to air 

pollution over background” reported in Grøntoft (2017). 
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This is only a matter of scale. That is, the costs and savings were compared for a longer, 

undetermined, working life time than one year. When calculating differences, that is the cost 

savings (8-9), for any number of years, the constant terms in the linear equations (2) and (4) 

and the background values (7), are subtracted and thus not influencing the result. When 

calculating the total maintenance cost for the longer working life time, the first year approach 

simplifies the calculation by only needing as input the background recession for the first year 

(Tidblad, 2014). A calculation of probable changes in lifetimes representing a reported 100 

µm tolerable recession before maintenance of aged Portland limestone ornament (Kucera 

(2005) was still performed by (4).  

Comparison was then made with suggested target values for the corrosion, for protecting 

materials in built structures and cultural heritage monuments, corresponding to 2.5 and 2 

times the background corrosion rates, in 2020 and 2050, respectively, as presented in 

“Indicators and targets for air pollution effects” (WGE, 2009; Tidblad, 2014; Kucera, 2007). 

Comparison was made with the 2050 target for averages of all the ICP sites and years (Figure 

7). For Portland limestone at the reference location of Prague (Figure 4), comparison was also 

made with the 2020 target level, the EU 2008 Air Quality Directive and with the effect of 

probable climate change. The EU 2008 Air Quality Directive (Guerreiro et al. 2013) 

determines annual average concentrations of: SO2 = 20 µg/m3 for vegetation, and for NO2 = 

40 µg/m3 and PM10 = 40 µg/m3, for protection of health. Annual average health limits are not 

given for SO2. 

The cost savings due to the hypothetical reduction in the air pollution are reported as positive. 

Where meeting a target would mean allowing increased pollution the cost changes for the 

target are reported as negative. The climate change effect is, for the sake of clear presentation 

in Figure 4, represented as a positive cost increase, and noted as such.   

 

Drdácký et al. (2006) report total replacement costs for one square meter galvanized steel 

sheet to vary from 16 to 54 Euro, which could indicate the cost for zinc sheet., They report the 

cost for the total replacement of non-plastered irregular stone masonry of 200 mm thickness 

to be 578 Euro/m2. Thus, a maintenance cost of 100 Euro/m2 could be a possible realistic cost 

for maintenance of zinc sheet in 2017, considering price increase since 2006 and price 

variation depending on material and work characteristics. Most maintenance of limestone 

would, however, probably cost more. There would, in any case, be large variations in 

maintenance cost in Europe depending on type of construction and location. Therefore, the 

“maintenance cost due to air pollution over background” and “maintenance cost saving due to 

50 % air pollution reduction” are presented in the more general units of %/year for zinc, and 

as % relative to the reference situation, Prague 2005, for Portland limestone.  

 

These values can be recalculated to the unit Euro/year for any other maintenance intervention 

cost (M·P).  For zinc, by multiplying any reported value (of %/year) with M·P/100. For 

Portland limestone, by dividing any reported value (%) by the service lifetime for Portland 

limestone in the reference situation in Prague 2005. For example of 27 years (Figure 8), 

representing in that case the suggested service time until a tolerable recession depth of 100 

µm for Portland limestone ornament.  

 

For Portland limestone, locations and years with higher pollution load than the reference 

(Prague 2005) (Tidblad et al., 2014) would have shorter service life between maintenance 

than the references and lower cost savings for that shorter period than reported (in Table A3 

and Figure 6). Locations and years with lower pollution load than the reference would have 
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longer service life between maintenance, than the reference, and higher total cost savings than 

reported in this paper, for that longer period. 

 

The corrosion costs and lifetimes reported in this work only represent the effect of outdoor 

atmospheric chemical weathering. There are other reasons for maintenance investments for 

outdoor surfaces, both related to different wear mechanisms and other concerns. The savings 

on total maintenance cost which could be obtained by reducing air pollution and thus 

atmospheric weathering, should be weighed with the other reasons for maintenance 

investments in actual cases (Grøntoft, 2017). 

 

3 Data 

 

The calculations in this work were made for all the ICP stations and years with the needed 

environmental data, as input to (1, 3-4). The results reported in the Appendix tables thus 

represent the ICP stations’ data availability (Tidblad et al., 2014). The tables also report the 

station classifications, as urban (U), industrial (I) or/and rural (R).  

 

The environmental data were used to calculate time series estimates of maintenance costs, and 

savings (changes) due to reduction in air pollution and future expected climate change, and 

the service life time for zinc and Portland limestone, for the average of all the ICP stations 

and some individual stations (Prague and Kopisty in the Czech republic, and Toledo in 

Spain), by (1-9). The environmental data are reported in Tidblad et al. (2014). Mapping of 

maintenance costs and savings due to reduction in air pollution was performed for Portland 

limestone in the city of Oslo, Norway.  

 

The environmental data values for the average of the ICP stations in 1987, 2005 and 2014, for 

the selected reference situation for Portland limestone (Prague 2005), for Prague in 2014, and 

for Oslo, Norway, applied in the mapping and measured at the Oslo ICP station from 2002 to 

2014, are shown in Table 1. The years reported for the ICP data represent, in accordance with 

ICP reporting, annual average values from measurements which started in October that year, 

and so mostly cover the following year.  

 

Table 1: Environmental parameter values (annual averages) used as input to the calculation 

of the maintenance costs and savings, as measured for the average of the ICP stations, for 

the Prague station used as reference for Portland limestone, and for Oslo from 2002-14 

compared to the mapping results values for the ICP-Oslo station. n.a. = not available. 

Parameter ICP-

mean 

1987 

ICP-

mean 

2005 

ICP-

mean 

2014 

ICP-

Prague 

1995 

ICP-

Prague 

2005 

ICP-

Prague 

2014 

ICP-Oslo  

(mean 

2002-14) 

ICP-Oslo 

mapping 

value 

SO2 (µg/m3) 22.3 9.3 5.1 31.5 11.1 4.6 2.1 3 

H+ (mg/l) 0.037 0.011 0.011 0.03 0.002 0.0018 0.012 0.01 

NO2 (µg/m3) 33.4 21.0 21.6 24 40 38 28 28 

O3 (µg/m3) 42.1 51.3 52.2 55 47 37 35 41 

PM10 (µg/m3) n.a. 29.8 19.2 n.a. 20 22 n.a. 21 

Precip. (mm) 816 677 677 550 491 414 828 635 

RH (%) 76 73 74 80 74 73 75 74 

T (°C) 9.9 9.7 11.0 7.7 9.3 11.0 7.1 7.6 

 

The input values used for the calculation of the effect of anthropogenic climate change in Prague 

until the period 2081–2100, were a change in annual averages of temperature of +2.9°C and of 
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rain amount of +2.5%. These values were derived as averages of values from a lowest scenario, 

RCP 2.6, and a highest scenario, RCP 8.5, as reported in mapping from the IPCC (2014). 

 

The mapping for Oslo (Figure 10) was performed by applying available gridded data from the 

period 2000 – 2016. The air pollution load in Oslo has changed little since about year 2000. 

The mapping was therefore expected to be generally valid for Oslo for these years. The 

mapping was performed with gridded pollution and climate values with a resolution of one 

times one km, for an area of 22 km (west-east) times 18 km (north south) covering the main 

central Oslo urban area. The air pollution gridded values, for NO2, O3 and PM10, were 

obtained from emission-dispersion modeling adjusted to the values for the pollution measured 

at central traffic and urban background stations, according to the method in Slørdal, Walker & 

Solberg (2003). The ozone values were obtained from the values for NO2 (µg/m3) and sun 

radiation (Sun, annual number of sun hours) by using the empirical equation: O3 = (38 + 

0.013·Sun)·e(-0.022 + 0.000005·Sun)·NO2, where the annual average  number of sun hours measured at 

the main Oslo meteorological station of Blindern in the three years from 2000 to 2002, of 

1679 hours, was used (eKlima, 2017). The climate values used, of temperature, precipitation 

amount and relative humidity, were annual average values measured at the Oslo air quality 

measurement traffic station “Valle Hovin” in 2003. For acidity in precipitation, pH, the 

average value measured at the ICP-materials station in Oslo from 2002 to 2014 was used 

(Tidblad, 2014). Constant values for precipitation amount, relative humidity, acidity in 

precipitation and the concentration of SO2, were used for the whole grid. The annual average 

temperature value from the Valle Hovin station was adjusted for each grid cell according to 

the topography, assuming a temperature change of 0.98 °C for each 100 m increase in altitude.  

Air quality reports from the municipality of Oslo (Luftkvalitet.info, 2018; “Luftkvaliteten i 

Oslo i 2016”, 2016; Lützenkirchen & Løseth, 2015) and data from the Oslo ICP-materials 

station (Tidblad et al., 2014) show variation, but no significant trends in Oslo after 2002, for 

the concentration of the air pollutants impacting on limestone (2), except a possible slight 

decrease in airborne particulate matter (PM10) since 2005. The averages and ranges of the 

input variables to the mapping were: Input variable (Average, Minimum, Maximum) = O3 

(50, 30, 56 μg/m3), NO2 (14, 4, 50 μg/m3), SO2 (3 μg/m3), PM10 (10, 5, 30 μg/m3), RH (74%), 

T (7, 3, 8oC), Prec (635 mm), pH in precipitation (5).  
 

4 Results 
 

Results are presented below of the maintenance cost savings (and increase due to climate 

change) for zinc and Portland limestone surfaces due to given percentages reduction of noted 

pollutants, due to meeting suggested target levels for the air pollution, and due to future 

expected climate change calculated from (6) and (9) from the environmental parameter values 

given in the ICP database. For the “Portland limestone reference location, Prague” (Figure 4) 

the calculations were made with continuous reduction (0-100%), and for the averages of ICP 

stations (Figure 5 to Figure 9) and Oslo (Figure 10) with a 50% reduction, of all the air 

pollutants in (1) and (4), except O3 for which the values were not changed. Thus, when below 

mentioning the reduction of “all pollutants” this does not include O3. The results are presented 

for some single ICP-materials stations, and as averages for all the stations with available 

needed annual average environmental data measured at the stations.  

 

Figure 4 shows results for the urban location of Prague, in 2005 (used as reference), and for 

the most recent measurement year in ICP-materials in 2014. The estimates are for the savings 

in maintenance cost for Portland limestone surfaces, that could be obtained from reduction of 

the noted single pollutants, and for simultaneous reduction of all the pollutants, compared to 
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target levels and to the expected climate change effect until the period 2070-2100 (IPCC, 

2014).The diagram also shows the respective change in lifetimes between maintenance at 100 

µm recession. The diagram represents the first year, but also an undetermined lifetime due to 

the reported linearity of (2 to 4) (Watt et al., 2009).  

 

 

 

Figure 4: Increase in lifetime between maintenance and savings in maintenance cost for a 

Portland limestone surface that could have been obtained from reduction of the noted single 

pollutants and for simultaneous reduction of all the pollutants, for the urban ICP location of 

Prague in 2005 and 2014, compared to target levels and the expected climate change effect 

until the period 2070-2100.  
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Figure 4 shows how for Prague the situation for Portland limestone was improved in 2014 as 

compared to 2005, due mostly to a reduction in the concentration of SO2 (Table 1), so that in 

2014 all the targets, including the 2050 target, were met. For the other pollutants some 

variation, but no major differences, were observed when comparing 2005 and 2014. The cost 

saving from reducing all the pollutants with 50% was reduced from 16% in 2005 to 11% 

2014. The expected increases in maintenance costs caused by atmospheric chemical 

weathering of Portland limestone in Prague, due to climate change, until the period 2070-

2100, were calculated to be 2.5% from the 2005 environmental values and 1.9% from the 

2014 values. 

 

Figure 5 and Figure 6 show the calculated “%/year” (zinc) and “% over an undetermined 

lifetime” (Portland limestone) maintenance cost due to air pollution over the background 

level, and the average, and minimum and maximum, values for the cost saving due to a 50% 

reduction of all the impacting pollutants, according to (1) to (9). The results were calculated 

for every year for all the stations with available environmental data in the ICP-materials data 

base, and for the case of the 50% pollution reduction also for the stations noted as urban (U), 

industrial (I) and rural (R) (see Appendix). In Figure 5 (and Figure 7) one year, 1990, stand 

out with an unusually high maximum station value. This value represents the rural station no. 

30, “Stoke Orchard” (see Appendix), where a very low pH in rain, of 3.18 ([H+] = 0.66 mg/l) 

was reported in this year (Tidblad et al., 2014). In Figure 6 the cost estimates for the reference 

station for Portland limestone, “Prague 2005” (Figure 4), are also shown.  

 

  

 

Figure 5: The calculated average zinc maintenance cost due to air pollution over the 

background level, and average, minimum and maximum, values for the maintenance cost 

saving due to a 50% reduction of the impacting pollutants (5-6) on all the ICP stations with 

available data, and for the sub-selections of stations noted as urban (U), industrial (I) and rural 
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(R) (cost savings), calculated for every year for all the stations with available environmental 

data (see Appendix).  
 

 

Figure 6: The calculated average Portland limestone maintenance cost due to air pollution 

over the background level, and average, minimum and maximum, values for the maintenance 

cost saving due to a 50% reduction of the impacting pollutants (7-9), for an undetermined 

lifetime, on all the ICP stations with available data, and for the sub-selections of stations 

noted as urban (U), industrial (I) and rural (R) (cost savings), calculated for every year for all 

the stations with available environmental data. (see Appendix).  
 

Figure 5 and Figure 6 show a decrease in the maintenance costs due to air pollution over the 

background level, for zinc and Portland limestone, over the ICP measurement years. For zinc 

the costs decreased with 68% from 1987, and 25 % from 2002-5, to 2008-14. A similar 

decrease of 26% is indicated for Portland limestone over five measurement years from 2002 

to 2014, with relatively large variation between years (Table 2).  

 

Table 2: Maintenance costs due to air pollution over the background level, relative to the 

total maintenance cost, for the average of the ICP-materials sites since 1987.  

Site category Start year End year(s) Start 

years 

End 

year(s) 

∆Cost, start 

to end (%) 

Zinc (%/year) 1987 2008, 2011, 2014 0.74 0.24 -68 

Zinc (%/year) 2002, 2005 2008, 2011, 2014 0.32 0.24 -25 

P. limestone (%) 2002, 2005 2011, 2014 53 39 -26 

 

Figure 5 and Figure 6, and Table 3, further show decrease in the average maintenance cost 

savings for zinc and Portland limestone surfaces that could be obtained by reducing the air 

pollution by 50%, according to (1) to (9), over all the ICP stations and measurement years. 
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This decrease corresponds with a decrease in the average concentration of the air pollutants, 

especially SO2, towards a lower and more constant value in the later years when approaching 

year 2014 (Table 1). From 1987 to 2008-14 the potential savings per maintenance investment 

decreased with 59% for zinc, from about 0.2% (0.22%) per year to about 0.1% (0.09%) per 

year (Figure 5, Table 3). From 2002-5 to 2008-14 the decrease was 18 % for zinc and was 

indicated to be the double of this, 36%, for Portland limestone, sinking from about 18% to 

about 11% (2011-14) (Figure 6, Table 3).  

Table 3: Maintenance cost savings for zinc and Portland limestone surfaces due to 50% air 

pollution reduction, at ICP-materials locations. Averages for all stations and years. 

Site 

category 

Start year(s) End years Cost saving 

in start 

year(s) 

(%/year) 

Cost saving 

in end 

year(s) 

(%/year) 

∆Cost 

saving, start 

to end (%) 

Zinc 

Rural 1987 2008, 2011, 2014 0.21 0.08 -62 

Urban 1987 2008, 2011, 2014 0.20 0.08 -60 

Industrial 1988 2008, 2011, 2014 0.30 0.14 -53 

All stations 1987 2008, 2011, 2014 0.22 0.09 -59 

Rural 2002, 2005 2008, 2011, 2014 0.10 0.08 -20 

Urban 2002, 2005 2008, 2011, 2014 0.09 0.08 -11 

Industrial 2002, 2005 2008, 2011, 2014 0.17 0.14 -18 

All stations 2002, 2005 2008, 2011, 2014 0.11 0.09 -18 

Portland limestone (%) 

Rural 2005 2011, 2014 14.7 7.2 -51 

Urban 2002, 2005 2011, 2014 15.1 10.3 -32 

Industrial 2002, 2005 2011, 2014 26.0 21.7 -16 

All stations 2002, 2005 2011, 2014 17.6 11.2 -36 

 

The values for the cost savings were always found to be larger for the industrial stations than 

for the urban and rural stations. For zinc the cost savings for the urban stations were found to 

be slightly larger than for the rural stations in the years except 1987-1994, 1997, 2000 and 

2005. For Portland limestone the cost savings for the urban stations were found to be larger 

than for the rural stations for four of five years (except 2005). For both zinc and Portland 

limestone the decrease in cost savings over the years was largest for the rural stations then 

urban stations, from 1987 for zinc and from 2002-5 for Portland limestone. There was larger 

variation between years for the industrial stations and the ranking of the decrease between the 

urban and industrial stations was less clear for zinc (Table 3).  
 

Figure 7 compares the calculated average values for the maintenance cost savings at 50% air 

pollution reduction (as also given in Figure 6) with suggested target values for the corrosion 

recession in year 2050, corresponding to a first year recession of 0.9 µm (= 6.4 g/m2) for zinc 

and 6.4 µm for Portland limestone, which is equal to two times the first year background 

recession (Kucera, 2007; Tidblad, 2014). To illustrate application for single stations Figure 7 

also shows the respective values for maintenance cost savings and the 2050 target for an 

industrial station with relatively high air pollution, Kopisty, and the urban station, Prague 

(which was used as reference in the calculations for Portland limestone), both in the Czech 

republic, and for a rural station with relatively low air pollution, Toledo, in Spain (see 

Appendix).  
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Figure 7: Comparison between the calculated average values for all the ICP locations and for 

three selected stations, for the maintenance cost saving (1-9) due to 50% air pollution 

reduction (as also given in Figure 6), and suggested target values in year 2050 of two times 

the background recession. The selected ICP stations are the industrial station in Kopisty (I) 

and the urban (“Portland limestone reference”) station Prague (U), both in the Czech 

Republic, and the rural station Toledo (R) in Spain. The thick horizontal black line on the 

right axis shows the selected calculated amount (%) of pollution reduction. The needed 
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environmental measurement values for the calculation for zinc were not available in Toledo in 

1995 and 1996, and for Portland limestone for none the three included separate ICP stations in 

2002 and also not for Toledo in 2005 (see Appendix). 

 

Due to the complexity of Figure 7, the data for the target were not simply added to Figure 6, 

and some additional guidance to the interpretation of Figure 7 will be given. With no (zero %) 

pollution reduction the calculated average cost savings in Figure 6 and Figure 7 would be zero 

in all cases and every year. On reducing the air pollution the average cost savings would 

increase until, at 50% reduction, the values given in Figure 6 and Figure 7 were obtained.  At 

100% reduction the savings would be at the maximum that could be calculated for zinc (1) 

and for Portland limestone, representing all the pollutant terms (except O3) after the constant 

value of 4 in (2). The same calculations could alternatively be made for reductions of any 

single or some combination of air pollutants (SO2, H
+ and NO2, HNO3), for some other 

reduction level (%) through the years (then the 50% reduction of all pollutants used in Figure 

6 and Figure 7), or showing the cost savings over the range of possible reduction of the 

pollutants (0-100 %) (as in Figure 4). Figure 7 compares the possible average maintenance 

cost saving for the ICP stations and for a single selected industrial, urban and rural station, 

due to 50% air pollution reduction, and due to meeting the 2050 target (blue lines) of 2 times 

the background corrosion for every year, and includes 10th and 90th percentile, and maximum 

and minimum values for the stations, for the target. As the target for the corrosion recession 

(or lifetime) is always a constant value, the cost saving from meeting the target was higher in 

the first phase of the programme, from 1987, when the air pollution was higher and has 

decreased as the air pollution has decreased. Similar or higher values in Figure 7, for the cost 

savings due to 50% air pollution reduction at the ICP stations, as for meeting the target, 

indicates that the target will be met by the 50% air pollution reduction. A zero value for the 

blue line of the target (a crossing of the x axis) indicates that the target was reached – at the 

measured values for the air pollution. The blue lines for the minimum, 10th and 90th percentile 

and maximum values for the target are interpreted similarly. Thus, Figure 7 indicates that for 

zinc a 50% reduction in the air pollution would, for the average of all the stations and years, 

have been sufficient to reach the 2050 target from 1995 and that from 2002 this target was 

reached at the measured values for the air pollution. Before 1995 a larger pollution reduction 

(then 50%) would have been needed to reach the target, whereas from 1995 to 2002 a smaller 

reduction (then 50%) would have been needed. For Portland limestone Figure 7 indicates that 

for the period with transgression of the 2050 target, before 2007, a pollution reduction less 

than 50% would have been sufficient to reach the target. In the period between, from 2007 to 

2014 the 2050 target was reached, at the measured values for the air pollution. 

 

The values given for the three singles stations are interpreted similarly. When the (blue) target 

markers (cost saving at target) are below the x-axis the 2050 target was reached for that 

station, at the measured values for the air pollution. When the (blue) target markers are above 

the x-axis and the ICP station marker is positioned on or above the target marker, this 

indicates that the maintenance cost saving due to 50% air pollution reduction would be equal 

to or higher than the target in that year, and thus sufficient to reach the target. Thus, for zinc 

the 2050 target was reached in all years in Toledo. However, a 50% pollution reduction would 

not have be sufficient to reach the target in Kopisty in any year (1987-2014) except 2002, and 

in Prague the target would only have been reached by this measure in 2002 and from 2008 

(2008-2014). For Portland limestone the 2050 target was reached in all three measurement 

years in Toledo (2008-2014) and also in these three years, but not in 2005, in Prague. In 

Kopisty, 50% pollution reduction would have been sufficient to reach the 2050 target in three 
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of four of the measurement years, only in year 2011 more than 50% pollution reduction would 

have been needed to reach the target.   

 

In the dynamic version of the diagrams (Figure 7) any target can be compared with any 

pollution reduction for any selection of stations, or single station, to determine if the target 

was reached or how much pollution reduction had been needed to reach the target. Any air 

pollution scenario could be used similarly to predict how future reduction situations could 

meet targets. 

 

Figure 8 shows the calculated indicative average lifetimes before maintenance of zinc 

monument surfaces since 1987, and of Portland limestone ornament surfaces since 2002, for 

the locations of the ICP-materials stations, at the measured air pollution situation and for a 

situation with hypothetical 50% simultaneous reduction in the impacting air pollution at the 

stations, according to (1) and (3-4).  The calculations were based on suggested tolerable 

corrosion depths before maintenance of 80 µm for a plain zinc surface and 100 µm for an 

aged Portland limestone ornament (Kucera, 2005). For Portland limestone the figure also 

shows the values calculated for the “reference station” Prague, as in Figure 4, at 0% and 50% 

reduction of all pollutants 
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Figure 8: Indicative average lifetimes (years) before recommended maintenance of zinc and 

Portland limestone surfaces, and increase in lifetimes (%, and “years”), due to 50% 

simultaneous reduction in the impacting pollutants, according to (1) and (3-4), for the ICP-

materials stations since 1987 (zinc) and 2002 (Portland limestone). The calculations used 

tolerable recession before maintenance of 80 µm for zinc surfaces and 100 µm for Portland 

limestone ornament.  The “% increase in lifetimes” are the difference between the lifetimes at 

50% pollution reduction and the average values for all the stations, given in the figure. 
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The result in Figure 8 indicates an increase in lifetime before maintenance (as evaluated from 

the linear regression values in the figure), as an average for the ICP stations, clearly for zinc 

from 1987 to 2014, from 118 to 265 years = 125%, and from 2002 to 2014, from 200 to 265 

years = 33%, and tentatively for Portland limestone from 2002 to 2014, from 28 to 44 years = 

55%. The additional increase due to a hypothetical 50% reduction in the corroding air 

pollution, was indicated to be about 26% for zinc, decreasing from 28% in 1987 to 24% in 

2014, and about 38% for Portland limestone, varying between 30% and 50% in the 

measurement years from 2002 to 2014. For the zinc service life times of 118 (1987) and 265 

(2014) years, the cost savings, as calculated from Table 3, would be 26% and 24%. A 

comparison of total savings should however be made for the same service time.  A reasonable 

approximation seems to be that for a service time of 100 years (118 years) there would be a 

reduction in the average all stations’ cost savings from about 20% in 1987 to about 10% in 

2014 (Table 3).  

 

Figure 9 shows the average calculated percent increase in lifetime between maintenance (%) 

at the ICP stations for zinc and Portland limestone, over the years from 1987 (zinc) and from 

2002 (Portland limestone), to 2014, due to increasing simultaneous reduction of all the 

impacting air pollutants (%), according to (1) and (3-4). The calculations were for the 

suggested tolerable corrosion depths before maintenance of 80 µm for a plain zinc surface and 

100 µm for an aged Portland limestone ornament.  
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Figure 9: Calculated average percent increase in lifetime for zinc and Portland limestone over 

the years from 1987 (zinc) and 2002 (Portland limestone), to 2014, at the locations of the ICP 

stations, and for the selections of industrial, urban and rural stations, due to increasing 

simultaneous percentages reduction of all the impacting pollutants. For tolerable corrosion 

depths before maintenance of 80 µm for a plain zinc surface and 100 µm for an aged Portland 

limestone. 
 

The averages over all the years, of the “% increase due to 50% pollution reduction” given in 

Figure 8, are shown at 50% pollution reduction in Figure 9. For zinc, the lifetime expectancy 

increases near linearly up to 70-80% pollution reduction, where the increase in lifetime 

between maintenance would be about 50%. With even more pollution reduction the lifetime is 

expected to increase sharply (Figure 9). The life time expectancy increases slightly more for 
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the rural, than urban and industrial stations. The expected increase in lifetime between 

maintenance of Portland limestone due to the air pollution reduction was calculated to be 

higher than for zinc, especially at the industrial stations with more than 100% lifetime 

increase, but also for the urban and rural stations with about 75% lifetime increase, at 70-80% 

pollution reduction. For higher, than 70-80%, pollution reduction the lifetime of Portland 

limestone is expected to increase sharply, but less so than for zinc.   

 

Figure 10 shows the mapping performed, of the % savings in maintenance cost for Portland 

limestone facades, which could be obtained by 50% reduction in the impacting air pollution, 

resulting in reduced atmospheric chemical weathering, for Oslo, Norway. 

 

Figure 10: Expected % cost savings in maintenance of Portland limestone facades in Oslo, 

Norway, due to atmospheric chemical weathering, which could be obtained by 50% reduction 

in impacting air pollution. The locations of the ICP measurement station in Oslo, the main old 

city center with many lime plaster facades, and the new (2008) Oslo opera built from marble, 

are shown. 

 

Simple validation of the mapping was performed by comparison of the mapping results with 

the values for the average of the calculated % cost saving, according to (3-4), for the years 

2002, 2005, 2008 and 2014, for the ICP station in Oslo, for which the location is shown on the 

map. The PM10 value was not measured at this ICP station, therefore the same PM10 value as 

that applied in the mapping for this location, of 21.3 µg/m3, was used in the validation (Table 

1). This value is about 50% of the present values at traffic stations in Oslo (Lützenkirchen & 

Løseth, 2015). The ICP station is an urban background station (Figure 1) and it is expected 

that the concentration is lower than at the traffic stations. The measured input environmental 

values to the calculation of the cost savings for the ICP location in Oslo, and the values used 

in the mapping are compared in Table 1.  
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The value for the possible maintenance cost saving for the location of the Oslo ICP station, 

obtained from the mapping, was 12.4%, as compared to a value of 12.6% calculated from the 

ICP station measurement values, giving reasonable confidence to the mapping results.   

The mapping shows the level and major differences in the possible maintenance cost savings 

for Portland limestone that could be obtained by reducing the air pollution in the city. 
 

5. Discussion  

 

The calculations of corrosion cost savings due to pollution reduction and of lifetimes between 

maintenance, for zinc and Portland limestone surfaces, performed in this work, are presented 

as trends over recent years for a selection of European, and three North American, stations 

with different environments. The values are not presented as “European averages”, as this 

would need explanation about representation, which is not provided in this work. The 

industrial (8 sites) are underrepresented in comparison to the urban (23) and rural (21) sites. 

The distinguishing between these three categories was made in ICP-materials to assess 

differences in environmental exposures and corrosion, depending on main site characteristics. 

The long time series, since 1987, give important information about trends in the corrosion 

costs. The air pollution in rural locations is, generally, less affected by single pollution 

sources and more affected by long range transport and dispersion over large areas. The values 

measured over the years at single urban stations can be more affected by changes in emissions 

around the stations, for example due to change in traffic patterns, which could be unrelated to 

general trends in the pollution situation in cities. However, most of the ICP urban stations 

were located in a distance from traffic in the “urban background” and the exposure would, 

generally, come from emissions from a larger area of the city, and not mainly from one local 

road. The corrosion and calculated cost values for the few industrial stations, is expected to 

depend more on the selection of the sites. Similar trends of reduction of maintenance costs 

were calculated from the environmental measurements at the ICP stations, although with 

significant variation between years and between the three categories of stations (Figure 5 and 

Figure 6).  

Clearly, minimum and maximum values can depend on the selection of locations. The North 

American sites were included to fully represent the work in ICP-materials. Whereas the zinc 

corrosion on two North American stations (37 and 38, Appendix) were in the range of the 

European stations, the zinc corrosion on the remaining North American station (39, 

Appendix), located in an industrial area, was usually the highest of all the stations. With few 

industrial stations among the ICP stations it was still considered useful to include this station, 

based also on the evaluation that a similar European station with high pollution could well 

have been found. 

 

As can be seen from the tables in the Appendix, there was a significant change of stations in 

the ICP network in 1995, most clearly affecting the smaller number of industrial stations, 

among which only two stations, Kopisty (3) and Bottrop (10), were continuing to do 

measurements after 1995, then with measurements also in a few years at a third new station in 

Katowice (50). The deviation in1995 and some larger variation in results after 1995 for the 

industrial stations, seen in Figure 5, is probably related to this change to fewer stations.  

 

The calculation of maintenance cost savings due to pollution reduction was made for 

hypothetical future periods of years with the same air pollution situation as for the 

measurement years. This should be a reasonable procedure for assessment of changes over 

time. It would, however, as long as pollution values are decreasing, exaggerate to some extent 

the future expected integrated corrosion from any one year. Thus, for the period with a 
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continuous sinking trend in the pollution at the ICP stations, from 1987 until about 2010, the 

future cost savings would probably be somewhat lower than reported in Figure 5, Figure 6 

and Table A1 to A3. Future cost savings from the present (2014) would also be lower than 

reported if the decrease in the air pollution continuous. This possible error is somewhat 

reduced for zinc due to the higher corrosion rate in the initial years (t0.85 in Eq. 1), and is 

generally more uncertain for Portland limestone due to the larger variation between fewer 

measurement years. 

 

Climate change will over the coming century most probably have the opposite effect, as that 

of pollution reduction, by increasing the corrosion and maintenance costs. For the Portland 

limestone “reference station”, Prague, this probable increase in corrosion costs was, however, 

calculated to be considerably less than the saving that could be obtained by 50% pollution 

reduction, representing about 15% of this saving (14.5% in 2005 and 16.9% in 2014, Figure 

4). 

 

The reduction in the possible cost savings for maintenance that could be obtained by reducing 

air pollution, for Portland limestone in Prague from 2005 to 2014, were mainly due to reduced 

concentration of SO2 (Table 1) and consequent  reduced weathering rates. The concentrations 

and thus possible costs savings by reducing other impacting air pollutants showed little 

change during these years (2005-14) (Table 1, Figure 4). This reflects the considerably larger 

relative reduction of SO2 than NOx emissions in Europe during these years (Guerreiro, 

González & de Leeuw, 2017). This may be due to continuing reduction in emissions from 

coal burning, especially in coal areas like southern Poland and the Czech Republic, but less 

change in fuel use and traffic emissions, which are the main source for NO2. Thus, in the 

present multi-pollutant situation, some more of the focus should probably be moved to the 

nitrogen oxides (NOx), and PM10 (2), with its inclusion in cost benefit analysis in relation to 

reduction measures.  

 

Corrosion cost evaluations, like in Figure 4 for Prague, were performed for all the ICP 

stations and could easily be performed by the method here described for any other locations 

with the necessary available environmental input data. To exemplify the usefulness of such 

modelling, without further discussing results that are not here reported, some general 

evaluations can be given. For the ICP sites the present (2014) costs due to SO2 exposure was 

higher in the industrial locations, whereas corrosion costs due to NO2 exposure was typically 

higher in the urban locations, like Prague, with expected substantial traffic emissions. The 

corrosion cost due to high acidity (low pH) was, relatively to the impact of other air 

pollutants, higher in Northern Europe. This may be due to some continuing long range 

transport and deposition of acidic air pollution (Aas, Hjellbrekke, Hole & Tørseth, 2017), and 

probably the low local alkalinity and thus neutralization potential of northern soils and dust.  

 

The sharp increase in the station-average lifetime for zinc, and partly Portland limestone, at 

higher than 80% pollution reduction (Figure 9), indicates that the presence of relatively small 

remaining amounts of pollution (especially SO2 and H+) may significantly increase corrosion 

and reduce the lifetime of the surfaces. It should be considered, though, that the uncertainty in 

the dose-response functions (1 and 3) may be higher for low pollution values which would be 

a small part of their statistical basis.  
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6. Conclusion 

 

It was found that the average increase in the theoretical lifetime before maintenance due to 

atmospheric chemical weathering at the ICP-locations, was for zinc surfaces about 125% 

(from 118 to 265 years) over the period from 1987 until 2014, and for Portland limestone 

about 38 % (from 36 to 50 years) over the period from 2002 until 2014. The average increase 

in lifetime between the maintenance due to 50% pollution reduction was found to be 26% for 

zinc surfaces (1987-2014) representing maintenance cost savings sinking from about 20% in 

1987 to 10% in 2014, and 36% for Portland limestone (2002-2014) representing cost savings 

over these years of about 14% (sinking from 18 to 11%) (Figure 8, Table 3). This would have 

been very significant savings considering the total use of zinc and Portland limestone as 

construction and façade materials.  

 

One should consider that the cost savings due to reduced air pollution, weathering and 

corrosion of other materials and metals may be at a comparable level. Based on the reported 

results, it seems a reasonable suggestion that for material surfaces exposed outdoor in Europe, 

a hypothetical 50% reduction in air pollution from present levels, would give an average 

overall increase in near future lifetimes between maintenance, carried out due to atmospheric 

chemical weathering, of about 25%, and savings in maintenance cost of about 10%. The 

importance of atmospheric chemical weathering relative to other factors influencing the 

timing of refurbishment, renovation and maintenance interventions on outdoor material 

surfaces and façades, will however vary. Estimations of the realized increase in lifetime and 

cost savings, due to reduction in air pollution, could be made by adjusting the above reported 

values according to the assessed relative importance of the atmospheric chemical weathering 

for any intervention. 
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Appendix 

 

Table A1: The calculated zinc maintenance cost due to air pollution over background 

(%/year) according to (5). Negative values shows maintenance costs below background 

values. The cells with reported values represent the data availability for the ICP stations and 

measurement years. The values for the measured environmental variables used as input to the 

calculations are, for the years from 1987 until 2011, reported in Tidblad et al. (2014), and for 

2014 be reported  in Grøntoft & Ferm (2017). (U) = Urban, (I) = Industrial, (R) = Rural. 
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Table A2: The maintenance cost savings (%/year) for zinc surfaces exposed outdoors, due to 

hypothetical 50% reduction in air pollution from the measured values for the reported stations 

and years, according to (6). The cells with reported values represent the data availability for 

the ICP stations and measurement years. The values for the measured environmental variables 

used as input to the calculations are, for the years from 1987 until 2011, reported in Tidblad et 

al. (2014), and for 2014 be reported  in Grøntoft & Ferm (2017). (U) = Urban, (I) = Industrial, 

(R) = Rural. 
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Table A3: The maintenance cost for Portland limestone surfaces exposed outdoors due to air 

pollution over background as % of total weathering cost (Eq. 7), and maintenance cost 

savings (%), due to 50% air pollution reduction from the pollution values, for the reported 

stations and years, over an undetermined lifetime (years) (Eq. 9). The cells with reported 

values represent the data availability for the ICP stations and measurement years. The values 

for the measured environmental variables used as input to the calculations are, for the years 

from 2002 until 2011, reported in Tidblad (2014), and for 2014 be reported in Grøntoft & 

Ferm (2017). (U) = Urban, (I) = Industrial, (R) = Rural. 

 

 

 

 

 

 

 


