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Abstract: This study assesses changes since 1980 in the maintenance cost of the façades of the 
historical 17th to 19th century buildings of the Oslo Quadrature, Norway, due to atmospheric 
chemical wear, including the influence of air pollution. Bottom up estimations by exposure–
response functions for an SO2 dominated situation reported in the literature for 1979 and 1995 were 
compared with calculations for the present (2002–2014) multi-pollutant situation. The present 
maintenance cost, relative to the total façade area, due to atmospheric wear and soiling was found 
to be about 1.6 Euro/m2 per year. The exposure to local air pollution, mainly particulate matter and 
NOx gases, contributed to 0.6 Euro/m2 (38%), of which the cost due to wear of renderings was about 
0.4 Euro/m2 (22%), that due to the cleaning of glass was 0.2 Euro/m2 (11%), and that due to wear of 
other façade materials was 0.07 Euro/m2 (5%). The maintenance cost due to the atmospheric wear 
was found to be about 3.5%, and that due to the local air pollution about 1.1% of the total municipal 
building maintenance costs. The present (2002–2014) maintenance costs, relative to the areas of the 
specific materials, due to atmospheric wear are probably the highest for painted steel surfaces, about 
8–10 Euro/m2, then about 2 Euro/m2 for façade cleaning and the maintenance of rendering, and 
down to 0.3 Euro/m2 for the maintenance of copper roofs. These costs should be adjusted with the 
importance of the wear relative to other reasons for the façade maintenance. 

Keywords: atmospheric corrosion; weathering; soiling; façades; air pollution; maintenance costs; 
cleaning costs; exposure-response function; Oslo quadrature; Oslo historical buildings 

 

1. Introduction 

Air pollution and its impact on built structures has decreased in European urban areas during 
the latest decennia [1,2]. A question which is now more often raised, is whether the pollution remains 
a significant issue for the maintenance of building façades and windows. This paper discusses this 
question for the case of the Oslo Quadrature, Norway.  

The first mainly wooden town of Oslo was built around year 1000, and burned down in 1624. 
The new city of Christiania was then built on the other side of the bay to the west, protected behind 
the Akershus castle. This city is today often the called “the Christiania Quadrature”, or, after the 
name of the city was changed in 1924, the “Oslo Quadrature”. Nearly all the buildings in the Oslo 
Quadrature have some protection status. 

This work presents estimations of near present (years 1979 to 2014) trends and variation in 
maintenance and cleaning costs due to atmospheric wear, including the influence of air pollution, of 
the historic building façades in the Oslo Quadrature. The term “atmospheric wear” will be used in 
the following discussion for the chemical weathering, corrosion, and soiling processes on building 
façades. Of special interest was whether the maintenance costs due to the present local multi-
pollutant situation are different from those reported in the literature for an assumed SO2 (sulfur 
dioxide) dominated situation in 1995. The costs were calculated by a so-called “bottom up” method, 
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applying exposure response functions (ERFs), and represent situations when the atmospheric wear 
is the reason for the maintenance.  

Since the beginning of modern industrialization, air pollution was observed to be an increasing 
health problem, and also to deteriorate and soil façades and built structures in industrial and urban 
areas [3,4]. From about the 1960s, it was realized that long-range transport of air pollution contributed 
to increasing overall pollution and acid rain [5]. The winds and weather transported acidic air 
pollutants to Norway from emission sources in the UK and European continent. The low alkaline 
buffer capacity in the Norwegian environment made the situation worse. Degrading effects of air 
pollution and acid rain on sensitive materials and cultural heritage monuments were reported and 
created an outcry [6]. However, one evaluation, of causes for the degradation of the stones of the 
Nidaros cathedral in Trondheim, concluded that after about 1990 the impact of air pollution on the 
church had been moderate as compared to other European locations, but added that the 
concentration and impact of SO2 was higher from before 1900 until about 1980 [7].  

The observed accelerated atmospheric wear and damage to buildings and cultural heritage in 
Europe was caused mainly by acid rain and the deposition of SO2- and black carbon-containing 
particles [4]. From 1979 to 1995 there was a continuing decrease in the burning of sulfur-containing 
oil for residential heating in Oslo. Flue gas filtering of sulfuric emissions from industry, together with 
changes in the European industrial sector, associated especially with the large political and economic 
changes from about year 1990, contributed to the very significant reductions in SO2 emissions [1]. 
Today, the air pollution in European, and Norwegian, cities mostly comes from traffic and domestic 
heating. This change in emission sources has created a new air pollution mix, which is dominated by 
nitrogen oxides (NOx), particle matter pollution (PM), and, in some instances, tropospheric O3 
(ozone). In some areas, mainly in Central and South Eastern Europe, annual mean concentration 
values of SO2 above 10 µg/m3 are still observed [1]. 

In the 1990s, the maintenance costs of façades in Europe due to local air pollution were estimated 
and reported in several bottom up studies. The pollution costs were derived from relationships 
between the observed damage on experimental samples chosen to represent façades, the assessed 
tolerable damage of façades before maintenance (the response), the pollution exposure, and the cost 
for the maintenance. The estimations were performed for both polluted and unpolluted, so called 
background, situations, to obtain results for the excess cost due to the local, for example, urban, air 
pollution [8–10]. The non-anthropogenic background pollution could be, for example sulfuric and 
particle emissions from volcanos, chloride-aerosol from sea-spray, and ozone from natural photolysis 
processes in the atmosphere [11]. Anthropogenic air pollution transported over a long-range to a 
wide area would also be included in the background pollution around a city. The distinction between 
the local and background pollution allowed the assessment of the separate impact and costs due to 
the locally emitted air pollution, which could be controlled by the local or national authorities, who 
would also experience the benefits. The emissions of the long-range transported pollutants were 
addressed by international negotiations and conventions [12]. Some studies also used a “top down” 
approach starting from records of the overall building renovation expenditures [13]. The costs were 
reported per square meter of building/monument surface per year (e.g., Euro/m2 per year), but also 
as cost/inhabitants per year (e.g., Euro/person per year), per concentration equivalent (e.g., 
Euro/person per year per µg/m3), and per emitted amount of the pollutant (e.g., Euro/kg SO2 or PM10 
= concentration of particles with average aerodynamic diameter less than 10 µm). One overview of 
cost estimates of the damage to people’s health and built structures in Europe due to SO2 emissions 
[13] showed that the costs to the built structures were 1–4% of the health costs. A recent Swedish 
assessment found about similar costs (of about 1–6 Euro in villages and small towns, up to 60–80 
Euro in large towns) per kilo emission of damages to health by exposure to PM10 from non-
combustion road dust and of soiling of façades by total PM10 [14] (p. 91). 

A bottom up study of maintenance costs of the façades of 17th to 19th century buildings in the 
Oslo Quadrature due to air pollution was performed in the end of the 1990s [15]. This study was 
based on exposure–response functions (ERFs) for materials and surface coatings, established through 
research in the EU-REACH [15,16] and ICP-materials projects (the International Co-operative 
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Programme on Effects on Materials including Historic and Cultural Monuments, within the 
Convention on Long-range Transboundary Air Pollution, CLRTAP) [17]. These ERFs included the 
dominating impact of the dry deposition of SO2 together with the acid rain effect. The study 
compared estimates for the maintenance costs due to air pollution in 1979 and 1995, and calculated 
probable cost savings due to the reduction in air pollution over these years.  

In the study by [15], it was found that the maintenance cost for a selection of façades facing the 
roads of the historical buildings in the Oslo Quadrature due to air pollution, including materials 
evaluated to be inert to air pollution, such as granite stone, had been reduced from about 1.7 Euro/m2 
per year in 1979 to be about 1.4 Euro/m2 per year in 1995 (in 2019 prices). Of this, the cost due to the 
local air pollution (over background) was found to have been reduced from about 0.3 Euro/m2 per 
year (18%) in 1979 to only 0.05 Euro/m2 per year (about 4%) in 1995. These were even lower values 
than those found in other studies of European cities in the 1990s [13] (p. 152). The study by [15] 
concluded that from 1979 to 1995, the maintenance costs due to air pollution were reduced to low 
levels, barely over the background level.  

In the situation from the 1990s, with a change in the air pollution mix in the urban atmosphere, 
an effort was made to establish a set of new ERFs to describe the possible deterioration impact on 
façades due to different air pollutants (other than SO2), and improve estimates for the atmospheric 
wear and costs in the “new multi-pollutant situation”. This work was carried out in the ICP-materials 
project and the associated EU projects Multi Assess [18] and CultStrat [19]. More focus was now given 
to the impact on cultural heritage, which was evaluated to be the more vulnerable part of the built 
environment. This work resulted in the establishment of ERFs for a smaller range of (four) different 
materials [20] and for the soiling of opaque surfaces [21] and glass [22,23]. The new ERFs facilitated 
more realistic assessments of the present maintenance costs due to air pollution, and comparison with 
the values and trends for the earlier years when the SO2 concentrations were higher.  

Since the assessment of [15] for the year 1995, the assumption has mainly been that the local 
weathering and corrosion costs in Oslo are very low (insignificant), and that the long-range transport 
and background values of pollution and acid rain have decreased. This hypothesis, that the cost due 
to the atmospheric wear, including the influence of air pollution on buildings in the center of Oslo, 
remains low today, was tested in this work with new calculations by the ERFs for the multipollutant 
situation. Environmental data, which represent the recent situation in the Oslo Quadrature, were 
used. The results for the “present” multi-pollutant situation were compared with the costs in 1979 
and 1995 reported by [15], calculated by ERFs for an SO2 dominated situation, and with the average 
costs for all the European ICP-materials stations [24,25].  

Section 2 reports air pollution values and trends in the center of Oslo and its rural surroundings 
(the background). Section 3 gives the theoretical background for the understanding of the impact of 
air pollution on the deterioration of façades, their maintenance tolerances, practices, and costs. 
Section 4 describes the applied method for the bottom up calculations by ERFs of the recent 
atmospheric wear cost of the façades of the historical buildings in the Oslo Quadrature, and gives the 
input data for the environment in the center of Oslo, the façade materials, and their maintenance 
situations. Section 5 reports the results from the calculations. Section 6 discusses uncertainties and 
compares the estimated present (2002–2014) weathering costs with those reported for 1995 and with 
the typical total maintenance costs for municipal buildings in Norway. 

2. The Recent Air Pollution Situation in the Oslo Quadrature and Rural Surroundings of Oslo 

Measurements of air pollution started in Oslo at the end of the 1950s. The maximum 
concentrations were recorded in the first years of the 1960s, with about 400 µg/m3 SO2 and 150 µg/m3 
“smoke” [26]. In 1979, the average annual concentration of SO2 in the inner city of Oslo was measured 
to be between 55 and 65 µg/m3 [27,28]. In 1995, it was measured to be below 10 µg/m3 everywhere in 
the city [15]. The background level of SO2 in the study by [15] was set to a concentration of 1 µg/m3. 
Figure 1 shows annual average concentration values of NO2 (nitrogen dioxide) and PM10 measured 
on air quality stations around the Oslo Quadrature, from 2003 to 2017 [29]. There was some decrease 
in values of PM10 and NO2 since year 2003, but with differences between stations and depending also 
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on the introduction of new stations in the years from 2008 to 2010. It should be noted that the 
concentrations of PM10 and NO2 were probably somewhat higher in 1995 than in 2003, as can be seen 
for the station “Kirkeveien” in [30], and thus that some of the atmospheric wear on the façades in 
Oslo in 1995 should have been explained by the exposure to these pollutants. 
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Figure 1. Annual average concentrations of PM10 and NO2 measured at air quality stations in Oslo, 
and legally binding limits, for the years 2003 to 2017. The values of PM10 and NO2 measured at each 
station are represented by bars with the same color as the triangles representing the geographical 
position of the stations on the map. 

Figure 2 shows pollution values measured since 1973 on the Norwegian EMEP (European 
Monitoring and Evaluation Programme) rural background station Birkenes in southern Norway [31]. 

 
Figure 2. Trends of major air pollutants and acidity in precipitation measured on the Norwegian 
EMEP (European Monitoring and Evaluation Programme) background station Birkenes in southern 
Norway. Annual volume weighted mean concentrations of wet (mg/L), and dry (mg/m2), deposited 
sulfur and nitrogen. 

Figure 2 shows a decreasing contribution from the long range transported and rural background 
pollution to the local air pollution in Oslo. The figures indicate a reduction in the contribution of the 
background pollution to the average atmospheric wear of façades in Oslo, and that calculations of 
the wear over the years from 2003 to 2014 could represent the present situation, in 2019, with a 
possible slight overestimation.  

3. Theoretical 

It is important that the method for the bottom up calculations by ERFs, of maintenance cost for 
the façades in the Oslo Quadrature due to atmospheric wear, represents the impact of the air 
pollution, the façade deterioration mechanisms, and the maintenance tolerances, practices, and costs 
in Oslo. The “maintenance tolerance” was defined here as the deteriorated, as compared to newly 
maintained, condition when the maintenance will typically take palace. 

3.1. The Impact of Air Pollution 

Building façades are exposed to particulate and gaseous pollutants by wet deposition in 
precipitation and dry deposition from air. Pollution deposited on the façade surfaces will generally 
increase the amount of adsorbed and absorbed water and the time of wetting. Pollutants that are 
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dissolved in the surface water can react and deteriorate the façade material. Due to the consequent 
material loss, weakening, and other possible damages, maintenance will be needed. The ERFs applied 
in this work (Appendix A) describe uniform deterioration of façade surfaces due to multi-pollution 
deposition and reaction.  

3.2. Façade Deterioration Mechanisms 

Façades will undergo deterioration by mechanisms including combinations of physical, 
chemical, and biological processes. Air pollution is particularly involved in chemical deterioration. 
Uniform façade materials, such as metals and some stones, can deteriorate by slow, nearly even, 
thinning of the material. An oxidized corrosion patina develops on most metal surfaces. Over time 
(years), the corrosion will slow down to a constant rate with loss of metal through a patina layer of 
fixed thickness. The thinning of a uniform stone can happen by surface weathering and erosion, 
without much change in the surface characteristics, but patinas can form on stones too. The ERFs 
describe such uniform processes, which may be only the first phase of the atmospheric wear of the 
material surfaces. Patinas can be a protection, or they can change the degradation mechanism and 
accelerate the erosion, as in the well-known cases of the formation of voluminous porous and 
moisture-trapping rust layers on steel and black crusts on limestone, and subsequent exfoliation [8]. 
Many different processes, often related to water in its different phases and forms, and to 
environmental fluctuations, will contribute to the degradation of façade surfaces over their lifetime 
[32].  

Many of the façades of the historical buildings in the Oslo Quadrature are covered with painted 
renderings. Paints applied on lime renderings were traditionally lime-based and permeable to the 
diffusion of water. Lime paints are recommended for application on renderings and would today 
mostly be used for the old buildings in the center of Oslo. The initial atmospheric weathering 
mechanism of such paints is similar to the underlying lime rendering, and resembles that of the 
limestone described by the ERF used in this work (Section 4.1 and Appendix A). Renderings and 
mortars consist of mainly carbonates, silicates, and alumina–silicates, mostly with calcium, and 
including solid fillers in different amounts, compositions, and grain sizes. The inert fillers, such as 
sand or ground limestone, increase the amount of material and improve the use, especially as 
mortars. Mortars typically contain a larger amount of filler material of larger particle sizes than the 
protective surface coatings of renderings. This improves the support and cementing of bricks and 
stones in walls [33].  

The exposure of a lime-containing rendering or mortar surface to the air and its wetting will 
result in some amount of more or less uniform chemical dissolution, leaching, and weakening. The 
calcium carbonate (CaCO3) in the renderings and mortars is, as for limestone, susceptible to 
accelerated dissolution in a polluted and acidic environment. Physical expansion and contraction 
cycles due to wetting and drying, frost and thaw, pore crystallization and dissolution of salts, and 
temperature fluctuations contribute to the weakening and damage. Finally, the rendering or mortar 
cannot any longer hold together or stick to a substrate or other surface, and micro-cracks or crevices 
appear. This is a critical point in the deterioration. The cracking often happens at some non-
uniformity in the surface. This can be due to, for example, variations in application thickness, 
geometric features, such as corners and angles, or solid inclusions, which are more important for 
mortars. Many different biological organisms, such as bacteria, fungi, lichens, mosses, and larger 
plants, can grow on and affect the deterioration process. Bio-growth can protect surfaces, but often 
contributes to their weakening and subsequent accelerated damage [34]. The breaking of the 
protective shell of a rendering or of the bonding of a mortar allows more access of the atmospheric 
influences to weaker points in the structure, with consequently more rapid leaching, weakening, and 
accelerated deterioration (Figure 3).  
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Figure 3. Initial and probably accelerating deterioration of a rough sand-containing rendering applied 
on the uneven surface of the building seen in Figure 4d, with protruding parts of stones from the wall 
under the rendering. 

ERFs were used in this work to assess the material wear until the damage would be considered 
intolerable or the protective function of the material was compromised, and the resulting 
maintenance cost. For a rendering or mortar this is likely to be when some physical disintegration, 
such as cracking, appears in the material. In many cases, it is probably most cost efficient to do 
maintenance just before such physical damages appear. The mechanisms for the further 
deterioration, after the first damages to the rendering and/or mortar, would be very different for 
walls with painted lime rendering and limestone. The further deterioration of a compromised, e.g., 
cracked, material cannot be assessed with the ERFs. 

Strong cements, other than those based on lime, and plastic-based paints, were used in Oslo 
from the second half of the 20th century. The resulting stiffness and non-permeability to water later 
created many problems. Problems have appeared due to non-compatibility of materials, the 
hindering of the natural hardening process in underlying lime mortars and renderings, and the 
trapping of water behind the paints. This accelerated deterioration happens mainly by physical 
processes, which are mostly unrelated to the slow deterioration of the solid cements and paints 
themselves [35]. The calculations of maintenance cost in this work do not represent such situations. 

Materials, other than the metals and rendering, with a large presence in the buildings in the Oslo 
Quadrature are mainly wood, tile, brick, and glass. The deterioration of wood is usually mostly by 
biological wood rot and partly physical processes due to dimensional changes and cracking. Tiles, 
brick, and modern glass are relatively inert materials with slow deterioration. In general, such 
surfaces are more degraded by physical forces related to climate and water than by air pollution, and 
they could (as all types of façades) be damaged by the degradation of the supporting elements and 
the building structures. The atmospheric wear on these surfaces would mostly be by soiling, which 
could create a need for cleaning. Soiling due to air pollution is an accumulating process, which is 
represented by the ERFs applied in this work (Appendix A).  

3.3. Maintenance Tolerances, Practices, and Costs 

For the condition of a façade to be maintained, active intervention is needed at regular intervals. 
It was assumed in this work that the maintenance will take place when the wear of the façade surface 
has reached an intolerable extent, and that the aim is to preserve the physical condition over time. 
The wear would usually be intolerable when the integrity of the façade material is compromised and 
the degradation accelerates, for example, at the breakthrough of a metal sheet or surface coating. It 
could also be when the condition is considered unacceptable, such as for the soiling of windows. 
Accelerated wear or physical disintegration due to postponed or neglected maintenance, work faults, 
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possible intentional changes to the façades, or perceptions of their (possibly changing) significance 
were not considered. Generally, with larger degrading influences from the environment more 
frequent maintenance is required. The maintenance cost of a façade due to atmospheric wear depends 
on the maintenance tolerance and the periodic maintenance cost.  

No multi-pollutant ERF was available for renderings. The available ERF, for the weathering of 
Portland limestone, was therefore used for the renderings. It was assumed that the maintenance of a 
limestone rendering would happen when it had weakened to a condition where some small amount 
of physical damage had appeared, and that this condition could be represented by some uniform 
recession of a Portland limestone surface in the same atmosphere. This recession depth was set to 100 
µm, suggested by [18] to cause deterioration needing maintenance of limestone ornament surfaces. 
Unfortunately, a direct experimental comparison of the degradation rates of lime-containing 
rendering and Portland limestone was not available. 

It was assumed that the maintenance of a plain metal façade (zinc, carbon steel or copper) would 
happen after a period of atmospheric exposure, which caused certain a uniform recession similar to 
experimental metal samples. A galvanized layer on steel is typically 50 µm thick. The corrosion of 
this zinc layer would, however, not be uniform overall. The maintenance would generally happen 
when the galvanizing is broken through rather than fully corroded away. This would be at an average 
recession less than 50 µm. Values for the recession before maintenance, of 20 µm for the maintenance, 
and 30 µm for the replacement of the galvanized sheet, and 60 µm for the maintenance of the 
galvanized profiles, were used by [15]. The situation would be different for a zinc metal sheet and 
massive zinc used in, for example, monuments. A recession depth of 80 µm before maintenance of 
zinc monuments was suggested by [18]. In this work, recession depths of 20 µm and 80 µm before 
maintenance were applied, with the assumption that the situation would usually be in between. The 
corrosion rate of carbon steel is several times that of zinc [36]. Carbon steel used in building structures 
is nearly always galvanized and/or painted. Untreated carbon steel would seldom be used in 
situations of aesthetic importance. An untreated carbon steel surface rusts quickly and unevenly. 
However, due to its significant and predictable atmospheric corrosion response, carbon steel is often 
used as an experimental indicator material. For any usage the maintenance tolerance would, due to 
the higher corrosion rate, probably need to be larger than for zinc. No suggested value for the 
maintenance tolerance was available in the literature. A hypothetical maintenance tolerance of carbon 
steel surfaces of 200 µm recession was used in this work. 

The time for cleaning interventions, and thus the cleaning costs for façades and windows, 
depends on the tolerated amount of soiling before cleaning. Cleaning practices will vary. It may be 
considered much more critical that frontal façades and windows, which should appeal to the public, 
are clean. The cleaning of, for example, rendered façades may be neglected until other more critical 
damages appear and overall maintenance or replacement is needed. The response to soiling could 
thus be different kinds of cleaning-maintenance operations. 

The costs for maintenance work on façades varies depending on the kinds of surfaces and 
finishes. For example, the maintenance of cultural heritage façades with ornamentation would often 
require conservation specialists, at a much higher cost than if commercial companies could do the 
work with more standard procedures. The maintenance tolerance would affect the maintenance cost. 
With a low tolerance, the cost of repeated maintenance actions carried out more frequently and a 
delayed need for replacement of, for example, metal sheets or limestone renderings, could be less 
than for less frequent maintenance but earlier replacement.  

The Discussion section will evaluate how the exposure situation, the materials, maintenance 
tolerances, and work costs of the façades in the Oslo Quadrature may be different from the model 
situation, and how that could affect the estimates for the maintenance cost due to atmospheric wear, 
including the influence of air pollution, which are reported in the Results section. 
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4. Methods 

4.1. Exposure–Response Functions and Maintenance Cost Estimations 

The estimations of maintenance costs due to atmospheric wear were made with available ERFs 
for a multi-pollutant situation. At moderate SO2 concentrations of 0–20 µg/m3, the ERFs for the multi-
pollutant situation did not give significantly different results from those for the SO2 dominated 
situation, but explained more of the response by different, often local, air pollutants, like NO2 and 
PM10 [20]. The ERFs represented the atmospheric weathering-corrosion and soiling responses of a 
number of indicator materials, which could represent the façades in the Oslo Quadrature. The ERFs 
described the weathering of Portland limestone, representing lime renderings in this work, the 
corrosion of carbon steel and copper, and the soiling of white painted steel and modern glass in 
positions sheltered from rain and sunlight. The specific ERFs are given in Appendix A Equations 
(A1)–(A10). The general expression of the ERFs applied for the atmospheric corrosion and weathering 
Equations (A1)–(A4) is:  𝑅 =  ∑ 𝑓(𝑃௡, 𝑇, 𝐻) ∙ 𝑡௫೙ ௡ + 𝑓(𝑃𝑟𝑒𝑐, pH) ∙ 𝑡௬, (1)

where R is the surface recession (m) of the material due to the environmental impact, P is the amount, 
usually the concentration in air (µg/m3), of some pollutant, n is the number of pollution terms, T (°C) 
is the temperature, H is the humidity, which can be given, for example, as the relative air humidity 
(%), Prec is the precipitation amount (usually in mm/year), pH is the acidity in the precipitation, and 
t (days or years) is the time of exposure with some order dependency, x or y.  

The ERFs included a selection of the pollutant parameters: SO2, H+ (acidity in precipitation), 
PM10, NO2, O3, and Cl− (chloride), depending on the material. The expression for the pollution terms 
can vary from quite complex dependencies on the temperature and humidity to a simple linear 
dependence on time. Some different variations in the formulations were: the multiplication of the 
concentration terms for SO2 and O3 in the function for copper [20], the multiplication of the 
concentration values for NO2 and O3 to express nitric acid (HNO3), and the inclusion of the chloride 
concentration in rainwater in the last term in an equation for the corrosion of aluminium [15]. The 
time dependence was determined from four years of experimental exposures. In the cost calculations, 
extrapolation was usually made to longer lifetimes. 

The total maintenance costs due to air pollution, Ct (Euro/m2 per year), the maintenance costs 
due to the background air pollution, Cb, and due to the local air pollution, Cp, were calculated from 
Equations (2)–(4): The total cost: 𝐶௧ =  𝑓 𝑡௧⁄ ; (2) The background cost: 𝐶௕ =  𝑓 𝑡௕⁄ ; (3)The pollution cost: 𝐶௣ =  𝑓 (𝑡௧ − 𝑡௕)⁄ ; (4)
where f (Euro/m2) is the cost of a maintenance or cleaning operation, and tt and tb (years) are the 
maintenance or cleaning intervals in the present ambient and background ambient atmospheres. tt 
and tb were calculated from the ERFs, from a defined maintenance tolerance (R), and the values for 
the environmental parameters in different air pollution situations. The estimations were made for the 
years 2002–2014, and could represent the “present” (year 2019). In accordance with the reporting of 
environmental data in the ICP-materials project, the reported years represented the start year for 
annual periods beginning in October that year and ending in October the next year. 

The methods for calculating the costs by Equations (1)–(4) were described in more detail in 
[10,15,24,25,37]. In this work, the façade maintenance cost due to the atmospheric wear and soiling in 
Oslo were calculated for traffic, urban background, and rural background situations, from Equations 
(A1)–(A10) and Equations (2)–(4), using the environmental data given in Section 4.2. The “traffic 
situation” would typically be close to trafficked roads, whereas the “urban background situation” 
would typically be some distance away from such roads. The “rural background situation” would be 
outside of the city away from local pollution sources. The atmospheric wear costs for zinc were 
recalculated from [24]. The cost values for the soiling of white painted steel and modern glass were 
recalculated from [25]. “European averages”, calculated for all the stations with available data in the 
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ICP-materials database for the years 1987–2014 [38,39], were reported to offer a simple comparison 
to the results for Oslo. The “European average” costs for carbon steel and copper were calculated in 
this work from Equations (A1) and (A2) and Equations (2)–(4). The “European averages” for Portland 
limestone and zinc were recalculated from [24], and for the cleaning from [25].  

In addition, maintenance cost estimates made by ERFs for an SO2 dominated situation were 
presented for zinc (Equation (A11)), for the years 1987–2014, and for an inventory of ten different 
materials representing building façades in the Oslo Quadrature, for the years 1979 and 1995 [15]. The 
ERFs for the SO2 dominated situation included SO2 and H+, and in addition O3 for one material, 
copper.  

The cost values for the inventory of façades in the Oslo Quadrature were recalculated from [15].  
The recalculations were performed from values reported in the units of “% of one maintenance 

investment/year” and “Euro/m2 per year”, and partly as costs over background rather than the total 
and background costs reported here. Maintenance cost prices (Euro/m2) evaluated to be 
representative, or be a good basis for discussion, of façade maintenance costs in Oslo in 2019 (Table 
1), were applied in the recalculations. 

4.2. Façade Materials, Maintenance Situations, and Environmental Data  

Figure 4 shows façades of historic buildings on and close to the main square of the Oslo 
Quadrature. 

 
Figure 4. Buildings from 17th century Oslo. Top: from Christiania square, the main square in Oslo 
after 1624, (a) the oldest half-timbered house in Oslo, from the 1640s, (b) the oldest house in Oslo, 
from 1626, built by the council chief, (c) the first council house, built in 1641, and (d) the Christiania 
upbringing-house for poor children (1778–1917), built in 1640. Façade Materials: walls with painted 
lime rendering (a,c), brick (b), and rough unpainted sand-containing rendering (d); chimneys with 
unpainted rendering and brick (d); stained wood beams in walls (a) and painted wooden window 
frames and doors; glazed and unglazed (d) roof tiles; galvanized and painted metal elements. 
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The painted renderings dominate the façades. Galvanized (zinc covered) steel surfaces and 
copper roofing are the main metallic surfaces. The estimated atmospheric wear and cleaning cost for 
the façades were described by the maintenance situations for the façades, as defined by the façade 
materials, the damage process (weathering/corrosion or soiling), the estimation year(s), the 
maintenance practices and costs, and the values for the environmental parameters needed to do the 
calculations by the ERFs, as given in Tables 1 and 2. The tables are included here as summary 
references to the input parameters and values, which can be consulted as needed through the reading.  
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Table 1. Maintenance cost situations for building façades in the center of Oslo, defined by the ERFs (exposure–response functions) applied for the cost estimations, the type 
of façade materials and wear process, the estimation years, the maintenance tolerances, and the maintenance costs. 

ERFs SO2 Dominated Situation Multi-Pollutant Situation 
Response material in the ERFs 

(Footnotes are references to 
applied ERFs) 

The façade materials of 16 buildings 
in the Oslo Quadrature 1 

Zinc 2 
Portland 
limestone 

ornament 2 
Carbon steel 2 Copper sheet 2 

White painted steel 
(sheltered) 3 

Modern glass 
(sheltered) 4 

Wear process, W = Weathering,  
C = Corrosion, S = Soiling 

W; C W: C W C C S S 

Years 1979; 1995 1987–2014 2002–2014 2002–2014 1997–2014 2002–2014 2002–2014 

Maintenance tolerance (R) (µm, % 
in the case of soiling) 

Galvanized sheet: 20-60; Copper 
roofing: 100; 

Other materials: Direct lifetime 
functions without R 

Galvanized sheet and 
monument: 20 1 to 80 5 

100 5 200 6 100 1 35% loss of reflectance 7 3% haze 8 

Maintenance costs (Euro/m2, 2019 
prices), 

M = Maintenance, 
M-C = Maintenance-cleaning, 

R = replacement 

22–145; 
Average = 70; Painted rendering (M) 

= 69; Painted steel and brick (M) = 
83; Copper roofing(R) = 124. 

100 9 (M) 100 9 (M) 100 9 (M) 100 9 (R) 
32 10 

(M-C) 
2.6 11 

(M-C) 

1 [15], all the data in the first column, 2 [20], 3 [21], 4 [22,23], 5 [20], 6 Applied in this work on the assumption that the tolerance for corrosion of carbon steel would be about 
twice that of zinc. 7 [40], 8 Average first year value over all ICP-materials measurement stations from year 2002 to 2014., 9 An average value for CH surfaces based on [25,41] 
rounded to 100 Euro was used. 10 [13,14], 11 [25,42]. 
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Table 2. Values for the air pollutants in the assessed pollution situations in the Oslo Quadrature, defined by the ERFs applied for the cost estimations and the type of façade 
materials. 

ERFs SO2 Dominated Situation Multi-Pollutant Situation 

Response material in the ERFs (Footnotes 
are references to applied ERFs) 

The façade materials 
of 16 Oslo Quadrature 

buildings 1 
Zinc 2 

Portland limestone 
ornament 2 

Carbon steel 2 Copper sheet 2 
White painted 

steel (sheltered) 3 
Modern glass 
(sheltered) 4 

Pollutants. Annual average concentration (µg/m3), T = Traffic situation, UB = Urban background, RB = Rural background, NR = Not reported, - = Not included in ERFs.  

Sulfur dioxide (SO2) 
T: 43.4–36.9 

RB: 1 
UB: 14.4–0.6 

RB: 0.25; 
T, UB: 2 
RB: 0.25 

T, UB: 2 RB: 0.25 T, UB: 2 RB: 0.25 - 
T, UB: 2 RB: 

0.25 

Acidity in precipitation (H+, mg/l), (pH) 
T: 0.05 

RB: 0.025 

UB: 0.033–0.003 
(4.5–5.5) 

RB: 0.005(5.3) 

T, UB: 0.011 
(5.0)  

RB: 0.005 
(5.3) 

T, UB: 0.011 
(5.0) RB: 0.005 

(5.3) 

T, UB: 0.011 
(5.0) RB: 0.005 

(5.3) 
- - 

Chloride, (Cl−, mg/m2·day) - - - T, UB: 5 RB: 0 - - - 

Nitrogen dioxide (NO2) 
NR (Used to generate 

O3 values) 
- 

T: 40 
UB: 29 
RB: 1.3 

- - - 
T: 40 UB: 29 

RB: 1.3 

Ozone (O3) 
T: NR 
RB: 40 

- T, UB: 35 RB: 60 - T, UB: 35 RB: 60 - - 

Particles larger than 10 µm in diameter 
(PM10) 

- - 
T, UB: 21.3 

RB: 6 
T, UB: 21.3 

RB: 6 
- 

T, UB: 21.3 
RB: 6 

T, UB: 21.3 
RB: 6 

1 [15], all the data in the first column, 2 [20], 3 [21], 4 [22,23]. 
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The values for the maintenance tolerances given in Table 1 were from the referenced literature 
and according to the description in Section 3.3. The values for the maintenance costs (Euro/m2) were 
obtained from the referenced literature and recalculated to 2019 prices by using the increase in labor 
cost in Norway of 155% from 1995 to 2019 [42]. The costs were based on reporting from different 
western European countries (France, England, Sweden, Czech Republic, and Norway) [13,14,41]. 
Cleaning is a relatively simple operation and the cleaning cost should be approximately correct for 
Oslo. The maintenance costs due to atmospheric wear will probably vary greatly between façades, 
buildings and work operations. It was decided to use the approximate average of European costs 
reported in the literature for a variation of single maintenance operations, of about 100 Euro/m2 [25]. 
However, this did not include costs for more complex maintenance with several consecutive work 
operations, including cost items such as the scaffolding, which would often be needed.  

The values for the concentration of the air pollutants included in the ERFs (Annex A) were 
available from measurements performed at several air quality stations in Oslo, including one ICP-
materials exposure station, which was the only station where pH in precipitation was measured. The 
approximate averages of the annual values of the pollutant concentrations measured at the stations 
around the center of Oslo were used in this work for the “T = traffic situation in the center of Oslo”. 
The average annual values for the pollutant concentrations measured at the ICP-materials urban 
background station in Oslo were used for the “UB = urban background situation in the center of 
Oslo”. A clearly significant difference in the pollution values in the urban traffic and the background 
situations was only observed for NO2 (Table 2). The averages of the annual values for the 
concentrations of the pollutants measured in the years from 2002 to 2014 at the rural background 
station Birkenes (Figure 2) in southern Norway were used for the “RB = rural background situation”. 
Chloride deposition was not measured at any of the stations. Considering that the Oslo Quadrature 
is located by the inner Oslo fjord, within one km from the shoreline, and that de-icing salts are used 
on roads in and around the city in the winter, a somewhat higher chloride deposition could be 
expected on the façades than in an inland natural background situation. However, the inner Oslo 
fjord is not a coastal location. The winds over the fjord are generally not much higher than inland 
and the waves and surf, which releases sea salt, are usually small. Most of the façades are, in addition, 
sheltered from the winds coming directly form the fjord by the terrain and other buildings. It was 
therefore decided to use a relatively low value for the chloride deposition, of 5 mg/m2 day. This would 
represent the approximate annual average sea salt deposition (of 2.5 mg/m2 day) some hundred 
meters from a coastline at low wind speeds (<3 m/s), considering also possible sheltering by trees and 
buildings [43] and a similar added amount of deposition from de-icing salt. The background value 
for the chloride deposition was set to zero to report a full measure for this “indicator for the chloride 
effect” on the carbon steel.  

A significant part of the acidity measured today in southern Norway is still from long-range 
transboundary transport, which accounts for the lower value (of pH) reported in the ICP-materials 
database at the more southern location of station of Birkenes than Oslo [38,39]. The aim of this work 
was to assess the contribution of the air pollution in Oslo to the maintenance cost of the façades of 
buildings in the Oslo Quadrature, as compared to a rural situation outside of the city, without 
considering variations in long-range transport. There were no other measured values for acidity in 
rainwater available from stations closer to Oslo (than Birkenes). It was therefore decided to use a 
value of pH = 5.3 for the acidity in rainwater in the rural background (in the rural area close to the 
city), as compared to the value of pH = 4.7 which was measured at the Oslo ICP-materials urban 
background station, and the value of pH = 5.0 which was measured at the Birkenes station, as the 
average of the five years of measurement from year 2002 to 2014 [38,39]. The annual average values 
for the climate (temperature, precipitation amount, and relative humidity), measured at the central 
Oslo meteorological station at Blindern from year 2002 to 2014 and reported to ICP-materials [38,39], 
were used in all the calculations. 
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5. Results 

Figure 5 shows the results for the estimation of the maintenance and cleaning costs of the 
building façades in the Oslo Quadrature in the years from 1979 to 2014 due to atmospheric wear, 
including the influence of air pollution. The figure includes a complete comparison of the calculated 
costs by the ERFs for the noted, and differently colored (in text and outline), materials and pollution 
situations over the evaluation years. The initial impression of the figure may be somewhat confusing, 
but every displayed point (on the curves) is simply the calculated maintenance cost for one material 
in one year in one of the pollution situations given by the legend and colored text. Thus, each legend 
entry in grey represents all the similarly outlined curves of different color. The main purpose of the 
figure is to compare the values for the SO2 dominated situation in 1979 and 1995 and for zinc since 
1987 with those estimated for Portland limestone, carbon steel, copper, and for the cleaning of white 
painted surfaces and glass, for the multi-pollutant situation, from 2002 to 2014. For Portland 
limestone, carbon steel, and the cleaning there were no observable trends in the results in the multi-
pollutant situation, but significant variation between the years. For the sake of presentation and 
comparison, it was therefore decided to show the average periodic costs (straight horizontal lines) 
from 2002 to 2014 for each of these materials. 

The upper part of Figure 5A compares the values in 1979 and 1995 with maintenance due to 
weathering-corrosion. The lower part of Figure 5B compares the same values in 1979 and 1995 with 
cleaning costs due to soiling and haze. By the legend and colored text, Figure 5 gives the main 
conditions for the estimations related to the pollution situations (traffic, urban, and rural background 
situations) and the maintenance tolerances (R) applied in the estimations for the many materials. The 
display of all the results in the two connected diagrams, Figure 5A,B gives a quick impression of how 
the values for the maintenance cost estimates for the “present” (2002–2014) period compare to the 
recent past (1979–1995). As the single materials were not directly comparable, except for galvanized 
sheet and zinc, this seemed to be the best way to give an overall comparative view of the estimated 
maintenance costs and trends. The crosses on the curves show the measurement/estimation years. 
For simplicity, Figure 5B only shows the lowest and highest maintenance costs calculated for 
individual materials in 1979 and 1995. The “European average” costs for copper were similar to the 
values in the center of Oslo and are not shown. 
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Figure 5. Building maintenance and cleaning costs in center Oslo since 1979, due to atmospheric wear, 
including the influence of air pollution, calculated by available exposure–response functions (ERFs) 
for a selection of materials. Comparison between reported values for the SO2 dominated situation in 
1979 and 1995 (both in A and B) and estimated values for the multi-pollutant situation for 
maintenance due to weathering-corrosion (A) and soiling (B). Every displayed point (on the curves) 
is the calculated cost for one material in one year in one of the pollution situations given by the legend 
and colored text. Each legend entry in grey thus represents all the similarly outlined curves of 
different color. The curves represent the materials noted by the accompanying text in the same color. 
It should be noted that an assessment of, and adjustment to, most realistic values for the respective 
maintenance cost in the Oslo quadrature is made in the Discussion, Section 6. 

The main result seen in Figure 5A is that the present (2002–2014) estimated maintenance costs 
due to atmospheric wear are in the same overall range as from 1979 to 1995. The estimated 
maintenance cost of painted steel in 1995 due to atmospheric wear, shown in Figure 5, was about four 
times higher than for any other material. As an ERF for the multi-pollutant situation did not exist for 
painted steel, no calculation was made for this material for the 2002–2014 period. Considering, 
however, the relative similarity of the cost estimates for other materials since 1979, the situation, with 
much higher cost for the maintenance of the painted steel, would probably be similar for the years 
after 1995. The maintenance cost due to air pollution after 2002 for metallic surfaces (zinc, copper, 
and carbon steel, without including a chloride effect) remains low with an impact of the local air 
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pollution, which seems only very slightly above that of the rural background pollution for these 
materials. At the lower maintenance tolerance for zinc, of 0.2 mm recession, and when the very 
significant chloride effect was included for the carbon steel, the present (2002–2014) maintenance 
costs were estimated to be two to three times that of the most relevant single façade material, 
galvanized steel, in 1995. The present maintenance cost for Portland limestone (see Discussion), 
which could represent lime renderings, was estimated to be significantly higher than in 1995, but still 
much lower than for painted steel.  

Figure 5B shows that the cleaning cost, especially for glass/windows, may today generally be 
higher than the corrosion costs (Figure 5A, see also Discussion). Except for the much higher values 
calculated for the carbon steel corrosion for the European ICP-materials averages, the cost values for 
these averages were about similar to the values for Oslo, as is also shown by comparison to values 
reported in [25]. The reason for the lower steel corrosion in Oslo is the sensitivity of carbon steel to 
SO2 and the lower measured SO2 concentration in Oslo (Table 1, [38,39]). Contrary to the large 
variation between years in the cost values for the single station in Oslo, the European ICP-materials 
averages indicate a trend towards lower maintenance costs due to atmospheric wear of façades over 
the period 2002 to 2014.  

Figure 5 further shows higher estimated cost over background for the maintenance of Portland 
limestone (Figure 5A) and cleaning of soiled surfaces (Figure 5B) in the multi-pollutant situation than 
for any material in the SO2 dominated situation in 1995. Tables 3 and 4 in the Discussion section give 
the cost values for 1979, 1995, and averages from 2002 to 2014, shown in Figure 5. 

6. Discussion—Uncertainties 

Some aspects related to the impact of the air pollution on experimental samples and façades, 
and the measures for the maintenance costs, will be discussed. The present (2002–2014) maintenance 
costs due to the atmospheric wear will then be compared with the costs in 1995 and with the total 
building maintenance cost. 

6.1. The Impact of Air Pollution on Experimental Samples 

The applied ERFs represent the average of the measured atmospheric impact on material 
samples at a selection of European exposure stations. It is worth investigating how the situation in 
Oslo is represented by this average. Figure 6 shows the responses by the ERFs calculated from the 
environmental values measured at the Oslo ICP-materials urban background station, and the 
respective measured first year surface wear of experimental samples at the station. Results from the 
ERF for the soiling of white painted steel Equation (A5) are not shown in Figure 6, as data from Oslo 
were not used in the development of this ERF. This ERF was developed in the 1990s based on 
exposures in European cities with high air pollution: London in the UK, Katowice in Poland, and 
Athens in Greece [21]. 

The results for the multi-pollutant ERFs are only shown from 2002, as PM10 values for Oslo were 
only available from that year, based on correlation with particle deposition [22]. The same ERF for 
zinc in an SO2 dominated situation was used for all the years. As the ERFs were developed by 
statistical methods from measured environmental and corrosion data, some differences between the 
calculated and the measured values for the wear at single stations is expected. This difference is an 
indication of how well the ERFs represent the observed situation at that station. Figure 6 shows that 
for Oslo there was no systematic error in the wear calculated by the ERF for Portland limestone, but 
significant uncertainty in the prediction for single years. The zinc function systematically 
underestimated the loss of glass-blasted zinc exposed from 2002 to 2014, but not in the years 1997 
and 2000, and overestimated that of ground samples, except in 1987 and 1992. The carbon steel and 
haze functions overestimated the responses measured on these materials.  
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Figure 6. Response results calculated by ERFs (Appendix A) from environmental values and 
measured after one year of exposure of experimental samples at the ICP-materials station in Oslo. 

The zinc function was developed for ground zinc in the SO2 dominated situation. Glass-blasted 
zinc has a somewhat rougher surface and higher corrosion rate, as can be seen for the years 2000 and 
2008, when the corrosion of these different surface finishes was compared experimentally [36]. The 
larger presence of different pollutants relative to SO2 after 2000 may be another reason for the 
underestimation of the corrosion of glass-blasted zinc from 2002. A new multi-pollutant function was 
developed for zinc [20], but more recent correlations within ICP-materials [44] indicate that this 
inclusion of additional pollutant terms is uncertain.  

Metals are, generally, sensitive to chloride corrosion. This is important for, for example, painted 
steel surfaces. When damages appear in the paint film the degradation will happen much more 
quickly in a chloride containing environment. Chloride deposited on stone façades can increase the 
erosion caused by salt crystallization and dissolution. Chloride was not included in the ERFs used in 
Figure 6. The corrosion of carbon steel, which is the metal most sensitive chloride exposure, was 
overestimated. This shows that the chloride effect in the urban background in Oslo is probably small. 
De-icing salts are used on many roads in Oslo during the winter, and the exposure of façades and 
wear due to exposure to de-icing salts could still be significant in some situations.  

The overestimation for carbon steel could be due to longer periods of cold and dry weather in 
Oslo giving less corrosion than the European average, and/or differences in the composition of PM10 
in Oslo as compared to other ICP-materials locations. Oslo has several winter months during the year 
with temperatures below freezing and snow. This may reduce the corrosion of metals as compared 
to the European average, but could possibly increase the physical erosion of stones and other 
materials, related to frost, thaw, and humidity cycles. PM10 consists of a range of possible particle 
sizes and compositions, which will vary between locations, and which could have different corrosion 
effects. Oslo has substantial emissions of fine particles from residential wood burning on cold winter 
days and of re-suspended road dust on days with dry and cold weather in the winter and spring. 
This emission often happens together with temperature inversions, which traps the pollutants in 
stable air over the city and gives the highest concentrations of PM10 though the year. It may be that 
the exposure to this PM10 in Oslo is relatively less corrosive and soiling than the average European 
PM10 exposure.  
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The ERF for the soiling of white painted steel only correlates the soiling with the PM10 

concentration and the experimental correlations were rough [21]. Climate factors were not included. 
This was expected to give more uncertainty in calculations by this ERF. The fraction of black soot 
from diesel engines and industry in the measured PM10 was probably a major reason for the observed 
experimental soiling. PM10 in Oslo is probably different from a theoretical European average, and 
contains less black carbon than the experimental situations, in Athens, London, and Prague, in the 
1990s.  

The comparisons in Figure 6 show that the maintenance costs reported in Figure 5 for the carbon 
steel without chloride exposure and the cleaning of glass were probably overestimated, with a factor 
of about two. If this is due to less impact of PM10 in Oslo, then the cleaning costs for the white painted 
steel in Figure 5 were probably also overestimated.  

6.2. Comparison of Atmospheric Wear on Experimental and Façade Materials and Measures of Maintenance 
Costs 

The applied ERFs represent a selection of façade materials. It is worth questioning whether the 
sample materials represent the façade materials over their lifetimes and how the mainly uniform 
measured weathering on the sample materials represents the variation in the weathering on the 
façades in the Oslo Quadrature.  

There will be variations in weathering depending on the exposure orientation of façades. The 
experimental metal samples were exposed in open exposure at 45 degrees to the horizontal. The 
limestone samples were exposed vertically in open exposure. The glass samples were exposed 
vertically and sheltered from rain and sunlight. As roofs are more commonly made from metal sheet, 
whereas renderings and glass are usually applied on walls, the experimental sample orientation 
should represent the façades.  

The atmospheric wear of uniform façade material, like bare metals (zinc and carbon steel) and 
probably also brick and tile, will probably be quite similar to experimental samples. Still, the surfaces 
of, for example, the galvanized zinc façades in the Oslo Quadrature would be different from glass 
blasted and ground zinc, and their corrosion could be systematically different from the experimental 
samples. Based only on the difference between the glass blasted and ground zinc samples, and 
assuming that the first-year corrosion of the galvanized façades was in the same range, the 
uncertainty in the maintenance cost estimates for the zinc façades could be in the range of about −75 
to +100% of the reported values. However, this uncertainty was not very important for the overall 
cost evaluation, as the present estimated maintenance costs of zinc façades in Oslo due to the 
atmospheric wear were low. This variation does, however, indicate significant general uncertainty in 
the reported cost estimates, depending on the surface properties. The extrapolation by the ERFs to 
longer lifetimes than in the experimental exposures (four years) gives additional uncertainty.  

An ERF for the weathering of Portland limestone was used to indicate the maintenance costs for 
limestone renderings, which are significantly different from Portland limestone. It was assumed that 
the chemical mechanism which weakens the rendering until it cracks was similar to the weathering 
of limestone, and that a certain leaching of the limestone could represent the “cracking point” for the 
rendering. The cracking point was set to 0.1 mm uniform leaching of a Portland limestone surface. 
Although the initial weathering processes and leaching of limestone and lime renderings have 
similarities, the application of this maintenance tolerance for limestone ornaments (of 0.1 mm) to lime 
renderings is clearly uncertain. The relatively high maintenance cost for Portland limestone shown 
in Figure 5 is an indication and warning about the sensitivity of the renderings. The mechanism for 
the degradation of Portland limestone versus renderings is, however, not sufficiently understood to 
give a precise evaluation. The cleaning of façades with rendering may be less relevant than 
atmospheric weathering, as the replacement of renderings would probably often be the single 
maintenance response. In the possible case of cleaning of the non-white façades of the historic 
buildings, the tolerance for soiling before cleaning may be higher, and the cleaning cost due to the 
atmospheric impact then lower, than that shown for the white painted façades in Figure 5. Thus, the 
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evidence is not sufficient to conclude that the atmospheric wear costs for the lime renderings were 
different in the multi-pollutant situation from 2002 to 2014 than they were in 1995.  

The variation in the weathering on the larger and more complex surfaces of buildings will 
generally be larger than on smaller samples, which may lead to different wear characteristics and 
maintenance responses. Such local variations are not considered in the estimations with the ERFs. 
The starting point for any particular evaluation of damage would usually be understand if the 
degraded part of a façade or other element was in some way differently exposed to higher 
environmental loads or other damaging influences. For example, there would be local variations in 
the concentrations of NO2 and PM10 depending on such factors as the distance from the traffic, the 
form of the street canyons, and local emissions from residential wood burning. The sheltering of 
different parts of the façades could significantly affect the weathering. Areas sheltered from rain can 
be subject to more degradation due to dry deposition and the accumulation of corroding pollutants, 
whereas non-sheltered areas may be more affected by rain wetting and washing. The experimental 
exposure situation of the modern glass samples was clearly different from that of most ordinary 
windows, which are usually exposed to some rain-washing. What the impact of rain-washing is on 
the observed haze on windows as compared to the calculations by the ERF, and on the perception 
about needed cleaning, seems to be not well known. Quicker than average wear on critical points of 
a construction may lead to local repairs and an earlier need for general maintenance than expected 
from the average corrosion and weathering. It may be difficult to assess how this could affect the 
overall maintenance cost, but it would probably be towards higher costs.  

It is worth questioning what the maintenance costs for the façades, as given in Table 1, represent 
and how correct they are for the year 2019. The maintenance work on façades will usually consist of 
several steps, such as diagnosis, cleaning, repair, consolidation, and protection. In some cases, the 
maintenance could be considered a one step process, such as for façade and window cleaning. In 
other instances, façade cleaning would be the first step before further maintenance actions. The 
extensive conservation of more complex ornamented façades or monuments could include more 
steps and different processes and be very expensive. The maintenance cost due to the atmospheric 
wear reported in this work indicates the expected cost for relatively simple one-stage maintenance 
operations. For complex maintenance operations the cost would probably be higher. 

This discussion shows the many challenges with comparison between weathering and soiling of 
experimental samples and façades with variations in material properties and degradation rates, and 
in determining the condition and costs for maintaining them. The cost due to atmospheric wear of 
façades, including the influence of air pollution, that was reported in this work should therefore be 
considered indications of the costs. They are suited to reporting trends. The absolute values are more 
uncertain. The uncertainty represented by the different single input parameters to the cost 
estimations by the ERFs should be evaluated in each concrete case. It may be wise to make 
calculations for a range of maintenance tolerances and report a range of costs, as for zinc in Figure 5.  

Lastly, it is important to note that façades are often maintained for reasons other than the 
atmospheric chemical and microphysical wear, and soiling, which was estimated by the ERFs applied 
in this work. The atmospheric wear may be the major reason for the maintenance of façades in some 
situations, for example, along trafficked roads. Other reasons for façade maintenance may be 
different degradation processes affecting the building and the façades, such as various physical 
processes related to water exposure and penetration, cracking due to structural movements and 
loads, vandalism, or even changes in aesthetic perceptions unrelated to the physical condition. The 
degradation will usually happen by a combination of mechanisms. The relative importance of the 
atmospheric wear for the maintenance could vary between 0 (uniform atmospheric wear, including 
the influence of air pollution, is not important) and 1 (uniform atmospheric wear, including the 
influence of air pollution, determines the cost). Even if it can be difficult to determine the relative 
importance of degradation processes, the value of this factor could be suggested by performing case 
specific condition evaluations and studies of the decision processes leading to the maintenance 
actions. However, such analyses were beyond the scope of this work. 
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6.3. Comparison of Cost in 1995 and 2019 

Table 3 shows the materials inventory from the study by [15], of the façades facing the street in 
the Oslo Quadrature, of eight buildings from between 1626 and 1800, and another eight buildings 
from between 1800 and 1914. The table gives an impression of the types and relative amounts of 
surface materials of façades from before 1914, even if the inventory clearly depends on the selection 
of the buildings. If, for example, the building in Figure 4b had been included (the buildings in Figure 
4a,c were included), then a larger surface area of brick would have been in the inventory.  

Table 3. The materials inventory for the façades of 16 buildings in the Oslo Quadrature, with reported 
maintenance cost in 1995, according to [15], in 2019 prices (Euro/m2 per year). The values were, in 
many instances, kept with two digits to show differences, even if this overstated the precision. (i) = 
materials considered to be inert by [15]. (n.i) = not included in the cost assessment by [15]. * = material 
for which the cost is shown in Figure 5. 

Material  
(i = Considered Inert by [15]) 

Material Type: M 
= Metallic, S = 

Stone/Mineral-
Ogical, W = 

Wooden, O = 
Other Organic 

Area (m2) 

Maintenance Cost due to 
Atmospheric Wear in 1995 in 2019 

Prizes (Euro/m2 per year) 

Total 
Costs  

Back-
Ground 

Costs  

Local 
Pollution 

Cost 
Tile * S 895 1.4 1.4 0 

Tile, glazed * S 2874 1.4 1.4 0 
Brick * S 15 1.4 1.4 0 

Wood, painted W 529 2.6 2.4 0.2 
Rendering, untreated S 108 1.88 1.81 0.1 
Rendering, painted * S 8213 1.94 1.9 0.04 

Stone, mainly granite (i) S 1187    
Glass (i) S 2170    

Aluminium, painted O, M 45 1.63 1.61 0.02 
Galvanized steel * M 78 0.8 0.5 0.3 

Galvanized steel, painted M 1046 1.94 1.9 0.04 
Steel, painted * O, M 229 11.0  10.3 0.7 

Stainless steel (i) M 22    
Zinc monument (n.i) M 50    

Copper * M 1581 0.27 0.24 0.03 
Brass (n.i)  M 16    

Average, all materials  19,058 1.39 1.32 0.07 (5%) 
Average, degrading materials  15,603 1.69 1.61 0.08 (5%) 

Table 4 shows the calculated maintenance costs due to atmospheric wear in the multi-pollution 
situation in the period 2002–2014, in 2019 prices.  

The cleaning cost of glass and carbon steel in 2002–2014 was adjusted to half the value shown in 
Figure 5, the atmospheric wear cost of renderings, as represented by Portland limestone, was 
assumed to be similar to the cost for rendering in 1995, and it was considered that the cost for possible 
façade cleaning could probably be represented by the average cost found for maintenance of the 
façade materials in 1995, all in accordance with the discussion in Section 6.1. The background costs 
were adjusted similarly. The addition of the costs for the window cleaning increased the atmospheric 
wear cost of the historical façades in the Oslo Quadrature by about 15%, from 1.4 Euro/m2 per year, 
calculated by the SO2 dominated ERFs in 1995 (Table 3), to 1.6 Euro/m2 per year, calculated for the 
present multi-pollutant situation (2002–2014) (Table 4). Clearly, they cleaned windows in 1995 too, 
and this approximate cost could have been included in the total for 1995. 
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Table 4. Maintenance cost due to atmospheric wear, including multi-pollution exposure, in the period 
2002–2014, in 2019 prices. When adjustments were made according to the discussion (see Sections 6.1 
and 6.2) the original value calculated by the ERFs (Figure 5) is given in the brackets. The values for 
Portland limestone, zinc, and the cleaning of glass are averages for the two situations shown in Figure 
5 (Euro/m2 per year). T = Traffic situation, UB = Urban background situation, R0.2 and R0.8 are the cost 
estimates at recession tolerances of 0.2 and 0.8 mm, as shown in Figure 5. 

Material  
(i = Considered Inert by [15]) 

Material Type: M 
= Metallic, S = 

Stone/Mineral-
Ogical, W = 

Wooden, O = 
Other Organic 

Area (m2) 

Maintenance Cost due to 
Atmospheric Wear (2002–2014) in 

2019 Prizes (Euro/m2 per year) 

Total 
Costs  

Back- 
Ground 

Costs  

Local 
Pollution 

Cost 
Portland limestone (T + UB/2) S - 1.9 (3.1) 0.9 (1.5) 1.4 (2.8) 

Carbon steel w/ chloride 
exposure 

M - 2.0 0.3 
1.7, 1.5 due 

to Cl 
Carbon steel without chloride 

exposure 
M - 0.25 (0.5) 0.15 (0.3) 0.1 (0.2) 

Zinc (R0.2 + R0.8/2) M - 1.3 1.1 0.2 
Copper M  0.3 0.2 0.1 

Glass, cleaning (T + UB/2) S - 2.0 (4.0) 0.3 (0.6) 1.7 (3.4) 
White painted steel, cleaning O - 1.6 (2.3)  1.0 (1.4) 0.6 (0.9) 

Average, all materials      
+cleaning of glass  19,058 1.62 1.35 0.26 (16%) 

+Portland limestone as 
substitute for rendering 

 19,058 1.62 1.0 0.62 (38%) 

Average, degrading materials      
+cleaning of glass  17,773 1.73 1.45 0.28 (16%) 

+Portland limestone as 
substitute for rendering 

 17,773 1.73 1.07 0.66 (38%) 

The cost due to the local air pollution was estimated to be a significantly larger part of the total 
maintenance cost due to the atmospheric load and wear of some materials in 2002–2014 than in 1995. 
When including the window cleaning in the 2002–2014 period, the maintenance cost due to the local 
air pollution increased to about 15% (0.26 Euro/m2 per year) of the total cost, as compared to 5% (0.07 
Euro/m2 per year) without the window cleaning and in 1995. When including the adjusted value for 
the Portland limestone as a substitute for maintenance of the 50% of the façade area with renderings, 
the cost due to the local air pollution increased to about 40% (0.62 Euro/m2 per year) (Table 4). This 
significant difference between the reported values for 1995 and those calculated for the present (2002–
2014) was due to the experimentally observed degrading influences of NOx gases and particulate air 
pollution (PM10). 

6.4. Comparison with Total Building Maintenance Cost 

The total costs for maintenance, including technical installations of public buildings in 
Norwegian municipalities, have been reported to be in the range from 90 to 115 NOK/m2 gross floor 
area [45]. With an increase in work cost of about 40% since the reporting year 2004 [42], the 
approximate maintenance cost in 2019 would be 140 NOK, or about 15 Euro/m2 floor area. Assuming 
three story buildings in the inventory from [15] (see Figure 4) of 10 m height with an average depth 
from the street of 10 m [46], the total square meter gross floor area would be: the total façade area of 
19,058 m2 times three, equals 57,174 m2 (= the façade area (19,058 m2) / façade height (10 m) × Building 
depth (10 m) × 3 floors). The total present (2002–2014) overall atmospheric weathering cost, including 
the influence of air pollution, was estimated to be about 1.6 (1.62) Euro/m2 façade per year (Table 4). 
Assuming no change in the atmospheric loads since the period 2002–2014, the maintenance cost due 
to the atmospheric wear, including air pollution, in 2019 would be about 3.5% (1.62 × 19,058)/(15 × 
57,174) of the total maintenance costs, which would amount to about 30,000 Euro/year (15 × 57,174 × 
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0.035%) for the 16 buildings. The local air pollution was estimated to account for 38% of this, or about 
1.3% (0.38 × 3.5%) of the total maintenance cost, equal to about 11,150 Euro/year (15 × 57,174 × 0.013%). 
It may be that the maintenance costs for the façades, including the required preparations and multiple 
work operations, are higher than the 100 Euro/m2 façade per year assumed in this estimation (Table 
1). On the other hand, the total maintenance cost may be higher for these protected buildings than 
the 100 Euro/m2 gross floor area per year reported for the typical municipal buildings. Some part of 
the cost would be due to different deterioration or evaluations than those related to the atmospheric 
façade wear. There are surely differences between cases and variations in costs. Separate cases could 
be evaluated with more precision based on detailed observations of the extents, causes, and reported 
reasons for the deterioration and maintenance operations, including the work costs.  

Possible adjustment (AV) of the reported values (RV), of maintenance cost for the façades in the 
Oslo Quadrature due to the present atmospheric wear, including the influence of air pollution (Table 
4), could be made for different work costs and the relative importance for the maintenance of the 
atmospheric wear, by the following calculation: 

Adjusted value (AV) = RV × the observed maintenance work cost relative to that used here in 
Table 1 × the factor relevance of uniform atmospheric wear (between 0 and 1). The percentage cost 
for the atmospheric wear relative to the total maintenance cost per m2 gross floor area could then be 
easily recalculated by replacing the value of 15 Euro/m2 gross floor area used in the calculation: 
AV/(15 × 3), with a corrected total cost (different from 15 Euro). For different maintenance tolerances, 
a recalculation by the ERFs would be needed. 

7. Conclusions 

The main conclusions from this study of maintenance cost due to atmospheric wear and soiling 
of the façades of the historic buildings in the Oslo Quadrature, including the influence of air pollution, 
are distinguished by four points below, about: (1) maintenance cost due to atmospheric wear and 
soiling for the total façade area and compared to the total maintenance costs for the buildings; (2) the 
maintenance cost due to atmospheric wear and soiling of single façade materials; (3) the effect of 
chloride exposure on the façade maintenance costs; (4) the variation in façade maintenance costs for 
single façade materials and associated uncertainty in the estimations. Lastly, the concluding 
paragraph gives an overall evaluation of the importance of multi-pollutant exposure situation for the 
present and future maintenance cost for the façades in the center of Oslo. 

1. The total maintenance cost due to atmospheric wear and soiling in the present multi-pollutant 
situation is about 1.6 Euro/m2 per year, with the local air pollution costing about 0.6 Euro/m2 
total façade area per year, or 40% (38%). Of this local air pollution cost, the cost due to wear of 
renderings is about 0.4 Euro/m2 per year (22%), cost due to the cleaning of glass about 0.2 
Euro/m2 per year (11%), and cost due to wear of the other façade materials about 0.07 Euro/m2 
per year (5%). The maintenance cost due to the atmospheric wear was found to be about 3.5%, 
and that due to the local air pollution 1.3%, of the total maintenance costs for the buildings, 
including their technical installations, which would amount to about 30,000 and 11,150 
Euro/year for the 16 buildings; 

2. The present (2002–2014) maintenance cost per square meter of specific façade material due to 
atmospheric wear, including the influence of air pollution, is probably highest for painted steel 
surfaces, about 8–10 Euro/m2 per year. Among the other façade materials, this cost was indicated 
to be highest for lime renderings, about 3.1 Euro/m2 per year. The uncertainty in this estimate 
was large, due to the applied comparison with Portland limestone, so a difference from the cost 
of 1.9 Euro/m2 per year found in 1995 could not be determined. The costs for the cleaning of 
sheltered modern glass were evaluated to be about 2 Euro/m2 per year and of the other façade 
surfaces about 1.6 Euro/m2 per year. This takes into account that the soiling impact of PM10 in 
Oslo seems to be less than for the average of European experimental locations. The cleaning costs 
would clearly vary depending on the local exposure situations, as in trafficked roads, backyards, 
or the urban background. For renderings and painted façades it should be considered if 
maintenance actions other than cleaning, for example, replacement and repainting, could be the 
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response to the wear. The maintenance costs for metallic surfaces (zinc, carbon steel, and copper) 
due to air pollution, excepting possible exposure to chloride, were found to be similar to those 
reported for 1995, below about 1 Euro/m2 per year, with the lowest cost for copper, of about 0.25 
Euro/m2 per year. A possibly slight continuing trend of reductions in the maintenance costs for 
the metallic surfaces since 1995 was indicated; 

3. The estimations showed a significant possible effect of chloride exposure, which could increase 
the cost for the maintenance of carbon steel surfaces in the center of Oslo from about 0.25 to 2 
Euro/m2 per year. No such chloride impact was measured on experimental samples on an urban 
background station in Oslo, which indicates that the wear from sea salt chloride of the façades 
in the Oslo Quadrature is probably small. However, local exposure to de-icing salts could 
significantly increase maintenance costs; 

4. It was found that the variation in the maintenance cost due to atmospheric wear, depending on 
the type of zinc surfaces and their maintenance tolerance, might be on the level of a possible 
chloride effect, of about 2 Euro/m2 per year with an uncertainty of about −75 to +100%. This is an 
indication of general uncertainty of the cost estimates, depending on variations in surface 
properties of the façade materials. Other differences between experimental samples and façade 
materials and changes during the lifetimes of the façades could give additional uncertainty.  

The results indicate that the present (2002–2014) multi-polluted urban atmosphere in the center 
of Oslo is a significant contributor to the total maintenance cost for historic façades. This is especially 
so for sensitive surfaces with low cleaning/maintenance tolerances, such as glass and façades which 
are easily soiled, lime-containing renderings and mortars, and fine stonework and ornamentation. 
For metallic surfaces, the contribution of local air pollution to the maintenance need and costs has 
been very small to insignificant since 1995. The main reason for the remaining influence of air 
pollution is the still significant emissions of particulate matter and NOx gases. Thus, some savings in 
the maintenance cost for façades could still be obtained by reducing these emissions. The future will 
show how opposite trends, like the significant electrification of the vehicles and the rapid urban 
development and growth in Oslo, will affect the local air pollution values and impacts. 
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Appendix A 

This appendix contains the formulations of the exposure–response functions (ERFs) which were 
applied in the calculations in this work.  

For the multi-pollutant situation, the following ERFs were applied.  
For the recession of carbon steel, [20]: 
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𝑅 =  3.73 + (2.78 +  0.178[𝑆𝑂ଶ]଴.଺𝑅ℎ60𝑒𝑥𝑝௙(்)  +  0.166𝑅𝑎𝑖𝑛[𝐻ା]  + 0.0761𝑃𝑀ଵ଴  +  0.102𝐷஼௅଴.଺ଶ𝑒𝑥𝑝଴.଴ଷଷோ௛ା଴.଴ସ்)𝑡଴.଺, (A1) 

where RH60 = (Rh − 60) when Rh > 60, otherwise 0, and f(T) = 0.15(T − 10) when T < 10 °C, otherwise 
−0.054(T − 10). The part for the chloride contribution was added based on the description in [47] (p. 
127). 

For the recession of copper, [20]: 𝑅 =  0.349 + ( 0.122 +  0.000225[𝑆𝑂ଶ]଴.ସ[𝑂ଷ]𝑅ℎ60𝑒𝑥𝑝௙(்)  +  0.00983𝑅𝑎𝑖𝑛[𝐻ା])𝑡, (A2) 

where RH60 = (Rh − 60) when Rh > 60, otherwise 0, and f(T) = 0.15(T − 10) when T < 10 °C, otherwise 
−0.054(T − 10). 

For the recession of Portland limestone [20]: 𝑅 =  3.1 + (0.85 +  0.0059[𝑆𝑂ଶ]𝑅𝐻60 +  0.054𝑅𝑎𝑖𝑛[𝐻ା] +  0.078[𝐻𝑁𝑂ଷ]𝑅𝐻60 + 0.0258𝑃𝑀ଵ଴)𝑡, (A3) 

where [HNO3] can be approximated by [25]: [𝐻𝑁𝑂ଷ]  =  516𝑒𝑥𝑝ିଷସ଴଴/(்ାଶ଻ଷ)([𝑁𝑂ଶ][𝑂ଷ]𝑅𝐻)଴.ହ. (A4) 

For the soiling of sheltered white painted steel [21,40]: ∆𝑅 = 𝑅଴ ∙ ൫1 − 𝑒𝑥𝑝(−[𝑃𝑀ଵ଴] ∙ 𝑡 ∙ 3.96 ∙ 10ି଺)൯, (A5) 

where ∆R is the loss of reflectance (%) relative to the reflectance of the non-soiled surface, R0 (%) at 
time zero, [PM10] is the concentration of PM10 (particles with aerodynamic diameter ≤ 10 µm) in µg/m3, 
and t the time of exposure (days). The constant (=3.96 × 10−6) then have the unit m3/µg × t. 

For the soiling of modern glass, the average of the result calculated with equations for the haze 
development on sheltered modern glass was used, as reported by [22]: 𝐻 = (0.2529 · [𝑆𝑂ଶ] + 0.108 · [𝑁𝑂ଶ] + 0.1473 · [𝑃𝑀ଵ଴]) · ቆ ଵଵାቀయఴమ೟ ቁభ.ఴలቇ, (A6) 

and by [23]:  𝐻௘௦௧  =  4.81 ·  𝐻௡௢௥௠  +  5.27, (A7) 𝐻௡௢௥௠ =  3.951 –  39.193 ·  𝑡𝑎𝑛ℎ(𝑆ଵ) +  44.967 ·  𝑡𝑎𝑛ℎ(𝑆ଶ), (A8) 

𝑆ଵ = −1.498 − 0.145 · ൬𝑡 − 387.18257.17 ൰ + 0.031 · ቆ[𝑆𝑂ଶ] − 9.711.82 ቇ + 0.297· ቆ[𝑁𝑂ଶ] − 33.2919.37 ቇ + 0.28 · ቆ[𝑃𝑀ଵ଴] − 28.9315.68 ቇ 
(A9) 

𝑆ଶ = −1.45 − 0.073 · ൬𝑡 − 387.18257.17 ൰ + 0.033 · ቆ[𝑆𝑂ଶ] − 9.711.82 ቇ + 0.281· ቆ[𝑁𝑂ଶ] − 33.2919.37 ቇ + 0.261 · ቆ[𝑃𝑀ଵ଴] − 28.9315.68 ቇ 
(A10) 

In the Equations (A6), (A9) and (A10), t is the time (days). [SO2], [NO2], [PM10] are the 
concentrations in air (µg/m3) of sulfur dioxide, nitrogen dioxide, and particles with average 
aerodynamic diameter ≤ 10 µm. 

For the recession of zinc in the SO2 dominated situation the following ERF was applied [20]: 𝑀𝐿 =  1.4[𝑆𝑂ଶ]0.22 · 𝑒𝑥𝑝ሼ଴.଴ଵ଼·ோு ା ௙(்)ሽ𝑡଴.଼ହ  +  0.029𝑅𝑎𝑖𝑛[𝐻ା]𝑡, (A11) 

where f(T) = 0.062(T − 10) when T < 10°C, otherwise −0.021(T − 10). 
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