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1 Introduction

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

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

In order to achieve this, one of the objectives of ICP Materials is to

“Develop and establish clear procedures for performing inventories of stock
of materials at risk in order to facilitate comparisons of corrosion costs
calculated by different institutes or organisations and for different countries.”

Dose-response functions for materials developed by ICP Materials were available in 2001
for SO2 dominated situations and are now also available for multi-pollutant situations.
These functions involve both pollution and climate parameters and have a high degree of
confidence. Nevertheless, materials have so far not been included in integrated assessment
modelling and are not included in the multi-pollutant protocol. Part of the explanation for
this may be the lack of stock at risk data.

Several stock at risk studies have, however, been performed during the years, the most
intensive period being from 1990 to 1996 with several important studies in individual
countries that in the end enabled the estimate of Cowell and ApSimon (1996) on the cost of
damage to buildings by atmospheric pollution in Europe. The CULT-STRAT project
(http://www.corr-institute.se/cultstrat), continued the efforts during 2004-2007 and
performed several stock at risk studies focused on cultural heritage.

The aim of the present report is to present a summary of these studies and to discuss
possible methods of generalisation. Before presenting the individual studies an overview of
methodologies is given. All these studies could be organised in different ways; by
chronological order, by method, by scale or, as in the present report, by country. The
authors have tried to include all known studies, however, there is always a possibility that
an important study/country is missing and for that we apologise.
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The studies include a lot of original data on distribution of stock at risk and it is not the
intention of the present report to repeat all this data. On the other hand, a report without
data is not very useful and therefore the following types of data have been selected for
presentation as these are considered to be the most important for generalisation and
visualisation purposes:

 Data on total amount of material per capita or per building facade
 Identikit-type data showing percentage values of materials (see section 2 for an

explanation of the identikit approach)
 Maps of cultural heritage objects overlaid on different type of corrosion maps
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2 Overview of methodologies for assessing
stock at risk

This section provides a short overview of methodologies and is to a great extent based on
Yates and Inkpen (2001) and Watt et al (2009).

Methods for assessing stock at risk are preferably categorised according to the geographical
scale such as individual buildings, city districts, entire cities, countries and the continental
level. Without careful planning when performing stock at risk studies, it is possible to
collect a large amount of information that in the end proves to be useless. The
appropriateness of the data needs to be related to the scale of the survey and the desired end
point. The resolution and detail for each dataset needs to be comparable and some form of
sensitivity analysis should be used to determine the “weakest link in the chain”. For
example, there is little point in having the exact location of every building if there are no
records on the origin of the stones used in those buildings.

When considering deterioration and weathering there are two approaches – “top down” or a
“bottom up” (Figure 1). In the former the emphasis is on the building stock and then
looking at detail. The latter begins with the material or component and looks how the stock
will be affected.

material element building type locality building stock

preliminary investigation
identifying building scale of risk

preliminary investigation
establishing service functions

impact assessment
sampling and counting

impact assessment
quantifying impact

Figure 1 Illustration of the “top down” and “bottom up” approach to collecting
data.

2.1 Direct measurements

A direct measurement includes work in the field measuring the surface occupied by each
type of material once its nature determined (stone, mortar/rendering/plaster, painting, brick,
metal, glass, etc.). This very simple method permits an evaluation without any theoretical
modelling or generalisation, by direct observation, counting and measurement.
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The method is most suitable when assessing single objects or buildings (Aldobrandini
Village house, Frascati) but can also preferably be used in a city district (UNESCO part of
Paris) or even country (Italy). The larger the scale of interest the less practical this method
becomes due to the large amount of resources and man-power that needs to be involved.
However, this method is the basic foundation of any stock at risk study and at least some of
the buildings in a particular study need to be assessed by this method and then combined by
other methods described below.

2.2 The identikit

Identikits are generic building types that are developed to represent the dominant styles of
building found within a region and to provide estimates of the average proportion of
different materials used in their construction. These are developed from direct
measurements of a collection of similar objects/buildings and are used to generalise data to
other objects of the same category were there are no direct measurements available.

Examples of possible identikits could be “a typical semi-detached house in UK” or “a typical
gothic cathedral in Europe”. It is important to realise that an identikit is not only the label
itself but the label accompanied by a detailed description of the exposed materials and their
respective surface area. For example, it is possible to create a map of gothic cathedrals in
Europe but without this detailed description it is only a category, not an identikit.

2.3 Building registers

When assessing stock at risk on a larger scale it is often not practical to only rely on direct
measurements or self-created identikits. Building registers, when available, provide a means
to categorise buildings and can be a help when deciding what identikits to use and also for
providing statistical samplings when selecting buildings for the direct measurement method.

It is important to realise that the data available from these registers varies and that the
specific method should take into account the available data. A stock at risk assessment for a
single city is preferably assessed by combining building registers with the identikit approach
and inspection of individual buildings.

The process of generalising data to a larger geographical area from direct measurements
and identikits by using data from building registers or other sources (see below) is in this
report referred to as “grossing up”, as described in ECOTEC (1990).

2.4 Data from geographical information systems

GIS data may include large-scale maps of buildings, remote sensing (satellite data), and
photogrammetric data. For example, land-cover information does not provide data on the
number or type of buildings, so the satellite data can be used to indicate the spatial
distribution of the building stock, but an estimate of total stock in terms of buildings



8

themselves is required. This can either be calculated “bottom-up”, attempting to count
individual buildings from maps, or “top-down” using census data.

2.5 Census data

On a European scale, the use of census data is probably the only practical choice. When
estimating the benefits of implementing the 1996 Oslo Sulphur Dioxide protocol estimates
of residential floor space per capita were combined with the spatial distribution of buildings
based on published population density data. This was combined with identikits for East and
West Europe based on direct measurements from Prague and Stockholm.

2.6 Consumption and sales statistics

An indirect method that was used especially in earlier studies was to collect data on per
capita consumption of different materials. This has the drawback that it is not easy to
associate the consumption to a geographical reference, even the country can be uncertain
since expert is not always specified (OECD, 1981).

2.7 Methods specific for cultural heritage

Alternatively, there is a potential of using published information from sources such as good
quality tourist guides as they report more or less detailed information. The Italian Touring
Club Guide (ITCG) has been used for one such study, from which information on the
objects with historic and cultural value was extracted.

The European cultural heritage is one of the richest in the world and the UNESCO (United
Nations Educational Scientific and Cultural Organization) list of heritage with universal
importance can be used as a source for important sites at the European scale, 387 of the
UNESCO list of 745 sites are situated in Europe.
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3 Estimations of stock at risk in individual
countries

3.1 Czech Republic

According to Knotkova (1996), inventories of steel structures, rendering and roofing
materials were performed in the former CSSR (Czechoslovakia) in the early seventies in
connection with cost estimates of corrosion for an in depth environmental study of the
North Bohemian industrial agglomeration area. Later studies during the eighties followed a
similar methodology. As an example, data from the Czech Statistics office were used to
estimate quantities of steel in roofing, guttering, etc. These first studies were very general
and did not have a high accuracy concerning inventory data.

Knotkova (1996) also presented a case study on the inventory of objects and materials in a
5 km circle surrounding the Ruzyne airport. As for many earlier studies, this study
contributed to the development of methodologies for assessing stock at risk but did not lead
to economic estimates of corrosion damage caused by pollution.

Prague was in 1991 part of the important three-city study (Kucera, 1993, see section 4).

Knotkova et al (2001) later presented data for three generalised districts (Table 1):

 A historical centre of a city, represented by “Prague 1”, which includes the oldest
parts of the city with a major share of historically protected buildings;

 A residential area of a city, represented by “Prague 2”, which is the smallest district
in Prague, mostly with big blocks of flats but also including hospitals, railway station
and offices, to a minor degree;

 A city suburb with partially industrial objects or residential objects in an industrial
agglomeration, represented by the city “Ostrava”, which is an economical, cultural
and administrative centre in the Czech Republic with a majority of heavy industry.

The Prague Municipal House (Marek et al, 2000) was presented as a case study including
detailed description of materials and interventions from the start of the construction in 1905.
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Table 1 Materials in model city districts used for economic evaluation. These
materials represent more than 60% of the total surfaces of buildings.

Material District 1
Prague 1

District 2
Prague 2

District 3
Ostrava

All

Carrying walls
Thick plaster 78% 71% 21% 67%
Stucco plaster 10% 8% 8%
Plaster with coating 45% 6%

Construction elements
Zinc / coating 4% 5% 11% 5%
Steel, iron / coating 1% 3% 3% 2%
Wood / coating, impregnation 4% 4% 20% 6%

Roofing
Zinc / coating 3% 8% 1% 5%

Total (for economic evaluation) 1.30 km2 1.43 km2 0.44 km2 3.17 km2

The Czech Republic has developed a good inventory of the national cultural heritage (Watt
et al, 2009). The stone monuments are divided in different types: castles, chateaus and ruins.
The spatial distribution of castles is shown in Figure 2 overlapped with corrosion maps of
limestone for the years 1990 and 2000 based on dose-response functions for the multi-
pollutant situation. The monuments are quite uniformly distributed in the Czech Republic
and in some areas they are exposed to elevated pollution.

Figure 2 Distribution of castles for the Czech Republic territory and limestone
recession maps (µm year-1) for the years 1990 (left) and 2000 (right), based on
dose-response functions for the multi-pollutant situation presented on the EMEP
50x50 km grid.
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3.2 France

The CULT-STRAT project included several studies aimed at estimating the stock at risk on
the territory of France as described by Watt et al (2009), which are described here briefly.

A case study evaluating the stock of materials at risk on the facades in the centre of Paris
was performed by direct measurements. Houses from the 17-18th centuries were examined
with the prevailing materials limestone and painting, zinc, tile and slate roofs. The banks of
the Seine are inscribed in the UNESCO List of World Cultural Heritage (Figure 3) since
1991 because they are studded with a succession of masterpieces: Notre Dame, Sainte
Chappell, Louvre, Place de la Concorde, Tour Eiffel. In the Ile de la Cité, Table 2 shows a
summary of the results together with the results from two other case studies (Venice and
Rome) performed with similar methodology.

Figure 3 Paris area inscribed in the UNESCO world cultural heritage list

Table 2 Materials on facades of buildings and monuments for three case studies,
the centre of Paris (525 facades), the Sestiere of Dorsoduro in Venice (279
facades) and the Via del Babuino in Rome (70 facades).

Material Paris Venice Rome

Limestone/Travertine/Marble 76% 10% 20%
Render/Mortar/Plaster 7% 76% 5.4%
Render/Mortar/Plaster with coating 15% 0% 68%
Brick 1% 14% 4.4%
Metal 0.02% 0% 0%
Modern glassa 50% 50% 50%
Total area/facade 382 m2 173 m2 242 m2

aThe surface of modern glass is arbitrarily estimated as half of the total projected surface of the façade but is not subtracted from the total area
in order to account for the fact that real surfaces are not completely flat.
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The value 382 m2 could be compared to the value of 20 m x 20 m = 400 m2, which was
assumed for Paris, without measurements, by Rabl (1999) in his paper describing the
estimation of soiling costs in France.

Watt et al (2009) also describes a procedure for estimating cultural heritage stock at risk
from tourist guides where French heritage were selected in three different levels: Paris, big
cities and relatively small cultural heritage towns. A preliminary pilot evaluation using this
method was also done for medieval stone Gothic cathedrals and convents in France (Figure
4). The authors discussed the possibility of developing this indicator into a full identikit but
concluded that the situation is far more complex when cultural heritage is considered, since
buildings are much more individual in scale and design, even when built in the same period.
Materials used may reflect local sources on some occasions but not on others.

Figure 4 Spatial distribution of Gothic cathedrals and convents in France.

3.3 Germany

According to Mayerhofer et al (1999) only one survey has been carried out using direct
measurements: “This survey was done by Hoos et al. in 1986 for 232 representative
buildings in Dortmund and Cologne (in German: Köln). The survey yielded material
surfaces on 9 building types”. Data for three of these types are given in table 3 and these
were also considered relevant for the Netherlands (Bleeker and Duyzer, 2006).
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An inventory of materials surfaces was made for 1995 using the identikits of the Hoos study
and a building inventory in 1995 based on German building censuses (Table 4). In the type-
differentiated inventory, differences in material use for the same building type in different
parts of Germany are not accounted for. An alternative approach (averaged inventory) was
also made by extrapolating the composition of Dortmund and Cologne to the whole of
Germany. According to the Hoos survey the use of natural stones is restricted to only a few
building types. Subsequent calculations of costs used the type-differentiated inventory
(Mayerhofer et al, 1999).

3.4 Hungary

According to Haagenrud and Henriksen (1996), Kruse made a few years earlier an
inventory of distribution, quantities and distribution of building materials and the connected
cost savings in Budapest. However, the original study is not yet available.

Table 3 Identikits for three building types in Germany (1: one-family housing
(single, semis); 2: one-family housing (more in a row); 3: block of flats).

Material Type 1 Type 2 Type 3

Galvanised steel 1.8% 1.3%
Zinc 6.4% 4.9% 1.3%
Aluminium 1.0% 1.0% 6.9%
Concrete 1.0% 0.6% 23%
Paint 24% 26% 36%
Rendering 8.8% 6.9%
Brick 6.9% 5.3%
Synthetic building materials 1.5% 5.3%
Tile (cement) 35% 35%
Tile (clay) 2.0% 2.3%
Bitumen 5.4% 5.6% 17%
Other 6.4% 5.6% 16%
Total 339 m2 203 m2 722 m2

Table 4 Calculated material inventories of outdoor surfaces on residential
buildings in Germany in 1995.

Material Type-differentiated
inventory

Averaged
inventory

Galvanised steel 2.2% 2.2%
Zinc 11% 12%
Sandstone 2.1% 0.6%
Limestone 2.3% 0.4%
Other natural stones 1.5% 0.3%
Rendering 23% 31%
Paint 48% 48%
Concrete 8.8% 6.0%
Total 3771 km2 4056 km2
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3.5 Italy

The Risk Map of cultural heritage (“Carta del rischio del patrimonio culturale”),
http://www.uni.net/aec/riskmap/english.htm, performed in Italy is so far the most ambitious
mapping process of cultural heritage. The Risk Map was promoted by the Instituto Centrale
per il Restauro (ICR) and involved three phases of execution:

1. Gathering and analysing information about the severity of the environmental to
which cultural items are subjected in order to draw up thematic maps of risk in Italy

2. A survey, on two different levels, of the condition, and therefore the real
vulnerability, of cultural items: cataloguing and monitoring in the field

3. A computer-based synthesis of quantitative data concerning the distribution and real
vulnerability of items, and the presence of danger factors.

Figure 5 Distribution of cultural monuments (C.M.) in Italy using data from the
Risk Map of cultural heritage (“Carta del rischio del patrimonio culturale”).

Sicily
Sardinia
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The Risk Map included around 50,000 individual cultural monuments. The final database
gives for every object the main materials used for its construction but not the exact amounts
(Watt et al, 2009). Figure 5 shows the distribution of the number of monuments in Italy
from this project.

Despite the level of ambition of the Risk Map project the lack of data on surface areas has
stimulated additional studies of stock at risk. Doytchinov et al (2009) presented detailed
inventories for the cityf Milan (134 sites) and Rome (969 sites). Venice and Rome were also
case studies in the MULTI-ASSESS project (Figure 6) as previously described for Paris,
France (Table 2). Finally, Watt el al (2009) also describes two case studies with
measurements on individual buildings: the Aldobrandini Village house in Frascati, Rome
(Figure 7) and the Santa Maria della Vittoria Church, Rome (Figure 8).

Figure 6 Areas for case studies in the Sestiere of Dorsoduro in Venice (left) and
the Via del Babuino in Rome (right). Data are given in Table 2.

Figure 7 Measurements on different types of typical Roman windows on the Villa
Aldobrandini.
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Figure 8 Santa Maria della Vittoria Church.

3.6 Netherlands

The benefits of the Dutch acidification policy in relation to damage to materials and
monuments including also stock at risk has been presented by Bleeker and Duyzer (2006)
and this summary is based on their report.

The primary study of stock at risk for non-housing materials in the Netherlands is Gosseling
et al (1989 and 1990). They used a number of distribution keys expressed as fraction of the
total national amount (population, labour volume, roads, railway line, water surface and
green – and hothouses) to gross up the data for each object. For example, population was
used for windows, doors and balconies whereas roads were used for streetlights and traffic
poles. This information together with identikit information for all the objects were applied
for regions individually and then combined to a total amount. The Gosseling data was
revised by Bleeker and Duyser (1996), Table 5. Unfortunately, the Gosseling study only
considered metallic materials.

Table 5 Stock at risk for materials (non-housing) in Netherlands

Material Amount

Painted steel 11.7 km2

Galvanized and painted steel 6.0 km2

Duplex steel 4.5 km2

Galvanized steel 86.6 km2

For housing materials, Bleeker and Duyzer (2006) compared data from the Hoos study in
Germany (section 3.3), which was considered relevant for Dutch buildings, data from the
three-city study (section 4) and data from a Dutch study (TNO) based on information from
about 16 reference buildings (Table 6). They concluded that there are large differences
between the studies and therefore the data from TNO was considered the best available for
distribution of materials in Dutch housing.
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Table 6 Stock at risk for materials (housing) in Netherlands

Material Amount Relative amount Ditribution

Stone materials 338 km2 21.31 m2 capita-1 32.5 %
Wooden panels 8.9 km2 0.56 m2 capita-1 0.9%
Flat roof 21.4 km2 1.35 m2 capita-1 2.1%
Zinc. flat roof 7.2 km2 0.45 m2 capita-1 0.7%
Zinc. gutters 29 km2 1.83 m2 capita-1 2.8%
Peaked roof 380.4 km2 23.98 m2 capita-1 36.6%
Glass 156.6 km2 9.87 m2 capita-1 15.1%
Lead 2.2 km2 0.14 m2 capita-1 0.2%
Galvanised steel 4.6 km2 0.29 m2 capita-1 0.4%
Rendering 52 km2 3.28 m2 capita-1 5.0%
Wood 39.2 km2 2.47 m2 capita-1 3.8%
Total 1040 km2 65.5 m2 capita-1 100%

3.7 Norway

Sarpsborg in Norway was part of the three-city study undertaken in 1991 (Kucera, 1993,
see section 4).

The results from the three-city study have been used in combination with building registers
to obtain stock at risk in 1584 individual grids of size 0.5 km x 0.5 km covering Oslo
(Haagenrud et al, 1996, Figure 9) and also to obtain stock at risk for the whole territory of
Norway (Glomsrød et al 1996, Table 7).
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Figure 9 Characteristics of buildings and exposure environment in one of 1584
grids (500mx500m) in Oslo.
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Table 7 Distribution of stock at risk in Norway

Material Amount Distribution

Galvanised steel, plate, replaced 15.3 km2 1.8%
Galvanised steel, plate, maintained 15.3 km2 1.8%
Galvanised steel, wire 5.2 km2 0.6%
Galvanised steel, profile 3.0 km2 0.4%
Galvanised steel, strip-lacquered 64.9 km2 7.6%
Galvanised steel, painted 67.0 km2 7.8%
Aluminium, strip-lacquered 28.9 km2 3.4%
Copper 1.3 km2 0.2%
Wood, stained/painted 269.9 km2 31.5%
Plaster, untreated 28.4 km2 3.3%
Plaster, painted 71.9 km2 8.4%
Concrete 97.1 km2 11.3%
Roofing felt 82.4 km2 9.6%
Brick 105.1 km2 12.3%
Total 856 km2 100%

The cultural heritage archive in Norway is based on the criteria that all buildings
constructed before 1615 are considered as cultural monuments. The stone buildings, which
are 177 in total, are shown in Figure 10, however, in Norway many of the cultural
monuments are made from wood (Watt et al, 2009). The stone monuments are not
distributed uniformly on the territory of Norway, which is due to climate and historical
development of different parts of the country.

Figure 10 Norwegian limestone corrosion map (µm year-1) for the years 1990 (left)
and 2000 (right), based on dose-response functions for the multi-pollutant
situation and with data from the EMEP unified model, 50x50 km grid, overlaid with
Norwegian cultural heritage stone buildings (constructed before 1615).
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The preserved old part of Oslo, “Kristiania Kvadraturen” was one presented as a case study
for the REACH project (Rationalised Economic Appraisal of Cultural Heritage) including a
detailed inspection of buildings (REACH, 2001)

3.8 Spain

A strategy for obtaining risk maps by combining two databases was described by Watt et al
(2007): the identification and location of cultural heritage buildings and the spatial
distribution of those air pollutants which can cause damage to these buildings. They applied
this methodology, which has been used frequently in this report for other areas, see for
example the Norway map (Figure 10, above), to Barcelona as a case study.

Fuente et al (2008) also presented overlaid cultural heritage and corrosion maps for Madrid.
The data set was divided into immovable cultural heritage (museums, churches, etc) and
movable cultural heritage (sculptures, monoliths, fountains, etc) and included 260
immovable and near to 1600 movable objects (Figure 11). Included in the database was also
the materials used in the construction of the building in order of presence.

Figure 11 Immovable () and movable () cultural heritage objects in Madrid City
Centre.
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3.9 Sweden

Stockholm was part of the three-city study (Kucera, 1993, see section 4).

Andersson (1994) used the Stockholm results from the three-city study to gross up stock at
risk for Sweden in order to make cost calculations. Two methods were used, a simpler
method based on population data and a more elaborate and potentially more accurate
method based on building registers (Table 8). The results show that the total stock of
materials per person is higher in rural areas compared to urban areas.

Table 8 Total areas of building stock at risk in Sweden calculated from data from
the three-city study using two methods: population data and building registers.

Area Population data Building registers

Urban areas 61 km2 69 km2

Rural areas 10 km2 41 km2

As part of a project to estimate total run-off of copper in the Stockholm area the total
amount of copper roofs were estimated based on digital air photographs. The total copper
area was 0.62 km2 (Ekstrand et al, 1997). This could be compared to the amount of copper
surfaces (0.36 km2) estimated for Stockholm in the three-city study (Tolstoy et al, 1990).

Figure 12 Query of the Swedish National Heritage Board register of built
environments using the keyword bronze (“brons” in Swedish).
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The Swedish National Heritage Board has performed several inventories of cultural heritage
and their home page (http://www.raa.se/) provides a few services applicable to materials
stock at risk. The register of built environments gives the possibility to search for keywords,
including types of materials (Figure 12). The material guide provides detailed description of
all materials used in objects of cultural heritage. Finally, the register of natural stones
provides the result of an elaborate assessment of limestone, sandstone, original rock and
other stone types in Sweden. As many other registers of this type these registers provides
data on used materials but not specific amounts of these materials.

One of the richest agglomerations of rock carvings in the world, more than 75,000 images,
can be found in the border region between Sweden and Norway (counties Bohuslän /
Dalsland / Østfold). The distribution of these carving has been presented in a case study by
Magnusson (2001)

3.10 Switzerland

Reiss et al (2004) reviewed previous stock at risk studies for zinc and copper in Switzerland
as part of a study to estimate zinc and copper run-offs. They also made an updated stock at
risk estimate together with detailed maps of stock at risk distribution (Figure 13).

For the bottom-up method data were evaluated in a representative region of Switzerland by
estimating the installed materials in the field. These data are projected to the total area of
Switzerland. Table 9 shows the average surface of copper per hectare of land use types in
built-up areas were found in the representative region.

Table 9 Stock at risk for copper (housing) in a representative region in
Switzerland

Building types (incl. surroundings) Built-up
land cover

Copper surface
(m2/ha)

Industrial buildings 12% 35
1- and 2-storey houses 26% 135
Housing blocks (>2 storeys) 8% 245
Agricultural buildings 12% 15
Mixed-use buildings, construction sites 42% 145

The top-down method uses statistical data of imported zinc and copper material. The
amount and surface area of material that is exposed to under outdoor conditions are
calculated by use of different assumptions.
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Figure 13 Map of stock at risk of zinc (top) and copper (bottom) for Switzerland,
estimate for the year 2000.
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3.11 United Kingdom

In UK the main work on stock at risk has been undertaken by ECOTEC Research and
Consulting Ltd and the Building Research Establishment (BRE) Ltd. This work was part of
a research programme aimed at determining the costs of damage caused by acid deposition
and included the development of an inventory methodology to determine the numbers and
kinds of buildings, building components and stock at risk. The approach was developed and
applied in four case studies for the towns Dortmund, Cologne (section 3.3, Germany),
Lincoln and Birmingham. Twenty building types were identified and identikits developed for
each of them including different types of houses, schools, stores and official buildings
(ECOTEC, 1990). This research also reviewed different methods for grossing up stock at
risk. According to Yates et al (1996), however, at the time the specific details of the
availability of land-cover data were not known.

Yates et al (1996) described the use of the results for Lincoln and Birmingham for obtaining
stock at risk estimates for Great Britain and the results are shown in Table 10. These
estimates are also available for individual regions in Great Britain.

Table 10 The total estimated stock of selected building materials in km2 for Great
Britain, by type of building, 1992.
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Detached 36.1 128.2 367.0 0.0 5.4 0.0 11.1 0.0 547.8 21.7%
Semi-Detached 156.0 122.7 398.7 0.0 22.2 0.0 10.2 0.0 709.8 28.2%
Terraced 168.6 139.2 266.1 0.0 14.3 0.0 7.3 0.0 595.5 23.6%
Converted Flats 12.7 4.1 62.5 0.2 10.7 0.0 2.2 0.0 92.4 3.7%
Purpose-Built Flats 0.0 1.7 28.4 9.3 1.7 0.0 2.4 0.0 43.5 1.7%
Nursery Schools 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0%
Primary Schools 0.8 0.0 6.9 1.4 0.1 0.0 1.1 0.0 10.3 0.4%
Secondary Schools 1.7 0.2 7.1 2.0 0.2 0.0 1.2 0.0 12.4 0.5%
Commercial 5.9 0.0 10.6 10.6 2.4 2.6 3.7 0.0 35.8 1.4%
Retail 0.0 0.0 45.3 0.0 0.0 0.0 8.5 0.0 53.8 2.1%
Warehouse 1.9 1.6 50.0 13.2 0.0 0.0 0.3 117.3 184.3 7.3%
Factories 10.2 1.1 25.2 2.0 0.0 0.0 0.3 194.2 233.0 9.3%
All Buildings 393.8 398.8 1267.8 38.6 57.1 2.6 48.5 311.5 2518.7 100.0%
Distribution 15.6% 15.8% 50.3% 1.5% 2.3% 0.1% 1.9% 12.4% 100.0%

Note: Zero values are due to rounding

Lee et al (1996) made an analysis of the potential impact of ozone on materials in the UK.
They discussed tyres and other rubber products, paints and textiles. Stock at risk data was
extracted from annual sales figures from the Central Statistics Office or by grossing up
identikit data from the Lincoln/Birmingham study. They concluded that in the absence of
dose-response functions it is not possible to carry out an impact pathway analysis for
rubber.



24

Watt et al (2009) describes an inventory of 46 churches in London. Out of the 46 churches,
24 were constructed mainly from stone while the other from a combination of stone and
brick at various proportions. Based on the inventories two identikits were derived, one for
brick churches and one for stone churches (Table 11).

Table 11 Identikits for brick and stone churches in London.

Material Brick church Stone church

Brickwork 67% 6%
Stonework 24% 86%
Windows glass 9% 8%
Total 838 m2 675 m2

3.12 United States and Canada

Lipfert and Daum (1992) made a review of previous studies dealing with the distribution of
common construction materials at risk to acid deposition in the United States. Their review
also included important studies in Canada, such as Leman Group (1985). Their paper was a
condensed version of the National Acid Precipitation Assessment Program (NAPAP) State
of Science / Technology report 21 (Lipfert and Daum, 1989). Lipfert (1996) concluded that
many relevant but disparate data bases on buildings exised in the US but a concentrated
effort to synthesize this information had not yet been made.

Watt et al (2009) made an outline of mandates in the US to identify buildings with historic
value. A national survey of public art was performed in the mid-1980s. Building materials
sensitive to pollution can be located by reviewing the National Register of Historic Places
documentation. The building descriptions do not always include materials.

3.13 Studies in countries not party to the Convention on Long
Range Transboundary Air Pollution (CLRTAP)

Henriksen et al (2001) described a case study on mapping and stock at risk estimates in
Guangzhou, China. This will be used as an example of a study outside the LRTAP region
but it is likely likely several other studies have been performed, however, these are not
known to the authors.

Table 12 gives a summary of exposed materials and their distribution in Guangzhou
(Henriksen et al, 2001). The buildings and building materials used in Guangzhou were
different from the materials used in Europe. Most notably, a security net outside the
windows was very common. The amount of material per inhabitant for Guangzhou was
calculated with (157 m2 inhabitant-1) and without (129 m2 inhabitant-1) the materials, painted
or galvanised, used in the security net. This was done in order to facilitate comparison with
European data where security nets are less common.
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Table 12 Exposed amounts of materials (km2) in Guangzhou, China

Material Amount Distribution

Concrete 12.6 3.0%
Brick 33.9 8.1%
Brick with rendering 20.2 4.8%
Aluminium 18.7 4.5%
Stainless steel 4.9 1.2%
Painted wood 2.1 0.5%
Marble 12.1 2.9%
Granite 5.7 1.4%
Ceramics and mosaic 77.0 18.4%
Stone grain / concrete 51.6 12.3%
Glass 77.9 18.6%
Painted rendering 8.6 2.0%
Tiles 4.0 1.0%
Galvanised steel 6.5 1.5%
Painted steel 7.5 1.8%
Subtotal 343.2 82.0%
Painted steel, security net 45.2 1.2%
Zinc paint, security net 30.1 7.2%
Total 418.5 100.0%
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4 The “three-city” study (Stockholm, Sarpsborg
and Prague)

The three-city study involving the cities Stockholm, Sarpsborg and Prague is also known as
the MOBAK study. It is described in a summary report by Kucera et al (1993) and in
individual reports for Stockholm (Tolstoy et al, 1990), Sarpsborg (Henriksen and
Bartonova, 1992) and Prague (Knotkova, 1996). The data from these studies have been
used for several calculations of costs in Europe. The total amount of materials in different
pollution strata expressed per capita were given by Kucera et al (1993) to 83 m2 head-1

(Prague), 165 m2 head-1 (Sarpsborg) and 132 m2 head-1 (Stockholm). Table 13 and Figure
14 give the distribution of amounts of materials in the individual cities. The mentioned
reports from the individual studies presents more data, including data on assessment of the
longterm performance of building materials and components, which was one of the aims of
the study, in addition for providing data for cost estimates of atmospheric corrosion.

Table 13 Amounts of building materials (km2) used for cost calculations in
Stockholm, Sarpsborg and Prague. Remaining materials (concrete, clay, glass
and others) are shown in figure 13.

Material Stockholm Sarpsborg Prague

Galvanised steel sheet 1.3 0.7% 0.02 1.0% 2.9 2.3%
Galvanised steel profile 3.0 1.6% 0.01 0.4% 0.1 0.1%
Galvanised steel wire 0.7 0.4% 0.01 0.7% 0.4 0.3%
Rendering 27.7 14.9% 0.17 8.6% 29.0 23.3%
Bitumen felt 17.5 9.4% 0.19 9.7% 5.9 4.8%
Painted steel 2.9 1.5% 0.02 0.8% 38.5 30.9%
Painted galvanised steel 11.6 6.2% 0.03 1.6% 6.5 5.2%
Coil coated steel 8.8 4.7% 0.10 5.4% 0.04 0.0%
Coil coated aluminium 4.2 2.3% 0.01 0.6% 0.8 0.6%
Painted wood 43.6 23.4% 0.58 30.1% 5.5 4.4%
Total 12.1 65% 1.14 59% 89.7 72%
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Figure 14 External building materials in Stockholm, Sarpsborg and Prague



28

5 Estimation of stock at risk for Europe

Cowell and ApSimon (1996) made a significant contribution when they estimated the cost
of damage to buildings by acidifying atmospheric pollution in Europe. Their stock at risk
estimate was entirely based on Stockholm and Prague data from the three-city (MOBAK)
study (see Section 4). Their approach to estimate the stock at risk was based on the
following steps. First, the total amount of material per capita for Stockholm, 132 m2 head-1

were taken as a given (actually 130 m2 head-1 were used for “simplicity of calculation”).
This value was divided into two components, 100 m2 head-1 for residential stock and 30 m2

head-1 for non-residential stock. The residential component was assumed to be proportional
to UNECE statistics on residential floor space per capita for individual countries. As a
result of an absence of relevant statistics, the non-residential component was considered to
be constant throughout Europe. By this procedure the Stock at Risk (SAR) volume in m2

per head were estimated for all individual countries. The stock at risk for individual
materials was calculated from this SAR value and the relative proportions given in table 13
for either Stockholm (Western Europe) or Prague (Eastern Europe). Evaluation of stock at
risk in Germany was divided between the former East and West, due to the very different
conditions in the two regions. West Berlin was included within the Eastern Europe
calculations. According to Cowell and ApSimon (1996) population data provides the only
practicably available parameter for estimating the spatial distribution of stock at risk at the
European scale.

In the ExterneE project (Mayerhofer et al, 1996) population data was also used to gross up
original data but in addition to data from the three-city study identikit data from Dortmund
and Köln/Cologne (section 3.3 Germany) and data from Birmingham (section 3.11 United
Kingdom) were used.

For cultural heritage a significant problem when estimating the stock at risk on a European
scale is that individual countries have their own view and policy regarding which objects to
consider as cultural heritage. Therefore, the only practical approach so far has been to use
data from the United Nations Educational Scientific and Cultural Organisation (UNESCO)
and their list of World Heritage Sites with universal importance. Of the 745 UNESCO sites
387 are located in Europe. After separation of national parks and services, etc 243 heritage
sites remain relevant and these are shown in figure 15. The sites have been divided into
three categories (Watt el al, 2009):

1. Single monument selected from the Cultural Heritage sites in Europe
2. Small group of monuments (2-3) situated in the same place selected from the

Cultural Heritage sites in Europe
3. Large group of monuments situated in the same place selected from the Cultural

Heritage sites in Europe (for example: old city of Rome and the Vatican city, old
city of Florence, etc.)
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Figure 15 UNESCO cultural sites in Europe (1: single monument; 2: small group
of monuments; 3: large group of monuments)
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6 Conclusions and recommendations

This overview of stock at risk studies has presented data from11 countries in Europe, the
United States and Canada as well as China. Original studies resulting identikit information
for building materials are available for several cities including Prague, Paris, Dortmund
Cologne/Köln, Venice, Rome, Sarpsborg and Stockholm. These have been used to gross up
stock at risk data in several countries and also in Europe as a whole using a combination of
census data and data from building registers. Population data was considered as the only
practicably available parameter for estimating the spatial distribution of stock at risk at the
European scale. However, the development of new databases on land cover and increased
use of satellite data and their interpretation may in the future result in other practical
approaches.

The total amount of stock at risk varies from about 50 to 130 m2 per head depending on
country, but this is not very much considering the accuracy needed for cost calculations. On
the other hand, it is evident from the data presented that relative distribution of stock at risk
can vary substantially between countries and even between cities in the same country. For
example, Paris is a city of stone, Venice a city of rendering applied onto brick and Rome is a
city of rendering with coating. The proportions of the different materials used in buildings
and monuments are intrinsic characteristics of each city, especially in the core of historical
cities. It is, however, not evident from the present information how this variation in stock at
risk is affecting the cost estimates. Different materials require different actions for
maintenance and repair but this does not necessarily mean that the resulting costs per
surface area are very different. Future work should investigate this variability and its effect
on cost estimates considering the presented variability in stock of materials at risk.

For cultural heritage many individual countries have registers of buildings with records of
included materials that enable the production of maps of cultural heritage objects overlaid
on different type of corrosion maps. This is a very useful way of presenting effects and can
for example be used in the negotiations of protocols by presenting relative consequences of
different scenarios even if the data can not be a direct part of a total impact assessment
modelling exercise (so called “ex post” assessment) . However, these databases do not
include the amount of materials. This, together with the different views in European
countries on what should be considered as cultural heritage, makes it very difficult to make
a European-wide estimate of stock of cultural heritage materials at risk in the same manner
as has been done for building materials.
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