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A B S T R A C T   

As the construction sector is shifting towards circular economy models, the role of mineral construction materials 
as main waste fraction in terms of volumes is crucial. A characterization of this mineral stock, as well as the waste 
derived from it is decisive in ensuring the application of the best practices of circular economy. This paper 
describes a methodology for assessing the mineral building stock through a combination of geospatial and image 
analysis. By analysing old topographic maps, buildings are grouped according to their building age into different 
typologies and based on these maps the construction and demolition activity is evaluated. The mineral stock is 
assessed and estimations of the mineral construction and demolition waste (CDW) is generated for different 
stochastic scenarios. This methodology is applied exemplarily on the country of Luxembourg. It was found that 
the total mineral construction stock for Luxembourg is 276.75 Mt and has been growing at a rate of 20.81%– 
24.39% in the last 30 years. Furthermore, the study identified a mean age of the urban building stock of about 60 
years and a typical maximum building lifetime of 122 years. Based on the stochastic projections the mineral CDW 
generated from the existing building stock is expected to be up to 226.9 Mt by 2100, while if future building 
scenarios are considered, it can be as high as 885.3 Mt. The annual CDW production is expected to be sufficient 
for a viable concrete recycling activity if regulations on the waste volume flows are made available.   

1. Introduction 

Depletion of natural resources is one of the main global environ
mental risks. Mineral reserves show a special vulnerability in this aspect, 
as they are not renewable in nature. According to a recent report by the 
United Nations Environment (UNEP, 2019), the world’s demand for 
sand and aggregates is recorded to be 40–50 billion tonnes per year and 
projected to further increase to 60 billion tonnes per year by 2030. Over 
the last decades, the demand for sand and aggregates has triplicated. 
This increasing need has led to a worldwide shortage of inert con
struction materials and significant environmental effects. Riverbed 
corrosions, flooding, destruction of natural beaches and water pollution 
are only a few aspects. In Germany, an annual amount of 4.6 tonnes of 
sand per capita is being used (Book, 2018). Even though the mineral 
deposits are abundant, nowadays the majority of the natural reserves 
lies underneath forests, roads, railways and cities. This condition has led 
the German industry to seek sand extraction from the seabed, which 
could come with unexpected global effects on beaches and coastal cities. 
The effects are much more perceptible in countries with limited resource 

deposits and high economic growth. 
On the other hand, the global generation of waste is increasing. In 

Europe, construction and demolition waste (CDW) is assessed to be 
25–30% of the total waste, while the level of recycling is still highly 
variable between the member states (European-Commission). Typically, 
countries with a larger GDP and population density have a higher vol
ume of demolished structures (Menegaki and Damigos, 2018). In terms 
of characterization of waste, the largest fraction of the generated waste 
is comprised of mineral fraction, where, considering the EU, approxi
mately 90% of the waste volume is concrete waste (Deloitte, 2017), 
while in the US, it represents 51% of the total mass (USEPA, 2016). 

This fraction, while generally treated as waste, has a significant po
tential in re-use and recycling (Bogas et al., 2016; Corinaldesi et al., 
2011; Knaack and Kurama, 2013; Marie and Quiasrawi, 2012; Omrane 
et al., 2017; Sadati et al., 2016; Salesa, 2017; Yang et al., 2011) and can 
serve as an additional deposit of mineral resources. At the moment, the 
European technical standards for concrete production delineate a sub
stitution ratio of 20% of recycled aggregates as a practical limit (BSI, 
1262). To incorporate secondary raw materials in concrete production, a 
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continuous flow of material is needed due to the industrial needs of a 
concrete recycling plant (Ulubeyli et al., 2017) (Hiete, 2013). Further
more, knowing the spatial distribution of the concrete stock is a signif
icant advantage in the decision-making process of the location of such 
sites. Limiting the transportation distances not only reduces the carbon 
footprint of the recycling process, but also results in lower operational 
costs. On the other hand, for concrete based on recycled aggregates, the 
concrete production plants need to be specially regulated for each 
slightly different mixture, the question that arises from the industries is 
whether a sufficient and continuous material flow can be guaranteed to 
justify the investment costs of altering the production line. Although the 
guidelines described in the standards ensure the technical feasibility of 
recycled concrete, by avoiding, through a limited allowed substitution 
ratio, any negative influences from the recycled aggregates in the new 
concrete matrix, it is yet to be adopted in countries with small 
geographic areas. The construction industry considers it an unreachable 
goal given the uncertain volumes of CDW generated, which are gener
ally perceived as too low to ensure a constant flow of materials needed 
for a continuous industrial production. The lack of studies and data on 
CDW generation and on demolition activities further increases the un
certainty of the process and the high-workload required for a full 
investigative record of the material stock is regarded less attractive due 
to the high cost/benefit ratio. Therefore, there is a dire need for a 
regional approach in CDW analysis for small countries to identify the 
scale of waste generation and to understand whether the recommended 
substitution ratios make sense from an economic point of view. 

1.1. Literature review 

The generation of CDW is strictly related to the service lifetime of 
each structure. The life expectancy of the building depends on several 
factors. According to EN 1990 (The European Union Per Regulation, 
2002), the target lifetime ranges from 10 to 100 years depending on the 
type and importance of the structure. However, very rarely these con
ditions are determinant to the effective duration of the structure’s use. In 
ISO 15686 (I. 59/SC 14, 1568) a factor method is used to estimate the 
lifetime of a building in comparison to the ideal design life. Neverthe
less, the design lifetime expectancy of the building is rarely determin
istic to its real survival and a more complex regional analysis must be 
done to take into account the economic lifetime of a structure, which can 
be described as the period of time where benefits of the building use 
surpass the costs. O’Connor (O’Connor, 2004) reports that the majority 
of demolished steel and concrete buildings in North America are less 
than 50 years old. Liu et al. (Wu et al., 2014) determines 34 years to be 
the average lifetime of buildings in Chongqing, China and, according to 
Bradley and Kohler (2007) the average lifetime of structures ranges from 
120 to 300 years for Germany. The lack of consistency in the data 
demonstrates the need of a case-study approach in the determination of 
the service lifetime of buildings. Sartori et al. (Sartoriet al., 2016) used a 
normal cumulative distribution function to model the dynamic lifetime 
profile of building types in Norway divided into three main groups of 75, 
100 and 125 years. By comparing different scenarios, the study high
lighted the likelihood of the large building stock remaining from the post 
second world war reconstruction to cause an additional increase in CDW 
in the second half of the century, due to the aging building stock, 
emphasizing the importance of the lifetime analysis of the building stock 
with regards to its construction period. Bradley and Kohler (2007) fol
lowed a different methodology by adopting the Kaplan-Meier procedure 
to model the survival rate of residential and non-residential buildings in 
the town of Ettlingen, Germany. The study shows that residential 
buildings tend to have a longer lifespan compared to non-residential 
structures. 

Material stock analysis has been studied in several case studies 
(Gruen et al., 2009; Kleemann et al., 2016; Kohler and Hassler, 2002; Li 
et al., 2013; Ortlepp et al., 2016; Wu et al., 2014). Kleemann et al. 
(2017) and Heinrich et al. (Heinrich and Lang, 2019) characterized the 

material stock for Vienna and Munich with the aim of introducing the 
basis for a material database that can aid the shift towards a circular 
economy model for buildings. Gruen et al. (2009) introduced a meth
odology for creating 3D models of city areas through a semi-automated 
procedure, emphasizing the necessity for deeper research in the building 
stock. Mastrucci et al. (2014) combined a GIS environment with statis
tical datasets to aid the regulation of energy-saving retrofitting methods 
for the city of Rotterdam. The application of GIS as a medium for waste 
management has been first used by Jensen and Christensen in 1986 
(Jensen and Christensen, 1986) to determine potential storage sites for 
industrial waste. Since then, the popularity of GIS as a medium for 
environmental studies has soared. Gallardo et al. (2014) used GIS to 
obtain city maps for municipal solid waste generation areas. Blengini 
(Blengini and Garbarino, 2010) and Mastrucci (Mastrucci et al., 2017) 
combined GIS-based material stock characterization with LCA as an aid 
to construction and demolition waste (CDW) management in an urban 
scale. CDW management through a GIS platform with the aim of facil
itating recycling of the mineral fraction of the waste was also studied by 
Wu et (Wu et al., 2016). al for the city of Shenzhen in China. 1.2. 
Motivation of the study. 

The described approaches rely heavily on building data collections as 
a base for analysis of the material quantification and subsequently for 
the assessment of waste flows. While collecting building data, such as 
typologies, material composition and demolition data throughout a 
large timeframe yields results of high precision, it is not always a feasible 
approach. The data on building composition are strictly protected by 
privacy safeguard regulations and historic records on building de
molitions are not always documented. Manual extraction of this infor
mation requires not only a high amount of workload, but also a 
substantial amount of time, since the typical lifetime for buildings is 
between 10 and 100 years (The European Union Per Regulation, 2002) 
without considering human, economic and environmental factors which 
can furthermore influence the lifetime (I. 59/SC 14, 1568). Moreover, 
such approaches do not fully address the issue of availability of sec
ondary raw materials as products of an industrial recycling process in 
areas with limited urbanization. This perspective leaves a significant gap 
on the evaluation of the feasibility of recycling as a viable option for the 
reuse of mineral CDW. In this paper, an alternative approach is pre
sented, relying strictly on local open source data and statistical records 
to estimate the expected flows of mineral CDW. The use of official 
open-source information makes this approach significantly faster, 
compared to a case-study technique, and openly accessible, since the 
source data is not bound to control mechanisms such as copyright or 
patents. Furthermore, the identification of the building age, as well as of 
the demolition behaviour are neither based on a generalized mathe
matical model (i.e. building lifetime models as used in (Sartoriet al., 
2016)) nor on survival analysis based on sample building population (as 
used in (Bradley and Kohler, 2007)) and also neither on manual 
extraction of data. In the present paper, an alternative method based on 
an automatic extraction of the building construction age is used. This 
method offers a global approach based on the specific studied 
geographic area, therefore, offering a personalized approach that can 
specifically consider the local aspects of each region. 

The aim of the study is to propose an analysis tool for strategic 
decision-making in CDW management. The availability of such a 
methodology is crucial in asserting critical data regarding the waste 
volume generation and thus enabling CDW recycling as a viable eco
nomic activity. Moreover, the implementation of geo-spatial methods, 
offers an additional analysis dimension that can be used for executive 
decisions on the location of treatment facilities and minimization of 
transportation distances. This method can be particularly useful in 
countries or cities with limited geographical areas where CDW recycling 
is judged inefficient due to the relatively low population, as well as in 
areas where the financial means for excessive manual surveying are 
lacking. The proposed procedure is tested on a case study for the country 
of Luxembourg. 
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2. Methods 

The conceptual overview of the process is shown on Fig. 1. The 
procedure includes five distinct steps:  

1. Spatial analysis  
2. Age analysis  
3. Material analysis  
4. Mineral CDW flows  
5. Future projections of mineral CDW 

2.1. Spatial analysis 

The spatial analysis is fully completed in a GIS environment. In the 
present study, the software QGIS (QGIS) is utilized. The initial basic 
input at this stage consists of georeferenced shapefiles consisting of a 
polygonal representation of the buildings and height measurements of 
the built environment. One of the most popular height measurement 
techniques is Lidar (Laser Imaging Detection and Ranging) which yields 
two sets of outcome cloud points: a digital terrain model (DTM) which 
models the height information of the terrain only and a digital surface 
model (DSM) which models the height information of the elevated 
features, such as buildings and vegetation. An example of the DTM, DSM 
and shapefiles are shown on Fig. 2. Through a mathematical subtraction 
between the cloud points of the DSM and DTM, the height values of the 
buildings can be extracted and incorporated into the building shapefiles. 
In cases where Lidar measurements are not available, the height infor
mation can be assigned to each building through other surveying 
methods such as leveling, GPS measurements or terrestrial laser scan
ning. These methods, however, are more time-consuming and require 
individual measurements for each building. 

2.2. Age analysis 

Determining the construction age of the building stock is a chal
lenging task, but it is central in determining the potential CDW flow of a 
region, considering the fact that the older the building, the higher the 
demolition potential. The material utilization is closely linked to the 
construction period of the building therefore, the age of the building is a 
strong influencing factor on its material composition. Furthermore, by 
relating the construction period of each building to its geographic 
location it is possible to generate maps of potential waste generation and 
offer a significant aid to waste management and treatment. However, 
recordings and cadastral inventories, rarely contain accessible 

information on the construction period. 
In this paper, an alternative methodology based on historic maps is 

used (Fig. 3). 
The process is based on an image analysis of the rasters derived from 

historic topographic maps. First, a set of maps covering the entire ana
lysed period is to be chosen from the local cadastre administration 
(Fig. 3a). The maps must be of high quality and small-scale maps must be 
avoided, as they do not offer enough detail in building representation. 
Each map is analysed individually, and the range of the RGB (red, green 
and blue) band values is manually registered for the pixels representing 
buildings (Fig. 3b). For old maps, the buildings are generally represented 
in a single colour, therefore the range of the RGB bands is quite narrow. 
The colour scheme might vary from map to map; therefore, no generic 
range can be postulated. Therefore, a case-study approach depending on 
the given cartography is necessary at this step. For the selected RGB 
band values, a conditional is placed to assign values of “1” (white) for 
the pixels where the selected values are present and “0” (black) where it 
is missing (Fig. 3c). At this stage, however, it cannot be concluded that 
each pixel corresponds to the presence of a building. Depending on the 
colour scheme of the topographic map, the pixel values can also repre
sent other objects, such as streets, trees or even map annotations. To 
overcome this, a combination between the black-and-white raster im
ages and the shapefile polygons must be done to assess whether in any 
given polygon a building was present at each given time (Fig. 3d and e). 
This results in a logical [N x d] matrix, where N is the total number of 
buildings present as polygons and d is the number of analysed maps 
(Fig. 3f). Using this matrix, significant information on each building’s 
lifetime can be extracted. An example of this principle is shown on 
Fig. 4. If the difference between two adjacent matrix entries is negative 
(0–1 = − 1), it represents the demolition of a structure during the period 
that the last index represents. If the difference is positive (1-0 = 1), it 
represents a new construction. The construction time period of the 
structure is defined by using the latest string of “0” differences. 

Furthermore, by combining the demolition trend of the total building 
stock over the entire period, a typical lifetime curve can be obtained. 
This curve can be used to show when buildings are typically demolished 
in the studied area and to describe a mathematical relation between the 
building age and its demolition likelihood. 

2.3. Material analysis and mineral CDW flow 

The mineral construction material is generally composed of four 
parts: the slabs, outer walls, inner walls and basements (equation (1.1)). 
In the present study, the construction material volumes used for infra
structure works, such as roads, sewage and various public furniture are 
not considered. 

The material weight of the slabs can be calculated through equation 
(1.2). The formula considers a floor height (hlevel) and considers the Fig. 1. General procedure.  

Fig. 2. Example showing the 3D representation of the DSM, DTM and build
ing shapefiles. 
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potential presence of pitched roofs, which reduces the presence of 
mineral material due to the slabs, since pitched roofs are typically 
constructed with lighter materials, such as timber. 

The outer walls (equation (1.3)) are considered through the perim
eter of the building, their height, and the wall thickness. The opening 
coefficient considers a reduction of materials due to windows and doors. 
It is used in combination to the age coefficient, which reflects the fact 
that the openings are influenced by the construction period. For 
example, the development of improved glazing systems allows for much 
wider openings without significant energy losses. 

The inner walls are distinguished between structural (s) and non- 
structural (ns) ones (equation (1.4)). The non-structural inner walls 
are thinner and have more openings. Their area has been distinguished 
through the useful area coefficient, which is a general real estate ter
minology to assess the net surface of a building excluding the walls. By 
using this coefficient in multiplication to the total area and reducing the 
known area of the outer walls, it is possible to extract the area of the 
inner walls (Equation (1.4a)). On the other hand, the weight of the inner 
bearing walls considers the structural ability of the bearing system to 
include an economically viable maximum span between each bearing 
element through the number of the inner structural walls (equation 

(1.4b)). This is done by assigning a typical mean span between the 
bearing elements (la) and running the simple logical condition to 
determine the number of inner bearing elements (nibw): 

if
̅̅̅
A

√
> la; ni

ibw ≈:

̅̅̅
A

√

la  

else; ni
ibw = 0 

The value for la is kept constant throughout the analysis, but can vary 
slightly depending on the considered geographical area. 

Finally, the basement is only considered through the perimeter of the 
building and a typical basement height, which is taken in relation to the 
total height of the building. 

Wconcrete =
∑

Wslabs +
∑

Wouterwalls +
∑

Winnerwalls +
∑

Wbasements (1.1)  

∑
Wslabs =

∑N

i=1

[

A ⋅ ds ⋅
hm

hlevel
⋅ ρ ⋅ cr

]

(1.2)  

Fig. 3. Age analysis of the building stock, example of the town Steinfort, Luxembourg analysed in QGIS.  

Fig. 4. Example of the age matrix of a building.  
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∑
Wouterwalls =

∑N

i=1

[
p ⋅ t ⋅ hm ⋅ cop ⋅ ρ ⋅ ca

]
(1.3)  

∑
Winnerwalls =Wns

innerwalls + Ws
innerwalls (1.4)  

Wns
innerwalls =

∑N

i=1

[
[A − (cu ⋅ A) − Aouterwalls] ⋅ hm ⋅ copi ⋅ ρ

]
(1.4a)  

Ws
innerwalls =

∑N

i=1

[
nibw ⋅

̅̅̅
A

√
⋅ hm ⋅ ca ⋅ t ⋅ ρ

]
(1.4b)  

∑
Wbasements =

∑N

i=1
[p ⋅ t ⋅ hb ⋅ ρ] (1.5)  

Where: 
W – the weight of the element; A – area of the construction plot; ds – 

depth of the slab; hm – mean building height; hlevel – mean floor height; ρ 
– density; cr – roof coefficient; p – perimeter of the construction plot; t – 
thickness of walls; cop – opening coefficient; ca – age coefficient; cu – 
useful area coefficient; copi – inner opening coefficient; nibw – number of 
inner bearing walls; hb – height of the basement. 

The calculated material weights are fed into the GIS software, 
relating each material quantity to the polygonal representation of the 
buildings, resulting in a spatial distribution of the material quantities. 

The mineral CDW can be defined to be equal to the demolished 
mineral construction. Therefore, the flow of CDW can be extracted by 
combining the lifetime curve and the material stock calculated for each 
structure through equation (1.1). 

2.4. Future projection of mineral CDW flows 

Finally, to estimate future amounts of mineral CDW, a statistical 
outlook must be done. The number of buildings to be constructed in the 
future will be proportional to the population and the required living area 
per capita is unlikely to be change significantly in the near future. 
Therefore, at this stage, two steps are foreseen:  

1. Determination of the future construction volumes  
2. Estimation of the waste arising 

To estimate the future construction volumes, a relation between the 
weight of construction material to the population can be extracted from 
the population records and the material stock quantification discussed in 
the previous section. Using this ratio and the expected population 
growth, a future projection of the potentially used construction material 
can be made. Furthermore, by using the previously obtained lifetime 
curves of buildings, it is possible to extract the expected CDW arising 
from the considered stochastic scenario. 

3. Case study 

This section presents the application of the described procedure for 
the country of Luxembourg, as an example of a small country with a 
combination of few highly urbanised areas and a majority of rural re
gions. The application of the material stock analysis in the context of 
geographically small areas will yield important feedback on the volumes 
of the mineral construction waste arising in similar regions and will be of 
significant help in steering the management of CDW in quantitative 
terms. Moreover, it will be crucial in answering the question on whether 
concrete recycling is a feasible option for the limited mineral CDW in 
such areas. 

Luxembourg currently records a population of 626108 inhabitants, 
with an average density of 242 habitants per km2 (The Statistics Portal of 
Luxembourg). The local construction industry has generated a 33.9% 

investment increase in the period after the 2008 crisis (European Con
struction Sector Observatory, 2017) and in the period from 2013 to 
2017, there is a 39% increase in the built volume in the country (The 
Statistics Portal of Luxembourg). The generation of mineral waste ac
counts for over 95% of the total national generated waste. In 2014, the 
amount of mineral waste was 0.57 Mt, resulting in 1.04 tonnes of con
struction and demolition waste (CDW) per capita (Villoria Sáez and 
Osmani, 2019). Even though the majority of the CDW is re-used, nearly 
all its volume is backfilled (European-Commission). Moreover, re
cordings of waste streams in the country are not applied, which makes it 
difficult to trace the origin of the waste and to have a reliable recorded 
amount of CDW. Private companies operating in the demolition sites are 
responsible for the disposal of the waste and the majority of it never 
reaches the treatment plants. Despite its industrial potential, CDW is 
often crushed using mobile plants and backfilled on site. This situation 
not only results in a loss of resources, but also, due to lack of data, makes 
it difficult to organize and design a recycling process for concrete based 
on the principles of circular economy. 

3.1. Geographical data collection and height analysis 

The geographic data on buildings is collected from the official open 
database of Luxembourg’s Administration of Cadastre and Topography 
(Administration du cadastre et de la topographie, 2020). The building’s 
representation comes as Esri shapefiles categorized by communal codes, 
which allocates buildings in 105 communes. The height information is 
processed through the official Lidar data of 2019 (Administration) 
(Fig. 5) which has a point cloud with a density of 15 points per m2 and a 
pixel value of 50 × 50cm. The subtraction between the Digital Surface 
Model (DSM) and Digital Terrain model (DTM) was done in Grass QGIS, 
obtaining a third layer, which contains the z-dimension of manufactured 
objects and vegetation. Furthermore, using the zonal statistics (Zonal 
Statistics Plugin, 2020) in QGIS, it is possible to add the previously 
obtained heights to the shapefiles as a separate attribute. Since the 
achieved point cloud from the Lidar detects a high number of points per 
single building, due to the irregularities of the surface and the shape of 
each structure in the z-dimension (i.e. pitched roofs, chimneys, mansard 
roofs), the mean value of the heights has been considered in this study. 

3.2. Age analysis 

The detection of the building age is done by analysing historical 
topographic maps. More specifically, cartography from the years 1927, 
1954, 1966, 1979, 1989 and 2000 were chosen from the collection of the 
Administration of Cadastre of Luxembourg. The choice of the maps was 
done with the aim of having clear and high definition rasters distributed 
over the last century as uniformly as possible. Special attention was 
given in assurance that the representation of the building units is clear in 
all maps and no colour damage exists between the different panels. The 
scale of the original maps was 1:20000 and 1:50000. All maps were 
georeferenced with the reference frame for Luxembourg: EPSG:2169, 
Luxembourg 1930/Gauss, which was kept constant throughout the work 
of this paper. 

In the next step, the raster was analysed in terms of pixel count for 
the colour value range in which the buildings were represented. This 
was different for each raster, as the colour scheme of the maps was not 
consistent throughout the years. The pixel value range for each of the 
three bands of the six layers was registered manually. An operation on 
raster calculation, yields single band rasters with a binary code, where 
“1” represents pixels that fulfil the given condition of the pre-defined 
RGB bands and “0” represents the “empty” pixels. The analysis of the 
age matrix was done using a conditional loop to assess the more recent 
construction of the building. For every row of the matrix, a subtraction 
between the matrix index and its precursor was done until the difference 
remained 0. The point where the index difference showed a negative 
value is considered to be the earlier record of the specific building in the 
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considered map set and that is considered to be the age of the building. 
The structures that remained unclassified were recent buildings, which 
do not appear in topographic maps from 1927 to 2000, therefore they 
were classified into an additional category of structures erected between 
2000 and 2019. Finally, an age-group targeted analysis was done in 
order to observe the demolition dynamics of each age-group. This was 
again realised by analysing the age matrix to assess the total number of 
buildings that were demolished in every considered time period. Thus, a 
relation between the construction age of the structures and their survival 
potential is compiled. 

3.3. Building typology 

The building typology is depending on the age group and where the 
building is allocated. Luxembourg has a typical North-West Europe 
building stock, similar mostly to the western part of Germany and the 
north-eastern region of France. In the buildings of the beginning of the 
20th century and earlier, a massive use of stone in the walls as a bearing 
element is evident. The slabs of these structures are either made of 
timber or concrete plates, while roofs are mostly timber frames. As in all 
Europe, in Luxembourg, an acceleration in built volumes is noticeable as 
result of the post war reconstruction, especially after 1945. In the second 
half of the 20th century, the use of concrete blocks and reinforced 
concrete has been the main technical element, particularly with the 
increase of building volumes. Steel structures are also present in the 
country, although in a number which is limited and clustered around the 
industrial areas of the steel industry. In the present study, the building 
typology has been assessed through the Tabula database (European 
Union, 2020) by relating to the German annex of the Tabula database. 
The steel structures are manually identified and excluded from the 
calculations. 

3.4. Assessment of the concrete volumes 

The depth of the concrete slab has been considered to be 18 cm 
uniformly in all considered age categories. This is a simplification based 
on the technology of reinforced concrete, which throughout the years 
has not significantly affected the depth of the slabs. The opening for 
stairs is not considered as reduction into volume, as the concrete volume 
resulting from the staircase is comparable to the volume of the opening. 
The roof coefficient considers the presence of a timber roof. In the case of 

the building stock of 1927, all structures are considered of having a 
timber roof which leads to the definition of the roof coefficient to be 
equal to 0.66, while on all other cases, it is 1. 

In terms of bearing walls, there are two types: masonry walls 
(buildings 1927 and before) and concrete or concrete masonry walls 
(1954 and after). The thickness of the outer walls is considered to be 25 
cm. However, older buildings tend to have thicker walls on the perim
eter. To take this fact into consideration, the age coefficient (ca) is used 
to double the thickness for buildings built before 1927 (ca = 2) and to 
increase by 50% the outer wall thickness for buildings constructed be
tween 1927 and 1954 (ca = 1.5). For the other construction periods, this 
coefficient is taken equal to 1. The coefficient for the openings on the 
outer walls (cop) are taken as 0.95 for the construction period 
1927–1954; 0.85 for the construction period 1966–1979; 0.75 for the 
buildings constructed in 1989 and 0.7 for the buildings constructed after 
2000. More modern buildings tend to have larger openings on the 
façade; therefore, the coefficient takes lower values for more recent 
buildings. 

The volume of inner walls is considered through the useful coeffi
cient cu, which is taken as 0.75 (STATEC, 2020). The inner opening 
coefficient (copi) considers all the internal openings for doors and is 
taken as 0.90. The internal bearing walls are considered through the 
number of inner bearing walls (nibw) which takes into consideration the 
structural need for bearing elements at a given horizontal distance. In 
the present study, the maximum distance without bearing elements (la) 
is considered to be 4 m. The depth of the basement is considered as 1/3 
of the mean height of the building, which is an assumption based on the 
static height of the structure. An overview of the used parameters is 
shown on Table 1. 

Fig. 5. Height analysis of Luxembourg using Lidar data from DSM (left) and DTM (right).  

Table 1 
Parameters used for defining the weight of mineral building materials in the 
studied building stock.  

Construction year Slabs Outer walls Inner walls 

t [cm] cr t [cm] cop ca cu copi 

1927 18 0.66 25 0.95 2 0.75 0.9 
1954 18 1 25 0.95 1.5 0.75 0.9 
1966–1979 18 1 25 0.85 1 0.75 0.9 
1989 18 1 25 0.75 1 0.75 0.9 
>2000 18 1 25 0.7 1 0.75 0.9  
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4. Results 

4.1. Geographical data collection and height analysis 

The height profile (Fig. 6) shows that the country is characterized by 
relatively small buildings in terms of area and height. The mean height is 
6.66 m, while the mean building area is 175.25 m2. In addition, it is of 
interest to analyse the spatial distribution of the buildings’ character
istics on a country-scale (Fig. 7). The spatial distribution in terms of 
mean building height is heterogeneous within the 105 communes of the 
country, although there is a visible peak in the central and south-western 
areas. In the City of Luxembourg, the peak is due to the large urbani
zation scale, which includes several high-rise buildings. For the 
commune of Esch-sur-Alzette (south-west), there is a high presence of 
industrial buildings. In terms of the building area (Fig. 7b), the country 
shows a different trend which is more heterogeneous. The northern re
gion is characterized of buildings with larger areas, which is mostly due 
to agricultural structures. The percentage of built area ranges from 
0.09% to 12% with the south-western area resulting the most utilized 
area in the country in regard to construction. 

4.2. Age analysis 

The age matrix for the country of Luxembourg is shown on Fig. 8. The 
grey colour represents the recognition of a building’s presence on the 
considered map, while the white colour shows the absence. The subse
quent change of colours from grey to white is defined as demolition. 

From the age analysis, a characterization of the building stock based 
on the construction age can be made (Fig. 9). The building stock in 
Luxembourg can be considered mixed in terms of age. A significant 
amount of structures was constructed before 1927 (31.30%). This in
cludes the historic centres of the cities, but also the major industrial 
structures which were erected prior to 1927. At the beginning of the 
20th century, Luxembourg was one of the largest steel producers in 
Europe due to the iron mineral deposits in the south of the country. At 
this time, there was a surge in construction of industrial structures and 
habitation for the growing population of workers. This is mostly 
noticeable in the south-western cities (e.g. Esch-sur-Alzette, Differ
dange, Dudelange). After the second World War, the reconstruction 
process caused an increasing trend leading to the construction of mainly 
residential structures. Following a normalization period between 1966 
and 1979, the numbers are currently on a constant rise. 

In terms of building use (Fig. 9b), the total gross volume is comprised 
majorly of residential buildings. The construction of new industrial and 
public buildings has experienced a surge in the last 30 years. In the 
period 1989–2000 there is a 507% increase in gross volume of industrial 
buildings compared to the previous time period. This is accompanied by 

a further 21.9% increase of the industrial gross volume built in the last 
20 years. 

The mean building age per commune (Fig. 10) gives an outlook on 
the potentiality of waste production. The oldest building stock is located 
in the south-central area, where Luxembourg city is located and in the 
south western area, where the cities of Esch-sur-Alzette, Differdange and 
Dudelange are located. These cities constitute 32% of the total popula
tion of the country and have a population density which is 2.99–9.91 
times higher than the national average density. Therefore, not only these 
areas are older in terms of their built environment, but they are also 
expected to have a larger concrete stock, resulting in a higher potenti
ality for CDW production. 

According to official data from the Luxembourg Portal of Statistics 
(STATEC) (STATEC, 2020), for the period 1979–2017, there was a mean 
increase of 1.04 in the number of buildings constructed every year, 
while for the calculated model, this factor is 1.16. This difference is due 
to the nature of the data, which for the calculated model is accumulative 
in a clustered way of 10–20 years rather than recorded on a yearly basis, 
while for the statistical data, it comes from annual recordings. Addi
tionally, the shapefiles that are used for calculating the building volumes 
in QGIS do not always perfectly correspond to the definition of built 
structure in statistical records. 

4.3. Assessment of the concrete volumes 

According to the analysed model (Fig. 9), the current concrete stock 
in Luxembourg is 276.75 Mt. It accounts for 450.817 tons/capita 
considering the country’s population of 613894 inhabitants. The 
ammount of concrete stock has been growing at a rate which ranges 
from 20.81% to 24.39% in the last 30 years. It can be noticed that the 
concrete stock produced after 1979 accounts for more than half 
(52.84%) of the total, while the concrete stock remaining from before 
1979 is mainly part of buildings which existed before 1927. This hints at 
a significant lack of remaining constructions from the building stock of 
the years 1954–1979. It can be due to several aspects. First, the World 
War 2 has greatly influenced the construction industry in Europe. The 
rapid reconstruction of the post-war era resulted in structures with a 
lower quality which had a major potential of depreciation. Moreover, 
the common use of asbesthos in structures constructed during the 20th 
century may be a strong reason for their low degree of survival 
(Kamedaet al., 2014). 

In terms of usage of materials, the residential structures constitute 
the majority of the share in almost all age groups (Fig. 11). A distinction 
can be made in buildings from the last 20 years, where industrial 
structures have peaked. This fact is quite reasonable considering Lux
embourg’s soaring economy of the last years (Hardiman, 2018) (La 
Chambre de Commerce du Luxembourg, 2017) (The Statistics Portal of 
Luxembourg, 2020). 

4.4. Demolition behaviour and assessment of future volumes of concrete 

The global survival of each building stock in relation to its con
struction age is shown on Fig. 12. It shows that the survival of each 
building is not directly linked to its age. For example, the building stock 
constructed before 1927 shows a higher survival ratio compared to the 
buildings stock constructed between 1927 and 1954, even though the 
former is comprised of older structures. The buildings constructed after 
1989 display a higher rigidity in terms of their demolition compared to 
earlier structures with less than 10% of them being demolished. 

In order to analyse future mineral CDW trends, a global analysis on 
the survival of structures needs to be made. With this aim, a regression 
analysis curve (R2 = 0.84) is extracted from the available data, as a 
cumulative distribution function for the survival of the building stock 
(Fig. 12). By forecasting the equation to the point where the survival rate 
becomes 0 it is possible to assess the maximum typical lifespan of the 
buildings in Luxembourg from a global point of view. The typical 

Fig. 6. Height profile of the country showing the relation of each building area 
to its height. 
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lifespan of the building results to be 122 years. In the analysed map set, 
structures constructed before 1927 are not categorized into smaller 
construction age groups. This lifespan is consistent with the predicted 
service design lifetime of structures (The European Union Per Regula
tion, 2002) and falls within the range of other studies (Sartoriet al., 
2016). 

The cumulative distribution function for the survival of the building 
stock (Fig. 12) shows a significant slow-down on the demolition of 
structures older than 50 years. This is most likely related to their his
torical value of old buildings. Thus, it is very implausible for a building 

stock representing a specific age group to be completely demolished. 
Even though a meticulous limitation on the extrapolation of survival 
function remains difficult, in this study a 10% of the existing building 
stock is considered within this category, while for future stock, it was 
increased to 30%. The reason behind this lies in the quality of con
struction materials used nowadays, which are expected to have longer 
lifespans and receive lower levels of devaluation. Furthermore, consid
ering the national plan for Luxembourg regarding the energetic perfor
mance of buildings (Reding et al., 2016), it is projected that new 
structures will have better conditions in terms of inhabitant well-being 

Fig. 7. Spatial analysis of the built environment in Luxembourg: a. Mean building heights; b. Mean building areas; c. Rate of built area.  

Fig. 8. Heatmap representing the age matrix for the entire building stock of Luxembourg.  

Fig. 9. Age characterization of the building stock in Luxembourg: a. Based on number of buildings; b. Based on gross volume.  
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as well as economic performance. Additionally, the use of cladding and 
thermic insulations will result in a lower environmental impact for the 
core structural materials in the long-term. From this model, a general 
trend for mineral CDW generation of the country can be assessed. Two 
additional scenarios representing a lifetime profile of 100 years and 150 
years are considered as stochastic models by changing the maximum 
lifetime, but preserving the general mathematical shape of the function 
(Fig. 12), thus creating a larger extent of consideration. 

Furthermore, it is of interest to look into the demolition dynamics of 

each considered age-group (Fig. 13). The demolition rate is highly 
dependent on the historical situation in terms of economic and political 
situations and the demolition behaviour results to be different for each 
building stock depending on its construction age-group. Generally, there 
is a high-peak of demolished buildings approximately 30 years after 
their construction. This is consistent with the age-groups 1954, 1966 
and 1979. For the building stock constructed before 1927 a complex 
demolition profile can be observed (Fig. 13a). In total, 56.68% of this 
building stock has been demolished (Fig. 12) until 2019 and there are 
two demolition peaks visible. The first one corresponds to the second 
World War while the second one corresponds to the shut-down of the 
traditional steel industry where it has been switched to a more modern 
process based on electric furnaces and recycled steel. Indeed, in 1994 
this decision on the transition was taken, paving the way for the ur
banization of these areas (Casali, 2012). This change has caused most 
probably a second peak in the demolition of old industrial structures, 
which dated back to the beginning of the 20th century. The demolition 
behaviour of building stocks from 1954, 1966 and 1979 (Fig. 13b, c, d) 
show a similar trend represented by a bell-shaped parabola. The peak of 
their demolition profiles shows maximum values between 1980 and 
1990, which is compatible with the second demolition peak of the 
building stock of 1927, reinforcing the high influence of the economic 
conditions on the building dynamics. In contrast, the buildings from 
1989 show a lower demolition profile (Fig. 10e). 

The geographic distribution of concrete stock (Fig. 14) shows a 
concentration of the material in the central and southern part of the 
country. As previously discussed, these areas resulted to be not only the 
highest populated regions of the country, but also the communes with 
the oldest building stock. The high concentration of materials confirms 
the highest potential of these areas for future origination of mineral 
CDW. 

The accumulative amount of mineral CDW for the present building 
stocks, composed of buildings of different construction ages (Fig. 15), is 
divided into three scenarios depending on the maximum life expectancy 
of the building stocks, which are based on the previously defined life
time scenarios (Fig. 12). Each building stock is considered though its 
previously assigned age, therefore, depending on the lifetime curve, 
each age-group has a specific survival rate throughout the considered 
time period, resulting in a dysphasic starting point for the three different 
scenarios. In general, there is a higher rate of CDW generation from 2020 
to 2050 and a lower intensity from 2080 to 2100, with the 150 years 
scenario showing a different trend in the last part of the century. From 
the cumulative production curve, annual production curves are extrac
ted in Fig. 13b through derivation of the regression lines from the graphs 
of Fig. 13a, making it possible to have an estimation on the annual 
production rate of CDW related to the current building stock. Indeed, 

Fig. 10. Mean age for each communal division in Luxembourg.  

Fig. 11. Characterization of the mineral construction material stock in Luxembourg: left: Evolution through the years, right: Material allocation depending on the use 
of building. 
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there is a peak in the annual production related to the worst-case sce
nario in the period between 2020 and 2030, after that the annual pro
duction for the three scenarios fluctuates in a decreasing trend, due to 
the depletion of the current building stock. It can be noticed that, even 
without considering new construction, the annual production shows a 
mean of ranging from 1.38 to 1.49 Mt/year. Except for the first and last 
considered decades (2020–2030 and 2090–2100), there is no significant 
difference in the three considered scenarios. 

The future projection of the population is divided into three sce
narios namely with a 1.13%, 0.52% and 0.17% average yearly increase 

rate (Fig. 16) during 80 years. The first increase rate is based on the 
current population growth of Luxembourg, while the others are 
considered to be lower. A higher scenario is not considered, due to the 
logistical issues that an increasing population density would cause in the 
country, thus making such scenarios unlikely. It is logical to think the 
construction as being proportional to the population, since an increase 
of population will lead to more demand for housing. Comparing the data 
from 1970 to 2020, a concrete demand per capita of 463.2 tons/capita 
can be extracted. This value is implausible to have a high sensitivity, 
since the spacing needs per person are improbable to change. Therefore, 

Fig. 12. Survival analysis and typical lifetime curve for buildings in Luxembourg, as well as the two additionally considered scenario.  

Fig. 13. Demolition profiles of different age groups.  
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the new construction generation can be directly assessed from the 
population scenarios and by using the lifetime curves (Fig. 12), the 
generation of mineral CDW can be evaluated both accumulatively and 
annually (Fig. 17). 

The accumulative projection (Fig. 17a) shows that in the next 80 
years between 890 and 638 Mt of inert waste is expected to be generated 
in the country. In comparison to the data generated only from the 
analysis of the current building stock, the future construction will have a 
significantly larger influence on the country’s waste stream representing 
73.96% of the total inert CDW by 2100. However, the sensitivity of the 
data is lower than the previously considered scenario, with a maximum 
difference of 48% between the high and low scenarios. The annual 
mineral waste production graph (Fig. 17b) is constructed through a 

derivation of the accumulative trend lines of mineral CDW generation 
(Fig. 17a) and shows an increasing trend independently on the scenario 
and a drop within the last decade of the century. Considering the pre
determined projection scenarios, the largest CDW flow in the country is 
expected between 2060 and 2090 with a significant peak in the last 20 
years of the considered time period. This surge is due to the larger 
volumes that are expected to be built with the increase of population, for 
example apartment blocks or larger housing units in this time period. By 
the end of the century, an average drop of 61.9% in the annual pro
duction is noticed in all three scenarios, due to the higher resilience of 
the newly built structures and the consideration that a large part of the 
future stock will result to be more rigid in terms of their demolition 
behaviour. Additionally, the fluctuations in the yearly generation of 
CDW are greatly influenced by the considered lifetime profiles (Fig. 12). 
Indeed, the drop observed after 2090 can be due to the slowdown of the 
lifetime curves than can be observed for buildings aged between 40 and 
80 years (Fig. 12). This is a clear indication on the importance of the age 
analysis and the choice of suitable lifetime curves for the area in 
consideration. 

4.5. Feasibility of concrete recycling in areas with limited urbanization 
scale 

One of the largest uncertainties regarding recycling of mineral CDW 
in small geographical areas, such as Luxembourg, is related to the 
availability of the waste material flow. However, results show that the 
foreseen annual generation of CDW is comparable to that of other larger 
countries (Delvoie et al., 2019). In terms of the availability of the sec
ondary raw materials, a ratio can be made between the expected mineral 
CDW arising from all considered scenarios and the expected concrete 
production in the next 80 years. This ratio will yield the theoretical 

Fig. 14. Spatial distribution of the present concrete stock in Luxembourg.  

Fig. 15. Mineral CDW generation in Luxembourg from the currently existing building stock; left: Accumulative CDW generation; right: Annual CDW generation.  

Fig. 16. Population evolution in Luxembourg and the considered 
future scenarios. 
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possible substitution ratio strictly in terms of material quantity. 
A normal distribution of the ratio between the generated mineral 

CDW and new concrete production allows to give an overview of the 
considered time period (Fig. 18). As it can be seen on Fig. 18a, for the 
majority of the studied period, the ratio is larger than 0.2, which is 
currently the technical limit for use of recycled aggregates according to 
EN 12620 (BSI, 1262). If the demolition of future structures is consid
ered Fig. 18b, the ratio remains higher than 0.2, for the majority of the 
studied period. However, there is a larger probability of having shortage 
of recycled aggregates compared to the pervious case. As it can be 
noticed, the normal distribution of the existing building stock yields a 
more statistically rigid result, while the projected results demonstrate a 
higher variability. This is considered evident in this case based on the 
assumptions that were previously made in the data calculation, such as 
the population evolution, construction evolution, lifetime profiles, etc. 
On the other hand, it should be noted that other factors are to be 
considered in the CDW flow, such as different stakeholder engagement 
in the management of waste. 

In terms of economic viability, the considered models also hint at 
concrete recycling as a cost-effective production for Luxembourg. The 
feasibility study of a concrete treatment plant with a capacity of 350 t/h 
(Coelho and De Brito, 2013) shows a break-even point in less than 3 
years. If the lowest-case scenario is considered, namely considering only 
the current stock with a lifetime profile of 150 years, the flow of mineral 
CDW is calculated to be above 350 t/h for the majority of the considered 
timeframe (Fig. 19). However, further conditions will affect the viability 

of a concrete recycling plant. For example, it may be unrealistic to 
consider the entire generated CDW to be treated at the same plan. Even 
though this is a feasible scenario for small areas as Luxembourg in 
logistical terms, stakeholder engagement and market conditions are 
expected to further influence the management of CDW. 

5. Discussion 

The presented methodology shows the remarkable potential that a 
combination of geospatial evaluation, image analysis and material stock 
quantification can have on evaluating the dynamics of mineral CDW 
over the next 80 years. The findings indicated promising results not only 
in terms of evaluation of the building stock, but also as an outlook to 
promote concrete recycling and the circular economy of the construc
tion sector, indicating that the potential generation of mineral CDW is 
suitable for an industrially and economically viable concrete 
production. 

There is a limitation however in considering the entire demolished 
mineral construction to be recyclable material. The use of CDW as road 
backfilling will certainly continue to occur and, if this volume were to be 
recorded, the considered annual generations of mineral CDW will 
decrease. Furthermore, on-site use of demolished fraction will further 
reduce the availability of recyclable CDW. Also, these applications 
considerably influence the recorded volumes of waste, resulting in un
reliable statistics. As shown in the results, there is a significant increase 
in mineral CDW if future constructions are considered, hinting at the 

Fig. 17. Mineral CDW generation in Luxembourg from the future building stock; left: Accumulative CDW generation; right: Annual CDW generation.  

Fig. 18. Normal distribution of the (mineral CDW/new construction) rate for the considered scenarios.  
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importance of effective planning strategies that rely not simply on sta
tistical recordings of accumulated waste, but rather on the realistic state 
of the art of the local CDW generation. 

The evaluation of the building stock through image analysis offers a 
novice way of assessing the lifetime dynamics of the built environment. 
The importance of a geographical approach is key in this sense as the 
demolition behaviour is strictly tied to the socio-economic conditions of 
the area. Nevertheless, a few shortcomings were observed. The proposed 
methodology can be, at the moment, only considered globally for the 
intended purpose. The alternative local approach of considering all 
structures individually and assessing their characteristics is however 
unfeasible, since it is difficult to assess the realistic lifetime of a single 
building or a building type. The lifetime expectancy of individual 
structures includes significant ambiguities related to the socio-economic 
aspect of the region and it is not easily assessable without relying on 
assumptions that will increase the level of uncertainty. Therefore a 
normalization of the datapoints through a global regression is consid
ered adequate for this purpose. Additional optimization can neverthe
less be done through a case-study approach if the aim is to have a higher 
resolution (i.e., implementing the construction age into the local 
cadastre) and the proposed age-groups dynamics (Fig. 13) can be uti
lized if an age-specific analysis is required. The considerations of 
mathematical functions for the lifetime curves and the limitations set 
during the analysis can offer significant constraints as the analysed 
building stock does not exceed the maximum lifetime of the buildings. 
Error-free assumptions can only be made once a building stock is 
completely demolished, which, in this study, it is not the case. Therefore, 
it remains difficult to make evaluations on the accuracy of the data, 
especially when considering a large future timeframe. Furthermore, the 
lack of data records on the generation of CDW and the unregulated re- 
use of CDW on the demolition sites implies a further difficulty in 
assessing the affinity of the model. 

Assessing the mineral material stock in each building through the 
presented model must be geographically adapted if such analysis is to be 
done in other areas. The proposed model is constructed for a North- 
Western built environment mainly based on concrete as structural ma
terial. Likewise, the considered coefficients are to be chosen based on 
the considered area. It must be stressed however that the considered 
model must be regarded as approximative and an exact analysis of the 
embedded materials can be done only through a case-study approach of 
the entire building stock. 

6. Conclusions 

A methodology to assess the amount of mineral CDW through ma
terial stock quantification and geospatial approaches was presented. 
This methodology was applied for the entire national building stock of 
Luxembourg to understand the typical volumes in small geographical 
areas and analyse the feasibility of concrete recycling based on the 
available volumes. 

The proposed method allows for rapid analysis of large areas by 
relying solely on open-source data, thus avoiding extra costs and 
workload. By using image analysis of old cartography, a historic lifetime 
profile was extracted showing the demolition behaviour of buildings 
during the last 93 years, which rendered possible to extract the potential 
mineral CDW arising from the building stock through a consideration of 
stochastic scenarios for the next 80 years. 

Results show that the 31.30% of the structures in Luxembourg are 
built before 1927, while the largest built gross volume is built after 
1989. The total mineral materials embedded in construction in the 
country is 276.75 Mt, accounting for 450.817 tons/capita. Typical life
time profiles extracted through image analysis show a mean service life 
of 122 years, although the survival behaviour depends on the period of 
construction and is not uniform for all the considered age groups. Based 
on the stochastic projections the mineral CDW generated from the 
existing building stock is expected to be up to 226.9 Mt by 2100, while if 
future building scenarios are considered, it can be as high as 885.3 Mt. 
The annual CDW production is expected to be sufficient for a viable 
concrete recycling activity if regulations on the waste volume flows are 
made available. 

The described methodology offers a viable, flexible and rapid tool for 
management of the built environment, especially for planning of the 
best practices for treatment and re-use of waste arising from the con
struction sector. 
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