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ARTICLE INFO ABSTRACT

Keywords: Construction activity is responsible for substantial greenhouse gas (GHG) emissions, but most of these reflect

Steel only a single stage of the building construction supply chain. Closing the gap, this work presents a cross-supply-

Glass chain perspective on annual material and energy consumption and GHG emissions for the sector on the European
Cement . . . . .
Bricks scale. These are estimated at the country level, disaggregated for raw material extraction, material

manufacturing, demolition, and several intermediary transport stages. The study underscores cement, steel, flat
glass, and ceramic bricks as manufactured materials; and sand, limestone, clay, iron ore, and coal as raw ma-
terials. Estimates consider both new construction and renovation, across varied typologies of residential and non-
residential buildings. The results show that new construction & renovation of the building stock emits 235.31 Mt
of CO, annually, excluding energy consumption for building operations. These are associated with the con-
sumption of circa 1 994.29 Mt raw and construction materials, and circa 1 990.27 PJ of final energy per year.
These figures correspond to 4.33% of the total EU values (45 923 PJ). New building construction and renovation
account for 63% of the materials used, while the material manufacturing stage accounts for 74% of the final
energy consumption. By adopting a full supply chain perspective at the European level, we can support the
development of holistic and more targeted public policies to decarbonize the sector.

Construction stage
Raw material

CO, emissions
Construction
Supply chain

1. Introduction construction sector is accountable for nearly 40% of energy-related CO,

emissions and 38% of total greenhouse gas emissions [5]. A significant

The construction sector plays a significant role in global resource
consumption and environmental impact because buildings require large
quantities of materials throughout their construction, renovation, and
end-of-life stages [1,2]. The extraction of raw materials, their trans-
formation into construction products, transportation, and their incor-
poration into buildings generate substantial material flows, energy
demand, and greenhouse gas (GHG) emissions [3]. The construction
industry accounts for approximately 30% of global raw material use,
including sand, timber, gravel, steel, cement, and plastics [3,4]. This
extensive demand for materials is a major driver of resource depletion
and environmental degradation [1,2,4].

The International Energy Agency highlights that the building and
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share of these impacts originates not only from construction activities
themselves but also from upstream supply-chain processes, particularly
the extraction, processing, and transport of construction materials [6].
Consequently, understanding how environmental burdens are distrib-
uted across supply-chain stages and material types is essential for
identifying effective mitigation opportunities.

The construction sector's reliance on non-renewable materials and
energy resources further exacerbates its environmental impact. It is
estimated that this industry consumes over 50% of the world's produced
energy [4] and is a leading consumer of non-renewable materials [1].
The push towards sustainable construction practices is critical to miti-
gating these impacts, with strategies focusing on reducing material flows
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[7]1, enhancing resource efficiency ([8]; [7]),
circular-economy principles [9,10].

While previous studies have provided valuable insights into
embodied carbon at the building level, they are typically based on in-
dividual case studies or specific building typologies and often adopt a
whole-life-cycle perspective. In contrast, climate policies, GHG in-
ventories, industrial decarbonization strategies, and resource-efficiency
targets are primarily designed and implemented at the national level and
on an annual basis. Therefore, there is a need for methodologies capable
of translating building-related material demand into annual country-
level estimates of raw material use, energy consumption, and GHG
emissions across the construction supply chain. Such an approach re-
quires the explicit allocation of impacts by material and supply-chain
stage, allowing the identification of the industrial processes and eco-
nomic sectors most directly associated with building activity. This level
of disaggregation remains largely absent from the literature and is
essential for supporting evidence-based policy design and monitoring
progress towards climate and circular-economy objectives.

Accordingly, the objective of this paper is to quantify the annual
primary raw materials, energy, and CO, emissions along the buildings
supply chain in each EU country, including raw material extraction,
material manufacture, construction (including maintenance and refur-
bishment), demolition, and waste transport/management and transport
stages. Note that we do not consider the use phase of buildings because
of their minimal material use and their focus on energy consumption (a
widely studied topic annually for each EU country). The analysis focuses
on four pervasive, carbon-intensive construction materials - cement,
glass, steel, and ceramic bricks - and evaluates their contribution to the
overall material, energy, and emissions footprint of the European
building supply chain. By linking building activity to upstream resource
extraction and manufacturing processes, the proposed framework pro-
vides a level of supply-chain and material-specific resolution that is
particularly relevant for national policy assessment and intervention.

and adopting
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2. Methods

The flows of materials, energy, and CO; emissions in the supply chain
for building construction consider seven stages: extraction of raw ma-
terials (i.e., mining and quarrying), transportation from extraction sites
to manufacturers, construction materials manufacturing (steel, cement,
flat glass and ceramic bricks), transportation from manufacturers to
construction sites, building construction, and transportation from con-
struction and demolition (CDW) sites to final waste disposal. The overall
developed methodological approach is depicted in Fig. 1.

Herein, three flows are quantified: i. materials, ii. energy consump-
tion and iii. COy emissions, allocated to building construction and
renovation along its supply chain, for each considered stage and per
country. The analysis is disaggregated for each of the following carbon-
intensive construction materials: flat glass, cement, steel, and ceramic
bricks (hereafter, bricks). Supply chain mapping includes the descrip-
tion of explicit manufacturing processes, as described in [11]. The study
also includes its associated raw materials, namely silica sand, common
sand, limestone, clay, dolomite, gypsum, salt, and iron ore, as well as
iron scrap, soda ash, fly ash, ammonia, coal (non-energy use), lime, and
cullet.

The considered geographical scope comprises all countries of the
European Union (EU27) plus the United Kingdom (UK), Switzerland,
Iceland, and Norway, hereafter referred to as EU+ (see the completed
list of countries and its abbreviations in Supplementary material a. The
work is carried out for the current situation and for an average annual
year, derived from annual values from 2017 to 2022 (excluding 2020; an
atypical year due to the pandemic).

Embodied emissions associated with the import of construction
materials and raw materials were not considered. Therefore, for those
countries that do not manufacture one or more of the four studied
construction materials, it is assumed that there is no corresponding raw
material extraction, nor transport of manufactured products. It is
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Fig. 1. General overview of the adopted methodology across the construction supply chain as considered for this study. EF stands for Emission Factors.
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assumed that in these cases the construction materials are imported and
thus are not modelled in this study.

Both new construction and renovation of residential and non-
residential buildings are considered. Residential buildings are dis-
aggregated into detached houses (SFH), semi-detached houses (MFH),
and flats (ABL). Non-residential (or commercial) buildings are dis-
aggregated into offices, hotels & restaurants, hospitals, small shops,
large shops/shopping malls, and sports & recreation buildings.

Different types of renovation are considered, but only for residential
buildings: deep, medium, and light renovation, which, in practice, differ
in the types of interventions performed and thus in the materials and
energy consumption involved. A light renovation is considered a rela-
tively quick process (less than a week) that does not imply breaking
down walls (e.g., replacing windows, roof tiles, or doors). A medium
renovation is assumed to involve some masonry work and should last
between 1 and 2 months (e.g., insulating windows, roofs, and/or floors).
A deep renovation is assumed to be a more complex and lengthy
endeavor, closer to building a new dwelling. It lasts more than two
months and entails breaking down walls, changing the building/resi-
dence configuration (e.g., adding new rooms, walls), installing insu-
lation on walls/roof/floors, installing new walls, and/or installing a new
roof or new heating systems.

2.1. Building construction and renovation activity data in Mm?

Although there are official national statistics on residential building
stock, including the number of dwellings [12], and an indication of the
average dwelling area (grouped by class [13], there is no data on built
area per year. For non-residential buildings, there are no official na-
tional statistics on current building stock levels, current occupied areas,
or built areas per year. Therefore, it was necessary to estimate these
values in Mm?, since this is the unit of measure required to estimate
material use for new construction and renovation. The departing point
was the existing building stock which is presented in Table 1. The area of
residential buildings for EU+ is circa 16 154.04 Mm? according to
official statistics. The stock of non-residential buildings was obtained
from the JRC-EU-TIMES energy system model [14] and is estimated to
be of 6 819.52 Mm?. This is several times smaller than the stock of
residential buildings, which represented 70% of the total European
building stock.

JRC-EU-TIMES is a model that represents the entire EU+ energy
system, including buildings (residential and non-residential), with high-
level detail. It was developed by the Joint Research Centre of the Eu-
ropean Commission and models the evolution of the energy building
stock for each EU+ country from 2010 to 2050. The JRC-EU-TIMES
model has been widely used to study climate and energy policies in
the EU [15-18]. Residential buildings are modelled by number of
dwellings, and non-residential buildings are modelled in Mm? using the
same disaggregation of building typologies as in this study [19]: three
types of residential buildings and six types of non-residential buildings.
In this study, the number of dwellings was converted to Mm? by using an
average dwelling area per country, based on ENTRANZE and IDEES data
(summary in Table 3 of Supplementary material a.i) [20]. The detailed
dataset with 2010 and 2050 building data considered in JRC-EU-TIMES
is freely available [14,21].

To estimate built areas per year, new buildings’ annual construction
rate was derived from the assumptions in the JRC-EU-TIMES energy
system model [14] for 2010 and 2050. The model considers the 2010
existing dwellings and non-residential buildings area per country and
projects its evolution until 2050. In [14] study, it was assumed that there
was a linear trend in building evolution between 2010 and 2050 and
based on this it was derived the annual construction rate per country per
building typology in Mm? (detailed values per country in Supplementary
material Annex a.i).

Regarding renovation activity (only considered for residential
buildings), annual average renovation rates of the total residential
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building stock per country were retrieved from European Commission
[22]. This study covers residential building energy-related renovation
activities and the uptake of nearly zero-energy buildings in the EU28
from 2012 to 2016, based on desk research and three surveys (targeting
consumers, architects, and contractors/installers). Renovation activities
are disaggregated by the potential primary energy savings achievable:
“below threshold”, “light”, “medium”, and “deep”. The detailed country-
level assumptions on renovation rates considered only the last three
renovation categories and can be found in the Supplementary material
ii.

Given the high uncertainty in the approach to construction and
renovation activity data, the dataset was validated using the number of
issued residential building construction permits, disaggregated by
number of dwellings and residential building type. This information was
available from the construction industry [23,24]. When not available for
some countries, it was complemented with building permits per dwell-
ing from Eurostat [12,25], including data from Census 2021' [26].
Building permits in Mm? for new buildings were translated into newly
built areas per country. The allocation of this built area across the
considered building typologies followed the allocation from the
ENTRANZE project, available in [14] with data from [27-36]. More
details on the approach used for validation of residential and non-
residential construction and renovation activity data are presented in
Table 4 of the Supplementary material i.

The considered annual construction and renovation activity in Mm?
is presented in Table 1 for the whole of EU+. Values are presented by
building type and disaggregated by new construction and type of
renovation. Details of the residential buildings by country are described
in Supplementary material a. i.

A total value of 1,185.84 Mm?/yr is considered, including both new
construction and renovation for the whole of EU+. The main activity, in
terms of m? of floor area, is light renovation (67% of all construction and
renovation activity in Mm?), especially in flats (25% of all construction
and renovation), followed by detached houses (23%). New construction
accounts for only 11% of all construction and renovation activity in Mm?
(i.e., 133.81 Mm?/yr).

Construction and renovation in residential buildings are substan-
tially larger than in non-residential buildings, especially given that
renovation of the latter was disregarded due to a lack of data. Resi-
dential building construction and renovation account for 97% of the
total Mm?2/yr considered. If only new construction is considered, resi-
dential buildings still account for circa 77% of the total Mm?2/yr.

In non-residential buildings, the main construction activity is new
office buildings, with 12.34 Mm?2/yr. According to our calculations, the
least significant activity in terms of Mm?/yr is the deep renovation of
semi-detached houses.

In the EU+, renovation accounts for 89% of total construction and
renovation-impacted floors if it were being considered non-residential
renovation, the total renovation would represent 91% albeit mainly
light renovation. In terms of newly built areas, semi-detached houses are
the most relevant, with 35.40 Mm?2/yr, followed by apartments with
34.84 Mm?/yr, detached houses with 32.52 Mm?/yr, and office build-
ings. The construction of new hospitals is the least relevant, with only
2.03 Mm?/yr.

2.2. Material flows

The material flow approach comprises three stages: the extraction of
raw materials (metal and non-metallic minerals); the manufacturing of
materials (flat glass, cement, steel, and bricks); and the final construc-
tion of new buildings and the renovation of various types of buildings.
Although there are transport stages between the stages, raw material

1 In the case of Germany, Poland, Romania and UK, there is no information in
the EUROSTAT Census 2021, and thus data from Census 2011 was used.
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Table 1
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Considered existing building stock, annual total average evolution in building construction and renovation per type of building in Mm? for EU+ and EU27

Type of buildings Considered existing building % of total Type of Building Construction EU+ EU27 % of total % of total
stock EU+ EU+ EU-+ EU27

Detached houses 5354.298 23.3% 32.52 25.70 3% 2%
Semi-detached houses 6251.166 27.2% 35.40 19.54 3% 2%
Flats 4548.573 19.8% 34.48 29.69 3% 3%
Hospitals 418.61 1.8% 2.03 1.82 0% 0%
Sport & recreation 973.98 4.2% 4.50 3.67 0% 0%
Hotels & restaurants 870.76 3.8% 3.83 3.26 0% 0%
Shopping malls 1,080.94 4.7% 5.01 3.95 0% 0%
Small shops 794.46 3.5% 3.70 3.24 0% 0%
Offices 2,680.77 11.7% New completed annual building 12.34 10.64 1% 1%
Total 22,973.56 100% floor area 133.81 101.51 11% 10%
Renovation for residential buildings
Detached houses 270.12 252.51 23% 24%
Semi-detached houses 224.24 201.77 19% 19%
Flats Light renovation of the annual 302.15 258.17 25% 25%
Total light renovation n.a. building floor area 796.51 712.45 67% 69%
Detached houses 67.29 61.75 6% 6%
Semi-detached houses 56.61 48.74 5% 5%
Flats Medium renovation annual building  101.03 84.31 9% 8%
Total medium renovation  n.a. floor area 224.93 194.8 19% 19%
Detached houses 8.40 7.82 1% 1%
Semi-detached houses 6.87 6.10 1% 1%
Flats Deep renovation of the annual 15.31 13.73 1% 1%
Total deep renovation n.a. building floor area 30.58 27.65 3% 3%
Total renovation n.a. 1052.02 934.9 89% 90%
Total construction &

renovation n.a. Total 1,185.84 1,036.39 100% 100%

extraction, construction material manufacturing, and construction, they
do not have an impact on material flows, and thus, they are not
considered here.

To calculate the raw material flow from mining and quarrying into
the construction sector, a mass balance and the total production of each

Table 2

Considered mass balances (t input/t produced material).
Raw Material Cement Steel Flat glass Bricks
Limestone 1.199 - 0.255
Clay 0.202 - 1.35
Gypsum 0.053 - - -
Dolomite - - 0.17 -
Salt - - 0.257 -
Iron scrap - 0.125 - -
Silica sand 0.049 - 0.576 -
Common Sand 7
Cullet - - 0.108 -
Ammonia - - 0.158 -
Lime - 0.27 - -
Fly ash - - - 0.06
Iron ore - 1.37 - -
Soda ash - - 0.158 -
Coke (non energetic use) - 0.78 0.014 -

manufactured product (cement, steel, flat glass, and bricks) were used
Tables 1 and 2. To assess the required manufactured products, the total
area of building construction (Table 1) was multiplied by the material
intensity for each type of building and construction [37-39].

For sand, it was considered two types, besides the silica sand used in
flat glass production, common sand was also used in concrete prepara-
tion on construction sites.” (i.e., seven times the total mass of cement
used). According to [40] the most common type of concrete in the Eu-
ropean market has the proportion of 1:2:4 referring to: cement, fine
aggregates and coarse aggregates. Please note that coarse and fine ag-
gregates are both considered as “common sand” for the purpose of this
paper. Therefore, considering both fine and coarse aggregates, we have a
factor of 6 of sand for concrete only. However, if we consider the
weighted average between mortar and concrete consumed in European
residential buildings, this factor becomes 1 to 7. This is because the ratio
of sand in mortar composition according to the European mortar stan-
dard EN 998-2 (mortar designation type iv) is of 1:8 cement: sand.
Considering the RASMI database [37] mortar has a weight of circa 30%
on what we assume to be “cement” in this paper (i.e. 30% of the of sum
of mortar, cement and concrete).

Tables 23 and 24 in Supplementary material lists the manufactured
products and the calculation of raw materials. Mass balances were
assessed across all countries [41]; we set a threshold of 4% of the final
product's mass, so we include only materials that exceed it.

2 The total amount of sand in the construction sector was considered to be the
sum of the total amount of silica sand used in the flat glass industry plus the
total sand used in concrete. This approach has two problems: first, the purity
levels of these two types of sand are completely different, meaning that the
process losses in the silica sand preparation for flat glass production are not
accounted for. The second problem involves some inconsistencies in cement
production and sand extraction, which are detailed in Table 1 in the annex.
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The second stage—product manufacturing—was based on required
products for building construction, considering the construction area
and material intensity as described before. For flat glass, raw material
consumption was based only on original glass producers in 11 countries
(DE, IT, FR, CZ, UK, BE, ES, HU, PL, RO, BG). Therefore, all the flat glass
required in the EU+ countries was assigned to eleven producers adopted
from [42].

In the third stage, construction of buildings (residential and non-
residential). For residential buildings, both new construction and reno-
vation were included. For non-residential buildings, only new buildings
were included due to data limitations. Renovation was categorized into
deep, medium, and light renovation. Non-residential building types
considered were hospitals, sports & recreation facilities, hotels & res-
taurants, shopping malls, small shops, and offices. Residential building
types considered were flats, detached houses, and semi-detached houses.
The building classification is based on the Entranze project, [14].

For material intensity, the dataset RASMI [37] includes glass,
cement®, bricks and steel represent a literature review of 106 published
papers and have 909 datapoints. For the missing countries, data are
determined using climate-zone averages as proxies, except for
Switzerland and Norway, for which the average is for residential
buildings. For this dataset, when material intensity was specified in
terms of concrete or mortar rather than cement, conversions were
applied using a 0.13 ratio for concrete and a 0.21 ratio for mortar. In
Norway, only concrete and wood were recorded. For non-residential
buildings, material intensity is derived from the RASMI dataset and
other data sources.

2.3. Energy consumption

Energy consumption was estimated for all seven stages of the supply
chain, including the three transportation stages. One challenge in
designing an energy consumption model for the building construction &
renovation supply chain is isolating the energy used in this sector at each
stage. For example, regarding raw materials, we know that Germany
used an average of 4.32 TJ of electricity for metal ore mining between
2017 and 2022, excluding 2020 [43]. However, we do not know how
much of this metal ore was converted into steel used in German building
construction annually during this period.

To identify the energy that could be allocated to the extraction of raw
materials used in building construction, the energy consumption data by
economic activity is analyzed 4(or NACE) from the Eurostat dataset
[33,43] was calculated energy intensity of mining metal ores and non-
metallic minerals (Tables 11 and 12 in Supplementary material) in
each country, and then it was multiplied by the required raw material
calculated previously, considering the area of construction, building
material intensity, and mass balances.

For Iceland, the UK, and Switzerland, disaggregated energy con-
sumption by NACE is not available. For Iceland, national statistics were
used. [44]. However, these are aggregated into total mining, without
differentiating between per-metal, other, or support activities. All values
were considered as non-metallic minerals mining, as there is no metal
production on MFA [45] in Iceland and in the GHG emission inventories
[46], they declared that they have no steel production. As the most
recent data is for 2021, the average was calculated for 2017, 2018, 2019,
and 2021.

For mining non-metallic minerals in the UK, it was used in the 2022

3 In the Rasmi dataset, cement and mortar were considered as cement and
ceramics and bricks were considered as bricks.

4 Disaggregated final energy consumption in industry by NACE Rev. 2 ac-
tivity — quantities [nrg_d_indq n_custom_12832660] EUROSTAT- “Mining of
metal ores except mining of uranium and thorium ores [B0O7_X_B0721]”, “Other
mining and quarrying except extraction of peat [BO8_X B0892]” and “Mining
support service activities [B09]”.
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report ECUK [47]. There is no data on support services for mining, nor
for metallic minerals mining, so this was considered zero. For
Switzerland, even in the most disaggregated tables and reports, it was
not possible to identify the amount of energy used in mining in any
category [48]. To solve the problem, we calculate the average energy
intensity for non-metal minerals (considering the average energy in-
tensity of all other countries with data).

To calculate energy use for transporting raw materials from extrac-
tion sites to manufacturing locations, we considered the total raw ma-
terial used in each country to estimate the total load to be transported.
The average transportation distance in each country was obtained from
national statistics [49] multiplied by two to reflect the assumption that
transportation is by road and that trucks travel both ways — full on the
way to the manufacturing site and empty on the return journey. The load
per truck is assumed to be the maximum allowed according to the In-
ternational Transport Forum [50]. Efficiency is assumed to be the same
across all countries and products. For glass, only raw material trans-
portation for original flat-glass producers was considered.

In the manufacturing step, it was considered the energy intensity for
glass, cement and steel (Tables 15-17 in Supplementary material)
calculated using the final energy consumption disaggregated by eco-
nomic activity [43] divided by the annual production informed in the
national inventories [46,51-53]. After having energy intensity, it was
multiplied by the required manufactured products Table 3 to calculate
the energy used attributable to the manufacturing of the main con-
struction products.

In the case of bricks, the energy consumption cannot be calculated
using this method because the energy consumption data [43] for ce-
ramics is aggregated in “Manufacture of other non-metallic mineral prod-
ucts except glass, glass products, cement, lime and plaster” that includes all
the activities of NACE 23 except glass (231) and cement (235). This set
contains materials with very different energy requirements. For the
production of refractory products (232), for example, the average tem-
perature of the oven is above 1000°C [54] and the concrete products
(236) are around 200°C [55], so it means that we cannot use, in this
case, the assumption that energy use is proportional to mass. For ce-
ramics, we used the average energy intensity of 1.50 GJ/t [56] for bricks
and multiply it by the total production in kt (Table 3). To allocate the
consumed energy by energy vector, the share of 2022 in the NACE 23,
except glass (231) and cement (235) [43].

To allocate energy used in raw-material extraction by material type,
we considered each material's relative mass. We multiplied the mass
balances by total production to estimate the raw material required for
each country. Then, we calculated the relative importance of cement,
glass, ceramics, and steel in the total material mix. This helped estimate
the raw material extraction energy consumption that could be allocated
to each material (cement, glass, ceramics, and steel), as shown in
Table 20 in Supplementary material

The energy used for manufacturing is not available for all 31 coun-
tries. For example, the Netherlands did not report the natural gas used
for glass, cement, and ceramics production in Eurostat; the missing data
were obtained from national statistics [57]. For Switzerland and the
United Kingdom, these three products were aggregated into a single
category in the national statistics. To disaggregate them, we used the
total production (in kt) reported in the UNFCCC GHG emission in-
ventories for 2019 [46,48,58].

For cement production in Denmark, this method could not be applied
because the total energy for the "nonmetallic minerals" category is not
disaggregated in the national statistics. For this country and sector, we
used the average of the other countries for each energy vector.

In the transportation stage from manufacturing sites to construction
sites, the total load is the mass of the specific products. The efficiency is
assumed to be the same as in the previous transportation stage, and the
distance is based on values from several Environmental Product Decla-
rations, as listed in the Supplementary material c.iii, Table 19. It was
assumed that one-third of the trucks returned empty.
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Table 3
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Annual estimated production of manufactured materials consumed in building construction & renovation in Mt.

Country Estimated production of manufactured materials (Mt) Difference from total production in UNFCCC (%)
Cement Steel Flat Glass Bricks® Total Cement Steel Glass

AT 4.64 3.14 0.00 2.41 10.19 —26% 119%

BE 6.60 5.99 0.49 2.39 15.46 —24% 29% 188%

BG 1.25 0.71 0.43 0.87 3.26 70% —18% 41%

CH 4.57 4.74 0.00 2.26 11.56 —29% —76%

CcY 0.44 0.00 0.00 0.32 0.77 240%

CZ 0.39 3.07 0.43 2.77 6.67 847% 50% 172%

DE 9.39 3.80 1.94 8.03 23.16 167% 943% 279%

DK 2.24 0.00 0.00 1.64 3.88 —4%

EE 0.09 0.00 0.00 0.05 0.14 462%

EL 3.01 1.37 0.00 1.39 5.77 114% -1%

ES 17.49 5.75 0.73 6.73 30.70 0% 137% 555%

FI 1.15 1.13 0.00 0.58 2.87 -1% 204%

FR 19.83 12.64 0.97 9.40 42.85 —35% 15% 250%

HR 0.98 0.46 0.00 0.72 2.16 132% —85%

HU 0.84 0.24 0.26 0.99 2.33 31% 652% 41%

IE 2.33 0.00 0.00 1.65 3.99 48%

1S 0.00 0.00 0.00 0.00 0.00 —

IT 23.29 6.11 0.97 4.56 34.93 —35% 279% 521%

LT 0.35 0.00 0.00 0.20 0.55 205%

LU 0.56 0.00 0.00 0.46 1.02 44%

LV 0.12 0.00 0.00 0.09 0.21 817%

MT 0.00 0.00 0.00 0.08 0.08 —

NL 8.09 10.21 0.00 2.40 20.70 —100% —33%

NO 1.74 1.24 0.00 1.14 4.12 —19% —50%

PL 5.79 4.47 1.13 4.08 15.47 145% 103% 208%

PT 5.65 3.36 0.00 3.75 12.76 —24% —73%

RO 3.10 2.59 0.25 2.69 8.63 136% 40% 41%

SE 3.83 4.02 0.00 1.87 9.71 -34% —53%

SI 0.47 0.39 0.00 0.41 1.26 98% 66%

SK 1.14 0.99 0.00 0.96 3.09 151% 264%

UK 18.60 33.37 0.49 9.61 62.07 —58% ~78% 348%

EU+ 147.96 109.79 8.10 74.51 340.37 2% 41% 348%

@ There are no national or EU-wide statistics on volumes of bricks manufactured.

In the construction stage, the total energy used in construction [43]
was based on the value of building construction [59]. It was assumed
that this was the total energy per energy carrier used in the building
construction sector. To split this value in terms of building/construction
typology, the area of each building/construction typology was used
(Table 1). To estimate how this energy could be split by material, a
weighted material intensity was used, multiplying each material's in-
tensity by the area of each typology and construction type in each
country, Table 20 in Supplementary material.

The total energy used for demolition is the total energy used in
construction, multiplied by the relative importance of the demolition
subsector within the construction sector, based on the gross added value
of demolition [59]. The final transportation after demolition considered
the total Construction and Demolition Waste from EUROSTAT
[32,60-62], Table 21, in 2022 (the most recent year), in terms of mass.
The distance was based on the average freight transportation distance in
each country [49]. The share attributed to each material was derived
from the same weighted average material intensity, Table 20 in Sup-
plementary material.

2.4. CO2 emissions estimates

To estimate annual CO, emissions for each of the seven considered
supply chain stages, energy consumption was disaggregated by energy
carriers. The emission estimation approach considers the emission fac-
tors (EF) for energy combustion activities from the IPCC [63]. For sta-
tionary sources, the values considered were 56 CO5/GJ for Natural Gas,
74 CO2/GJ for Oil products, and 105 CO.e/GJ for solid fossil fuels. The
EF for consumed electricity varies depending on the power mix of each
country, and thus, country-specific EFs were adopted for the year 2023
[64]. To estimate transport emissions, it was assumed that all transport
stages were carried out entirely by road and using diesel-fueled trucks.

Therefore, the considered EF was 74,1CO5/GJ diesel [63].

In the manufacturing stage, in addition to emissions from energy
consumption, emissions from industrial processes were also considered.
Fig. 2 illustrates the adopted approach for CO5 emissions calculations as
the sum of emissions from energy consumption and from industrial
processes, calculated with the national GHG emission inventories sub-
missions to UNFCCC [46]. In the case of bricks, the EF was 0.17 kt CO5/
kt [56].

3. Results

This section presents the main results regarding material flows, en-
ergy consumption for the building construction supply chain, and sub-
sequent COy emissions. The results are mostly shown for the EU+
countries, but detailed results per country are presented in the Supple-
mentary material.

3.1. Materials’ flows

The materials’ flows were estimated disaggregated per raw materials
and manufactured materials (steel, cement, flat glass and bricks).
Although the raw materials stage precedes material’s manufacture, in
this work annual manufactured materials’ flows for buildings con-
struction and renovation were calculated as a preliminary step and thus
are shown first in this section (Table 3).

It is estimated that a total of 340.37 Mt of the four construction
materials is manufactured per year for EU+ building construction and
renovation. Of these, 43% is cement, 32% is steel and 22% bricks.
Several countries do not manufacture all these materials (or any, as is
the case of IS). As mentioned in the previous section, for these countries,
it is assumed that construction materials are imported.

Although domestic and extra-EU trade is out of the scope of the
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Fig. 2. Approach used for estimating GHG emissions from material manufacturing.

current work, Table 3 shows a comparison between the estimated
required manufactured products calculated in the current work and the
reported total production to the UNFCCC [46]. Negative values indicate
a country with estimated materials for building construction & reno-
vation above the total national production, i.e. they are net importers.
On the other hand, the countries with positive differences could indicate
net exporters of those materials. Furthermore, it should be noted that
cement, steel and glass are destined for other uses besides the con-
struction and renovation of buildings that are also beyond the scope of
the current work.

The manufacture of construction materials drives the corresponding
raw material extraction as in Fig. 3. 1,653.92 Mt of raw materials are
consumed per year in EU+ for building construction and renovation
(being 1 605.21 Mt of primary raw materials and 48.71 Mt of secondary
raw materials). Common sand is the raw material with the highest
consumption (average annual consumption of 1 088 Mt for new building
construction & renovation across all EU+ countries). This is followed by
limestone (188 Mt), iron ore (158 Mt), and, finally, 112 Mt of clay and
non-energetic use of coal (89.8 Mt). The high consumption of common
sand is justified by concrete manufacturing, which accounts for 7 times
the volume of cement in a standard concrete recipe. Final computation
estimates that common sand consumption in building construction ac-
counts for 65% of all raw materials.

When looking at the results from a construction material perspective,
steel is the material with the highest raw material consumption, with
circa 279 Mt annual average consumption in EU+, followed by cement
(222 Mt), bricks (105 Mt), and finally flat glass with only 11 Mt con-
sumption for building construction & renovation.

Raw material flows’ results per country are depicted in Fig. 3B and
Supplementary material e.i. (Table 23). UK, Italy, Spain, and France are
the largest consumers of raw materials for building construction &
renovation. In these countries, material consumption is 10 times higher
than in other EU+ countries, such as DK, NO, or IE. The disaggregation
of raw materials consumption per country aligns with the overall EU+
figure, with common sand as the largest raw material consumed across
all countries, followed by iron ore, limestone, and clay. Having said that,
there are minor variations in the raw materials' national profiles, as
some countries do not manufacture flat glass, iron, steel, cement, or
brick products for building construction.

Another way to show the national variation in raw material con-
sumption is calculating a raw material intensity index per country in
EU+ by dividing total raw materials consumed per m? of newly added/
renovated annual built area per country (Fig. 4). Malta is the country
that consumes the least material per m? of constructed & renovated
building (154kg/m?), with Greece being the most material-intensive
country (2447kg/m2). The estimated raw material production in Malta
is 272 times lower than in Greece, and the estimated constructed area is
17 times bigger in Greece than in Malta.

Finally, regarding the overall flows across EU+ Fig. 5 shows the

complete annual average material flows for building construction and
renovation across the raw material and manufacturing stages, detailed
per material, building type, and construction/renovation activity. The
construction & renovation of residential buildings uses more materials
than the construction of non-residential buildings. Common sand is not
represented in Fig. 5. Residential buildings consume most of the con-
struction materials — 7.81 Mt/yr - while non-residential consume only
0.285 Mt/yr. New residential building construction dominates material
consumption. The complete tables with the detailed data are in Sup-
plementary material e.i.

3.2. Energy consumption for building construction supply chain

Regarding energy consumption per stage of the supply chain, Table 4
shows values for the whole of EU+. Most of the energy (73.91%) is
consumed during the material manufacturing stage, followed by the
construction stage (18.63%). It is worth mentioning the type of energy
carriers being consumed. In global terms, electricity represents only
26%, and natural gas 30%. Coal accounts for 9%, whereas oil is
consumed at all stages, accounting for 31%.

Similarly to materials flows that are allocated to building construc-
tion & renovation, the energy consumed for manufacturing the four
studied construction materials for buildings is a fraction of all the energy
used for these materials production, considering all other uses in both
non-building construction and in non-construction uses (Fig. 6).

The fractions vary per country, and detailed results are presented in
Supplementary material e.ii, Table 33. At an aggregated EU+ level, the
results show that final energy consumption for total steel manufacturing
is the highest compared to other construction materials, with 834 PJ/yr
versus 581 PJ/yr for total cement, 437 PJ/yr for ceramic® products,
including bricks, and only 289 PJ/yr for total glass (including flat glass).
When zooming in on the four studied construction materials and only on
the ones used for building construction & renovation, it is estimated that
energy consumption for steel manufacturing is the highest (680 PJ),
followed by cement (612 PJ), bricks (112 PJ), and only then by flat glass
(68 PJ).

The difference in energy consumption between total material
manufacturing and materials used only in building construction and
renovation is also visible in Fig. 6. There we can observe that the esti-
mated final energy consumption for cement production for buildings
construction in EU+ is above the final energy consumption for total
cement production (105%) in EU+. This difference can be explained by
international trade, which is beyond the scope of this work, as
mentioned in section 2.b. Table 3 showed the disparities in the estimated
required cement and the declared national production to UNFCCC. This

5 Ceramics here is the broad category “Manufacture of other non-metallic
mineral products except glass, glass products, cement, lime and plaster”.
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Fig. 3. A) Total annual average raw material consumption for building construction & renovation per material for EU+; B) Annual average consumption of raw

materials for building construction & renovation by country, including sand.

could justify the difference in estimated final energy consumption for
cement production. For steel manufacturing, 82% of final energy
consumed for all steel manufacturing is allocated to steel for building
construction and renovation. These shares are 26% for flat glass and
23% for bricks.

3.3. CO2 emissions along the construction supply chain

Fig. 7 shows average annual CO, emissions for the whole supply
chain per construction material for EU+ countries, disaggregated by
supply chain stage and type (i.e., resulting from energy combustion
across all stages and from process emissions that occur solely during the

material manufacturing stage). The results show that, annually, building
& renovating the building stock in the EU+ emits 235.31 Mt of CO4
(these emissions do not include the buildings' operational stage, i.e.,
energy consumption for building operation). Clearly, process emissions
are the most relevant source of CO2, and among these, emissions from
clinker production within cement production are the most pertinent
(78.31Mt COy), representing 33% of all annual CO5 emissions estimated.
These are followed by energy emissions from cement (37.86 Mt, or
16.1% of total emissions) and process emissions from steel production
(circa 37 Mt COs, or 15.7% of total emissions).

Fig. 7 also presents CO; emissions associated with each stage of the
building construction & renovation supply chain. It shows that



J. Barbosa et al.

France

Energy & Buildings 372 (2026) 118194

Raw material intensity (kg/m2)

I 2,447

Fig. 4. Total raw material intensity in kt per m? of newly built & renovated area per country per year.

Silica sand
Limestone

Clay
Dolomite
Gypsum

$

Iron ore
Lime

Fly ash
Iron scrap
Cullet
I Flat Glass
i Cement
Steel
I Bricks

Sat Soda ash

Ammonia Non

energetic:
coke

1,301
154
Latvia
Poland
Germany
Czechia
Hungary
Romania
Ital :
Y Bulgaria
f
Powered by Bing
© GeoNames, Microsoft, Open Places, OpenStreetMap, TomTom
Hospital

Sport & recreation
Hotel & restaurant

Shopping mall O

Small shop ﬁ

Office g

Single family “
Terraced bunldlngm

Fig. 5. Annual average material flows for building construction and renovation in the overall EU+. New stand for new construction and REN stand for renovation. L
stands for light renovation, M for medium renovation and F stands for Deep renovation. Common sand is not represented.

manufacturing accounts for 86% of the sector's total CO; emissions. The
construction stage accounts for approximately 10.1% of total emissions,
well below the manufacturing stage (Fig. 7A). The transport stage ac-
counts for 1.8 % of the total footprint, with construction and demolition
waste transport accounting for 0.34% of total emissions. In turn, the raw
materials extraction and demolition stage each account for 1.5% and
0.08% of total emissions, respectively. To split energy by material dur-
ing the construction stage (and consequently the emissions associated

with each material), we used a weighted material intensity based on the
specific material intensity for each building type and the area of each
type constructed (Table 25).

United Kingdom is the country with the highest CO, emissions from
building construction, Fig. 7B, at around 34 277 kt COy/year. France is
the second-highest emitter (32 790 kt COy/year, Italy is the third-
highest emitter (27 906 kt COy/year), followed by Germany, Spain,
Austria, Belgium and Poland, with around 20 Mt, 19 Mt, 11.44 Mt, 11.43
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Table 4

Average annual energy consumption along the building construction supply
chain in EU+ countries in PJ. % of total energy consumed during the
manufacturing stage is shown in red and bold.

Supply chain stage Energy carrier EU+
PJ %
Solid fossil fuels 1.62
Natural gas 37.57
Extraction of raw materials Oil products 7.59
used in buildings Renewables 0.35
Electricity 13.65
Subtotal Extraction 60.78 3.05%
Transport of raw material
extracted Oil products 37.16 1.87%
Solid fossil fuels 172.36
Natural gas 471.94
Manufacturing used in Oil products 318.78
buildines Renewables 92.30
& Electricity 415.57
Subtotal 1,470.95  73.91%
Manufacturing
Transport of manufactured
products 0Oil products 20.38 1.02%
Solid fossil fuels 0.52
Natural gas 79.31
Oil products 199.17
Construction of buildings Renewables 6.53
Electricity 85.36
Subtotal 370.88  18.63%
Construction
Transport of demolition waste 0Oil products 27.32 1.37%
Solid fossil fuels 0
Natural gas 0.68
Oil products 1.44
Demolition Renewables 0.04
Electricity 0.64
Subtotal 2.8 0.14%
Demolition
TOTAL 1,990.27 100%

Mt and 11.18 Mt, respectively. The remaining countries are below
10,000 kt COy/year, and some are even below 1,000 kt. Luxembourg,
Lithuania, Latvia, Iceland, Cyprus, and Estonia are among the countries
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with the lowest emissions. Malta stands out as the country with the
lowest annual emissions (77.37 kt COy/year), possibly due to its smaller
size and the lack of data reported to Eurostat.

In almost all countries, the manufacturing stage is responsible for
more than half of the CO, emissions, and in some countries, even more
than 90% of the supply chain emissions, as is the case in BE, IE, EL, SK,
SE, AT, PT. BG, CH, and LU. IS is the only country where manufacturing
is not the stage of the supply chain with the highest associated emissions;
there are no emissions at all, as this country does not manufacture
construction materials. The construction stage is, in almost all countries,
the second-largest emitter of CO,, except in Iceland, where it is the
largest. Emissions from this stage also stand out in countries such as
Hungary, Latvia, Estonia, and Malta, accounting for more than 30% of
total emissions. The transport stage of construction materials is the
third-largest source of CO, emissions. In the UK, PL, and ES, this stage is
responsible for more than 2.6% of each country's CO, emissions. Emis-
sions from the extraction of raw materials and the demolition of build-
ings are together responsible for approximately 1.58% of total emissions
worldwide, except in IT, the UK, PL, and EL (4.74% in Italy and 3.27%,
2.58% and 1.93% in the others respectively). For the other countries, the
emissions are below 1.5%.

4. Discussion
4.1. Discussion of the results

This study highlights the total use of materials, focusing only on
cement, steel, bricks, and flat glass. Among the four materials, cement
shows the highest consumption in buildings construction compared to
the EU-wide average (Table 3). Indeed, cement is almost exclusively
used for construction, while the other considered materials (steel, flat
glass, and bricks) have multiple uses besides construction. When it
comes to new buildings, Europe is indeed an established continent,
where new structural projects such as bridges and tunnels are scarce,
explaining the high use of cement in buildings construction. Conse-
quently, cement also presents the most carbon-intensive material in the
construction of new buildings (Fig. 7A). Steel follows cement closely,
exceeding it in material requirements (Fig. 3B) by requiring 279 Mt of
raw materials, but falling behind in GHG emissions (Fig. 7A). Brick and
flat glass are the least consumed materials — as expected — due to lower
demand for new buildings and renovations. The vast existing literature
on the use of construction materials in buildings already predicts this,

Steel Ceramics / Bricks

Fig. 6. Annual average energy consumption for construction material manufacturing per construction product for total material manufacturing (in green) and only
for construction materials used for building construction and renovation (in purple).
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for example [37,65,66]

While the RASMI database [37] provides material intensities co-
efficients differentiated by region, building function, and structural ty-
pology, it does not quantify how this material intensities translate into
annual material flows, energy consumption, and GHG emissions across
the construction supply chain at the national level. In contrast, the
present study integrates building activity data, material intensities, in-
dustrial production, and supply-chain processes to quantify resource use
and emissions from raw material extraction to demolition and waste
management across 31 European countries. Furthermore, unlike studies
such as Matching Demolition and Construction Material Flows [67],
which focus primarily on balancing construction demand and demoli-
tion waste flows, this work provides a comprehensive assessment of
material flows, energy consumption, and COz emissions across multiple
supply-chain stages, enabling the identification of cross-supply-chain
decarbonization hotspots and intervention opportunities.

Our analysis estimates, for the first time, that the production of
cement, steel, ceramic bricks, and flat glass used annually in building
construction and renovation requires 1,654 Mt of raw materials, corre-
sponding to approximately 42% (Table 5) of the total metal ores and
non-metallic minerals extracted in the EU+ region. This indicator
therefore represents the contribution of building-related demand for
these four materials to total economy-wide mineral extraction, rather
than a share within the supply chains of the selected materials. Previous
studies have allocated over 52% of materials to building construction
[68]), based on material footprint estimates (the number of raw mate-
rials extracted from nature, both within and outside the EU). It should be
mentioned that comparison between the 42% estimated in this study
and the 52% reported by the EEA should be interpreted with caution due
to differences in system boundaries. While the EEA estimate is based on
a consumption-based material footprint approach that includes global
supply chains and international trade, this study adopts a bottom-up
assessment of four construction materials used in building construc-
tion and renovation within the EU+. Therefore, the two indicators are
not directly comparable but provide complementary perspectives on the
resource demands of the building sector [68,69].

Our bottom-up approach to raw materials accounting across the
supply chains of cement, steel, brick, and flat glass represents a step
towards a supply chain-based approach to mitigation. To complement
this comprehensive approach, we should include aluminum and poly-
mers, among others. Understanding the order of magnitude of the
building supply chain's impact on each individual material supply chain
is relevant not only to material producers but also to policymakers.

Table 5

Fractions of materials (cement, steel, bricks and flat glass), energy consumed and
CO, emitted for the (new and renovations) building supply chain in relation to
the total consumed in EU+.

Fraction of (new and
renovation) building
supply chain compared to

Full (new and Total
renovation) EU+
building supply

chain the EU+ total consumption
Raw material 3
1654.18 959.65 42%
(M) ;
Energy 45
consumption 1990.27 923.49 4.33%
(PJ) 1
Carbon dioxide 9
issi M 235.31 .92%
emissions (Mt 35.3 072.67 4 7.92%

CO2)

¢ considering 2017 to 2022 average, except 2020. ([70]; [71]).

* considering the average between 2017 and 2022 except 2020 ([45]; [72])
considering the sum of MF2 (Metal ores (gross ores)) and MF3 non-metallic
minerals (Non-metallic minerals).

* considering the average for 2017-2022 except 2020 [73]. For UK it is the
average between 2017 and 2019 and for Switzerland is the 2022 value [74].
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After addressing the construction stage — which has so far been
underexplored — we focus on the manufacturing stage. Material
manufacturing is singled out here as the supply chain stage with the
highest energy consumption, accounting for 73.91% of the supply
chain's final energy consumption in new building construction and
renovation (Table 4). The 73.91% considers only four material supply
chains - cement, steel, brick, and flat glass. From the four materials
studied, cement and steel manufacturing have the highest representa-
tion (Fig. 7). The consumption of 1 654 Mt of raw materials for cement,
brick, flat glass, and steel production accounts for 1 990.27 PJ of energy
consumption, and 235.31 Mt of CO, emissions annually. In relative
terms, materials consumed in the building supply chain account for 42%
of mineral raw materials, 4.33% of energy consumption and 7.92% of
CO;, emissions of the total EU+ consumption/emissions (Table 5). While
the bulk of energy is not so expressive in the total energy consumption,
the corresponding fraction of carbon emissions more than doubles this
impact. This number underscores the need for the material manufac-
turer to rely on cleaner energy sources during manufacturing. Under-
standing the effects of production, consumption, and waste management
at the material unit of analysis is considered a key action in several
ambitious EU policies impacting the building construction supply chain,
including the Critical Raw Material Act [75], and the Circular Economy
Act [76]. One example of a full supply chain of materials has been
addressed for plastics [77]. For cement, steel, brick, and flat glass, we
can conclude that the main gains in CO, reductions are in the
manufacturing processes of cement and steel.

The main limitations we observed stem from uncertainty regarding
primary data on annual building construction and renovation activity.
These statistics do not exist, and we estimated them using several as-
sumptions with high levels of uncertainty. The adoption of material
intensity coefficients is an uncertain practice to start with, as we assume
a single coefficient as representative of a diverse building stock, and is
aggravated by the scarce literature for non-residential buildings. We list
these assumptions and other limitations in the Supplementary material.

In summary, this study delivers, for the first time, the following
figures:

e 42% of all raw materials used in the manufacturing of cement, steel,
brick, and flat glass in EU+ come from the construction of new
buildings and renovation of the building stock, annually.

e 73.91% of the whole building supply chain energy consumption is
allocated to the material manufacturing stage — the number drops to
4.33% of the total annual EU+ energy consumption;

e 235.31 Mt of CO, emissions come from new building construction
and renovation every year — an amount that represents 7.92% of the
total European emissions.

Beyond quantifying impacts, the results provide insights for policy
prioritization. The finding that manufacturing accounts for the largest
share of supply-chain energy consumption and emissions indicates that
the greatest mitigation potential lies in the decarbonization of material
production, particularly cement and steel. Therefore, policies promoting
low-carbon manufacturing processes, increased recycling rates, material
efficiency, and the use of secondary raw materials are likely to achieve
larger reductions than interventions focused exclusively on construction
activities. Furthermore, the quantification of raw material requirements
associated with buildings supports the objectives of European resource-
efficiency, circular-economy, and critical raw materials policies by
identifying the materials and supply-chain stages where demand-
reduction and circularity measures can have the greatest effect. The
methodology can therefore contribute to monitoring progress towards
both climate and resource-efficiency targets by explicitly linking
building activity to upstream material, energy, and emissions flows.
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4.2. Uncertainties, assumptions and limitations

The quantification of material flows, energy consumption, and GHG
emissions across seven stages of the building construction supply chain
and 31 countries necessarily required a number of assumptions due to
limitations in the available data. Consequently, the results should be
interpreted as indicative estimates of the magnitude and distribution of
impacts rather than exact values.

A major source of uncertainty concerns the estimation of construc-
tion and renovation activity. Harmonized statistics on annual newly
constructed and renovated floor area are not available across all coun-
tries considered in this study. Alternative data sources, including
Eurostat building permit statistics and data from the European Con-
struction Industry Federation (FIEC), were explored but were found to
be incomplete or inconsistent for several countries. Comparisons with
alternative datasets revealed differences of up to a factor of three in
estimated construction activity for some cases. To improve robustness,
the estimates were cross-checked against census data and the building
stock representation of the JRC-EU-TIMES model [14]. Nevertheless,
uncertainties in construction and renovation activity propagate
throughout the assessment and directly affect the estimated material
demand, energy consumption, and emissions. Future studies should
prioritize the development of harmonized European datasets and
perform formal uncertainty propagation analyses, such as Monte Carlo
simulations.

Additional uncertainty is associated with the use of representative
material and energy intensity coefficients. Construction energy con-
sumption was assumed to scale proportionally with the affected floor
area, while material requirements were estimated using average mate-
rial intensity values differentiated by country and building typology.
Although necessary at the European scale, these assumptions simplify
the heterogeneity of construction techniques, structural systems, and
design solutions observed in practice. Consequently, the framework may
not fully capture variations within individual building categories.
Although country-specific material intensity coefficients were adopted,
these values remain simplifications of highly heterogeneous building
stocks. Differences in construction technologies, structural systems,
seismic regulations, climatic conditions, and national building codes
may lead to substantial variability in material requirements within the
same building typology. Consequently, the adopted coefficients should
be interpreted as representative averages rather than precise de-
scriptions of all buildings within a country. Future research should seek
to develop more spatially resolved material intensity datasets that
explicitly account for these factors, thereby improving the accuracy of
national and cross-country comparisons.

The material intensity estimates adopted from the RASMI database
[37] constitute another important source of uncertainty. Although
RASMI currently represents one of the most comprehensive datasets
available, substantial differences are observed across countries, partic-
ularly for cement and steel use in residential buildings. Extreme values,
such as those observed for Greece and Malta, are therefore largely driven
by the underlying data source rather than by assumptions introduced in
this study. These discrepancies may reflect genuine differences in con-
struction practices, limitations in data availability, or methodological
constraints associated with the original database. Accordingly, country-
level comparisons involving particularly high or low material intensity
values should be interpreted with caution.

A further limitation arises from the adoption of a territorial ac-
counting perspective. International trade flows of construction materials
and their associated embodied emissions were not explicitly modelled.
As a result, impacts associated with imported materials are not captured
within the countries where these materials are ultimately consumed.
This limitation is particularly relevant for smaller and highly import-
dependent economies, where a substantial fraction of material-related
impacts may occur outside national borders. Similar divergences be-
tween production-based and consumption-based assessments have been
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widely documented in the material footprint literature [69,78]. The
occurrence of values exceeding 100% in the allocation of final energy
consumption to cement production illustrates this limitation and should
be interpreted as a consequence of the combined effects of estimated
material demand, production statistics, and the exclusion of trade flows
rather than as a physical result. To better deal with this limitation, we
made alternative calculations for allocation of GHG, energy and raw
materials to each country that now correspond only to the construction
materials quantities being manufactured nationally. Any additional
material demand is met through imports and emissions; energy and
materials are not considered. Under this assumption, values above 100%
no longer occur and the estimated impacts at EU+ level are reduced by
32% for GHG emissions, by less 34% for raw material consumption and
by less 40% for energy consumption compared with the baseline results.
However, this approach effectively transfers part of the material demand
outside national boundaries and may therefore underestimate the total
resources required to support building deployment. By allocating ma-
terial requirements to the country where buildings are constructed,
regardless of where materials are produced, the approach adopted in
this study better captures the overall resource demand driven by the
transition and is therefore considered more suitable for assessing
resource dependencies and potential supply bottlenecks.

The scope of the analysis also introduces limitations. The study fo-
cuses on four major construction materials—cement, steel, ceramic
bricks, and flat glass—which account for a substantial share of material
demand and embodied impacts in buildings. However, additional ma-
terials such as aluminum, polymers, insulation products, and timber can
also contribute significantly to embodied energy and emissions, partic-
ularly in contemporary low-energy buildings. Consequently, the results
should be interpreted as a detailed assessment of four major
construction-material supply chains rather than a complete accounting
of all material flows associated with the built environment. The inclu-
sion of additional materials would likely increase the impacts attributed
to manufacturing and could alter the relative contribution of individual
materials and supply-chain stages.

Data availability represents an additional challenge. For
Switzerland, Iceland, Norway, and the United Kingdom, several datasets
were not available through Eurostat and had to be supplemented using
national statistics. Potential methodological differences between data
sources were not explicitly quantified and may introduce further un-
certainty into the analysis.

Despite these limitations, the principal findings of the study are
considered robust. While uncertainty affects the absolute magnitude of
the reported values, it is unlikely to alter the identification of the major
supply-chain hotspots. In particular, the dominant role of material
manufacturing and the prominent contribution of cement and steel are
consistent with the broader literature on embodied impacts and material
demand in buildings [37,79]. Therefore, the results are most appropri-
ately interpreted as identifying strategic intervention points and relative
priorities for decarbonization rather than providing precise quantitative
estimates. Future work should focus on uncertainty quantification,
improved activity datasets, explicit representation of international
trade, broader material coverage, and prospective scenario analysis to
further enhance the robustness and policy relevance of the framework.

Regarding uncertainty quantification, the results are presented as
point estimates and therefore do not explicitly quantify uncertainty
ranges. This reflects the limited availability of uncertainty information
for several key input datasets, including construction activity, renova-
tion rates, and material intensity coefficients. Consequently, the re-
ported values should be interpreted as indicative estimates rather than
precise measurements. Future work should incorporate formal uncer-
tainty quantification methods, such as Monte Carlo simulations and
global sensitivity analyses, to derive confidence intervals, assess the
robustness of model outputs, and identify the parameters exerting the
greatest influence on the results [80]).

Beyond the uncertainty associated with individual assumptions, this
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work also highlights a broader methodological challenge in the assess-
ment of building-related material, energy, and emissions flows at the
national scale. Whereas the literature on buildings is dominated by life-
cycle assessments of individual buildings, case studies, and specific
building typologies, comparable analyses at the annual country level
remain scarce. The main reason is not a lack of methodological frame-
works, but rather the absence of consistent and harmonized datasets
linking building activity, material intensities, industrial production,
energy use, and emissions across the entire supply chain. Addressing this
challenge required the integration of multiple heterogeneous data
sources, scales, and accounting methodologies, each characterized by
different system boundaries and levels of aggregation. Consequently, an
important contribution of the present work lies not only in the quanti-
fication of impacts but also in the development of a framework capable
of connecting building activity to upstream raw-material extraction,
manufacturing, transport, construction, and end-of-life processes. This
revealed several key knowledge gaps, including the lack of harmonized
statistics on annual renovation activity, limited information on material
intensities for non-residential buildings, and the absence of detailed
trade-adjusted material flow datasets for the construction sector.

These limitations also define the next generation of research in this
field. Future work should focus on improving the consistency of con-
struction activity datasets, developing more representative and dynamic
material intensity databases, integrating international trade and
embodied emissions through consumption-based approaches, and sys-
tematically quantifying uncertainty using sensitivity and Monte Carlo
analyses. Furthermore, expanding the framework to additional con-
struction materials and linking it with prospective scenarios of techno-
logical change would enable the evaluation of decarbonization
pathways across the entire construction supply chain. Such de-
velopments would transform the framework from a retrospective ac-
counting tool into a forward-looking decision-support model capable of
informing both climate mitigation and circular-economy policies.

5. Conclusions

This study quantified, at the EU+ level, the material flows, energy
consumption, and CO: emissions associated with the building con-
struction supply chain, explicitly considering supply-chain stages, con-
struction and building typologies, materials, and countries. By linking
raw material extraction, material manufacturing, construction activ-
ities, transport, demolition, and waste management, the analysis pro-
vides an integrated cross-supply-chain perspective on the environmental
impacts associated with building construction and renovation.

The results show that sand extraction for cement-based construction
is the dominant raw material flow, followed by limestone and iron ore.
Among the four materials analysed, cement is the largest contributor to
supply-chain emissions, primarily because of process emissions associ-
ated with clinker production, while steel is the second most important
contributor to both energy consumption and COz emissions. Material
manufacturing was identified as the dominant supply-chain stage, ac-
counting for the largest share of energy use and emissions, followed by
construction activities and transportation. Furthermore, building
renovation—particularly light renovation of apartments—represents a
substantially larger activity in terms of floor area than new construction,
highlighting the increasing importance of the existing building stock in
shaping future resource demand.

From a cross-supply-chain perspective, the results indicate that the
most effective decarbonization leverage points are concentrated up-
stream in the production of construction materials, particularly cement
and steel. Although improvements in transport, construction, demoli-
tion, and waste management remain important, their contribution to
overall emissions is substantially lower than that of material
manufacturing. Consequently, the largest mitigation potential lies in a
combination of industrial decarbonization measures—including low-
carbon fuels, renewable electricity, electrification, carbon capture,
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utilization and storage (CCUS), increased use of secondary materials,
and material-efficiency strategies—together with measures that reduce
demand for primary materials through renovation, circularity, light-
weight design, and material substitution.

The analysis also revealed significant differences among countries in
terms of energy intensity, material requirements, and emissions profiles.
These findings underline the importance of considering national cir-
cumstances when designing policies for the construction sector. Rather
than adopting uniform approaches, policies should reflect the specific
characteristics of national construction supply chains, energy systems,
industrial structures, and building stocks.

The results should nevertheless be interpreted considering several
limitations. The most important sources of uncertainty include the
limited availability of harmonized statistics on annual construction and
renovation activity, the use of material intensity coefficients to represent
heterogeneous building stocks, the exclusion of international trade flows
and embodied emissions, and the restricted material scope of the anal-
ysis, which considered only cement, steel, ceramic bricks, and flat glass.
These limitations primarily affect the precision of the absolute values
reported and may influence the ranking of countries or impact cate-
gories with similar values. However, they do not alter the identification
of the principal hotspots across the building supply chain, namely the
dominant role of material manufacturing and the importance of cement
and steel.

Future research should focus on reducing these uncertainties and
expanding the scope of the framework. This includes the development of
harmonized European databases on construction and renovation activ-
ities, improved country-specific and building-specific material intensity
datasets, and the implementation of formal sensitivity and uncertainty
analyses, such as Monte Carlo approaches, to assess the robustness of
results. Additional value could be generated by explicitly accounting for
international trade and embodied emissions through consumption-
based accounting approaches, thereby improving cross-country com-
parisons and better capturing the global dimension of construction
supply chains.

The framework could also be expanded by incorporating additional
materials such as aluminum, polymers, timber, and other emerging
construction products. Finally, future applications should examine
prospective transition scenarios, including the deployment of CCUS in
cement production, increased use of electric arc furnaces in steelmaking,
greater adoption of renewable electricity, hydrogen and biofuels, higher
recycling rates, material substitution, lightweight construction strate-
gies, and evolving patterns of construction and renovation. Such de-
velopments would transform the present framework from a descriptive
assessment tool into a forward-looking decision-support platform
capable of evaluating alternative pathways towards climate neutrality,
resource efficiency, and circularity in the European construction sector.
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