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To date, many tools and guidelines to reduce environmental impacts from a life cycle perspective are
available concerning the construction sector. However, basically all of them are modelled according to an
attributional approach and there is a lack of studies that develop strategies for improvement based on a
consequential LCA. The goal of this paper is to analyze to what extent the results differ when both models
are applied on the same case, a representative dwelling located in Niel, Belgium. A conceptual optimization scenario for insulated exterior cladding has been added as well to examine to what extent
different models affect the ranking of improvement strategies. For both approaches, the same foreground
data and energy calculations are used, but the underlying structure of the models is different. The
starting point is an attributional scenario, based on a Belgian guidance document ‘Environmental proﬁle
of building elements’ (EPBE) published by the Public Waste Agency of Flanders. The results of the entire
life cycle indicate differences between the approaches, in direct relationship to the underlying modelling
assumptions. The discrepancy becomes more pronounced when looking at the separate materials so the
effect is not damped as a consequence of the aggregation in life cycle phases. Especially the three most
contributing materials (steel, concrete and brick) show clear differences. The optimization scenarios
underline previous statement, since the ranking of the different solutions is not equal according to both
approaches. This research points out the emergence of a discrepancy between results when different
modelling approaches are applied. The consequential model that complements the attributional EPBE
study is therefore a useful addition to provide information for decision-makers. This way, the right information is available for all type of decisions.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. General
The growing environmental awareness of the last decades
resulted in identifying the construction sector as one of the major
targets for improvement. The building sector is responsible for
nearly 40% of the global energy consumption, 30% of raw material
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use, 25% of solid waste production, 25% of water use, 12% of land
use, and 33% of the related global greenhouse gas (GHG) emissions
(United Nations Environmental Programme and Sustainable
Buildings and Climate Initiative, 2010, 2009). This awareness
resulted in Europe in energy regulations such as Energy Performance of Buildings Directive (EPBD) 2002/91/EC and the revised
EPBD 2010/31/EU issued by the European Union (European
Parliament, 2010, 2002). But attention for the improvement of the
environmental proﬁle of construction materials and their waste
treatment emerged as well and resulted for example in the development of Construction Product Regulations and the implementation of the European Waste Framework (European
Parliament, 2011, 2008). But before any conclusions can be drawn
about the environmental proﬁle of buildings or their components,
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the environmental impact of the entire life cycle has to be investigated, based on the methodology of a life cycle assessment (LCA).
This methodology is a commonly accepted way to assess the
environmental impact of products or services. Despite the fact that
LCA takes the entire life cycle into account, still many assumptions
and methodological choices have to be made throughout a study,
which can lead to different outcomes. Traditionally, attributional
LCA (ALCA) and consequential LCA (CLCA) are considered to be the
two main approaches, however, only in the last decade CLCA is
becoming better known and more implemented (Zamagni et al.,
2012). Over time, many deﬁnitions emerged describing the differences between ALCA and CLCA (Curran et al., 2005; Ekvall and
Weidema, 2004; Weidema, 2003). In the general, ALCA is deﬁned
by its focus on describing the environmentally relevant ﬂows
within the chosen temporal window, while CLCA aims to describe
how environmentally relevant ﬂows will change in response to
possible decisions. So in the case of ALCA, contributions are traced
backwards in time, making use of data on speciﬁc or market
average suppliers at a certain point in time. In the case of multifunctionality, impacts are allocated over the different outputs according to a certain ratio representing the relevant underlying
causal relationship (EC-JRC-ies, 2010). CLCA on the other hand is
market based and only takes the actual affected suppliers into account (Weidema, 2003; Weidema et al., 2009). Since economic
forecasting involves a lot of uncertain factors, a scenario based
approach is appropriate to provide robust results. This can be done
on micro- or macro-level, where in the ﬁrst case only the existing
production capacity is affected while in the second case also
changes in capital goods might occur (Weidema et al., 2009). The
market based reasoning is also applicable on processes with multiple outputs. By-products are eliminated by including the counterbalancing products they substitute on the market, so allocation
can be avoided by means of system expansion (Schmidt, 2015). This
is also applicable on the end-of-life phase, with the discussion on
how to take the beneﬁts of recycling and reuse into account. In
CLCA, the beneﬁts are assigned to the end of the life cycle when
recycled products replace other products on the market (recycling
potential). In ALCA on the other hand, the beneﬁts are often
assigned to the selected materials (recycled content) (EC-JRC-ies,
2010). Since both approaches have their strengths and weaknesses, it is relevant to apply both, depending on the type of
research questions.
1.2. Current LCA practices in the built environment
To date, multiple tools exist to support house owners, designers,
architects and policy makers by providing information on the
environmental proﬁles of dwellings and materials. Some of them
are descriptive based rating tools that only follow the LCA methodology to a certain extent e.g., BREEAM (UK) (BREEAM
International, 2013), others provide more detailed performance
based environmental information on commonly used materials,
e.g., Ecolizer 2.0 (BE) (Public Waste Agency of Flanders (2015)) and
Nibe (NL) (Haas and Blass, 2015). All previous examples rely on the
attributional approach, just like the most elaborated study in
Flanders to date, ‘Environmental proﬁle of building elements’
(EPBE) published by the Public Waste Agency of Flanders (Debacker
et al., 2013a). The purpose of the latter is to assist designers, architects and building owners to reduce environmental impacts of a
building over the entire lifetime at the design phase of the construction process by providing data on building components. EPBE
(Debacker et al., 2013a) describes with an attributional modelling
approach the current environmental proﬁle of 115 building components. For identifying products that are on average produced
with the lowest environmental proﬁle, the approach of this tool

makes sense. Provided that the allocation is done according to the
drivers of the relevant environmental impacts. However when it is
used for eco-design (so changes in future production are involved)
or serves as basis for policy-making, the nature of the functional
unit changes and it is necessary to take the consequences of such a
decision into account. Especially in the Belgian context, but also in a
broader international context, there is a lack of consequential
studies concerning the construction sector to support the decision
making (Blengini and Di Carlo, 2010; Buyle et al., 2013; Earles and
Halog, 2011; Finnveden et al., 2009; Ramesh et al., 2010; Sharma
et al., 2011).
Independently of the modelling approach, buildings however
are special products that differ thoroughly from more controlled
(industrial) processes. In the construction industry, a LCA study is
therefore on average much more complex and uncertain because of
multiple issues such as the long lifespan of the entire building, in
combination with a shorter lifespan of some elements and components, the use of many different materials and processes, the
unique character, design and geography of each building, the evolution of functions over time due to maintenance and retroﬁtting,
etc. Therefore results of previous studies are not directly comparable, however still trends can be identiﬁed.
An overall trend is the dominance of the use phase, mainly with
respect to space heating and cooling demands (Adalberth, 1997;
Asif et al., 2007; Chau et al., 2015; Marceau and VanGeem, 2006;
Matasci, 2006; Ortiz-Rodríguez et al., 2010; Peuportier, 2001).
This is directly related to the long life span of buildings. Additionally, in low energy buildings also lighting and auxiliary energy can
have an important contribution to the use phase (Blengini and Di
Carlo, 2009; Debacker et al., 2013b). Most of the optimization
scenarios focus on improving the level of insulation, complemented
with high-performance technical installations. Blengini and Di
Carlo investigated a low-energy dwelling in Italy and found that
although the operational energy was 10 times lower compared to
the reference standard house, the total environmental impact was
only reduced by a factor two. Additionally, when the level of
insulation and energy efﬁciency increases, the share of material
related impacts increases, both in relative and absolute terms
(Blengini and Di Carlo, 2009). Buyle et al. (2015) analyzed the inﬂuence of building type, level of insulation and different technical
services in order to improve the environmental proﬁle of Flemish
dwellings. It was found that taking into account the current energy
regulations, multiple non-hierarchic actions for improvement were
relevant. A combination of a compact building design with one of
the two following possible ways to reach a similar environmental
optimum: ﬁrstly by following the current regulations for insulation
complemented with the most efﬁcient technical services, and
secondly by an extensive reduction of energy losses - entailing a
reduced (but not negligible) inﬂuence of the efﬁciency of technical
services on the results. Himpe et al. (2013) come to similar conclusions for the Belgian situation by performing a LCEA. Another
recent Belgian study by Stephan et al. (2013, 2012) pointed out that
a passive house was preferable to a standard one, even if the
embodied energy exceeds the operational energy in the passive
scenario.
So when energy consumption is reduced, the reduction of impacts related to materials deserves more attention. However, there
is no consensus on how this should be achieved, on neither of the
level of materials or structural systems. For example, some studies
assign a lower impact to dwellings composed of renewable materials such a wooden timber frame structures, while others conclude
that because of the higher land use of wood, massive structures
(brick, concrete, steel) have a lower environmental impact (Bawden
et al., 2016; Feiz et al., 2015; Gerilla et al., 2007; Marceau and
VanGeem, 2006; Mithraratne and Vale, 2004). Also building
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design and used materials are strongly correlated, a topic which
covers more than reducing the surface-area-to-volume ratio to
minimize heat losses (Buyle et al., 2015). Allacker (2012) states that
there is a great potential for improving the environmental proﬁle
through building design. Annemans et al. (2012) worked on this
topic as well and concluded that after operational energy is pushed
back until a ﬁnancial bearable point, a pure material optimization
can reduce material related impacts by 21%. However, when the
building is designed for deconstruction and disassembly, building
components can be replaced separately and reused afterwards.
Such a strategy can decrease material related impacts even more,
up to 35% (Debacker et al., 2011). Rickwood et al. (2008), in contrast,
demonstrated that in, an Australian context, the differences of life
cycle energy between residential building types are rather small,
since the energy beneﬁts are often diminished due to the increased
embodied energy related to structural requirements.
In the previous paragraphs it is demonstrated that energy efﬁciency, material selection and design are crucial topics to improve
the environmental proﬁle of residential buildings. However, all
these conclusions are based on attributional studies. Vieira and
Horvath (2008) analyzed different end-of-life (EOL) solutions for
buildings and the use of concrete in particular. Markets are
analyzed taking elasticity of the period in 1971e2004 into account
and consider the markets in the USA as a proxy for global markets.
A difference in results between the attributional and consequential
approach was found, but the authors stated that ‘the choice between
the use of ALCA or CLCA for buildings may not be as critical a decision
as expected’, since the preferred optimization scenarios were
identical for both approaches. Sandin et al. (2014) came to a similar
conclusion comparing two alternative roof construction elements:
glue-laminated wooden beams and steel frames: the results differ,
but the overall conclusions stayed the same. Eriksson et al. (2012)
investigated the inﬂuence of the construction of one million
apartment ﬂats per year with a wooden instead of a massive
structure by 2030 in Sweden and Finland and a sensitivity analysis
on a European scale. The scenarios on a national scale could not
identify major shifts in forest management, only the macro scale
scenario pointed out an important inﬂuence. Buyle et al. (2014)
compared different optimization strategies for a Belgian apartment block and pointed out that especially when the energy market is involved, the results of optimization strategies could differ
substantially.
1.3. Research objectives
This literature on LCA in the construction sector pointed out the
growing importance of material related impacts, next to the classic
topic of energy efﬁciency. However, so far these issues have mainly
been analyzed from a static and attributional point of view. Especially when future scenarios are involved, there is a need for
consequential studies with regard to the construction sector as
well. So in this context, the goal of this research is to complement
the (attributional) EPBE study with a consequential version so designers can apply information of the most appropriate approach to
support decisions. For illustration purposes, a representative
Flemish dwelling is selected and analyzed according to the two
approaches. Some conceptual improvements will be investigated.
Furthermore, the difference in ranking the environmental proﬁle of
optimization strategies when choosing a modelling approach (i.e.
ALCA or CLCA) will be analyzed. The analyzed improvements are
systems for thermal insulation and exterior cladding. Finally, to
maximize the comparability and robustness of the results, a
sensitivity analysis is included as well: a CLCA model with identical
geographical system boundaries and corresponding transport scenarios as described in the ALCA model.
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2. Methods
2.1. Case study and optimization scenarios
As described in Section 1, the main goal of this research is to
compare the results according to an attributional and consequential approach, applied on the same case. The case study is part of a
new development located in Niel, in the north of Flanders, Belgium.
This development consists of a series of housing groups, each
composed of three connected dwellings. The dwellings have a net
ﬂoor surface of 117 m2, distributed over two ﬂoors and a habitable
attic, and can accommodate four people. The main façade is oriented to the East (see Fig. 1). This dwelling is considered to be
representative since the average size of new buildings in Belgium is
approximately 102e107 m2 for the period 2008e2014 (Statistics
Belgium, 2014). In the same period the yearly average share of
new buildings is approximately 0.7%. About 80% of the current
Flemish building stock consists of single-family dwellings, though
only 50% of the new buildings are single family dwelling (Heylen
et al., 2007; Statistics Belgium, 2014). The dwelling under study
has three bedrooms, comparable to 50% of the Flemish single family
dwellings (Heylen et al., 2007). The dwelling is constructed in
accordance to the Belgian building tradition, consisting of a massive
structure with load-bearing masonry brick walls, air cavity and
brick façade, concrete ﬂoor slabs and pitched roof (see Table 1). In
line with other Belgian research and the EPBE study, the estimated
lifespan of the building is 60 years, though individual components
can have a shorter service life (Debacker et al., 2013a; Heylen et al.,
2007; Himpe et al., 2013). The estimated service lives are derived
from BCIS (UK) and SBR (NL), identical to the results of the entire
dwelling (BCIS, 2006; Vissering et al., 2011). More details can be
found in the Supplementary Material.
Additional to the analysis of the already built case study, a
conceptual optimization for insulated exterior cladding systems
was carried out. In Belgium, posteWorld War II residential buildings are traditionally composed of load-bearing masonry walls with
an air cavity and in more recent buildings an insulation layer is
included as well. However, due to the increasing requirements for
insulation imposed by the European EPBD regulations and their
Flemish implementation (referred to as EPB), the overall thickness
of outer walls increased from 28 cm on average for non-insulated
walls up to more than 50 cm for passive buildings (Cyx et al.,
2011). In order to reduce the thickness of outer walls, multiple alternatives are available, some of which are commonly applied in
other European countries. Since load bearing masonry walls are
still the standard structural concept for Belgian dwellings, the
optimization scenario concerns only the outer layers i.e., insulation
and exterior cladding. All scenarios have the same thermal performance, complying with the Flemish EPB regulations of 2015,
with a u-value of 0.24 W/(m2$K). So only production, replacements
and the end-of-life treatment is taken into account. The included
scenarios and their properties are listed in Table 2.
2.2. Research structure
Attributional and consequential LCA try to answer different
research questions, but the object of study and functional unit is the
same. The functional unit is deﬁned as follows:
A single semi-detached dwelling located in Flanders (Belgium)
with a net ﬂoor area of 117 m2 and an estimated life span of 60
years.
Similar for the optimization scenarios:
One square meter of insulated exterior cladding system,
attached to a load bearing masonry wall, with a thermal
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Fig. 1. (a) Floor plans; (b) view of front façade.

Table 1
Composition building elements.
Element

Composition

Thickness (m)

Uevalue (W/(m2$K))

Floor slab
Cavity
Pitched roof
Windows

In situ reinforced concrete slab, PUR, screed, ceramic tiles
Gypsum plaster, brickwork, PUR, air cavity, brick façade stone
Gypsum plasterboard, timber frame, glass wool (between rafters), ceramic roof tiles
PVC frame, double glazing

0.30
0.34
0.21
e

0.28
0.23
0.22
1.68e1.75

Table 2
Optimization scenarios exterior cladding.
Building element

Composition

Service life (yr) Replace-ments Thickness (m)

Cavity wall - rock wool
Cavity wall - PUR
Synthetic plaster - EPS
Synthetic plaster - PUR
Synthetic plaster - rock wool
Facade panels - wooden structure
Facade panels - aluminium structure

Rock wool 12 cm, air cavity, facing brick
PUR 8 cm, air cavity, facing brick
EPS 12 cm, reinforcing mesh, synthetic plaster
PUR 10 cm, reinforcing mesh, synthetic plaster
Rock wool 14 cm, reinforcing mesh, synthetic plaster
Timber frame, rock wool 15 cm, membranes, air cavity, ﬁber cement facing tiles
Aluminium frame, PUR 14 cm, membranes, air cavity, ﬁber cement facing tiles

60e100
60e100
15e25
15e25
15e25
30
30

transmittance (U-value) of 0.24 W/(m2$K) and an estimated life
span of 60 years.
The differences occur in the ﬁeld of application of the results,
where this functional unit represents a current dwelling in ALCA
and a future building or an addition to the building stock in CLCA.
Besides the general modelling assumptions described in the
introduction, speciﬁc to this case study it means that generic data is
applied, as EPBE is a guidance document at societal level. However
the geographical delimitation is different for both approaches. In
ALCA it is assumed that basically all building products on the
Belgian market are produced in Western-Europe. Only some exceptions are made such as wood, with a large share of import from
outside the EU borders and ceramic tiles which are mainly produced in Italy and Spain. As a default in CLCA, it is assumed that all
markets are global, unless the existence of local markets can be
justiﬁed. The analysis of the geographical delimitation, along with
the identiﬁcation with the affected suppliers, has been performed
more in detail for the most contributing material groups. For other
products and processes default values have been applied. This
research focusses on the long term, so it is assumed markets are

0
0
2
2
2
1
1

0.38
0.34
0.28
0.26
0.30
0.34
0.33

fully elastic.
Besides the general standards of the ISO 14040-series, EPBE (and
the attributional model) to a great extent follows also an additional
guidance speciﬁc for the construction sector developed by the
European Committee for Standardization (CEN). A major difference
is that more impact categories have been taken into account, which
are weighted to a single score based on external costing. To improve
the comparability of results between different studies, the CEN
Technical Committee 350 “Sustainability of construction works”
(CEN TC 350) developed standards for assessing all three aspects of
sustainability (economic, environmental, social) both for new and
existing construction works and for facilitating the integration of
Environmental Product Declarations (EPDs) of construction products. This framework is composed of a modular structure, with
more speciﬁc calculation rules compared to the ISO 14040-series.
Similar to the EPBE study, in the attributional model all mandatory
modules are included as deﬁned in the standards EN 15804 and EN
15978: production and construction (A), use (B), and end of life
stage (C) (European committee for Standardiation, 2012; 2011). The
optional module D concerning recycling and reuse has an inherently different (and consequential) modelling logic and is excluded
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to prevent confusion. The life cycle environmental impact is
deﬁned in Formula (1) Some modules are excluded as a simpliﬁcation such as maintenance, repair and refurbishment (B2, B3, B5)
or because their contribution is assumed to be negligible such as
impacts related to the erection of the initial construction (A5).

LEI ¼ fEIA1A3 þ EIA4 g þ fEIB1 þ EIB4 þ EIB6 þ EIB7 g þ fEIC1
þ EIC2 þ EIC3 þ EIC4 g
(1)
where:
-

LEI: total environmental impact over the entire life cycle
EIx: environmental impact within life cycle stage x
A1e3: production of construction materials (cradle-to-gate)
A4: transport to and from construction site
B1: use (land use parcel)
B4: replacement of components during the use phase
B6: operational energy use
B7: operational water use
C1: deconstruction
C2: transport to disposal/treatment facilities
C3: waste processing
C4: ﬁnal disposal

The functional unit is identical for both approaches, so the used
foreground data is identical as well. The construction team delivered all data concerning the actual situation (drawings, bill of
quantities) and the other data were simulated accordingly. The
energy calculations were carried out by using EPB software Flanders (version 1.8.3), a static calculation tool used to verify compliance with the energy requirements but it can also be used to
estimate the yearly energy consumption as well. The estimated
water use is derived from Belgian statistics (Statistics Belgium,
2012). The replacement rates are based on the expected service
life as described by BCIS (UK) (BCIS, 2006) and SBR (Vissering et al.,
2011) (NL). All data are derived from Ecoinvent 3.1 (default products) and if necessary adapted to meet the modelling assumptions
(Weidema et al., 2013). As described in the EPBE study, only the top
level of the pedigree of the background data is harmonized to the
research assumptions as it is assumed the inﬂuence of the
harmonization of lower levels is negligible. EPBE provides data on
transport- and end-of-life-scenarios as well, relevant for the
Belgian context. Since the transport scenarios for the construction
materials are related to the geographical delimitation, these are
only implemented in the attributional approach. For the consequential approach, the global transport scenarios of Ecoinvent 3.1
are maintained. The end-of-life scenarios on the other hand are
relevant for both models, even if recycling is cut-off in ALCA while
the entire treatment process and substitution of recycled products
on the market is included in CLCA. The system boundaries and
included life cycle stages are displayed in Figs. 2 and 3.
Finally, an additional scenario has been included as a sensitivity
analysis. This is scenario follows the consequential approach as
described in the previous paragraph, but some adaptions are made
to make it correspond more closely to the original EPBE study. The
two main differences are geographical coverage and transport
scenarios. Instead of the default assumption of global markets, the
same geographical delimitation as in the attributional and
described in the EPBE-study have been applied. So the default is a
Western-Europe instead of global market. Transport scenarios have
been adapted accordingly.
For more details on assumptions and LCI, see the Supplementary
Material.
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2.3. Life cycle impact assessment
As the impact assessment is independent of the chosen
approach (ALCA vs. CLCA) only one impact method will be applied.
This is a deviation from the CEN TC 350 framework, which describes its own set of midpoint categories. However, to facilitate
interpretation of the results a single score indicator is applied,
namely the ReCiPe Endpoint method with a Hierarchist perspective
(1.10), which is considered as the default model (Goedkoop et al.,
2012). Previous research pointed out the importance of the
choice of impact method as incorporated value choices can affect
the results, but since the main goal of this research is to evaluate
different modelling approaches, no sensitivity analysis is added by
using various impact methods (Buyle et al., 2013, 2011; Finnveden
et al., 2006).
In ﬁrst place the results of the entire life cycle will be investigated and the distribution of this impact over the different phases.
This general analysis is complemented by a contribution analysis.
The third step is the analysis of the optimization scenario to see
whether the choice of research approach has an inﬂuence on the
preference for certain scenarios. Finally, a comparison is made as
sensitivity analysis between regular models and the additional
consequential model.
A ﬁnal remark concerns the presentation and visualization of
the results. It is important to note that EN 15804 does not allow for
aggregation of results and EN 15978 only allows it at the level of a
life cycle stage when all modules are included. Since the main goal
of this research is to compare the results of different modelling
approaches, the different results per life cycle stage (modules) are
added up. This way results become more readable and on the other
hand the linked and market based approach of CLCA makes it hard
to split up the results in the rather strict categories of the CEN TC
350 framework.
3. Results
Environmental impacts were ﬁrst compared over the entire life
cycle. In the following paragraphs, the attributional approach is
considered as the reference when comparing both approaches. The
overall results shows a discrepancy of 2.7% of the total impact (see
Table 3 and Fig. 4). When distributing the impact over the different
life cycle phases, it appears the ratio between the phases is
completely different. Some of these differences seem logical; for
instance the lower impact of the production stage of ALCA due to
recycled content of materials and the negative values of end-of-life
of CLCA due to recycling beneﬁts. In addition, when taking only
material-related impacts into account, the discrepancy increases to
over 8%. The difference in the impacts of the use phase is lower,
mainly due to an almost identical impact of natural gas for both
approaches, used for space heating. The largest difference can be
observed at the water consumption during the use phase. The
reason behind this is a typical example of the differences of the
underlying models: the unconstrained marginal treatment technologies differ substantially from the current market average. Since
a wide variety of materials is used in a dwelling, possible differences in the results are leveled out due to the aggregation. This
topic will be elaborated more in detail in the next paragraph,
however, it should be noticed that there is a big difference between
the initial materials and the ones used for replacements.
The previous paragraph showed a difference of over 8% when
only considering construction materials. Table 4 shows the 15 main
contributing materials over the entire life cycle, so excluding land
use of the building site, energy and water consumption of the use
phase. Especially the materials with the biggest contribution show
a clear discrepancy between the approaches. This discrepancy goes

240

M. Buyle et al. / Journal of Cleaner Production 173 (2018) 235e244

Fig. 2. System boundaries attributional model. End-of-waste system boundary according to annex B EN15804 þ A1:2013.

Fig. 3. System boundaries consequential model.

Table 3
Comparison LCIA of the individual life cycle stages and entire life cycle, including sensitivity analysis.

ALCA
CLCA
CLCA - sensitivity
ALCA vs. CLCA
ALCA vs. CLCA (materials
only)

Construction
(Pt)

Land use building site
(Pt)

Use phase -replacements
(Pt)

Use phase e water
(Pt)

Use phase e energy
(Pt)

End-of-life
(Pt)

Total
(Pt)

5940
7750
6830
30.6%
30.6%

167
167
167
0.0%
e

3320
3920
3680
17.9%
17.9%

401
633
633
57,9%
e

17,820
17,540
17,540
1.6%
e

605
1010
839
266%
266%

28,259
29,010
28,020
2.7%
8.1%

both ways, which explains why the differences are not so pronounced in the aggregated results.
Concrete is the material with the biggest impact, mainly due to
the production of cement. Cement can be manufactured from
clinker (Portland cement) or from ground granulated blast-furnace
slag (GGBFS), a dependent and therefore constrained by-product of
steel production. In the Belgian construction sector GGBFS cement
has an important share, especially for in situ applications, but since
it relies on a dependent by-product, it is constrained. Clinker production, which is not constrained, is an energy intensive process, so
it is obvious that concrete has a larger environmental impact when

it is modelled consequentially. The second most contributing material group is structural steel. Recycling rate (41%) vs. Recycling
potential (95%) turns out to be the main reason for the deviation.
Besides some small losses, steel can be recycled completely with
minimal loss of quality and therefore reduces the demand for virgin
steel. On the other hand the demand for steel is higher than the
supply of iron scrap, resulting in a recycled content in the attributional approach that is well below the recycling potential in CLCA.
The modelling of by-products plays a role as well, where in CLCA
GGBFS replaces clinker, while a cut off is applied in ALCA. The
previous reasoning about end-of-life treatment is also applicable
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Fig. 4. LCIA of the different modelling approaches. ALCA is the reference scenario.

Table 4
Process contribution materials and sensitivity analysis.
Process name

ALCA

CLCA

CLCA sensitivity

Pt

%

Pt

%

Pt

%

Difference ALCA vs. CLCA (Pt)

Difference CLCA vs. CLCA sensitivity (Pt)

Concrete
Structural steel
Brick
Alkyd paint
Ceramic tile
Window frame (PVC)
Copper
Cement mortar
Autoclaved aerated concrete block
Sawnwood (softwood)
Polyurethane insulation
Zinc
Fiberboard
Glass
Glass wool insulation

1990
919
861
667
391
380
213
210
194
170
166
162
148
139
119

20.7%
9.6%
9.0%
6.9%
4.1%
4.0%
2.2%
2.2%
2.0%
1.8%
1.7%
1.7%
1.5%
1.5%
1.2%

2.347
633
735
596
353
446
173
228
213
196
172
89
186
135
136

22.4%
6.1%
7.0%
5.7%
3.4%
4.3%
1.7%
2.2%
2.0%
1.9%
1.6%
0.9%
1.8%
1.3%
1.3%

1970
611
840
518
383
452
173
191
209
196
225
90
156
129
135

18.7%
5.8%
8.0%
4.9%
3.6%
4.3%
1.6%
1.8%
2.0%
1.9%
2.1%
0.9%
1.5%
1.2%
1.3%

354
286
125
71
38
66
40
18
19
26
6
72
37
4
18

377
22
105
78
30
6
0
37
4
0
53
1
30
6
1

on bricks and PVC window frames. Bricks barely contain any
recycled material, but can be used after treatment for example as
road foundation. The recycling market for PVC is still immature
resulting in a negligible recycled content, however window proﬁles
are easy to separate and recycle, resulting in a much higher recycling potential. A quite different type material is paint, with a
relative high contribution due to the high replacement frequency.
During the production of titanium dioxide, Ilmenite is needed
which is co-mined with magnetite. In the attributional model, this
is solved by applying revenue allocation, while in the consequential
model magnetite is substituted on the market resulting in an

Comparison

overall lower impact.
It is important to keep in mind that the differences described in
the previous paragraph are not the only possible explanation.
Foreground scenarios can play a role as well, for example the difference for sawn wood can mainly be explained by the selection of
the regional markets. The difference in transport scenarios of EPBE
and the consequential model (Ecoinvent v3.1) is another element
the might contribute to the divergence between de models.
Looking at the results of the optimization scenarios presented in
Table 5, the ranking of the cladding systems is different for the two
approaches. A synthetic plaster on EPS insulation is preferred in

Table 5
Optimization scenarios.
Optimization scenario

ALCA

CLCA

Difference

Ranking

Pt

Ranking

Pt

Pt

%

Synthetic plaster - EPS
Cavity wall e rock wool
Cavity wall - PUR
Facade panels e wooden structure
Synthetic plaster - PUR
Synthetic plaster e rock wool
Facade panels e aluminium structure

1
2
3
4
5
6
7

4.86
5.10
5.28
7.44
7.74
10.07
14.89

1
3
2
5
4
6
7

5.20
5.69
5.61
8.28
7.45
11.41
14.05

0.34
0.59
0.33
0.84
0.29
1.34
0.84

7.0%
11.6%
6.3%
11.3%
3.7%
13.3%
5.6%
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Fig. 5. LCIA of the optimization scenarios. ALCA is the reference scenario.

both cases, despite the relative short service life. The differences
basically affect the ranking of place two to ﬁve. The main reasons
for the changes are similar as for the contribution analysis,
described in the previous paragraph. The difference here is that
insulation and cladding systems combine multiple products, thus
the results are aggregated. The discrepancies per material are
therefore a bit damped. For example, there is not a clear preference
to apply rock wool over PUR (see Fig. 5).
A ﬁnal step is the inclusion of an extra scenario as sensitivity
analysis. This additional model is a consequential one, but some
assumptions where adopted from EPBE. This model can also be
regard as an intermediate model. The logic of the selection of
affected suppliers, handling multi-functionality and end-of-life
remains the same, only all markets are delimited to Western
Europe with the corresponding local transport scenarios. The results are shown for the life cycle phases and the contribution
analysis (see Tables 3 and 4). The distribution over the life cycle
phases demonstrates clearly the substitution approach at the endof-life, but also the signiﬁcant lower impacts compared to the
reference CLCA scenario.
Looking at the contribution analysis, the differences become
more visible. The discrepancies are again the most pronounced at
the highly ranked materials. Since the geographical deﬁnition of
the markets and transport scenarios are the variables, the identiﬁcation of the reason of the discrepancy is in most cases straight
forward. Electricity production in Europe is in general more environmental friendly compared to other regions. This becomes in
particular very clear at energy intensive processes without closed
loop recycling such as cement based products. Transport on the
other hand plays an important role for brick, one of the few materials with a higher impact for the sensitivity scenario. Since the
brick sector was already identiﬁed as a European market, the same
suppliers are already taken into account, but the EPBE transport
scenario mainly assumes truck transport with a higher impact per
ton-kilometer. To conclude, the sensitivity scenario shows clear
similarities with the regular consequential model, some signiﬁcant
differences do occur.
4. Discussion
In the previous section, the results demonstrated a clear

difference in environmental proﬁle of the same case, depending on
the applied model. Since each model has its own underlying
reasoning it is obvious that such differences occur. The most
important issue when comparing models is not necessarily the
differences between results, but the direction the models point to
and the research questions that can be answered accordingly. In
general an attributional model is well suited to analyses the past or
current situation of a system or static systems, so it is preferred to
support decisions that reward or blame past actions. An example
can be eco-taxation. While the consequential approach is preferred
to analyze the impact of decisions, whether they concern small
scale individual decisions or have an effect on societal level. In the
case of the EPBE study, the goal and target group of the study is
deﬁned as: “Decision-makers, i.e. architects, engineering agencies,
contractors, proprietors, project developers and government
bodies, often lack the environmental information that is required
for objective and transparent creation, selection or support of ecofriendly materials solutions. In addition, some manufacturers and
distributors are unaware of the potential environmental impact
that building materials have during their life cycle.”(Debacker et al.,
2013a). Actually the previous statement indicates that the study
tries to support two types of decisions. The ﬁrst one is to identify
hotspots for improvement, starting with an assessment of current
practice, the second one is to assist decision makers at different
levels at making choices affecting the future situation. These are in
fact two completely different situations and they should be
modelled accordingly. The EPBE study follows an attributional logic
and is therefore well suited for supporting the ﬁrst kind of decisions, the hotspot identiﬁcation of past and current practice.
Notwithstanding, to improve current practice the future situation is
affected and such strategies should be based on the results of a
consequential model. The second goal of EPBE is to inform and
support decision makers to improve current situation, which is a
typical example where current decisions affect the future and a
consequential model is more suitable. So the consequential model
described in this research could be an added value to provide the
right model for one of the two goals of the EPBE study.
Since the results presented in this paper are more a proof-ofconcept rather than a ﬁnalized research project, there are some
limitations as well. Only one case has been investigated so far, albeit
a representative one for newly built dwellings in Belgium. It would
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be premature to draw generalized conclusions based on these results for implementation on a larger scale. Scenarios that consider
thorough renovation cycles during the use of a building could
complement this study, since a life span of 60 years is currently
applied, but in practice the life span is often longer and renovations
should be taken into account as well.
To date, quantiﬁed uncertainties at the unit process level have
largely been generated using the Pedigree approach only, disregarding inherent uncertainties (inaccurate measurements) and
spread (variability around means due to averaging). As part of the
EU FP7 SEAT project Henriksson et al. (2014) developed a method
dealing with all three categories of dispersions. The method only
deals with LCI unit process data, and not with LCIA or other data
and neither with methodological choices such as FU, system
boundaries or allocation. The sensitivity analysis demonstrates that
within a certain modelling approach, other assumptions can affect
the results. A limitation is that only one extra scenario has been
added. In particular for the consequential approach, criteria to
deﬁne the market delimitation and for identifying marginal suppliers can have a big effect on the outcome. Therefore, rather than
focusing on process uncertainty only, a future research opportunity
is to address model uncertainty by developing scenarios on a
transparent and consistent way. But not only modelling assumptions should be assessed more extensively, also building related
scenarios should be expanded. In this research, different façade
ﬁnishing systems were examined. But multiple possibilities for
structural systems, building type and technical services should be
taken into account as well.
This research study, furthermore, is based on a process LCA,
which tends to underestimate overall environmental impact. All
examined scenarios are composed of similar materials and structural concepts, so it is assumed that comparison still provides
useful insights, but interesting future work could complement this
research using a hybrid I/O approach (Crawford, 2008; Suh, 2006;
Treloar, 1997).
5. Conclusions
Multiple studies and guidance documents exist concerning
environmental issues in the construction sector. However, nearly all
of them are following an attributional approach. Both attributional
and consequential approaches include models with different underlying assumptions and they try to answer different research
questions. So it is important for decision-makers to have the right
information at their disposal, otherwise this can induce wrong or
no relevant conclusions. To date, the most elaborate study in
Flanders, ‘Environmental proﬁle of building elements’ (EPBE),
published by the Public Waste Agency of Flanders, is an attributional study. The study aims at informing different kind of decisionmakers (building client, building professionals and policy makers)
and to assist manufacturers and distributors at identifying hotspots
for improving industrial systems. However, if the results of the
study are used to support future policy or to improve a production
system, a consequential model would be more appropriate. This
paper describes a consequential model that can complement the
EPBE study to provide the required information for all types of
decisions. To demonstrate the relevance of this addition, both
models have been applied on the same case, a new dwelling in Niel
in the north of Belgium. A conceptual optimization scenario of
insulated exterior cladding systems is discussed as well.
The results of the entire life cycle indicate potential differences,
in direct relationship to the underlying modelling assumption. For
example the negative impact of the end-of-life phase due to the
recycling potential of the consequential model. The discrepancies
become more pronounced when looking at the separate materials
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to avoid the effect being damped as a consequence of the aggregation of the results. Especially the three most contributing materials (steel, concrete and brick) show clear differences. In
accordance with the Belgian tradition with a focus on massive
structures, this can have a big inﬂuence on the development of
possible improvements. The optimization scenarios underline
previous statement, since the ranking of the different solutions
changes according to the chosen approach. Although the differences might not be signiﬁcant in some cases, it still emphasizes the
importance of the applied approach on the results and conclusions.
Finally, to enhance a sustainable society it is needed that policy
is focused on the entire life cycle of buildings instead of merely on
energy efﬁciency, but this should happen in a proper manner with
the right choice of approach depending on the speciﬁc objectives.
Unfortunately currently this is not the case in the construction
sector, which mainly focuses on attributional LCA.
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