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A life-cycle (LC) model has been implemented for a Portuguese single-family house. The first goal is to
characterize the main LC processes (material production and transport, heating, cooling, maintenance)
assessing seven alternative exterior walls for the same house to identify environmentally preferable solu-
tions. The second goal is to compare the results of three life-cycle impact assessment (LCIA) methods -
CED (cumulative energy demand), for primary energy accounting; CML 2001 (Institute of Environmental
Sciences of Leiden University) and EI'99 (Eco-indicator’99), for multiple environmental impacts - to deter-
mine the extent to which the results of a life-cycle assessment are influenced by the method applied. The
results show that the most significant LC process depends on the operational pattern assumed. Regard-
ing the assessment of the exterior wall alternatives, the results indicate the wood-wall is the preferable
solution. Non-renewable CED shows results similar to abiotic depletion (CML 2001) and resources (EI'99)
categories, as well as some correlation with climate change/global warming potential (GWP), acidification
and eutrophication. However, no correlation was found with the remaining impact categories. Comparing
CML 2001 and EI'99 categories, GWP, ozone layer depletion, abiotic depletion, acidification, and eutroph-
ication present robust results that permit a straightforward comparison between the two LCIA methods.
Nevertheless, CML results present slightly higher impacts for the use phase, while EI'99 for material pro-
duction. In addition, the two LCIA methods can present inconsistent results between similar categories
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(different ranking of alternatives), which ultimately can influence the choice among solutions.
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1. Introduction

In the European Union (EU), the housing sector accounts
for a substantial amount of energy consumption and envi-
ronmental impacts [1]. To address this sector, EU regulations
have been developed [1-3] focusing on reducing the operational
energy consumption of dwellings, but disregarding the full life-
cycle environmental impacts. A comprehensive assessment of
the energy use and environmental impacts of buildings requires
a life-cycle perspective to quantify the various impacts and to
identify improvement opportunities towards more sustainable
solutions. Life-cycle assessment (LCA) methodology, which has
gained increased international acceptance, addresses the poten-
tial environmental impacts throughout a product life-cycle (LC).
LCA can be applied to decision-making in order to improve the
environmental performance of buildings.

LCA studies performed for dwellings have mainly focused on
energy requirements and greenhouse gas (GHG) emissions. A
small number of recent LCA have studied multiple environmental
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impacts, often using differing life-cycle impact assessment (LCIA)
methods with non-comparable or contradictory conclusions
[4-10]. For building LCA practitioners it is not obvious which LCIA
method to choose and neither whether the interpretation of results
from different methods leads to coincident or contradictory conclu-
sions [11]. Since impact categories, characterization indicators and
characterization factors vary between LCIA methods, a meaningful
comparison between methods is difficult to perform. Furthermore,
none of the published studies has used multiple LCIA methods to
assess dwellings to determine whether the LCA findings are influ-
enced by the LCIA method applied.

This article presents an LCA for a Portuguese single-family house
comparing seven alternative exterior wall solutions aimed at iden-
tifying environmentally preferable solutions. In this research, the
main life-cycle processes affected by the building envelope (mate-
rial production and transport, heating, cooling, maintenance) have
been characterized in terms of energy and environmental impacts,
considering two alternative operational patterns. Not included is
the energy requirement of other operation-phase activities (elec-
tric appliances, lighting, cooking, domestic hot water) since it is
not affected by the exterior wall solution. In this research, three
LCIA methods have been used: CED (cumulative energy demand),
for life-cycle primary energy accounting; CML 2001(Institute of
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Environmental Sciences of Leiden University, 2001) and EI'99 (Eco-
indicator’99), for multiple environmental impacts. These methods
have been compared to determine the extent to which the results
of an LCA are influenced by the method applied.

This paper has six sections, including its introduction. Section
2 presents a review of life-cycle studies of dwellings. Section 3
describes the LCA methodology and the impact assessment meth-
ods used. The life-cycle inventory and model implemented are
described in Section 4. Results for the exterior-wall house sce-
nario analysis are discussed in Section 5. The final section is the
conclusion.

2. Literature review

The first life-cycle (LC) studies for residential buildings were
published about 15 years ago, e.g. [12-15]. For example, Adalberth
[13] proposed a methodology to account for LC energy of buildings
from cradle to grave and applied it to three Swedish single-family
houses prefabricated in a factory [12]. Among other results, Adal-
berth [12] concluded that the building use phase requires 85%
of the total LC energy, while construction materials amount to
15%. Keoleian [14,15] evaluated LC energy, greenhouse gas (GHG)
emissions, and costs of a single-family house in Michigan to find
opportunities for conserving energy throughout pre-use, use, and
demolition phases. Since then, a number of LC studies of dwellings
[4-9,12,16-22] as well as a few review papers [23-26] have been
published.

The majority of studies (e.g. [5,6,12,13,17-21]) have been
implemented for cold climate houses and have shown that the
operational phase has a preponderant weight in overall energy
requirement and GHG emissions. Nonetheless, a few recent studies
have pointed out that, for very-low-energy buildings, the non-
operational phase is the most significant [4,5,27]. Only a small
number of LCA studies of dwellings have addressed a wider range
of environmental impacts. Some of those studies [4-10] compared
alternative building scenarios and are reviewed below. Peuportier
et al. [6] performed an LCA for three different houses in France
((i) a conventional house with concrete blocks; (ii) a house with a
solar heating system; and (iii) a high-insulated wood house). The
CML 92 LCIA method was used, and results for twelve impact cat-
egories were presented comparing the three houses. The wood
high-insulated house had generally the lowest impacts, holding
about half of the concrete house impacts for nine categories.

Citherlet and Defaux [5] compared three houses: a Swiss stan-
dard house; a low-energy house that complies with the Minergie
standard; a passive house (with increased insulation, a ventilation
heat recovery system, solar collectors and photovoltaic panels).
LCIA results were calculated based on three CML 92 categories
(global warming potential (GWP), acidification, and photochemical
oxidation (PO)) as well as non-renewable energy (NRE) require-
ments. Considering the Swiss electrical mix, the results showed
that NRE was reduced by 33% in the Minergie house and 66% in
the passive house in comparison to the standard house. Concern-
ing CML 92 impacts, the two low-energy houses presented a similar
performance with significant reductions (e.g. 62% for GWP, 29% for
PO, and 10% for acidification) relative to the Swiss standard house.

Blengini and Di Carlo [4] assessed a low-energy house for north-
ern Italy and compared it with a standard house assuming a 70-year
lifetime. LCIA results were presented at two levels: (i) mid-point
indicators, which are representative of environmental problems
and based on international conventions (primary energy (PE), NRE,
GWHP, acidification, eutrophication, ozone layer depletion (OLD),
and PO); (ii) single score end-point indicators, which are more
uncertain, but might simplify the decision process (EI'99, Ecological
footprint, EPS 2000). The low-energy house presented a reduction

of impacts relative to the standard house; however, the magni-
tude of the reduction varied with the end-point indicator used (e.g.
reduction of 60% for NRE, 52% for EI'99, and 38% for EPS2000). Fur-
thermore, the results showed that material-related impacts were
the most significant for the low-energy house, while for the stan-
dard house, heating was the most important process.

More recently, a comprehensive European study [8,9] assessed
various types of EU dwellings, addressing different improvement
options. They have focused on single-family houses and two
kinds of apartment buildings, considering both existing and new
dwellings. The LCIA results were presented for six mid-point CML
impact categories (PE, GWP, acidification, eutrophication, OLD, and
PO); toxicity categories were not considered because they still lack
scientific robustness [8,9]. The results obtained for new dwellings
showed that the building envelope had a significant part of the LC
environmental impacts. The exterior walls and the roof were found
to be the most important building components.

Some publications have focused on exterior walls. For instance,
Ortiz et al. [7] assessed the construction phase of an apartment
block considering typical Spanish exterior and interior wall sce-
narios. The CML method was used to assess acidification, GWP,
ionizing radiation, and OLD impacts as well as energy and resource
consumption. The steel elements, in particular galvanized steel,
were responsible for high environmental impacts. Ortiz et al. [7]
concluded that the LCA results can support the selection of the con-
structive combinations with the lowest impacts. Frenette et al. [10]
compared five factory-built wood-frame exterior walls for a house
in Quebec (Canada) concerning energy and three LCIA methods:
TRACI; Impact 2002; and EI'99. Midpoint results were calculated
for the mentioned methods and endpoint results were presented
for Impact 2002 and EI'99. The goal of Frenette et al. [10] was to
support the selection of an appropriate environmental index to be
included in a multi-criteria decision analysis evaluation. The results
showed that wood framing had a small contribution to total embod-
ied impacts. Slightly different rankings of the exterior walls were
observed for some midpoint category results obtained with the
three methods, namely, respiratory organic, eutrophication, and
mineral results. Nevertheless, Frenette et al. [10] concluded that
endpoint results generally presented a similar ranking of alterna-
tives, and that it seemed acceptable to use climate change category
as a single environmental index.

3. LCA methodology and LCIA methods

Life-cycle assessment (LCA) has four interrelated phases: goal
and scope definition; life-cycle inventory (LCI); life-cycle impact
assessment (LCIA) and interpretation [28,29]. In the LCIA, inventory
data is aggregated into specific environmental impact categories
according to a method. Different LCIA methods will lead to dis-
tinct results (values, impact categories, units). LCIA methods can
be single-category (e.g. primary energy, exergy, global warming
potential) or multi-category, with specific sets of impact cate-
gories. Multi-category LCIA methods can be problem-oriented or
damage-oriented. Problem-oriented methods (e.g. CML 2001) have
midpoint impact categories and model problems at an early stage
in the cause-effect chain, allowing a more transparent assessment
and limiting the uncertainties. Damage-oriented methods (e.g. Eco-
indicator’'99) model the cause-effect chain up to the endpoints
(damage to humans and ecosystems), have a narrowed set of cate-
gories, and have higher uncertainty than midpoint methods.

In this research, the variability between LCIA results has been
assessed by applying to the same life-cycle inventory three meth-
ods: a general single-issue method - the cumulative energy
demand (CED) - to account for life-cycle primary energy require-
ments, and two well-known environmental LCIA methods - CML
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Table 1
CML 2001 and Eco-indicador'99 impact categories.
CML 2001 category Unit Eco-indicator 99 category Unit
Abiotic depletion (AD) kg Sbequiv. Fossil fuels M] surplus
Minerals M] surplus
Acidification (Acid) kg SO, equiv. Acidific./eutrophi. PDF*m?y
Eutrophication (Eut) kg PO4 equiv.
Global warming potential (GWP) kg CO, equiv. Climate change DALY
Ozone layer depletion (OLD) kg CFC-11 equiv. Ozone layer DALY
Photochemical oxidation (PO) kg C,H4 equiv. Resp. organics DALY
Freshwater ecotoxicity (Fecot) kg 1,4-DB equiv. Ecotoxicity PDF*m?y
Marine ecotoxicity (Mecot)
Terrestrial ecotoxicity (Tecot)
Human toxicity (Htox) kg 1,4-DBequiv. Carcinogens DALY
Resp. inorganics DALY
Radiation DALY
Land use PDF*m?y

2001 and Eco-indicator’'99 - to assess multiple environmental
impacts. CED quantifies the total energy resource depletion and
implicitly takes into account energy quality, since primary energy
is the sum of final energy with all transformation losses [30]. CED
(M] equiv.) is calculated based on the higher heating value and dis-
tinguishes renewable (Renew) and non-renewable (Non-R) energy
sources [31]. Non-renewable CED is very important to assess the
depletion of fossil energy resources or the renewability of a system
[30] and it is a widely used indicator to assess the energy LC per-
formance of buildings. The CML 2001 and Eco-indicator'99 (EI'99)
LCIA methods are broadly used in LCA studies, but have not been
much used for buildings. Table 1 shows the impact categories of
CML 2001 and EI'99 and their respective impact indicators [31].
Related categories are placed in the same line.

Developed by the Institute of Environmental Sciences (CML) of
Leiden University, CML 2001 is a problem-oriented method with
ten impact categories in the baseline version (Table 1). Toxicity
categories normally are not addressed because they have high
uncertainty and lack scientific robustness [8,32]. To perform a
transparent comparison between the two LCIA methods, the four
toxicity categories have been included in our calculations; how-
ever, the lack of scientific robustness has been taken into account
in the interpretation of results. The Eco-indicator’99 characteriza-
tion is firstly made for eleven impact categories (Table 1), which,
according to theirimpact indicator, can be grouped in three damage
categories: human health; ecosystem quality; and resources [31].
The damage to human health is expressed in disability adjusted
life years (DALY). The ecosystem quality damages are expressed in
potentially disappeared fraction of species in a certain area over a
period of time (PDF*m? y). The damage to resources is expressed in
surplus energy to extract minerals or fossil fuels (M] surplus) [31].
More detailed information on the assumptions underpinning the
LCIA methods (characterization factors to aggregate the LCI in the
impact indicators of the impact categories) can be found in [33] for
CML 2001, and in [34,35] for EI'99.

The magnitude of LCIA results can be further calculated rela-
tively to some reference information (a common scale to all impact
categories, normally representing the background impact from
society’s total activities). This is called normalization and its aim is
better understand the relative significance of each indicator result
in order to facilitate the interpretation of results. In addition, nor-
malization may be also helpful in checking for inconsistencies. The
CML method has different sets of normalization: World (1990),
Western Europe (1995) and the Netherlands (1997). In the present
research, the Western Europe context has been adopted. The nor-
malization calculation consists of dividing the LCIA results of each
impact category per the reference value (the total impact from
emissions, extractions, radiation, and land use, per impact category
for Western Europe over a year) [31,33].

Concerning EI'99, normalization is performed on damage cate-
gory level and it is dependent on the perspective chosen. There
are three perspectives within the EI'99 method: hierarchist; indi-
vidualist and egalitarian. According to [34,35], the individualist
perspective values short term emissions whose impacts are sci-
entifically proven, assuming that long term impacts are unrealistic
because they will be avoid by future technology. The egalitarian
perspective considers that all future generations are equally impor-
tant to the present population; therefore, it values all possible
effects considering a very long-term time frame. The hierarchist
is an intermediate perspective balancing short term and long-term
impacts that are based on global consensus. The standard perspec-
tive, hierarchist, has been assumed in this study. The reference
value used to calculate EI'99 normalized results is for the European
context (environmental impact per year and per capita, consider-
ing a population of 386 million for Europe, 1993 year, with some
updates [31]).

Recent developments in the LCA methodology emphasize two
types of approaches: attributional versus consequential. Attri-
butional LCA (ALCA) focuses on describing the environmentally
relevant flows to and from a system, while the Consequential
LCA (CLCA) aims to describe how environmentally relevant flows
will change in response to possible decisions [36,37]. ALCA gen-
erally uses average data for the processes within the system
studied and assumes that changes in those processes will not
affect the market (background and foreground data). CLCA uses
economic and specific market data (marginal data) to study pro-
cesses within and outside the system that are affected by a
change within the system. CLCA has been used to calculate envi-
ronmental impacts from indirect changes and rebound effects
(e.g. land use change) caused by an increased/decreased demand
on products or services (minerals, biofuels, agriculture, energy,
etc.).

In LCA studies of buildings, the attributional approach (ALCA) is
the most commonly used; only a few CLCA studies have been pub-
lished, namely Vieira and Horvath [38] and Lesage [39,40]. Lesage
[39,40] used both ALCA and CLCA to assess brownfield rehabilita-
tion for residential developments and compare it to an exposure
minimization scenario, which consists in covering the site with
clean soil. Although ALCA results showed no preferable option,
CLCA clearly supported rehabilitation of brownfieds for residential
reuse in order to avoid the development of suburban sites. With the
goal of decreasing uncertainty associated with end-of-life techno-
logical forecasting, Vieira and Horvath [38] used both ALCA and
CLCA to assess the environmental impacts of concrete used in an
office building. They [38] concluded that there is no relevant dif-
ference between results from ALCA and CLCA, and that the choice
between the use of one or the other for buildings may not be a
critical decision.
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Fig. 1. Architectural model of the single-family house. Axonometric drawings: (a) west view, (b) east view — ground floor section and (c) east view - first floor section.

The ALCA approach has been adopted in this research for two
reasons. Firstly, the main aim is to assess seven alternative exte-
rior walls for the same house in order to identify environmentally
preferable solutions. Secondly, it was assumed that the occurring
changes would not affect the market. The ALCA model and inven-
tory implemented are presented in the next section.

4. Life-cycle model and inventory for a single-family house

A life-cycle model has been implemented for a single-family
house in Portugal, addressing the most significant building LC
phases and processes affected by the seven alternative exterior
wall solutions assessed: construction phase (material production
and transport processes) and use phase (maintenance, heating, and
cooling processes). An ALCA has been implemented, following the
main aim of the research and building on research presented in
[41-43]. The case study implemented using the Simapro 7 soft-
ware (www.pre.nl) is based on a basic architecture model (Fig. 1)
representing a typical single-family house located in Coimbra, in
the center of Portugal, with an expected life span of 50 years and
132 m? of living area. The functional unit selected is the building
living area over the building life span in order to analyze the whole
building performance and the various exterior wall house solutions.
It has been assumed that the house is occupied by a 4-person fam-
ily. The two-floor building has a cuboidal shape with a 7m x 10 m
plan basis and 2.7 m between slabs, resulting in a total volume of
356 m3. In order to focus on the living area and building exterior
walls, no basement, garage and loft have been considered in the
model.

4.1. Construction phase

The house construction phase includes material production and
transportation. To trace the burdens associated with these pro-
cesses, the building materials have been accounted in terms of
mass or volume for the various building components (structure,
roof, ground floor, first floor, walls, windows and doors) which are
described in Table 2. Construction materials and techniques used
in Portugal have been assumed to have a strong thermal inertia
level and have been defined to fulfill the Portuguese thermal build-
ing regulation requirements [2]. An additional 5% of materials have
been considered to include losses on site due to cutting and fitting
processes. These elements have been modeled based on Kellen-
berger et al. [44], which presents average European LCI data for the
production of building materials.

Concerning the exterior walls, seven alternative scenarios have
been implemented in the model. The double hollow brick wall

solution has been adopted as a base-case (scenario HO), because
itis a solution widely used in Portuguese building practice. Table 3
details the seven exterior wall scenarios. The walls considered
have different materials in their composition (hollow brick, fac-
ing brick, concrete blocks and wood). Different insulation layer
thicknesses have been selected in order to obtain similar global
thermal coefficients for the various walls (U-values between
0.47 and 0.51 W/m? °C). Consequently, identical heating and cool-
ing requirements have been assumed for the various scenarios
assessed, and thus heating and cooling environmental impacts do
not influence the comparison of alternatives.

The transportation of the construction materials to building site
has been implemented assuming lorry transportation, with Euro-
pean fleet average characteristics. The inventory data associated
with this process were obtained from Spielmannetal.[31] and [45].
The main construction material weights and shipping distances for
the alternative exterior walls and common building components
are presented in Table 4.

4.2. Use phase

The use phase includes heating, cooling and maintenance
operational requirements. Following Portuguese building thermal
regulation (RCCTE) [2], heating/cooling set-points of 20°C/25°C
have been considered as well as 4W/m? of internal heat gains
(from lights, electrical appliances and occupants), and a natural
ventilation rate of 0.6 air changes per hour. A 10kW heat pump
with a coefficient of performance (COP) of 2.8 for heating and 2.0
for cooling has been adopted for the house heating and cooling
system.

The annual heating and cooling requirements have been cal-
culated using the RCCTE calculation method [2], which is based
on a seasonal quasi-steady state method proposed in the Euro-
pean Standard EN ISO 13790 [46]. The RCCTE method assumes a
permanent occupancy of the building with interior seasonal set-
points (20 °C for heating season, 25 °C for cooling season). For the
single-family house of this study, the annual heating and cooling
requirements have been quantified as 71.8 kWh/(m? year) for heat-
ing and 3.8 kWh/(m? year) for cooling (with a variation of 3% among
the exterior wall house scenarios). However, it should be noted
that these are rather unrealistic HVAC levels for Portuguese res-
idential buildings because Portuguese householders are not used
to heating/cooling all rooms simultaneously, nor continuously. In
fact, this can be confirmed by RCCTE primary energy calculation,
which, following the EN ISO 13790 (point 13.2.2), uses a dimen-
sionless reduction factor of 0.1 both for heating and cooling to
take into account the intermittent HVAC patterns of Portuguese
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Table 2
Description of base-case building components.

Building components Area (m?) Material layers Thickness (m) Volume (m?/m?)’ Weight (kg/m?)’ Total weight (kg)
Exterior walls (HO) 222 Masonry: hollow brick (30 x 20 x 11) 0.110 79.90 17737.8
- Cement mortar 22.00 4884.0
- Water 3.30 732.6
222 XPS - extruded polystyrene 0.400 1.20 266
201 Masonry: hollow brick (30 x 20 x 15) 0.150 107.10 21527.1
- Cement mortar 30.00 6030.0
- Water 4.50 904.5
184 Base plaster 0.040 66.00 12012.0
Interior walls 110 Masonry: hollow brick (30 x 20 x 11) 0.110 79.90 8141.1
- Cement mortar 22.00 2406.8
- Water 3.30 361.0
Base plaster 0.040 66.00 72204
Roof 744 Gravel 0.050 90.00 6696.0
Felt PP 0.002 0.13 9.7
XPS - extruded polystyrene 0.050 1.50 111.6
Bitumen 0.010 10.50 781.2
Anhydrite screed 0.050 50.00 3720.0
Concrete C25/30 0.150 360.00 26784.0
Reinforced steel” 12.00 892.8
Lime mortar 0.02 20.00 1488.0
First floor slab 76.4 Wood floor (planks) 0.020 0.020 - 901.52
Wooden square joist 0.040 0.003 - 134.5
Anhydrite screed 0.030 30.00 2292.0
Concrete C25/30 0.150 360.00 27504.0
Reinforced steel” 12.00 916.8
Lime mortar 0.020 20.00 1528.0
Ground floor 80 Wood planks 0.020 0.020 - 994.0
Wooden square joist 0.040 0.003 - 140.8
Lightweight anhydrite screed 0.050 50.00 4000.0
Concrete C25/30 0.120 288.00 23040.0
Reinforced steel” 9.60 768.0
Gravel 0.200 360.00 28800.0
Building components Units Material layers Area/un (m?)’ Weight/un (kg/un) Total weight (kg)
Structure
-Beam (0.3 x 10 x 0.2) 6 Concrete C25/30 1440.0 8640
Reinforced steel” 48.0 288
- Column (6 x 0.2 x 0.3) 9 Concrete C25/30 864.0 7776
Reinforced steel” 28.8 259
- Foundation (2 x 0.3 x 0.4) 9 Concrete C25/30 576.0 5184
Reinforced steel” 19.2 173
Windows (class III, with self-controlled 11 Aluminium frame 3.24
ventilation devices) Double glazing (U=1, 1) 7.95
Doors 1 Exterior wooden door 2.00
8 Interior wooden door 1.60

" “m?2” represents “m? of building component”.
" 80kg/m3 of concrete.

householders. Furthermore, the average annual end-use energy
consumption of Portuguese households (2008) is about 2.7 koe/m?
(31 kWh/m?) [47], the lowest level in European. This value is less
than half the one calculated by RCCTE. Therefore, in this research
two alternative operational patterns (OP) have been considered,
based on different occupancy and comfort levels:

- OP1, which represents an intensive occupancy of the house with
a medium HVAC level, assumes 50% of the calculated heating
and cooling requirements: 35.9 kWh/(m? year) for heating and
1.9 kWh/(m? year) for cooling;

- OP2, which typifies a moderate occupancy of the house with a
modest HVAC level, assumes 10% of the calculated annual heat-
ing and cooling requirements: 7.2 kWh/(m? year) for heating and
0.4 kWh/(m? year) for cooling.

A maintenance activity schedule for each building component
has been established based on data from [14,44,48] and material

producers. The maintenance activities include interior and exte-
rior painting of walls, varnishing of wood surfaces, window glazing
replacement, and bitumen layer fixing. More details can be found
in [43].

4.3. Model simplifications

Some simplifications have been employed in the LC model. Fol-
lowing the approach implemented in other LC studies with similar
purposes [8,9,16,27], the energy requirement of operation-phase
activities that are not affected by the exterior wall solution (elec-
tric appliances, lighting, cooking, domestic hot water) have not
been included. Concerning the construction phase, the equipment
used and the transportation of labourers to work site have not
been included because the relevance of these processes is minor
in residential buildings [9]. The energy and impacts associated
with the production and transportation of furniture, HVAC heat
distribution equipment, sanitary ceramics and plumbing pipes for
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Table 3
Exterior wall house scenarios with section details.
HO H1 H2 H3 H4 H5 H6
Double hollow Double facing and Lightweight Thermal Autoclaved Hollow brick Wood frame
brick masonry hollow brick masonry concrete blocks concrete blocks  aerated concrete masonry & ext. and cladding
masonry masonry block masonry wood cladding
XPS (4cm) XPS (4cm) EPS (5cm) EPS (4cm) EPS (3cm) XPS (4cm) XPS (5cm)
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Insulation layer: XPS (extruded polystyrene); EPS (expanded polystyrene).

water consumption have also not been considered. The end-of-life
phase (dismantlement and waste treatment scenarios) has not been
included because it is considered to be of minor importance for
South European single-family houses, and it is a difficult phase to
foresee, particularly because buildings are long lasting [6]. Accord-
ing to a recent European study [9], the end-of-life phase accounts
for less than 3.2% of the overall environmental impacts of South
European dwellings.

5. Results and discussion

In this section, life-cycle primary energy requirement (CED) and
environmental results (CML 2001 and Eco-indicator’99) are pre-
sented and compared in three parts. Firstly, Section 5.1 shows the
base-case house life-cycle impacts for two operational patterns
(OP1 and OP2, described in Section 4.2). Five life-cycle processes are
characterized: material production and transport; heating; cooling;
and maintenance. Secondly, Section 5.2 presents the exterior wall
house scenario analysis focusing on the three processes (material
production, transport, maintenance) that have different impacts in
the various scenarios. Finally, Section 5.3 compares results from the
three impact assessment methods.

Table 4
House construction materials: weight and transportation distances.

Construction materials Mass (ton) Distance (km)
Exterior walls

HO: Brick 39.26 65
H1: Brick 62.82 65
H2: C blocks 40.86 65
H3: TC blocks 24.73 65
H4: AAC block 24.73 65
H5: Wood + brick 25.19 65
H6: Wood 8.50 65
Other components

Brick 8.74 65
Cement mortar 13.47 65
Anhydrite screed 14.54 65
Plaster 24.28 65
XPS/EPS 0.28 85
Gravel 42.19 170
PET 0.01 75
Bitumen 0.78 75
Concrete 84.23 40
Steel 2.81 130
Wood 2.12 65

5.1. Life-cycle impacts

5.1.1. Cumulative energy demand results

Fig. 2 presents the CED calculated for the base-case dwelling for
two operational patterns (OP1, OP2), and for an additional scenario,
RCCTE. Total CED, non-renewable (Non-R) and renewable (Renew)
energy requirements are distinguished for each scenario. It should
be noted that the RCCTE (100%) scenario assumes a hypothetical
permanent occupancy, and conditioning, of the building with inte-
rior seasonal set-points (20 °C for heating season, 25 °C for cooling
season), without considering any reduction factor to account for
intermittent HVAC levels. On the other hand, the two operational
patterns, OP1 (50%) and OP2 (10%), assume reduction factors to
represent different occupancy and comfort levels of Portuguese
householders.

As can be seen in Fig. 2, there is an inversion of the most sig-
nificant LC phase from one operational pattern to the other. The
results obtained under OP1 show that the use phase is the most sig-
nificant due to heating, whereas under OP2, the construction phase
has the highest impacts owing to material production. Concerning
total OP1 results, heating the house represents 56% of the total LC
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Fig. 2. Life-cycle CED results for base-case house: two operational patterns (OP1
and OP2) and RCCTE.
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Fig. 3. CML 2001 normalized results for base-case house: two operational patterns
(OP1 and OP2).

primary energy requirements (CED), whereas material production
holds around 29%, and the remaining processes represent about 5%.
However, under OP2, material production represents 56% of total
CED, while heating accounts only for 22%; maintenance and trans-
port become more significant (around 10%) and cooling decreases
its importance (2%). It can also be observed that the contribution
of the different LC processes is very similar for total CED and for
non-renewable energy fraction, since the latter has a major role.
The single-family house total CED amounts to 1,751,000 MJ equiv.
(265 M] equiv./(m2year)) under OP1, and around 905,500 M] equiv.
(137 MJ equiv./(m2year)) considering OP2. Concerning the RCCTE
(100%) scenario, the primary energy of heating process represents
around 70% of the LC impacts. Moreover, under the RCCTE scenario,
the CED of heating is higher than the total CED in OP1. This compar-
ison shows that for the Portuguese context it is critical to consider
the intermittent HVAC operational patterns, especially when heat-
ing and cooling loads are compared with other LC processes.

5.1.2. CML 2001 results

CML 2001 environmental impacts are presented in Table 5 for
the various LC processes of the base-case house assuming two oper-
ational patterns. Fig. 3 presents CML 2001 normalized results. The
inversion found in energy results from OP1 to OP2, between the
construction and use phases, is also valid for CML results. Consid-
ering OP1, heating is the most significant process in eight out of
ten categories (exceptions: OLD and fresh water ecotoxicity), hold-
ing around 50% to 80% of the environmental impacts. However, in
OP2, material production is the most significant in eight categories
(exceptions: acidification and terrestrial ecotoxicity), holding from
48% to 85% of the house life-cycle impacts. Concerning OLD impacts,
material production is the most significant process under the two
operational patterns due to the use of XPS as building envelope
insulation.

Regarding total normalized impacts shown in Fig. 3, marine eco-
toxicity presents the highest impacts, followed by, in descending
order, abiotic depletion, terrestrial ecotoxicity, acidification, GWP,
and eutrophication. However, it should be noted that the toxicity
categories still lack scientific robustness [8,32], which limits the
significance of toxicity results.
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Fig. 4. EI'99 normalized results for base-case house: two operational patterns (OP1
and OP2).

5.1.3. Eco-indicator’99 results

The Ecoindicator'99 (EI'99) results for the base-case house are
given in Table 6 distinguishing the two operational patterns. Fig. 4
shows the EI'99 normalized results. Assuming OP1, heating of
the house is the most significant process for seven out of eleven
categories, representing 46-69% of the impacts (exceptions: respi-
ratory organics, radiation, OLD, and land use). Conversely, adopting
OP2, material production becomes the most important process in
every category, being responsible for 43-80% of the environmental
impacts of the house. Concerning total EI'99 normalized impacts,
fossil fuel is the most significant category, followed by (in descend-
ing order) respiratory inorganic and climate change categories.

5.2. Exterior wall scenario analysis

5.2.1. CED results

Fig. 5 presents the CED results for the seven house scenar-
ios, excluding heating and cooling because these remain constant
between scenarios. As can be seen, material production requires
significantly more energy than transportation or maintenance.
Concerning non-renewable CED, the scenario with lowest energy
requirement is the wood wall house (H6). In comparison with the
base-case scenario (HO), three scenarios reduce the non-renewable
CED (H6, H5, H2) and only one (H1) requires more energy. It can
also be noted that there is a significant difference in non-renewable
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Fig. 5. CED scenario analysis results.
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-]l:gsieci/lL 2011 results for the base-case house, including two alternative operational patterns (OP1 and OP2).

Life-cycle AD Acid Eut GWP OLD PO Htox Fecot Mecot Tecot
Processes kg Sbeq kg SOzeq kg PO4eq kg CO,eq g CFC-11leq kg C;Hy  kgl14-DBeq kgl4-DBeq gl4-DBeq kgl,4-DBeq
Materials 191.38 98,28 13,65 35233 81.8 733 12833 3451 0.457 157,0
Transport 40,97 31,70 6,84 5861 0,9 1,06 998 202 0,044 11,4
Maintenance 34,63 17,18 2,75 2703 0,5 0,84 1374 515 0,068 13,2
OP1 Heating 460,22 551.18 25.94 66317 63,2 20.56 21694 1685 0.817 10752
OP1 Cooling 34,11 40,84 1,92 4793 3.4 1,52 1569 122 0,060 79,6
OP2 Heating 92,04 110.24 5,19 13263 12,6 4,11 4339 337 0,163 2150
OP2 Cooling 6,82 8,17 0,38 959 0,7 0,30 314 24 0,012 15,9
Total LC

OoP1 761,32 739,19 51,09 114906 150,0 31,32 38467 5975 1,446 1336,4
OoP2 365,85 265,57 28,81 58018 96,6 13,65 19857 4529 0,744 4125

Abiotic depletion (AD); acidification (Acid); eutrophication (Eut); ozone layer depletion (OLD); photochemical oxidation (PO); human toxicity (Htox); Fresh water
ecotoxicity (Fecot.); marine ecotoxicity (Mecot.); terrestrial ecotoxicity (Tecot.). The highest values for each impact category have their results underlined (continuous

line for OP1, dashed line for OP2).

CED results between the various house scenarios: H6 requires
176,350 M] equiv. less than H1 (a reduction of about 26%). This vari-
ation is mostly due to material production CED. On the other hand,
the scenarios with higher wood content (H6, H5) have more renew-
able energy incorporated in the material production, since wood is
considered a renewable source of energy.

5.2.2. CML 2001 results

CML 2001 LCIA results for the various house scenarios are pre-
sented in Table 7, and normalized LCIA results are shown in Fig. 6.
It can be observed that the scenario with the lowest environmental
impactis the wood wall house (H6), in nine out of ten categories. On
the other hand, the scenarios with highest environmental impacts
are H3 (five categories), H1 (GWP and abiotic depletion) and H4
(two ecotoxicity categories).

The comparison with the base-case house (HO) shows that
three scenarios (H2, H5, and H6, in descending order) have sig-
nificantly lower impacts for GWP, abiotic depletion, acidification
and eutrophication categories. Concerning photochemical oxida-
tion, only H5 and H6 have lower impacts than HO. Regarding OLD,
H6 has the highest impact, which is due to the type and thickness
of the insulation material assumed (XPS); the scenarios with lower

impacts are those with EPS insulation applied within ETICS (H2, H3
and H4). Looking at the results category by category, the follow-
ing relative variations between the scenarios with the lowest and
highest impacts have been determined based on LC data presented
in Fig. 6:

e Abiotic depletion: H6 has 27% less Sb equiv. than H1;

e Acidification: H6 has 38% less SO, equiv. than H3;

e Eutrophication: H6 has 21% less PO4 equiv. than H3;

* GWP: H6 has 58% less CO, equiv. than H1;

e OLD: H2, H3 and H4 have 58% less CFC-11 equiv. than H6;

e Photochemical oxidation: H6 has 37% less C;H4 equiv. than H3.

5.2.3. Eco-indicator’99 results

El'99 LCIA results for the seven scenarios are presented in
Table 8. Normalized LCIA results are shown in Fig. 7. Regarding the
scenario with the lowest environmental impacts, similar results to
the CML approach can be observed: the wood wall scenario (H6)
performs better in nine out of eleven categories. The scenarios with
the highest environmental impacts are H1 (four categories), H3
(three categories), H4 and H6 (two categories for each one). The
comparison with the base-case scenario shows that the scenarios

-ll:g};:eEf‘QQ results for the base-case house, including two operational patterns (OP1 and OP2).
Human Heath Ecosystem Quality Resources

Life-cycle (DALY) (PDF*mZ.y) (MJ eq)
Processes Careci CC OLD Radation R.inorg R.org | Acid/Eut Ecot LUse F.Fuels Minerals
Materials 1.64E-03  8.65E-05  7.51E-05  193E-02  7.32E-03  1.25E-04 5.81E+02 4.82E+02 1.69E+03  3.78E+04  1.51E+03
Transport 1,15E-04  9.60E-07  9,75E-06  6,48E-03  123E-03  1,53E-05 1.23E+02 2.86E+02 1.29E+02 1,16E+04 8.21E+01
Maintenance 3 18E-04  560E-07  4.23E-06  2.05E-03  5.67E-04  1,65E-05 6.49E+01 5,54E+01  3.92E+02  8.20E+03  1,56E+02
OP1 Heating 1 92F-03  6.68E-05  2,07E-05  4.89E-02  139E-02 233E-05 2.07E+03 144E+03 5.53E+02 6.71E+04  2.22E+03
OP1 Cooling | 36E-04 3,63E-06 1,53E-06  3.62E-03  1,00E-03  1,67E-06 1,51E+02 1,07E+02 4.07E+01  4.97E+03  1,52E+02
OP2 Heating 3 83E-04  1.34E-05  4,14E-06  9.78E-03  2,77E-03  4.67E-06 4.15E+02 2.88E+02 1,11E+02 134E+04  4.44E+02
OP2 Cooling 2 72E-05  7.25E-07  3,06E-07  7.23E-04 2,00E-04 333E-07 3,02E+01 2,14E+01 814E+00 9.94E+02  3,04E+01
Total LC

OP1 4,12E-03  1,58E-04  1,11E-04  803E-02 240E-02 181E-04 299E+03 237E+03 2.80E+03 1,30E+05 4,12E+03
oP2 248E-03  1,02E-04  935E-05 3,83E-02 121E-02 1,61E-04 121E+03 1,13E+03 233E+03 7.20E+04 2,22E+03

Carcinogens (Carci); climate change (CC); ozone layer depletion (OLD); radiation; respiratory inorganics (R. inorg); respiratory organics (R. org.);
acidification-eutrophication (acid/eut); ecotoxicity (Ecot); land use (L. use); fossil fuels (F. fuels). The highest values for each impact category have their results

underlined (continuous line for OP1, dashed line for OP2).
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with wood in their composition (H5 and H6) have lower impacts for
nine categories (except land use and OLD). H2 has lower impacts
than base-case for five categories, and H4 for three categories (OLD,
respiratory organics and land use). Concerning the land use cate-
gory, wood wall house (H6) has the highest impacts because of land
use change due to logging. However, this high impact is debatable
if logging is based on a sustainable forest management strategy.
Eco-indicator'99 normalized results have been further grouped
in three damage categories: resources; ecosystem quality; and
human health. H6 is the scenario with lowest impacts in resources
and human health but with highest impacts in ecosystem qual-
ity (due to land use impact category results). Scenario H4 has the
lowest impacts in ecosystem quality. Assessing the EI'99 results,
category by category, the following variations between the scenar-
ios with the lowest and highest impacts have been determined:

e Fossil fuels: H6 has 31% less M] surplus than H1;
e Minerals: H6 has 14% less M]J surplus than H3;

e Acidification/eut.: H6 has 27% less PDF than H1, H3;
e Climate change: H6 has 59% less DALY than H1;
e Ozone layer: H2 has 58% less DALY than H6;

e Resp. organics: H6 has 9% less DALY than H1;

e Carcinogens: H6 has 9% less DALY than H4;

e Radiation: H6 has 21% less DALY than H4;

e Resp. inorganics: H6 has 23% less DALY than H3;
e Ecotoxicity: H6 has 12% less PDF than H3;

e Land use: H4 has 68% less PDF than H6;

e Resources: H6 has 30% less MJ surplus than H1;
e Ecosystem quality: H4 has 52% less PDF than H6;
e Human health: H6 has 28% less DALY than H1.

5.3. Comparing the three impact assessment methods

The three LCIA methods used in this study have very differ-
ent approaches. CED is a single-issue method accounting only for
primary energy requirements. The two others are environmental
LCIA methods: CML 2001 is problem-oriented and EI'99 is damage-
oriented. In general, the three methods indicate that the most
important LC phase and process depend on the operational pattern
assumed. As presented in Section 5.1, when heating and cooling
loads are reduced, the use phase impact is decreased and the pre-
use processes become relatively more important, mainly due to
material production.

However, a more detailed assessment, at the individual cate-
gory level, shows some important differences. Namely, CML results
present higher impacts for the use phase, while those of EI'99 are
higher for material production. For example, considering OP1, the
heating is responsible for more than 50% of the impacts for eight
CML categories, but only for six EI'99 categories. Concerning OP2,
material production is the most significant process for all EI'99 cate-
gories, but only for eight out of ten CML categories. The comparison
of CML and EI'99 normalized results (Figs. 3 and 4) shows that the
most significant category for EI'99 is fossil fuels, whereas for CML it
is marine ecotoxicity. The second most significant EI'99 category is
respiratory inorganics, while for CML it is abiotic depletion. It can
be concluded that normalized EI'99 and CML results, in general, will
lead to different results in terms of the most significant categories.

Concerning the exterior wall scenario analysis, the three
methods indicate the same scenario with the best (energy and
environmental) performance. The results show that the wood wall
scenario (H6) has the lowest impacts for almost all categories
(ozone layer depletion and land use are the exceptions). To deter-
mine in detail the extent to which the results of our study are
influenced by the LCIA method chosen, similar categories of the
three LCIA methods have been comprehensively assessed for the

LCIA CML 2001 scenario analysis results.

Table 7

Tecot (kg 1,4-
DBequiv.)

Mecot (g 1,4-
DBequiv.)

Fecot (kg 1,4-
DBequiv.)

Htox (kg 1,4-
DBequiv.)

OLD (g CFC-
11equiv.)

Acid Eut GWP

AD

House

(kg C2Hq)

(kg Sbequiv.) (kg SO, equiv.) (kg PO4 equiv.) (kg CO; equiv.)

scenario

1.82E+02
1.85E+02
1.90E +02

5.69E +06

4.17E+03
4.08E+03
4.43E+03
4.52E+03

1.52E+04

2.32E+01 4.38E+04 8.32E-02 9.23E+00
2.45E+01 1.03E+01
2.26E+01 1.07E+01

1.47E+02

2.67E+02

HO

6.08E +06

1.58E+04
1.59E+04

8.37E-02

5.01E+04
3.85E+04
4.32E+04
4.30E+04

1.61E+02
1.38E+02

2.98E+02
2.57E+02
2.91E+02
2.76E+02
2.45E+02
2.18E+02

H1

5.65E+06

3.93E-02

H2

1.92E+02

6.14E + 06
5.97E+06

1.65E + 04

1.26E+01
1.06E+01
8.71E+00
7.95E+00

248E+01 4.00E — 02
2.33E+01

2.15E+01
1.96E+01

1.94E +02
1.44E+02

H3

1.97E+02
1.78E+02
1.71E+02

4.58E +03
4.15E+03
4.06E +03

1.65E+04
1.49E+04

3.97E-02

H4

5.52E+06

8.29E - 02

3.25E+04

1.34E+02
1.20E+02

H5

5.13E+06

1.43E+04

9.34E — 02

2.10E+04

H6

Abiotic depletion (AD); acidification (Acid); eutrophication (Eut); ozone layer depletion (OLD); photochemical oxidation (PO); human toxicity (Htox); fresh water ecotoxicity (Fecot.); marine ecotoxicity (Mecot.); terrestrial

ecotoxicity (Tecot.). For each impact category, the lowest result is written in bold and the highest is underlined.
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Fig. 6. CML 2001 normalized results: scenario analysis.
Table 8
LCIA EI'99 scenario analysis results.
HouseHuman health (DALY) Ecosystem quality (PDF*m? y) Resources (M])
Carci CcC OLD Radiation R. inorg. R. org. Acid/eut. Ecot. L. use F. fuels Minerals

HO 2.07E-03 9.12E-03 8.80E - 05 1.56E — 04 2.78E-02 8.91E-05 8.23E+02 7.68E+02 2.21E+03 5.76E+04 1.75E+03
H1 2.04E-03 1.04E - 02 8.85E-05 1.66E — 04 3.01E-02 9.51E - 05 9.18E+£02 7.86E+02 2.05E+03 6.54E £ 04 1.81E+03
H2 2.05E-03 8.04E - 03 4.19E - 05 1.56E — 04 2.75E-02 8.96E — 05 7.75E+02 8.14E+02 2.22E+03 5.42E+04 1.90E+03
H3 2.12E-03 9.02E - 03 4.26E - 05 1.60E — 04 3.13E-02 9.26E-05 8.88E+02 8.31E+02 1.99E+03 6.47E+04 1.94E+03
H4 2.13E-03 8.98E - 03 4.24E - 05 1.73E-04 2.79E - 02 8.90E - 05 7.96E + 02 8.23E+02 1.90E+03 5.84E+04 1.93E+03
H5 1.99E-03 6.74E - 03 8.77E-05 1.50E — 04 2.62E - 02 8.83E—-05 7.53E+02 7.57E+02 4.01E+03 5.19E+04 1.74E+03
H6 1.94E-03 4.32E - 03 9.88E — 05 1.38E - 04 2.42E - 02 8.68E - 05 6.71E+02 7.33E+02 5.87E+03 4.51E+04 1.68E+03

Carcinogens (Carci); climate change (CC); ozone layer depletion (OLD); radiation; respiratory inorganics (R. inorg.); respiratory organics (R. org.); acidification-eutrophication

(Acid/Eut); ecotoxicity (Ecot.); land use (L. use); fossil fuels (F. fuels). For each impact category, the lowest result is written in bold and the highest is underlined.

scenario analysis performed. Fig. 8 compares the results of the exte-
rior wall house scenarios for each set of similar impact categories.
Each graph presents the impacts of the various scenarios relatively
(as a percentage) to the scenario with the highest impact (100%).
It can be seen in Fig. 8 that non-renewable CED, abiotic deple-
tion (CML), and resources (EI'99) show similar results. Furthermore,
the GWP and OLD CML categories have identical results to their
counterpart EI'99 categories (climate change and ozone layer).

Acidification and eutrophication are two distinct categories in CML
but just one in E'99 (see Table 1). In general, an analogous order-
ing of scenario impacts can be observed in CML and EI'99, but EI'99
results are more close to CML acidification results. Regarding eco-
toxicity, photochemical oxidation and human toxicity, H6 is the
scenario with lowest impacts in both CML and EI'99. However, the
scenario with the highest impact and the ranking of the remaining
scenarios differ for the two methods.
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Fig. 7. EI'99 normalized results: scenario analysis.
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Fig. 8. Relative comparison of CED, CML and EI'99 similar categories: scenario analysis results.

Comparing non-renewable CED with the two other LCIA meth-
ods (multi-category), it can be seen that, beyond being similar to
abiotic depletion and resources, non-renewable CED shows some
correlation with GWP and Climate Change as well as with acidifica-
tion/eutrophication. However, no correlation can be seen between
CED and the remaining CML and EI'99 impact categories. This can be
explained because GWP, acidification and eutrophication impacts
in this research are mainly associated with fossil energy use, which
is characterized by CED non-renewable results. Concerning the
comparison between the two LCIA multi-category methods (CML
and EI'99), GWP and OLD categories show the most robust compari-
son of results, being followed by abiotic depletion, acidification and
eutrophication. Nevertheless, CML and EI'99 methods can present
inconsistent results between similar categories (different ranking),
which ultimately can influence the choice between solutions.

6. Conclusions

A life-cycle model has been implemented for a Portuguese
single-family house focusing on the life-cycle (LC) phases and
processes affected by the building envelope solutions (material
production and transport, heating, cooling, maintenance) to deter-
mine the various associated energy and environmental impacts.
Seven exterior wall house scenarios with different materials in their
composition (hollow brick, facing brick, concrete blocks, wood)
have been comparatively assessed in order to support the selec-
tion of more sustainable exterior walls. Two operational patterns
have been considered to represent distinct occupancy patterns and
comfort levels of the house. To assess the building LC performance
and the seven scenarios, three life-cycle impact assessment (LCIA)
methods have been used: (i) cumulative energy demand (CED); (ii)
CML 2001; (iii) Eco-indicator’99 (EI'99). A comparison of the LCIA
methods has been performed to determine to what extent the LCA
results are influenced by the method applied.

The results calculated for the three LCIA methods show that the
most significant LC phase and process are highly associated with the
house operational patterns: for Portuguese houses with reduced

HVAC levels, material production becomes the most important pro-
cess. This finding contradicts most of the previous LCA studies for
conventional buildings, because these studies have been performed
for cold climates, assuming permanent occupancy and high comfort
levels. Moreover, for the Portuguese context it is critical to con-
sider the intermittent HVAC operational patterns, especially when
heating and cooling loads are compared with other LC processes.
Concerning the exterior wall scenario analysis, the three LCIA meth-
ods indicate that H6 (wood wall) is the preferable solution with the
lowest impacts for most categories, whereas the alternatives with
higher impacts are H1 (double wall with facing brick), H3 (thermal
concrete block wall) and H4 (autoclaved aerated concrete block
masonry).

Regarding the comparison of results from the three LCIA meth-
ods, an analogous ranking of exterior wall alternatives is observed
for non-renewable CED, abiotic depletion (CML2001)and resources
(EI'99). Non-renewable CED results also present some correlation
with CML 2001 and EI'99 for two sets of homologous categories:
GWP/climate change; acidification and eutrophication. However,
no correlation can be seen with the remaining LCIA impact cate-
gories. Concerning CML 2001 and EI'99 environmental impacts, the
results for most categories are robust and permit a straightforward
comparison. Nevertheless, these methods present inconsistent
results for human toxicity, eco-toxicity and photochemical oxi-
dation, namely a different ranking of the alternative walls, which
ultimately can influence the choice among solutions. In addition,
further divergences have been observed between CML 2001 and
EI'99, namely between the most significant normalized categories
(fossil fuels for EI'99, marine ecotoxicity for CML) and results (CML
presents slightly higher impacts for the use phase, while EI'99 for
material production).

To sum up, although the wood wall has been pointed out
as the preferable solution by the three methods, the results for
the remaining exterior wall scenarios are influenced by the LCIA
method applied, in particular for the toxicity categories. Our
research reinforces the idea that decision-making based on the LCA
of dwellings should include multiple environmental impacts, but
should not address toxicity categories.
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