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Abstract
Purpose Energy consumption of buildings is one of the major drivers of environmental impacts. Life cycle assessment
(LCA) may support the assessment of burdens and benefits associated to eco-innovations aiming at reducing these
environmental impacts. Energy efficiency policies however typically focus on the meso- or macro-scale, while inter-
ventions are typically taken at the micro-scale. This paper presents an approach that bridges this gap by using the results
of energy simulations and LCA studies at the building level to estimate the effect of micro-scale eco-innovations on the
macro-scale, i.e. the housing stock in Europe.
Methods LCA and dynamic energy simulations are integrated to accurately assess the life cycle environmental burdens
and benefits of eco-innovation measures at the building level. This allows quantitatively assessing the effectiveness of
these measures to lower the energy use and environmental impact of buildings. The analysis at this micro-scale focuses
on 24 representative residential buildings within the EU. For the upscaling to the EU housing stock, a hybrid approach is
used. The results of the micro-scale analysis are upscaled to the EU housing stock scale by adopting the eco-innovation
measures to (part of) the EU building stock (bottom–up approach) and extrapolating the relative impact reduction
obtained for the reference buildings to the baseline stock model. The reference buildings in the baseline stock model
have been developed by European Commission-Joint Research Centre based on a statistical analysis (top–down ap-
proach) of the European housing stock. The method is used to evaluate five scenarios covering various aspects: building
components (building envelope insulation), technical installations (renewable energy), user behaviour (night setback of
the setpoint temperature), and a combined scenario.
Results and discussion Results show that the proposed combination of bottom–up and top–down approaches allow accurately
assessing the impact of eco-innovation measures at the macro-scale. The results indicate that a combination of policy measures is
necessary to lower the environmental impacts of the building stock to a significative extent.
Conclusions Interventions addressing energy efficiency at building level may lead to the need of a trade-off between resource
efficiency and environmental impacts. LCA integrated with dynamic energy simulation may help unveiling the potential im-
provements and burdens associated to eco-innovations.
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1 Introduction

The building sector causes important environmental impacts
in terms of resource consumption, harmful emissions, and
generation of waste. It is estimated that the construction and
use of buildings in the European union (EU) account for about
half of extracted materials and energy consumption and about
a third of EU water consumption. The sector is also responsi-
ble for about one third of waste generated in Europe (EC
2014). The environmental pressures arise at different life cycle
stages of a building, including the extraction of raw materials,
the manufacturing of construction products, the building con-
struction, use, renovation, and the management of building
waste. Thanks to the Energy Performance of Buildings
Directive (Directive 2010/31/EU, Directive 2012/27/EU),
the operational energy use of buildings has been reduced to
an important extent. In consequence, the embodied impact of
buildings is becoming relatively more important (Seo et al.
2016; Vilches et al. 2017). This is widely recognized, and
hence, recent studies increasingly focus on reducing the oper-
ational energy and the embodied impacts in parallel
(Birgisdottir et al. 2017; Cabeza et al. 2013). In this context,
the communication on resource efficiency opportunities in the
building sector by the European Commission (EC 2014) high-
lights that the entire life cycle of a buildingmust be considered
in the selection of improvement options, to ensure that the
environmental impacts are tackled effectively and to avoid
burden shifting among life cycle stages. Life cycle assessment
(LCA) is recognized as a valuable methodology to assess the
environmental performance of eco-innovation options along
the entire life cycle and to avoid burden shifting in time
and among impact categories (Sala et al. 2013; Yu et al. 2016).

The application of LCA to the building stock is required to
allow for evaluating the effectiveness of policy measures and
unveiling possible trade-offs. This is considered particularly
challenging because the assessment should be able to take into
account the major sources of variability existing within the
building stock (e.g. materials used, differences in energy de-
mand due to climatic variations, differences in insulation level
of the existing stock) as well as consumer’s behaviour.

Baldassarri et al. (2017) and Lavagna et al. (2018) pro-
posed an approach to identify the environmental hotspots of
housing in Europe by defining representative buildings
(archetypes) to model the European building stock in a refer-
ence year and run a life cycle impact assessment of the model
(which represents a baseline scenario). Not surprisingly, the
results indicate that the use phase is the most impacting life
cycle stage for the majority of the impact categories (over 80%
of impacts in 11 impact categories out of 15), due to the con-
tribution of burning fossil fuels for heating and electricity
production (Fig. S1 and Fig. S2, Electronic Supplementary
Material—ESM). The production phase of construction mate-
rials follows in importance (from 3 to 53%, depending on the

impact category), mainly because of the production of steel,
concrete, bricks and ceramic tiles.

Coherently with these results, sustainability policies and
related actions in the building sector generally aim at improv-
ing energy and material efficiency of buildings. LCA can sup-
port the comparison of strategies to lower the energy and
material use of buildings by considering all aspects of the
interventions proposed, e.g. not limiting the evaluation to the
energy performance, but including also the impact of con-
struction materials used to insulate the building.

To allow for such a comprehensive and accurate assessment,
life cycle inventories (LCIs) should incorporate, to the maxi-
mum possible extent, the knowledge coming from specific
tools used in the building sector, such as building information
models (BIM) and dynamic energy simulations. This can be
more easily implemented when working at the level of the
single building, for which specific data are available, and be-
comesmore difficult when the scope of the assessment is larger,
as it happens for the impact assessment of policies at the re-
gional or country scale or even at the level of the entire Europe.
This is reflected in a trade-off between the data granularity of
the model, which is higher at the small scale and lower at the
large scale, and the relevance of the results obtained in support
to policy decisions, which is higher when the model is built at a
larger scale (Fig. 1). In addition, policies aim at fostering ben-
efits at the meso- or macro-scale (e.g. energy efficiency of the
building stock, reduction of environmental impacts), while in-
terventions are typically taken at the micro-scale.

Starting from Baldassarri et al. (2017), this paper discusses
an approach that bridges this gap by using the results of dy-
namic energy simulations and LCA at the building level to
calculate the effect of micro scale measures (i.e. at building
level) on the macro-scale, i.e. the housing stock in Europe.
The approach proposed is used to assess the effect of various
measures in terms of life cycle impact reduction at the macro-
scale. Measures cover different levels, namely acting at the
building component level (building envelope insulation), at
the technical installations level (i.e. integration of renewable
energy), and at the user behaviour level.

The objective of this paper is threefold. Firstly, it aims at
defining an appropriate method for integrating dynamic energy
simulations and LCA for assessing the environmental impact of
different types of eco-innovation measures at the macro-scale
(i.e. EU housing stock). Secondly, the purpose is to apply the
approach developed to evaluate the environmental burdens and
benefits associated to the implementation of eco-innovation sce-
narios, focusing on the reduction of operational energy use.
Thirdly, the paper aims at unveiling the added value, challenges
and limitations of the use of themethod for its intended purpose.

The remaining of the paper is structured as follows. The
subsequent sections of the introductory chapter provide an
overview of currently used methods for macro-scale analyses
of housing stocks and for linking micro-scale dynamic energy
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simulations with LCA. The state of the art on current methods
relevant for this research is followed by a chapter describing
the methodology used in this study, a chapter on the research
results and discussion, a chapter on the added value and chal-
lenges identified related to the method proposed and a final
chapter summarizing the conclusions.

1.1 Macro-scale analysis of housing stocks—state
of the art

The development of methodologies for macro-scale analyses
is crucial to evaluate the environmental impacts of building
stocks, the reduction potential, and eventually to support de-
cision in sustainable planning and policymaking at the macro-
scale. In 2015, Lotteau et al. published a review of studies at
the neighbourhood scale and, more recently, in 2017,
Mastrucci et al. made a thorough review of studies at larger
building scales (from the urban to the transnational scale).
Mastrucci et al. identified a common structure in the studies
reviewed. They all consist of three methodological models: a
building stock aggregation model, a building stock energy
model, and an LCA model.

Firstly, building stock aggregation models are used to de-
scribe the entire building stock under investigation. According
to the review of Mastrucci et al. (2017), two approaches are
typically followed: the archetypes and building-by-building.
The archetypes or typological approach consists of the defi-
nition of Breference buildings^ according to a number of
building features. In literature, the number of archetypes in-
creases with the scale of the study (from micro to macro) as
smaller regions—in general—present more uniform building
types. Once the building types have been defined, each one is
analysed and the global environmental impacts at the stock
level are evaluated through upscaling factors. This approach
has been largely used in the past to assess the energy perfor-
mance of buildings (Mata et al. 2013; Theodoridou et al. 2011;
Sartori et al. 2009; Caputo et al. 2013) for studies with nation-
al, regional or municipal scopes (Loga et al. 2016). This ap-
proach also reflects the content of the recommendation by the
European Commission BDelegated RegulationNo.244/ 2012^

(European Commission 2012a) and its accompanying
Guidelines (European Commission 2012b). According to the
regulation, European Member States are required to define
reference buildings that should represent their typical and av-
erage building stock, in order to obtain general results consis-
tent with the characteristics of the entire building stock. The
building-by-building approach consists of modeling either
each building of the stock, if the area is relatively small (e.g.
district and municipality scale), or a sample of the buildings in
case of larger areas (national level).

Two relevant aspects in the definition of the building stock
are time and space related considerations. In the definition of
the building stock, many studies include a spatial differentia-
tion. There are different levels of accuracy in the
spatialization, from the attribution of a specific archetype
building to each defined location area to a more sophisticated
use of geographical information systems (GIS) data and pro-
cessing. Time-related aspects take into account the dynamics
of the stock in terms of size, composition and renovation state.
Broadly, existing dwelling stock models can be classified into
two types: (i) static and (ii) dynamic. Static dwelling stock
models focus on the stock at a precise moment in time
(Nichols and Kockelman 2014; Saner et al. 2013). Dynamic
models include the evolution in time of the building stock.
The dynamic models are further divided into (a) input-driven
or activity-driven and (b) stock-driven (Vásquez et al. 2016).
The activity-driven models (Heeren et al. 2013; Onat et al.
2014; McKenna et al. 2013; Bettgenhäuser 2013; Boermans
et al. 2012; Sartori et al. 2009) generally use construction and
demolition rates, mostly based on historic trends, as drivers.
The stock-driven models (Sandberg et al. 2011; Sandberg and
Brattebø 2012; Pauliuk et al. 2013) use the service demand/
provision concept which relies on time-changing factors such
as population and preference in size and type of building.

Secondly, energy models are needed in building stock assess-
ments to determine the energy use of the building stock. There
are two fundamental classes of modelling methods used to pre-
dict and analyse the overall building stock energy use perfor-
mance: top–down and bottom–up approaches (Kavgic et al.
2010). The top–down modelling approach typically aims at

1 building 2 neighbourhood 3 city 4 region/country 5 EU wide

macro scalemeso scalemicro scale

Data granularity

Policy relevance

Fig. 1 Trade-off between data
granularity and policy relevance
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fitting a historical time series of national energy consumption. It
describes the energy consumption at an aggregated level using
macro-economic or other statistics, and it is able to show the
relationship between different economic variables and energy
demand (e.g. unit consumption for space and water heating per
dwelling, coal consumption of residential buildings for space
heating). This method is not able to model new technologies
which have no historical consumption data. Bottom–upmethods
encompass both engineering-based and statistical bottom–up
approaches (Mastrucci et al. 2017). The engineering-based
methods consist of simulations run on building models with the
aim of estimating the heating and cooling demand. The calcula-
tion is based on the energy balance of the built environment and
thermo-physical properties of the envelope elements. Two main
approaches are possible: the simpler one hypothesizes steady-
state conditions, resulting easier to use but less precise, and the
more complex one, on the contrary, simulates the building be-
haviour in transient regime, with simulation time steps depending
on the grade of accuracy desired (see Sect. 1.2). This is the most
efficient way of evaluating new technologies. Statistical bottom–
up approaches are based on direct measurement of the energy
consumption, and then statistical methods (e.g. linear regression
model) are applied for scaling up to the entire stock.

Finally, the above described models (building
stock aggregation, building stock energy model) need to be
integrated in an LCAmodel of the building stock at large scale.
Mastrucci et al. (2017) offer an overview of the state of the art
of LCA of building stocks. As well as for the present study, the
goal of the reviewed studies was to support policy making.
Among the reviewed studies, one is about residential buildings
in the European Union (EC-JRC 2008, Nemry et al 2010). In
particular, it has the same final objective as the present study
that is to compare the EU current situation with eco-innovative
scenarios to show the potential for improving the environmen-
tal performance. There are important differences between the
study of Nemry et al. (2010) and the present study. The major
differences are summarized here, while a detailed description
of the method of the present study is discussed in the chapter
Method. In both studies, an engineering approach has been
used for the energy analysis but in the study of Nemry et al.
(2010), simulations have been run in steady-state conditions,
whereas in the present study, dynamic simulations have been
included. End use consumption other than heating demand has
not been included by Nemry et al. (2010) while the present
study includes the full operational energy use. The present
study includes the construction phase, whereas Nemry et al.
(2010) decided to omit it, as they argue that it was not relevant
for the identification of improvement options. Nevertheless,
they included the transportation of the construction materials
as we did in the present study. Nemry et al. (2010) assumed a
reference floor area as functional unit, whereas in the present
study, the per-person functional unit has been adopted. Finally,
for the environmental impact assessment, Nemry et al. (2010)

used CML 2001 to evaluate ODP, AP, EP and POCP in addi-
tion to CC, whereas in the present study, the calculation of the
potential impacts on the environment follows ILCD
(International Reference Life Cycle Data System) recommen-
dations for life cycle impact assessment (LCIA) at midpoint
(EC-JRC 2011), assessing impacts in 15 impact categories.

1.2 Linking energy simulations and LCA at micro-scale
(building level)—state of the art

To make accurate calculations, taking into account the dynamic
nature of the use phase of buildings’, advanced simulation soft-
ware tools areneeded. Several dynamic energy simulation tools
exist such as Energyplus and TRNSYS. Research related to
sustainable refurbishment of buildings often focuses on improv-
ing the energy performance of buildings and transforming
existing buildings into nearly zero energy buildings (Asadi
et al. 2012; Brown et al. 2013; Ma et al. 2012; Silva et al.
2013). These studies have a limited scope regarding sustainabil-
ity as operational energy is the only focus. When the goal of the
study is to define the most appropriate refurbishment strategies
to reduce the life cycle impact of a building by diminishing its
operational energy use, those dynamic energy simulations can
be combined with LCA and used in a scenario-based compara-
tive analysis. Several studies use such an approach (Famuyibo
et al. 2013; Pombo et al. 2016; Thiers and Peuportier 2012).
Another example of such studies is the work of Biswas et al.
(2016) assessing four insulationmaterials applied in commercial
buildings to evaluate direct and indirect environmental impacts.
To ensure cost-efficiency, some researchers consider financial
costs (investment and/or life cycle costs) whether or not com-
bined with an LCA (Allacker and De Troyer 2012; Ostermeyer
et al. 2013; Vrijders et al. 2012). Energy simulations have been
applied to existing and new buildings according to ASHRAE
90.1 (2016). Bortolin et al. (2015), for example, made an LCA
and energy simulation study of an Italian historical building
damaged by an earthquake. Various insulation materials were
assessed from a life cycle environmental perspective, using the
results of the energy simulations for the estimation of the
operational energy use before and after reconstruction. Stazi
et al. (2017) used a different approach as they compared numer-
ical simulations for the assessment of the comfort level, envi-
ronmental impacts and costs with monitoring data of real resi-
dential buildings in the Mediterranean climate. The LCA results
underline that notwithstanding the additional thermal insulation
reduces winter season energy consumption, a large thickness of
the insulation material determines significant environmental im-
pacts, leading to the need of identifying a trade-off between
energy savings and environmental aspects. Another example
of scenario-based analysis, combining building energy simula-
tion and LCA, is related to the use of a BIM-enhanced LCA
method to determine the effect of material specifications on the
life cycle environmental impact of a primary school (Ajayi et al.
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2015). Several scenarios were analysed by varying the material
specifications in terms of whole building materials. Roux et al.
(2016) performed a more advanced step regarding the integra-
tion of energy simulations in LCA as they considered both the
climate change and the evolution of the energy mix, using sim-
ulation methods that take into account meteorological data. The
main finding of the paper showed that, even if the studied build-
ing had a high energy performance (Passivhaus standard—
http://passivehouse.com), operational energy use was still an
important contributor to the life cycle environmental impact,
i.e. more than 50% for the consequential LCA approach and
around 40% for the scenarios calculated with an attributional
LCA approach. Peuportier et al. (2013) overcome the usual
attention of LCA for the building energy efficiency by integrat-
ing the influence of the inhabitants’ behaviour. Dynamic energy
simulations become essential in order to consider the variability
in occupancy scenarios, given the influence of occupant behav-
iour in the energy performance of buildings revealed very
strong. An overall economic and environmental analysis of en-
ergy renovation packages for European office buildings has
been conducted by Gustafsson et al. (2017). Five-floor office
buildings have been modelled in the TRNSYS environment
including the modelling of the thermal plant, ventilation, infil-
trations and internal gains, such as occupants’ behaviour and the
use of computers, monitors and other electronic equipment.
Scenarios of functional renovations were applied to the
building offices, to compare several solutions in terms of
energy plants and envelope insulation. Various studies
moreover used energy simulations in the context of design
optimisation. Inyim and Zhu (2013) for example extend the
environmental and energy assessment with a design phase based
on multiple objectives, considering energy aspects and real-
world uncertainties. A computer algorithm aids in the process
of finding optimal or near optimal solutions of combined build-
ing designs. Azari et al. (2016) use a multi-objective optimiza-
tion algorithm for finding the optimum building envelope de-
sign, considering the energy use and life cycle environmental
impact of a low-rise office building in Seattle, Washington. The
scenarios focused on several design points: insulation material,
window type, window frame material, wall thermal resistance
and south and north window-to-wall ratios. Beyond the energy
simulation in combination with LCA, a hybrid artificial neural
network and a genetic algorithm approach were used as the
optimization technique. Cellura et al. (2017) concentrated on
the integration and validation of building simulation and LCA
through the programming of a TRNSYS component. Their
work was tailored for calculating the total energy requirement
and global warming potential, but it was characterized by a
strong flexibility and it could perform complex integrated anal-
yses. In this latter work, a large number of papers regarding the
integrated tools are listed (Pedersen et al. 2008; Petersen 1999;
Wong and Zhou 2015; Jrade and Jalaei 2012; Rodrigues and
Freire 2014; Lolli et al. 2017).

2 Methods

Several methodological steps were taken to reach the goal of
the present study. Before elaborating the building stock mod-
el, the energy model, and the LCA model, the selected eco-
innovation measures are described in order to allow a clear
focus of the paper.

2.1 Selection of the scenarios

As highlighted in the introduction, the environmental impacst
of the housing stock are caused by several main drivers. This
paper focuses on reducing the operational energy use in build-
ings, which is identified as an important driver of environmen-
tal hotspot of the European housing stock (Baldassarri et al.
2017). The measures to be tested have been selected based on
the analysis of several policy priorities (i.e. improving energy
efficiency, extending the production of energy from renewable
resources, moving towards bio-economy) combined with the
findings of energy simulations of a broader set of interventions
(i.e. analysing the efficiency of potential measures—see
Table S1, Electronic Supplementary Material—ESM). The
scenarios have been selected based on their relevance, effi-
ciency and type of intervention. They are illustrative and not
exhaustive in terms of required interventions for reducing the
environmental impact of the housing stock in Europe.

The scenarios cover three types of interventions: (1) in-
creasing the insulation level of the building envelope (i.e.
outer walls), (2) improving technical systems (i.e.
integrating solar thermal system), and (3) acting on behaviour-
al changes of the building users (consumers) (i.e. night set-
back setpoint temperature). The selected interventions range
from building component level, to introducing renewable en-
ergy up to changing occupants’ behaviour.

2.2 Modelling approach

Building stock model The static model of Baldassarri et al.
(2017), which is the starting point of the present study, uses
the archetype approach. More specifically, 24 reference
buildings (for Europe) have been defined combining three cli-
matic zones (cold, moderate, and warm, illustrated in
Table S2—ESM)—to cover space-related aspects—two build-
ing types (representing single family and multi-family housing)
and four construction periods (before 1945, 1945–1969, 1970–
1989, and 1990–2010)—to cover time related constraints. They
are representative of the residential EU built environment. The
reference year of the model is 2010.

The main data sources for the definition of the archetypes
were the projects: i) Typology Approach for Building Stock
Energy Assessment (TABULA) (2009–2012), ii) Energy
Performance Indicator Tracking Schemesfor the Continuous
Optimisation of Refurbishment Processesin European
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Housing Stocks (EPISCOPE) (2013–2016), iii) Policies to
ENforce the TRAnsition to Nearly Zero Energy buildings in
the EU-27 (ENTRANZE 2014), and iv) Monitoring of EU and
national energy efficiency targets (ODYSSEE 2016) funded by
the European programme Intelligent Energy Europe (IEE). The
results of the projects were collected together with relevant
information of the European building stock in the Buildings
Performance Institute Europe (BPIE)’s Data Hub (2017). The
same sources were used to model the inventory of the 24 ref-
erence buildings (e.g. construction materials and operational
energy use). A detailed description of the building archetypes
for each climatic context can be found in Baldassarri et al.
(2017) and in Lavagna et al. (2018). The subsequent paragraphs
summarize the main modelling characteristics.

The technical solutions of the envelope (walls, windows,
roofs, etc.) of the representative buildings have been modelled
(size and choice of materials), taking into account the typical
thermal transmittance (U value) of the specific construction pe-
riod and combining data from TABULA (Ballarini et al. 2014),
the BPIE (2017), and expert judgements on the characteristics of
the regional construction materials. The data sources used to
define the characteristics of the envelope are different for the
three climate zones considered. For the moderate and warm
areas, the main source was the TABULA project which defined
representative buildings for each of the countries involved in the
project, further grouped to define a representative building for
each of the two climate areas. For the cold area, the main source
used was a study by Meijer and Itard (2008), complemented by
interviews to local architects as explained in Lavagna et al.
(2016). Based on these studies, a massive building envelope
system is assumed to be representative for all EU dwellings in
the warm and moderate climates. For cold climates, a massive
building envelope system is assumed for the multi-family hous-
es (MFH), whereas a lightweight construction system is as-
sumed for the single family houses (SFH). Stone wool is chosen
as insulation as it (together with glass wool) accounts for 60% of
the market of insulating materials in Europe; organic foamy
materials, expanded and extruded polystyrene and polyurethane,
account for only 27% of the market (Papadopoulos 2005).

The upscaling of the life cycle inventories of the represen-
tative dwellings to represent the European building stock is
done based on the number of buildings (in Europe) per type
(Table S3—ESM). For the statistical analysis, the reference
year 2010 was used (i.e. number of dwellings, population,
energy consumption). For this upscaling, various data sources
had to be combined because no reports covered all information
needed. For instance, the total number of permanently occu-
pied dwellings was retrieved from ODYSSEE, because this
source provides the information per country. The data were
validated by comparing the total number of dwellings in the
EU (calculated as the sum of the dwellings per member state)
with the same information provided by another source, namely
the BPIE. It was found that there was a good correspondence

(difference lower than 0.01%) between the two sources on the
number of dwellings and the total dwelling area (as reported in
Lavagna et al. 2016). The analysis of the available statistical
data moreover revealed that the way of aggregating differs
from country to country. This can partly be explained by the
differences in national building classification rules. Moreover,
data for the reference year 2010 was not always available for
all Member States of the EU. Data related to whole Europe and
the year 2008 have been used where there were no data avail-
able for EU in 2010. As the average values of statistical data
(e.g. square meters of a dwelling) fluctuate very little from year
to year and among countries, this was seen as an acceptable
approach to fill the data gaps. The main source of data for the
year of construction of the buildings was ENTRANZE. Those
data were validated by comparing these with the study
BHousing statistics in the European Union 2010^ (Dol and
Haffner 2010), data used in the IMPRO-building study (EC-
JRC 2008) and ODYSSEE. Also in this case, discrepancies
were identified among the sources at the level of single coun-
tries, but there was a good correspondence for data at the
European scale (details can be found in Lavagna et al. 2016).

Notwithstanding the limitations due to the choice of using a
limited number of archetypes, and the need to use various (and
sometimes not fully converging) data sources for the modelling
of the building stock, it is important to highlight that the use of
data from European projects and databases, validated through
comparisons and cross-checks, ensures an overall representative-
ness of the EU building stock. In fact, the cross-comparison of
data from various sources highlighted that the variability among
sources was at the country level rather than at the EU level.

Energy model For the energy model of the baseline scenario in
the study of Baldassarri et al. (2017), a top–down approach was
used. The energy consumption of each archetype was defined
based on countries statistical data combined with individual
countries energy carrier mixes. The countries were grouped
per climatic zone defined in the baseline model (i.e. warm,
moderate, cold), and an average value was allocated to the
archetypes. In particular, the average heating consumption for
each model was calculated by multiplying the average heating
consumption per square meter (calculated starting from average
values per each country included in the climate zone consid-
ered) by the average floor area for each model. For the other
types of energy consumption, i.e. water heating, space cooling,
lighting, cooking and appliances, a European average value per
person for each energy consumption type was considered and
then multiplied by the number of people per dwelling.

The novelty of the present study lies in upscaling LCA re-
sults of interventions at micro-scale level (building) to investi-
gate their life cycle impact on the EU building stock level. The
method consists of upscaling bottom–up life cycle assessments
of materials (see subsequent paragraphs on LCA model) with a
hybrid energy model for estimating the impact reduction due to
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the decrease in operational energy use. To estimate the latter,
dynamic energy simulations have been run for each archetype
model in the baseline scenario and after applying the eco-
innovation measures (micro-scale). Based on these simulations,
the percentage reduction in energy consumption was deter-
mined per square meter of floor area. This percentage reduction
has then been applied to the baseline energy consumption of
each archetype defined with the top–down approach as de-
scribed before. This results in absolute energy savings at the
macro-scale level by using the upscaling method mentioned for
the building stock model. This hybrid method is used to in-
crease robustness of the methodology and reliability of the re-
sults taking advantages from the strong points of the two
modelling approaches. The hybrid approach used for the esti-
mation of the decrease in environmental impact due to opera-
tional energy reduction is schematically presented in Fig. 2.

The dynamic energy simulations are implemented with the
software TRNSYS. In a first step, the baseline scenario is
modelled in TRNSYS in order to calculate the energy use for
the baseline scenario. This is necessary in order to accurately
estimate the energy reduction due to the eco-innovation measure
in the next step. The baseline scenario is modelled according to
the year of construction and the typical structure related to the
specific period. However, due to limitation in data availability,
the underpinning parameters for building built before 1970were
the same. Moreover, the thermo-physical properties of the
opaque and transparent envelope are defined for the different
climate zones. For the sake of brevity, the authors do not report
the properties of each layer and glass but refer to Lavagna et al.
(2016) who collect the results of the projects TABULA (2009–
2012), EPISCOPE (2013–2016) and ENTRANZE for a detailed
description of the buildingmodels. Lavagna et al. (2018) defined
the typical archetypes for single and multi-family buildings, ac-
cording to the construction period and the climate zones.

Secondly, the energy use for each single eco-innovation
scenario is simulated. Based on the difference between the
results, the energy savings are calculated, expressed as per-
centage. This percentage reduction is then used to calculate
the remaining operational energy use when the eco-innovation
measure is taken, departing from national statistical data for
the various dwelling types.

Three climate datasets are selected, representing the three
climatic zones included in the LCA model of the housing
stock. More specifically, the following climate data are used:
Athens to represent the warm climate, Strasbourg to represent
the moderate climate and Helsinki to represent the cold cli-
mate. This is in line with other energy-related studies on eco-
innovation, such as the Ecodesign Preparatory Study on
Windows (ENER Lot 32) (www.ecodesign-windows.eu).

LCA model Baldassarri et al. (2017) describe in detail all the
assumptions to build the LCA model. A brief summary of the
main steps follows. Once the archetypes were defined, the

corresponding process-based LCI models were developed for
each stage of the life cycle of the buildings. The system bound-
aries were defined according to the European Standards EN
15978:2011 and EN 15804:2012, from the production stage to
the end-of-life stage. The inventories were organized according
to the modular structure of the EN 15978: production stage,
construction stage (transport, energy and waste), use stage (ener-
gy, water), use stage (maintenance/replacement) and end-of-life
stage. Ecoinvent 3.2 was used as the main source of secondary
data. The datasets from the Ecoinvent system model Ballocation,
default^ were used. No cut-off was considered. The total service
life of the buildings was assumed to be 100 years (considering
that a relevant share of the building stock had been constructed
before 1945, i.e. more than 70 years ago). A per-person (average
EU citizen) per-year functional unit has been defined.

Each of the 24 reference buildings was modelled in a similar
way, differentiating materials and energy consumption on the
basis of typological features. An LCA was performed for each
archetype dwelling, for the baseline scenario and for four eco-
innovation scenarios, entailing: three distinct measures and
a combined eco-innovation one. The LCA model of the eco-
innovation scenarios was structured in a way that the impacts
related to the eco-innovation measure could be distinguished
easily (Table 1) from the impacts of the materials included in
the baseline scenario and this for each life cycle stage. The im-
plementation of the eco-innovation measures typically leads to a
reduction in the operational energy use (i.e. savings due to the
eco-innovation), and hence, the use phase of the eco-innovation
scenarios differs from the one of the baseline scenario (Table 1).

The materials related to the intervention were modelled at the
micro-scale level (i.e. for each single building separately). The
material amounts were then upscaled by multiplying the amounts
per dwelling by the number of dwellings in the three climatic
zones. The calculation of the reduction in operational energy has
been explained in the previous section, focusing on the energy
model. To express the impacts per functional unit, the obtained
results are divided by the number of persons in each climatic zone.

2.3 Scenario modelling

Four scenarios have been modelled, namely related to (I) im-
proved insulation, (II) production of hot water with solar ther-
mal panels, (III) night setback of setpoint temperature in the
"heating, ventilation and air conditioning" (HVAC) systems,
and (IV) a combination of the scenarios I, II and III.

2.3.1 Scenario I: insulation of outer walls

The first scenario focuses on improving the building skin thermal
resistance by adding insulation in the outer walls. Table 2 sum-
marizes the modelling assumptions for this scenario and the re-
lated operational energy use for heating calculated via dynamic
energy simulations combinedwith statistical data, as explained in
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Table 1 Modelling structure of the scenarios to improve the EU housing stock

Life cycle stage Baseline scenario Eco-innovation scenario

Production of materials (baseline scenario) x x

Production of additional materials needed for the eco-innovation measure x

Construction stage (baseline scenario) x x

Construction stage: additional processes/products required for the eco-innovation measure x

Use phase: energy and water consumption (baseline scenario) x

Use phase: energy and water consumption when eco-innovation measure is taken x

Use phase–maintenance of the building and its components (baseline scenario) x x

Use phase–maintenance of the additional components x

End of life (baseline scenario) x x

End of life of additional materials x
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the previous section. The upper part in Table 2 is directly re-
trieved from the baselinemodel and is hence based on a statistical
analysis (top–down approach). The average heating consump-
tion for space heating (kWh/m2), for each dwelling type in each
climatic zone, has been derived combining data from the BPIE
Data Hub (BPIE 2017) and from two Intelligent Energy Europe
projects (ODYSSEE and ENTRANZE). The second block in the
table summarizes the modelling input for the scenario and is
based on the assumption that the U values of the existing walls
are improved to such an extent that theU values are halved. This
insulation level obtained after the intervention is by no means
meant as reflecting the optimal insulation level in renovation
cases (determining the optimal insulation level was not part of
the research goal). The scenario of reducing the thermal trans-
mittance to half of its value is rather a pragmatic choice as it
overcomes the problem linked to the absence of common levels
of insulation requirements throughout the EU Member States
and should be seen as representing the potential benefit of in-
creasing the façade insulation.

The U values are then used to calculate the insulation thick-
ness (assuming a lambda value of 0.036 W/(mK), i.e. retrieved
from Rockwool) and amount of insulation materials (assuming a
density of 50 kg/m3, i.e. same value as in the baseline scenario).
As explained before, the benefits (in terms of reduced energy
use) of the additional insulation are calculated via dynamic ener-
gy simulations (bottom–up approach). The results of these
micro-scale simulations are summarized in Table 3. The percent-
age savings are used to calculate the heating energy consumption
of this scenario, departing from the baseline scenario (i.e. third
line of the scenario Bincreased wall insulation^ in Table 2). For
example, energy for space heating for a single family house in a
warm climate built before 1945 equals 108 kWh/m2 per year
(determined based on statistical analysis). According to the dy-
namic energy simulations, a reduction of 21% is achieved when
increasing the wall insulation. This means the energy consump-
tion for heating of the house equals 108–21%×108 or 86 kWh/
m2. The heating consumption for space heating after the insula-
tion is reported in the third line of the second block of Table 2.
Tables similar to the single family house can be found in the
supplementary information for the multi-family houses
(Tables S4 and S5—ESM). The U value halving is more effec-
tive in warm zones (in relative terms), where the starting level of
wall insulation is quite poor, in respect to the moderate and cold
zones, which are already well insulated in the baseline scenario.
As a consequence, the wall insulation improvement in the hotter
zones plays a more significant role respect to the other sources of
heat dispersion, leading to higher percentage savings.

For the production stage, the additional insulation material
as presented in Table 2 was modeled in the life cycle stage
BProduction of additional materials needed for the eco-
innovation measure^.

The construction stage is modelled similarly as in the base-
line scenario, i.e. assuming 4% of the materials become Ta
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Bconstruction waste^ (as suggested in literature, e.g. Scheuer
et al. 2003; Beccali et al. 2013; Asdrubali et al. 2013) and
assuming the same transport scenario, i.e. transport over a dis-
tance of 50 km with a lorry of 3.5–7.5 t. No additional energy
use is assumed for the installation of the additional components.

For the use phase–maintenance, it is assumed that the ad-
ditional insulation is replaced twice during the life span of the
building, i.e. after 30 and 60 years. No further maintenance
activities are considered.

For the use phase–energy and water, the above-mentioned
yearly energy use for heating (Table 5) has been distributed
over the various energy sources assuming the same percentage
distribution as in the baseline scenario (i.e. based on statistical
data for the three climatic zones). For each of the energy
sources, the same LCI datasets have been assumed as in the
Basket of Products (BoP) housing baseline scenario. The wa-
ter use in this scenario is identical as for the baseline scenario.

The end-of-life stage includes the dismantling process,
transport to sorting plants, final disposal of waste materials
and benefits from materials recycling and energy recovery
(incineration). The same scenarios are assumed as for the in-
sulation products in the baseline scenario.

2.3.2 Scenario II: thermal solar system for production
of domestic hot water

The second scenario focuses on the installation of a thermal
solar system for the production of domestic hot water,
resulting in a reduced need of additional water heating. For
this scenario, a collector surface of 1.2 m2/person is assumed

for both the single family and multi-family houses. For the
single-family houses, a storage tank of 250 l is assumed in the
warm climate and 200 l in the moderate and cold climate. For
the multi-family houses, it is assumed that one large storage
tank (2500 l in the warm climate, 1400 l in the moderate and
1000 l in the cold climate) is installed for the whole building.
The aforementioned tank volume derives from an optimiza-
tion process in TRNSYS, as the ideal tank size depends on the
geographical location, the domestic hot water (DHW) require-
ments and the surface of the collectors. The main objective of
the optimization process is to find the highest energy saving in
the DHW production, using the solar panels. The energy de-
mand of hot water for each class of buildings and climate has
been calculated. For each climate zone, DHW demand and
collector surface, a TRNSYS model has been implemented
including the solar tank with an auxiliary heating system.
The results obtained through the simulation give the fraction
of energy coming from the solar panel and the fraction of
energy deriving from the auxiliary heating system. The energy
saving is represented by the fraction of energy obtained from
the solar panel, which is a parabolic concave-downward func-
tion of the volume tank. These assumptions lead to the sizing
parameters as summarized in Tables 4 and 5. It is furthermore
assumed that the inhabitants consume 60 l of hot water per day
per person with the following characteristics:

& Tin (warm climate) = 15 °C
& Tin (moderate climate) = 10 °C
& Tin (cold climate) = 5 °C
& Tuser = 45 °C

Table 4 Size of solar collector
(m2)/dwelling Solar collector (m2)/dwelling

Single family house Multi-family house

< 1945 1945–
1969

1970–
1989

1990–
2008

< 1945 1945–
1969

1970–
1989

1990–
2008

Warm zone 4.12 4.12 4.12 4.12 2.44 2.44 2.44 2.44
Moderate

zone
3.25 3.25 3.25 3.25 2.46 2.46 2.46 2.46

Cold zone 3.39 3.39 3.39 3.39 2.01 2.01 2.01 2.01

Table 5 Size of water storage
tank (litres)/dwelling Water storage tank (litres)/dwelling

Single family house Multi-family house (16 apartment units)

< 1945 1945–
1969

1970–
1989

1990–
2008

< 1945 1945–
1969

1970–
1989

1990–
2008

Warm zone 250 = 2500/16

Moderate
zone

200 = 1400/16

Cold zone 200 = 1000/16
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For the production stage, the additional materials and compo-
nents necessary for the solar boiler system, i.e. collectors, pump,
control system and storage tank, are modelled in the life cycle
stage BProduction of additional materials needed for the eco-
innovation measure^. The appropriate Ecoinvent datasets are
used as a base and are modified according to the sizing of the
components as mentioned before. For the single family houses,
the Ecoinvent dataset BSolar system, flat plate collector, one-
family house, hot water/CH/I U^ is used as a base, while for
the multi-family houses, the dataset BSolar system, flat plate col-
lector, multiple dwelling, hot water/CH/I U^ is used. The trans-
port of the system to the construction site is removed from these
datasets and modelled separately in the construction stage. The
same is valid for the end-of-life processes, which are removed
from the original dataset and added to the end-of-life stage.

The construction stage is modelled similarly as in the base-
line scenario, i.e. assuming that 4% of the materials become
construction waste and no additional energy use is assumed
for the installation of the thermal solar system. For the trans-
port to the construction site, a distance of 50 km is assumed
with a van of less than 3.5 t (Ecoinvent dataset: Transport, van
< 3.5 t/RER U). In line with the assumptions of the Ecoinvent
dataset of the solar collector, a weight of 440 kg is assumed.

The reduced heating demand for the production of hot water
is considered in the use phase–energy and water. The produc-
tion by the solar boiler system is calculated with dynamic en-
ergy simulations (see results in Table 6). These outcomes are
then deducted from the energy use in the baseline scenario to
calculate the remaining annual energy demand for the produc-
tion of domestic hot water by the conventional system

(Table 7). Similarly, as for the scenario on increased wall insu-
lation, the distribution of this energy use over the various ener-
gy sources is in line with the baseline scenario.

For the use phase–maintenance, it is assumed that 50% of
the boiler system is replaced every 25 years (in line with the
other technical systems in the baseline scenario). Within a
building service life of 100 years, it means that the solar system
is replaced once. This should be interpreted as an average re-
placement rate of boilers in the whole building stock and does
not necessarily mean that for each building the boiler system is
only replaced after 50 years. The LCI model takes into account
the production, transport to construction phase and transport to
EoL and EoL processes of the replaced thermal boiler system.
No other maintenance activities are considered.

The end-of-life stage includes the dismantling process,
transport to sorting plants, final disposal of waste materials,
and benefits from materials recycling and energy recovery
(incineration). The detailed assumptions on the end-of-life of
the thermal solar system are summarized in supplementary
information (Table S6—ESM).

2.3.3 Scenario III: night setback of setpoint temperature
in HVAC systems

The third scenario focuses on reducing the room temperature at
night, referred to as night setback of setpoint temperature for
heating. This scenario is included as an example of potential
behavioural change of the users. In this scenario, it is investi-
gated if people lower the indoor setpoint temperature of their

Table 6 Annual energy
production by solar collector
system (kWh/dwelling/year),
based on dynamic energy
simulations

Annual energy production solar collector ((kWh)/dwelling)

Single family house Multi-family house

< 1945 1945–
1969

1970–
1989

1990–
2008

< 1945 1945–
1969

1970–
1989

1990–
2008

Warm zone 1554 1554 1554 1554 560 860 860 860

Moderate
zone

439 439 439 439 397 397 397 397

Cold zone 453 453 453 453 314 314 314 314

Table 7 Remaining annual
energy demand for domestic hot
water to be covered by the
conventional system (kWh/
dwelling/year)

Annual remaining energy demand to be covered by the conventional system ((kWh)/dwelling)

Single family house Multi-family house

< 1945 1945–
1969

1970–
1989

1990–
2008

< 1945 1945–
1969

1970–
1989

1990–
2008

Warm zone 516 516 516 516 365 365 365 365

Moderate
zone

2403 2403 2403 2403 1747 1747 1747 1747

Cold zone 2850 2850 2850 2850 1642 1642 1642 1642
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heating system, what effect this would have on the life cycle
impact of the building. The lower temperature is modelled as a
night setback in this study. Themodelling in this scenario hence
considers a different control system for the heating system in
order to differentiate the indoor air temperature between day
zone and night zone of the house. The additional technical
components consist of room thermostats, manifold, circulation
pump, heat distribution pipes and an electricity cable to connect
the room thermostats with the boiler. The new control system
leads to a reduction in operational heating energy as the daily
average indoor air temperature is lowered. To estimate the re-
duction, the same approach is used as for the scenario on in-
creased wall insulation. Firstly, the energy savings for heating
are calculated via dynamic energy simulations (Tables 8 and 9)
by simulating both the baseline scenario and the scenario night
setback setpoint temperature. The percentage reduction obtain-
ed is then multiplied with the heating energy of the baseline
scenario based on statistical national data. The results from the
dynamic energy simulations are summarized in Table 8 for the
single family houses and in Table S7 (ESM) for the multi-
family houses. The multiplication of the percentage reduction
with the baseline scenario using the national statistical data is
summarized in Table 9 and Table S8 (ESM).

For the production stage, the additional technical compo-
nents as mentioned previously were modeled in the life cycle
stage Production of additional materials needed for the eco-
innovation measure. It is assumed that in each bedroom, a
room thermostat is placed, which results in three room ther-
mostats per dwelling for the SFH and two room thermostats
per dwelling for the MFH. The Ecoinvent LCI datasets listed

in Table S9 (ESM) have been used for the modelling of these
components. Table S10 summarizes the amounts of each of
these components per dwelling.

The construction stage is modelled similarly as in the
baseline scenario, i.e. assuming that 4% of the materials
become construction waste and assuming the same trans-
port scenario as for the other technical systems. No addi-
tional energy use is assumed for the installation of the
additional components.

For the use phase–maintenance, it is assumed that 50% of
the additional technical components are replaced every
25 years (in line with the other technical systems in the base-
line scenario). Within a building life span of 100 years, it
means that the components are replaced once. The LCI model
takes into account the production, transport to construction
phase and transport to EoL and EoL processes of the replaced
components. No other maintenance activities are considered.

The end-of-life stage includes the dismantling process,
transport to sorting plants, final disposal of waste materials
and benefits from materials recycling and energy recovery
(incineration). The end-of-life scenarios for each of the com-
ponents are summarized in Table S11 (ESM).

2.3.4 Scenario IV: combined scenario

The combined scenario aims at assessing the potential effect
of the combination of some of the measures tested in the
previous scenarios. It assumes the combined implementation
of three scenarios, namely night setback setpoint temperature
HVAC, external wall insulation, and installation of a solar

Table 8 Single family houses: reduction in heating demand due to night setback setpoint temperature based on dynamic energy calculations

< 1970 1970-1989 1990-2010 < 1970 1970-1989 1990-2010 <1970 1970-1989 1990-2010
100 100 130 90 100 100 100 120 120

Baseline scenario 9350 5380 5869 15913 14500 8184 19606 14586 13219
5992 3261 3772 12772 11486 6470 16759 12505 11322

Hea�ng savings -36% -39% -36% -20% -21% -21% -15% -14% -14%

Hea�ng energy 
consump�on (kWh/year)Scenario night setback temperature

Athens Strasbourg HelsinkiCity

Year of construc�on
Size (m²)

Single-family house                   
Warm zone

Single-family house                  
Moderate zone

Single-family house                 
Cold zone

Table 9 Single family houses: summary of the assumptions for the baseline scenario (Baldassarri et al. 2017) and night setback setpoint temperature
scenario

Heating energy consumption (kWh/m2 year)

Single family house zone
Warm zone

Single-family house
Moderate zone

Single-family house
Cold zone

< 1945 1945–
1969

1970–
1989

1990–
2010

< 1945 1945–
1969

1970–
1989

1990–
2010

< 1945 1945–
1969

1970–
1989

1990–
2010

Baseline scenario 108 102 76 62 220 184 151 100 190 175 150 115

Scenario night setback
temperature

69 65 46 40 176 148 120 79 162 150 128 99
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collector. The three measures chosen for the combined scenar-
io were selected because they can be jointly implemented on
the same building (SFH or MFH). Interference of the mea-
sures was expected in terms of energy reduction obtained, and
hence, the aim was to see if there were any trade-offs when
implementing these measures jointly.

The modelling of the combined scenario is based on the
same assumptions used for the modelling of the three separate
scenarios. Therefore, the LCI of the combined scenario for
what concerns the additional materials used (and related
EoL) is simply the combination of the LCIs of the three sce-
narios modelled individually.

The only parameter that is specific for the combined sce-
nario is the expected reduction in energy use and the change in
the ratio of energy sources (in the case of DHW, due to the
contribution of the solar collector, as it is in scenario II). To

calculate the expected energy reduction, a new dynamic ener-
gy simulation has been run, similarly to the ones already de-
veloped for the individual scenarios.

2.4 Life cycle impact assessment

The potential environmental impacts have been calculated using
the ILCD v.1.08 impact assessment method (ILCD 2011) (EC-
JRC 2011), which entails 15 impact categories. Long-term emis-
sions were excluded, in line with the assessment of the baseline
scenario. Given the importance of the characterisation of the
resources when studying building, a sensitivity analysis has
been carried out using CML-IA method v. 4.8. This method
applies the abiotic depletion (ADP) concept, similarly to the
version recommended in the ILCD method, but considering
the contribution of energy carriers and mineral and metal

Table 10 Characterized results, BoP housing energy-related scenarios (yearly impact EU citizen)

Impact category Unit Baseline
scenario

Scenario wall
insulation (I)

Scenario thermal
solar system (II)

Scenario night
setback temperature (III)

Combined
scenario (IV)

Climate change kg CO2 eq 2.62E+03 2.33E+03 2.56E+03 2.36E+03 2.08E+03

Ozone depletion kg CFC-11 eq 3.33E−04 2.93E−04 3.24E−04 2.98E−04 2.60E−04
Human toxicity, non-cancer effects CTUh 2.70E−04 2.39E−04 2.68E−04 2.43E−04 2.17E−04
Human toxicity, cancer effects CTUh 3.48E−05 3.29E−05 3.51E−05 3.31E−05 3.20E−05
Particulate matter kg PM2.5 eq 2.90E+00 2.48E+00 2.85E+00 2.52E+00 2.13E+00

Ionizing radiation - human health kBq U235 eq 2.05E+02 1.92E+02 2.01E+02 1.93E+02 1.78E+02

Photochemical ozone formation kg NMVOC eq 6.11E+00 5.46E+00 6.00E+00 5.53E+00 4.93E+00

Acidification molc H+ eq 1.34E+01 1.21E+01 1.32E+01 1.23E+01 1.10E+01

Terrestrial eutrophication molc N eq 1.84E+01 1.68E+01 1.81E+01 1.69E+01 1.53E+01

Freshwater eutrophication kg P eq 1.48E−01 1.39E−01 1.48E−01 1.41E−01 1.34E−01
Marine eutrophication kg N eq 1.68E+00 1.52E+00 1.65E+00 1.54E+00 1.39E+00

Freshwater ecotoxicity CTUe 1.14E+03 1.04E+03 1.13E+03 1.05E+03 9.61E+02

Land use kg C deficit 4.84E+03 4.21E+03 4.74E+03 4.27E+03 3.66E+03

Water resource depletion m3 water eq 1.51E+02 1.43E+02 1.47E+02 1.44E+02 1.35E+02

Mineral and fossil resource depletion kg Sb eq 1.18E−01 1.13E−01 1.18E−01 1.16E−01 1.13E−01
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BoP housing: impact reduc�on % of the eco-innova�on scenarios compared to the 
baseline scenario

Scenario increased wall insula�on Scenario night a�enua�on
Scenario solar collector DHW Scenario combina�on of measures

Fig. 3 Characterized results, BoP
housing impact reduction
percentage of eco-innovation
scenarios compared to the base-
line scenario (yearly impact EU
citizen)

Int J Life Cycle Assess



resources separately. In addition, it takes the crustal content as
reference for the calculation of the ADP, instead of the reserve
base, as it is in the version recommended in the ILCD method.

For each scenario, the results represent the potential bene-
fits or impacts associated to household final consumption in
the housing sector in Europe. The results in the subsequent
section are presented as impact per person per year, adopting
2010 as reference year.

3 Results and discussion

In the subsequent sections, the results of the four scenarios are
compared with the impact of the baseline scenario and discussed
in more detail. The benefits as well as the additional burdens are
emphasized.

Table 10 summarizes the characterized results for the baseline
and eco-innovation scenarios for the whole BoP housing stock,
expressed as impact per EU citizen. In the last column of the
table, the results are shown for the three eco-innovationmeasures
jointly. Figure 3 compares the impact of the various scenarios
with the baseline scenario, for each of the impact categories.

In order to better understand the contribution of the two types
of resources (metals/minerals versus fossil), the same inventory
was characterized also using CML-IA method v. 4.8 as men-
tioned above. The results of this sensitivity analysis are present-
ed in Table 11. The results show that the eco-innovation scenar-
ios mainly lead to a reduction in fossil fuel depletion, ranging
from a reduction of 3% for the thermal solar system to 20% for
the combined scenario. The reduction in depletion of minerals/
metals is limited to a maximum of 4% (combined scenario).

The scenario Bincreased wall insulation^ leads to a reduced
impact in all impact categories and hence does not lead to any
increase due to the additional insulation materials applied. The
additional impacts related to thesematerials are all compensated
by the energy reduction for heating. As illustrated in Fig. 4, the
highest reductions (per EU citizen, per year) have been
achieved (for most impact categories) for the SFH in the mod-
erate climate and for the MFH in the warm climate and the
smallest reductions for the SFH in the cold climate (taking into
account the number of buildings in the BoP housing of each
dwelling type). The analysis should not be limited to relative
reductions as the latter can bemisleading to set policy priorities.
This is illustrated in Fig. 5 for global warming potential; the
highest reduction (per person, year) is obtained for the increased

0%

5%

10%

15%

20%

CC ODP HTTP
nc

HTTP c PM IRP POFP AP TEP FEP MEP FETP LU WRD RD

Impact reduc�on % for each of the dwelling types (per person): scenario increased 
wall insula�on compared to baseline scenario

Single family house_warm climate Single family house_moderate climate Single family house_cold climate
Mul�-family house_warm climate Mul�-family house_moderate climate Mul�-family house_cold climate

Fig. 4 Comparison of the LCIA
of the scenario Bincreased wall
insulation^ with the baseline
scenario: percentage reduction
per person for each of the housing
types (full stock assessed), for
each of the impact categories

Table 11 Characterized results for resource depletion for fossil and metals/minerals, BoP housing energy-related scenarios (yearly impact EU citizen)

Impact category Unit Baseline
scenario

Scenario wall
insulation

Scenario thermal
solar system

Scenario night setback
temperature

Combined
scenario

Abiotic depletion potential—fossil MJ 4.84E+04 4.35E+04 4.71E+04 4.40E+04 3.88E+04

Abiotic depletion potential—
minerals/metals (ultimate reserve)

kg Sb
eq

5.13E−03 4.95E−03 5.29E−03 5.01E−03 4.98E−03
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wall insulation in the SFH in the moderate climate and the
lowest reduction in the SFH in the warm climate.

For an average EU housing, the reduction due to this eco-
innovation is highest for particulate matter (14% reduction),
followed by land use (12%) and climate change, ozone deple-
tion and human toxicity–cancer effects (all three 11% reduc-
tion). The lowest reduction is achieved for the impact category
mineral, fossil and ren resource depletion (4% reduction). As
the increase in insulation level is quite limited for some of the
dwelling types in this scenario, it is expected that higher bene-
fits can be achieved by applying higher insulation levels than
the ones assumed in this analysis. The scenario Bthermal solar
system^ leads to a reduction of all impact categories except for
human toxicity–cancer effects (0.9% increase) and mineral,
fossil and ren resource depletion (0.2% increase). These are

due to the components needed for the solar collector system.
The impact decrease is rather small compared to the previous
scenario, which can be explained by the lower relative contri-
bution of DHW production compared to space heating. Per EU
citizen, per year, the highest reductions have been achieved (for
most impact categories) for the SFH in the warm climate and
the smallest reductions for the MFH in the cold climate (taking
into account the number of buildings in the BoP housing of
each dwelling type). For an average EU housing, the reduction
due to this eco-innovation measure is highest for ozone deple-
tion (2.5%), climate change (2.4%), water resource depletion
(2.3%) and ionizing radiation (2.1%).

The scenario Bnight setback setpoint temperature^ leads to
a reduced impact in all impact categories and hence does not
lead to any increase due to the additional materials needed to

Fig. 5 Comparison of the
reduction of climate change
impacts (expressed as global
warming potential - GWP) of the
scenario Bincreased wall
insulation^ with the baseline
scenario: reduction per person,
year for each of the housing types
(full stock assessed)

Fig. 6 Contribution of life cycle
phases of the BoP housing for the
baseline scenario and scenario
increased wall insulation
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allow for the night attenuation. The additional impacts related
to these additional materials are all compensated by the energy
reduction for heating. Per EU citizen, per year, the highest
reductions have been achieved for the SFH in the moderate
climate and the smallest reductions for the MFH in the cold
climate (taking into account the number of buildings in the
BoP housing of each dwelling type). For an average EU hous-
ing, the reduction due to this eco-innovation is highest for
particulate matter (13% reduction), followed by land use
(12%) and climate change, ozone depletion and human
toxicity–cancer effects (all three 10% reduction). The lowest
reduction is achieved for the impact category Mineral, fossil
and ren resource depletion (1% reduction). This is similar as
for the Bincreased wall insulation^ scenario.

Although the impact of the use phase has reduced for each
of the scenarios due to the eco-innovation measures, the use
phase remains the most important life cycle stage in the impact
of the BoP housing (illustrated in Fig. 6 for the scenario in-
creased wall insulation). It is moreover noted that the impact
reduction for most of the impact categories is relatively limited
(less than 10%). From this result, it can be concluded that a
combination of several of these is needed to achieve a signif-
icant reduction in environmental impact of the overall BoP
housing. This was confirmed by the results of the additional
scenario combining the various measures, leading to a reduc-
tion of 15–20% for the majority of the impact categories, and
of less than 10% for only two impact categories (human
toxicity–cancer effects and abiotic resource depletion).

4 Conclusions and outlook

The results of the scenarios showed that the reduction in im-
pact for each of the tested eco-innovation measures is relative-
ly limited. It can hence be concluded that integrated measures
are needed in order to achieve significant impact reductions of
the EU building stock. This highlights that in the case of
energy saving measures, a combination of actions would be
needed to achieve significant improvements.

When interpreting the results of the scenarios, some limita-
tions due to data sources and modelling choices have to be taken
into account. The most important ones are the following:

– The use of archetypes is useful for analysing the effects of
scenarios acting at the European level but implies also a
certain degree of approximation at the building level,
compared to the building-by-building approach. In fact,
there is a trade-off between the data granularity of the
model, which is higher at the small scale and lower at
the large scale, and the relevance of the results obtained
in support to policy decisions, which is of course higher
when the model is built at a larger scale.

– With reference to the previous point, the uncertainty due
to the use of average values instead of specific ones re-
ferred to real buildings may arise from the variability of
service life of buildings, construction materials used,
morphological features of the buildings, etc.

– Another limitation of the BoP baseline model used for this
study is that the building stock is modelled in a static way
and does not take into account stock dynamics over time.
For instance, the effect of the European Energy Efficiency
Directive is not captured in the basket of products housing,
because its baseline year (2010) is the first year of imple-
mentation of the Directive. This aspect is reflected also in
the results of the scenarios, which are modelled on the
same reference buildings used in the baseline scenarios. It
should also be pointed out that the construction of new
buildings (that are adapted to the new regulation) suffered
a setback due to the economic crisis of 2009, and existing
buildings continue to be upgraded at a very low rate. It is
estimated that the existing European building stock is cur-
rently being retrofitted at a rate of only approximately 1–
3% of the total needed per year (Ascione et al. 2011).

– When using dynamic energy simulations applied to a stock
of buildings modelled through archetypes, some simplifi-
cations are needed, in comparison of studies with dynamic
simulations for specific buildings. In the present study, the
dynamic simulations regarding the increase of envelope
thermal resistance focused only on the U value, while it
is well known that also other parameters could influence
the buildings energy performance (for instance, materials
density and heat capacity). These properties would have
been raised exponentially the cases to analyse, without
leading to significant differences, as the study is limited
to the winter conditions, when the envelope inertia plays
a marginal role on the energy consumptions.

– The dynamic energy simulations in this study were lim-
ited to predict the heating demand. In further research,
this could be broadened to include also cooling demand.
This is especially important for warm climates, but even
so for air-tight nearly zero energy buildings in moderate
climates. As overheating risks in buildings are expected
to become even more important due to climate change, it
is recommended that this is further investigated in future
research.

– Extending the analysis to thewarm season, the effect of each
action above described will be reduced in terms of energy
saving respect to the total (whole year) energy consumption.

– Finally, as for all the LCA studies, the use of background
databases (in this specific case, the Ecoinvent database
3.2) is a source of uncertainty because background data
are not directly referred to the system under study. In the
BoP housing, this aspect was partially addressed by
adjusting the background datasets to the European aver-
age conditions as far as possible.
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The method applied in the study proved to have some in-
novative features that allowed for a detailed and reliable esti-
mation of the impact of both the baseline and eco-innovation
scenarios, especially for what concerns the use phase, i.e. the
most relevant one. More specifically, a hybrid approach (com-
bining a bottom–up and top–down approach) was used for the
estimation of the energy reduction due to eco-innovation mea-
sures at macro-scale. In the present study, dynamic energy
simulations are used to analyse the effect of eco-innovation
measures at the micro-scale through the use of archetypes
(bottom–up) and calibration of these based on a statistical
analysis of the energy use by the EU housing stock (top–
down), before upscaling to the European level. The assess-
ment method allowed to take into account the major sources
of variability existing within the building stock as well as
occupants’ behaviour by combining strengths of both top–
down and bottom–up approaches and hence to support policy
related to the building sector in an accurate way.

Firstly, the energy consumption in the use phase of arche-
type buildings is modelled with a top–down approach using
data from the Intelligent Energy Europe Project ODYSSEE,
which provides detailed data about energy consumption for
space heating, space cooling, domestic hot water heating,
lighting and use of appliances for each member state. This
level of detail allowed for a detailed modelling of the effects
of the scenarios on specific energy uses (e.g. thanks to the
contribution of solar panels to domestic water heating).
Moreover, the scenarios on energy efficiency were modelled
with input data coming from dynamic energy simulation
models, based on the specific features of the representative
dwellings in the basket.

Secondly, the use of archetypes allowed for modelling the
entire EU building stock. Compared to building-by-building
approaches, the use of archetypes introduces some simplifica-
tions and uncertainties; however, the building-by-building ap-
proach is usually not applicable to large areas, because it is
demanding for what concern data collection and modelling.
The modelling of the entire building stock in EU (using ar-
chetypes of buildings) allows assessing the expected impact
that measures taken at the building level can have at transna-
tional scale, taking into account also the expected penetration
rate of each measure (highlighting also regional differences)
and the effect on different types of buildings.

Based on the use of the method proposed for the as-
sessment of eco-innovation measures at the level of the
European building stock, the method is seen as having a
high potential for environmental evaluation of building
related policy at any higher scale level, e.g. cities, regions
or countries. In the current study, the upscaling of micro-
scale measures assumed a 100% uptake of these in the EU
building stock. This was an extreme case, which in reality
is very unlikely to happen. However, the same approach
could be used to investigate the needed potential uptake

(of a combination of measures) to reach certain policy
goals.
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