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a b s t r a c t

This study assesses the life-cycle environmental implications linked to the energy efficiency improve-
ment by a nano-technological aerogel based panel insulation solution. A cradle to grave approach has
been taken for the environmental evaluation of the product life-cycle, including its integration in an
existing residential building for the evaluation of the building’s use phase. The model developed has
been also assessed in the 5 European climate zones, evaluating the different performance due to the
different weather conditions and the effect of increasing the thickness used. Also, an evaluation of the
impacts achieved depending on the heating source used, together with the comparative analysis with
other traditional insulation materials complete the paper.

This innovative aerogel based panel takes advantage of nanotechnology to increase its lifetime and
reduce its thickness, in-building installation time and cost in comparison to conventional insulating
materials. As a result, due to its low thermal conductivity (0.015 W/mK), only 10 mm aerogel based
insulation panel is needed to achieve the same level of insulation of 25 mm thickness of standard
Expanded Polystyrene Panel. This difference increases when the passive house requirements of façade
thermal insulation are considered with thermal transmittance values in the range between 0.1 and
0.15 W/(m2K). From the results, a reasonable thickness of insulation material is available only with
Aeropan in comparison to Expanded Polystyrene, Extruded Polystyrene and Mineral Wool, demon-
strating its suitability in the accomplishment of passive house requirements with a significant reduction
of the space needed.

Thus, net life-cycle environmental benefits were found in all scenarios making this product suitable for
the retrofitting of existing buildings by both, external or internal thermal insulation, minimizing at the
same time the space occupied by the insulation solution.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

According to the European Commission’s Energy-efficient
Buildings partnership, the building sector represents about 40% of
total final energy consumption and contributes about 36% to the
European greenhouse gases emissions (European Commission,
2013). In addition, this sector is responsible for about half of the
CO2 emissions not covered by the Emission Trading System

(Commission of the European Communities (COTEC), 2008). On the
other hand, it is also noteworthy that the building sector represents
the area with the greatest potential for intervention (Proietti et al.,
2013). Given this key role, the European regulatory framework
about energy efficiency in buildings, Energy Performance of
Buildings Directive 2010/31/EU (European Commission, 2010) and
the Energy Efficiency Directive 2012/27/EU (European Union,
2012), stablishes a binding package of energy efficiency measures
for both new and existing buildings, that must be implemented by
Member States. This package is set up to meet the EU’s 2020 target
towards nearly zero-energy new buildings and the improvement of
the energy efficiency of existing buildings.* Corresponding author.
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As a result of this regulatory framework, higher requirements
for thermal insulation have been already implemented in the na-
tional regulations for new and existing buildings. At Spanish level,
section 1 of the Basic Document of Saving of energy (DB-HE), from
the Technical Building Code (CTE) (CTE DB-HE, 2013), sets different
limits for the energy demand of buildings depending on the cli-
matic zone of the building’s location and its use. Thus, the char-
acteristics of the thermal envelope’s elements must meet these
constraints preserving the thermal quality of living spaces. Never-
theless, at EU level, the renovation rate of existing buildings is stills
at a very low level (1e1.5% per year), and taking into consideration
that about 35% of the European building stock is over 50 years old,
several strategies for improvement at national level are needed
(European Commission, 2013). Furthermore, the current renovation
rate will need to be doubled, mainly among continental northern
hemisphere countries where it is expected that 75%e90% of current
building stock will be existing in 2050 (International Energy, 2013).

Thermal insulation improvement in buildings plays a key role in
decreasing the energy demand in the residential sector, since space
heating is the most important end-use, (60e80% of total energy
consumption, excluding Mediterranean countries), enhancing
users’ thermal comfort at the same time (Pardo et al., 2012). From
an experimental study, an energy reduction up to 37% inwinter can
be reached with the inclusion of thermal insulation in the build-
ing’s envelope at Mediterranean level (Cabeza et al., 2010). Several
different thermal insulation panels are present on the market that
differ in the type of insulation material used or intended by the
manufacturer and/or applicator e.g. Expanded Polystyrene (EPS),
Extruded Polystyrene (XPS), Polyurethane (PU), Stone Wool (SW),
Glass wool (GW) and wood fiber. Considering the worldwide
market, the most common materials representing the 90% are SW,
GW, EPS, XPS and PU (Sierra-P�erez et al., 2016). At European level,
the market of insulating materials is dominated of two groups of
products i) inorganic fibrous materials such as GW and SW, ac-
counting approximately for 60% of the market, and ii) organic
foamy materials like EPS, XP, PU, this last with a lesser extent, ac-
counts for approximately 27% of the market, being that the rest of
other insulation materials accounted for less than 13% together
(Papadopoulos, 2005). From the same source, considering the Eu-
ropean producers, there are approximately 250 companies, where
nine of them accounted for more than 55% of the total annual
production in 2003. A more recent classification of thermal

insulation materials is proposed by (Jelle, 2011) as: i) traditional
thermal building insulation (Mineral wool, EPS, XPS, cellulose, cork
and PU); ii) the available thermal building insulations with the
actual lowest thermal conductivity (Vacuum insulation panels, gas-
filled panels, aerogels and phase changematerials); and iii) possible
future thermal building insulation (Vacuum insulation materials,
Gas insulation materials, nano-insulation materials, dynamic
insulation materials, concrete and applications of NIMs and
NanoCon). In addition (Asdrubali et al., 2015), made a review of
unconventional building insulation materials, presenting a classi-
fication and description of two groups of materials: i) Natural and
ii) Recycledmaterials. One of themain conclusions from this review
is that even some unconventional material’s properties should be
investigated and improved, notable economic and environmental
benefits can be obtained due to the use of local resources.

Several studies have focused on the impact of insulating mate-
rials regarding energy efficiency and environmental impact balance
(considering manufacturing impacts) using Life Cycle Assessment
(LCA) approaches, which is increasing international acceptance in
the building sector. On the one hand, Zabalza Bribi�an et al., 2009
and Zabalza Bribi�an et al., 2011 compiled more than 35 studies
highlighting the relevance of the LCA to analyse and reduce the
environmental impact of the building materials and the existing
residential buildings (Zabalza Bribi�an et al., 2009; Zabalza Bribi�an
et al., 2011). Also, Pombo et al., 2016 analysed the existing limita-
tions of the LCA, its application to the optimal retrofitting solution
finding and the identification of the improvement potential of
building renovation (Pombo et al., 2016). After the study of the
application of the European Standards related to the sustainability
of constructionworks to improve the LCA methodology application
at end-of life stage, Silvestre et al., 2014 highlighted that it should
be included the detailed analysis of the reuse, recovery and/or
recycling potential in order to develop a ‘cradle to cradle’ approach
of construction materials, e.g. building insulation materials
(Silvestre et al., 2014). In addition, Sohn et al., 2017, analysed the
trade-off in terms of environmental impacts, from a building’s LCA
approach, between the heat produced for building’s space heating
load and insulation produced to reduce it, considering
manufacturing impacts (Sohn et al., 2017). Finally, Su et al., 2016,
developed a comparison of the life cycle performance of eight
insulations materials through a Monte-Carlo based uncertainty
analysis determining that there is no relevant difference in the life
cycle primary energy among PU, EPS and XPS (Su et al., 2016). Some
of these studies, also indicated that research about advanced
insulating materials is needed, e.g. innovative mineral fiber insu-
lating panels (Moretti et al., 2016) and aerogel, showing this last a
great potential for improving the thermal insulation of historic
buildings (Walker and Pavía, 2015). Additionally, some other state
of the art review studies of both traditional and solutions beyond
these building insulation materials (Jelle, 2011) e.g. Aerogel insu-
lation for building applications (Baetens et al., 2011), concluded
that, in comparison to the conventional insulations materials,
nanotechnology based materials could be a promising solution in
the nearby future in terms of indoor thermal comfort conditions,
embodied energy, thermal bridging issues and slimmer construc-
tion (Hostler et al., 2009). By contrast, conventional insulations
have small gap for improvement and leads to complex, heavy and
thick construction solutions whenwilling to achieve better thermal
transmittance (U-value) (Cuce et al., 2014b). Thus, in comparison to
conventional insulation materials, aerogel-based thermal insu-
lation affords slimmer constructions in buildings (Cuce et al.,
2014a). Aerogel is considered as super insulation material
(0.015 W/mK) due to its open-cell nano-porous structure, which
results from a sol-gel process and supercritical drying process. The
major disadvantage of aerogel for its use as insulation material is its

Nomenclature

Acronyms
CED Cumulative Energy Demand
CTE Technical Building Code
ELCD European Life Cycle Database
EPD Environmental Product Declaration
EPS Expanded Polystyrene
EHI European Heating Index
GW Glass Wool
HDD Heating Degree-Days
LCA Life Cycle Assessment
LCI Life Cycle Inventory
LWRT Lightweight Reinforced Thermoplastic
PU Polyurethane
SW Stone Wool
XPS Extruded Polystyrene
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