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Abstract

The global market trend for Vacuum Insulation Panels (VIPs) is projecting a significant increase in their
uptake in the construction sector. This is mainly due to the uniquely high-performance properties of
the ultra-thin insulation materials. This uptake, however, can potentially be hindered by the VIPs’
higher cost and environmental impacts when compared with conventional insulation materials. This
paper, for the first time, presents a detailed evaluation of the environmental impact of the most
common type of VIPs currently used in different applications with a focus on alternating the core
material as the main contributing component to their footprint. Pyrogenic silica, glass fibre, expanded
polystyrene, aerogel and a silica/sawdust hybrid core were analysed from cradle to gate. The study,
on a comparative basis, demonstrates the sensitivity of the various environmental impact categories
to the internal vacuum pressure and the subsequent thermal conductivity values. The results show a
lower environmental impact for glass fibre and low density expanded polystyrene compared to the
other alternatives. Pyrogenic silica, the most common core material, had the highest environmental
impact out of the core materials considered. The higher environmental impacts of pyrogenic silica
suggest that measures such as the recycling of the core material alongside the deployment of eco-
friendlier manufacturing techniques should be considered if the material is to compete
environmentally with the other alternative materials.

Keywords: Vacuum Insulation Panels, Life cycle Assessment, Environmental Impact, pyrogenic silica,
Global Warming Potential.
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1. Introduction

Among the various novel insulation materials currently emerging in the market, VIPs are the most
promising solution offering the highest thermal insulating properties. This is evident in the fact that
the global market for VIPs, estimated at US $7.2 billion in the year 2020, is projected to reach US $10
billion by 2027, growing at a compound annual growth rate (CAGR) of 4.8% (Global Industry Analysts,
2020). VIPs feed into various end-user industries including construction, cooling and freezing devices,
logistics and others, where construction is the most profitable end-user industry for the market. The
‘Global Construction 2030’ report by Oxford Economics forecasts that the volume of construction
output will grow by 85% to $15.5 trillion worldwide by 2030. With VIPs offering several key advantages
to the construction sector, such as providing increased indoor space and optimised land use due to
the reduced thickness of building components. It is likely that the application of VIPs in the
construction industry will increase even beyond the forecast values. With the rising number of building
codes and standards requiring eco-friendly energy-efficiency measures, the demand for energy
conserving materials in the construction sector is increasing. Insulation materials with lower
associated environmental impacts relative to their thermal performance are crucial if the set targets
are to be met.

Although VIPs offer very low thermal conductivity (0.004-0.007 W/(m.K)), up to 10 times better than
other conventional thermal insulation materials (such as mineral wool, PUR, EPS and XPS), their
relative embodied energy (EE) investment is higher. Resalati et al. (2020) demonstrated in their study
that the EE of fumed-silica based VIPs (GJ/m?) for a given R-value (thermal resistance measured in
m2.K/W) can also be up to 10 times (in the most extreme cases) greater than conventional insulation
materials on a cradle to gate basis (Figure 1).
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Figure 1: EE per unit area of different insulation materials for R=6.6 m2KW-1 (Reprinted with permission from Resalati et al.
(2020))

The core material, barrier envelope, getter and desiccant are the main parts that make up a VIP (Figure
2) (Alam et al., 2011). The most commonly used core material for VIPs is made up of pyrogenic silica
(Kalnzes and Jelle, 2014). It has been presented by studies such as the work of Schonhardt et al. (2003)
and Karami et al. (2015) that the pyrogenic silica core is the key contributor to the environmental
impact of VIPs, responsible for over 90% of the EE. The selection of the right core material is therefore
of utmost importance as they are crucial to reducing the environmental impact of VIPs.



Different materials with varying thermal and structural properties have been studied in detail as the
core materials for VIPs. These include different foams (polyurethane, expanded polystyrene and
phenolic foam), powders (fumed or pyrogenic silica, silica aerogels and expanded perlite) and fibres
(glass fibres) (Zach et al., 2019). However, a comparative assessment of the contribution of these core
materials to the environmental impact of VIPs is still lacking.

This study therefore aims to present a comparative study of the environmental impact of the most
commonly used core materials in VIPs. This, for the first time, enables the engaged stakeholders and
end-users of VIPs to include the environmental performance in the decision-making process.
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Figure 2: Schematic of a VIP (adapted from (Alam et al., 2011))

Comprehensive life cycle assessment (LCA) models were developed to analyse the potential
environmental impacts of producing VIPs from raw material extraction through to the production
gate. Pyrogenic silica, glass fibre, expanded polystyrene, aerogel and a hybrid core made up of a
combination of sawdust (30% mass) and pyrogenic silica (55% mass) were assessed and characterised
using the GaBi LCA software. Sensitivity analyses were conducted to quantify the effect of varying a)
the thermal conductivity values in relation to the vacuum pressure on the environmental impact of
the panels and b) the environmental burden of the different materials with reference to the available
environmental product declarations (EPDs) and environmental impact assessment reports where
available.

The paper consists of five sections, including this introduction. The physical properties and
performance of the different types of VIP core materials are outlined in section two. The LCA
methodology used is explained in detail in the materials and methods section with the results in the
form of tables and graphs presented, analysed and discussed in section four. A conclusion section ends
the paper by summarising the main findings of this study.

2. Physical properties and performance of VIP core materials

VIPs are usually manufactured consisting of a core material, an opacifier and laminate film (Karami et
al., 2015). To prepare the panels, the constituent raw materials of the core are mixed, cut and pressed



using a hydraulic press. They are then dried in an oven heated to between 60°C - 150°C before being
covered in a fabric. Laminated film is subsequently used to envelop the core which is then heat sealed
after the air has been displaced from the product in a vacuum sealing chamber. VIP parts, if they are
not damaged, can be recycled to a large extent. This is especially the case with the core material as
after decommissioning, the core material can be prepared and used to manufacture another VIP if
proven to be appropriate after the characterisation processes (Karami et al., 2015). The core material
makes up the bulk of a typical VIPs mass (>75%), therefore it is expected that the majority of the
environmental impact of its manufacture will be attributed to the core material production.

The core material properties also dictate to a large extent the thermal and mechanical characteristics
of the VIPs (Alam et al., 2011). Materials with small pores (10nm or less) are considered to be more
suitable for VIPs as a higher vacuum pressure can be used to achieve the low thermal conductivities
expected from VIPs. The structure of these pores also needs to be open for easy gas removal.
Alongside these criteria, the material also has to be able to resist compression and be impermeable
to infrared radiation (Baetens et al., 2010).

Numerous materials have been commercially used as VIP cores including various powders (Fantucci
et al., 2019), foams (Brunner et al., 2012), fibres (Di et al., 2013) and in some cases, a combination of
materials (Li et al., 2016b). Each of the different core materials have their own pros and cons relative
to the target application. The following sections provide an overview of the various core materials
used to produce VIPs and detail their properties.

Powders

The most commonly used powders as core materials in VIPs include fumed or pyrogenic silica
(Gongalves et al., 2020), silica aerogels (Liang et al., 2017) and expanded perlite (Alam et al., 2014).
Fumed silica is the most widely used core material in the building sector due to it being made up of
entirely nano-pores that greatly affect the panel’s thermal conductivity. It also shows a lower
sensitivity to vacuum pressure fluctuations leading to a longer service life. Silica-based panels
accounted for approximately half of the share of the global market in 2015. Silica also has the
advantage of being non-toxic, fire resistant and recyclable (Kalnaes and Jelle, 2014). The material is
produced through the pyrolysis of silicon tetrachloride at a very high temperature (1500°C). Several
studies have focused on the thermal characterisation of VIPs produced using silica as the core material
indicating thermal conductivities between 0.0035 and 0.007W/(m.K) (Fantucci et al., 2019, Singh et
al., 2015). Fumed silica has a density of between 180-200 Kg/m? and it needs to be pressed under
moderate load (0.01 — 0.4MPa) for it to be applied in VIPs.

Apart from fumed silica, aerogels are known to have particularly small pore diameters with a density
in the range of 3-350 kg/m?3, with the higher densities typically associated with VIPs. Aerogel is
manufactured in a two-step process. Acidic condensation or the sol-gel process is used to form the
wet gel followed by wet gel drying using supercritical or ambient drying. The thermal conductivity of
aerogel depending on the temperature is approximately between 0.01-0.03 W/(m.K) and it has been
seen to go as low as 0.004 W/(m.K) at 5000 Par vacuum pressure (Alam et al., 2011) or less. It also has
the advantage of being nonreactive and non-flammable but relatively expensive for practical
economical application in the building sector (Baetens et al., 2010).

Expanded perlite has been shown to be less efficient than fumed silica and silica aerogel as a core
material requiring vacuum pressure of below 10 Pa to achieve suitable VIP design thermal conductivity
(Caps and Fricke, 2000). However, it can be used in combination with fumed silica to achieve good



thermal conductivity at a comparatively higher pressure. The cost of fumed silica VIPs can potentially
be reduced by 20% when expanded perlite, a lower cost material, is used in combination (Alam et al.,
2014). Perlite is, however, 1.75 times denser than pyrogenic silica (350kg/m3 compared to 200kg/m?3)
with a higher thermal conductivity, hence a thicker perlite panel is required to achieve the same
thermal performance. The weight of a finished square metre of perlite for a given thermal
performance can exceed double that of a silica-based panel. Given that larger VIP panel sizes are
preferable to reduce the thermal bridging effect, the greater mass per square metre means that
perlite VIPs are deemed to be impractical.

In summary, for powders as core materials in general, a pressure of less than 10Pa at most is typically
required relating to achievable pore sizes in the nm range with densities varying between 180 to 350
kg/m? depending on the material. Thermal conductivities for power type core materials range
between 0.0035 and 0.007 W/(m.K). The typical lifetime of powder core material VIPs is 15 years with
the exception of pyrogenic silica with a lifetime of 60 years.

Foams

Polyurethane and expanded polystyrene are foams that have been deployed as core material in VIPs.
They have a low density (60-100 Kg/m?3) and relatively small pore size (30-250 pum) enabling low
thermal conductivity to be achieved (Alam et al., 2011). Polyurethane and expanded polystyrene are
commonly used as standalone insulation materials with the first VIPs manufactured using
polyurethane (Kalnzes and Jelle, 2014). This was because polyurethane has an open pore structure
and the ability to withstand compressive force. However, due to its pore size being larger than that of
both fumed silica and aerogel, it requires relatively lower pressure (less than 10 Pa) to achieve the
equivalent low thermal conductivity (Yang et al., 2012). Kim and their co-researchers investigated the
use of phenolic foam as core material in VIPs (Kim et al., 2012). The material thermal conductivity was
seen to be 0.005 W/m.k at a high level of vacuum. Additional support would be required to resist the
load applied by atmospheric pressure because of its fragile structure. This could be in the form of
circular pillars or covering plates and this would increase the thermal conductivity to those seen in
polyurethane foam (0.005-0.007 W/mK). However, similar to other foams, it has a relatively short life
when compared to pyrogenic silica and aerogel due to its large pore size (200-400 um). Insulation
foams, although relatively cheap to manufacture, may not be fit for use in buildings due to their
shorter lifespan.

For foams as core materials in general, a pressure of less than 10 Pa is typically required relating to
achievable pore sizes on the order of 100 um with densities varying between 60 to 100 kg/m3
depending on the material. Thermal conductivities for foam type core materials range between 0.005
and 0.007 W/(m.K). The typical lifetime for foam core material VIPs is 15 years.

Fibres

Glass fibre offers a lower density (250 kg/m?3) and good thermal stability (>1000 °C) compared with
other core materials, therefore is effective as a core material for use in VIPs that are to be used in high
temperature operations (Alam et al.,, 2011). The pores of the material are relatively large when
compared with those of fumed silica and aerogel therefore, as with foams, it requires a low pressure
(0.1 mbar) to achieve high thermal conductivity. Although glass fibre is relatively inexpensive, this is a
hindrance to its application in buildings as research has estimated that the panel’s lifespan would be



15 years (Di et al., 2013). VIPs using glass fibre as a core material are ideal for use in oven, furnaces
and concentrated solar and fuel cell power plants.

Chen et al (2015) showed that the service life span of VIPs with glass fibre can be significantly increased
by super stratifying the core material. This was achieved through the centrifugal spinneret blow
process and it was able to attain a level of thermal conductivity (0.00125 W/(m.K)) up to two times
better than conventional glass fibre (0.00262 W/(m.K)). The pore size (3 um) was also measured to be
70% smaller than the average 10 um for glass fibre (Chen et al., 2015).

Researchers have also been able to investigate the use of melamine-formaldehyde and wood fibres
as VIP core materials. Nemanic and Zumer showed that the melamine-formaldehyde fibre had high
thermal stability with a pore diameter below 5 um (Nemani¢ and Zumer, 2015). This enables the novel
fibre to have thermal insulating properties (0.0023 W/(m.K)) similar to conventional glass fibre. Wood
fibre, with an average pore size of 112.8 um and thermal conductivity of 0.0094 W/(m.K), was not
found to compete favourably with conventional glass fibre VIPs (Wang et al., 2019).

In summary regarding fibre as a core material in general, a pressure of less than 10 Pa is typically
required relating to achievable pore sizes of 1 to 10 um with densities around 250 kg/m?* depending
on the material. Thermal conductivities for fibre type core materials range between 0.001 and 0.009
W/(m.K). The typical lifetime for fibre core material VIPs is 15 years.

Hybrids and other core materials

Hybrid cores made up of a combination of suitable materials have been proposed by researchers to
improve VIP lifespan and cost. This is usually a combination of conventional materials such as
pyrogenic silica or glass fibre with other appropriate materials.

Researchers have been able to successfully combine pyrogenic silica with expanded perlite (Alam et
al., 2014), glass fibre (Singh et al., 2015), hollow glass microfiber (Li et al., 2016b), diatomaceous earth
(Chang et al., 2016), rice husk ash (Li et al., 2016a) and expanded cork (Zhuang et al., 2017). This has
resulted in VIP cores with densities of between 114 and 290 Kg/m? with different levels of porosity
and thermal conductivity. Singh and their co-researchers were able to achieve a particularly low
thermal conductivity (0.0037 W/(m.K)) that could rival the commercially-available VIPs using a hybrid
core comprising of 75% pyrogenic silica, 20% carbon black (opacifier) and 5% glass fibre (Singh et al.,
2015). Comparing this with the results of other studies, the particularly high percentage of pyrogenic
silica could explain its superior performance. Pyrogenic silica hybrid cores have been shown to have
thermal conductivity between 0.0037 and 0.0103 W/(m.K) according to Chang et al (2016) who used
a low 30% pyrogenic silica in their hybrid core.

Novel alternative core materials have also been proposed to reduce the reliance on pyrogenic silica
VIP for application in buildings. Tetlow and their co-researchers investigated the use of cellulosic-
crystals as a core material due to its similar physical structure to pyrogenic silica and biodegradability
(Tetlow et al.,, 2017). Thermal conductivity tests revealed that despite its positive physical and
environmental properties, it could not rival pyrogenic silica’s thermal properties. Alam and Singh
(2019) proposed the use of sawdust powder in combination with fumed silica in the VIP core for eco-
friendly VIPs. The use of lightweight concrete have also been proposed to improve material strength
and the overall cost of the VIP core material (Chung et al., 2020). Thermal conductivities in the region
of 0.049-0.1086 W/(m.K) were achieved, indicating that concrete may not be suitable for use in
buildings needing a high level of insulation.



3. Materials and Methods

The LCA investigation in this paper follows the methodological framework of 1ISO14040:2006 and will
cover the goal and scope definition, inventory analysis, impact assessment and interpretation of the
results. The paper will also reference the EN 15978:2011 and EN 15804:2012 European standards
(European Commitee, 2011, CEN, 2012) detailing the system boundaries for the LCA of building
materials.

Table 1 summarises the different classifications of the life cycle stages of building or construction
materials based on the EN 15978 and EN 15804 European standards. It indicates that the system
boundaries can either be cradle to gate, cradle to grave or cradle to cradle. Cradle to gate includes the
extraction, processing and transportation of raw materials while cradle to grave contain these steps
alongside the transportation of the final product, distribution, assembly, use, maintenance and final
disposal. Cradle to cradle is unique as it provides scope for the reuse, recovery or recycling of the
product. According to the literature, having different system boundaries can add to the complexity of
LCA studies and their place compared with other existing LCA studies (Moncaster and Song, 2012).
LCA methodologies are data-driven approaches that rely on the availability of high-quality accurate
data (Jusselme et al., 2018) (Azzouz et al., 2017) but finding reliable data has been an issue for LCA
practitioners (De Wolf et al., 2017). The literature has associated this issue with several factors
including confidentiality and IP management issues for manufacturers, in addition to the time
intensiveness of generating reliable data and the different methodological approaches involved in the
data treatment (Lotteau et al., 2015; Soust-Verdaguer et al., 2016). In order to reduce the uncertainty
of the results, a cradle to gate approach has been adopted in this study as there is less uncertainty
associated with the data relating to the VIP fabrication process. A cradle to gate (including modules
Al1l-A3 as referenced in EN 15804) system boundary includes the environmental impacts of
manufacturing the VIPs and their associated core materials from the extraction of raw material
through to the final product assembly.

EN15804 requires the reporting of energy inputs as primary energy and the categories describing
resource use as follows:

e The use of renewable primary energy excluding renewable primary energy resources used as
raw materials.

e The use of non-renewable primary energy excluding non-renewable primary energy resources
used as raw materials.

This was also demonstrated in the work of Dixit, Fernandez-Solis, Lavy, and Culp (2012) that stated
that not including renewable energy in the definition of EE could lead to errors as high as 40% when
reporting EE. The results in this study are therefore defined as the primary energy used for the
production of the insulation material from cradle to factory gate (including both renewable and non-
renewable primary energy).



Table 1: Classification of the life cycle stages in the LCA of construction materials based on the EN 15978 and EN 15804
European standards(Pargana et al., 2014)

LCA Life cycle stages Description
boundaries
Cradle to gate | Product stage (A1l- | A1l Raw material supply, including processing of secondary
A3) material input
A2 Transportation of the raw material and secondary
material to the manufacturer
A3 Manufacture of the construction products and all
upstream processes from cradle to gate
Cradle to Construction stage | A4 Transportation of the construction products to the
cradle, Cradle | (A4-A5) building site
to grave, gate A5 Installation in building
to grave Use Stage, related | B1 Use of the installed product
to building fabric B2 Maintenance of the product
(B1-B5) B3 Repair of the product
B4 Replacement of the product
B5 Replacement of the product
Use Stage, related | B6 Operational energy
to operation of B7 Operational water use
building (B6-B7)
End of life stage C1 Demolition of the building/ building product
(C1-C4) C2 Transportation of the demolition waste comprising the
transportation of the end of life construction product to a
waste processing facility
C3 Waste processing operations for reuse, recovery or
recycling
C4 Final disposal of the end of life construction product
Benefits and load D Reuse/recovery/recycling potential evaluated as net
beyond the system | impacts and benefits
boundary
3.1. Goal and scope definition

The main goal of this study was to evaluate and compare the environmental impacts of five different
VIP core materials to assist the engaged stakeholders and end users of the products in their decision-
making process. The functional unit was the amount of insulating core material needed to achieve a
U-value of 0.27 W/m?2K (R-value of 3.7 m2K/W) in a 1m? of panel. The target U-value is equivalent to
the performance of 1 m? of a 20 mm thick pyrogenic silica-based VIP with thermal bridging and aging
values considered.

The core material is pressed and under compressive strain when used in VIP. Therefore the thermal
conductivity at atmospheric pressure could change. The measured thermal conductivities under
vacuum were collected from the literature. An LCA model of a typical VIP with a pyrogenic silica core
was modelled as the baseline followed by the alternative core materials introduced to the model for



comparative purposes. Table 2 shows the inventory used for this analysis (data provided by a VIP
manufacturer).

Table 2: Inventory data selected to model the environmental impact of a typical VIP

VIP Part Raw material Quantity | Unit
Core material Pyrogenic silica 3.4 Kg
Laminate film Tri-laminate film 0.3 Kg
Others Magnetite 0.6 Kg
Fleece for sensor Fleece for sensor 0.00015 | Kg
Metal chip for sensor 0.003 Kg
Polyester Fibre Fleece 0.15 Kg
Electricity 0.36 GJ

Table 3 shows the experimentally determined thermal conductivity at 100 Pa alongside the
characteristics of each of the five different core materials required to achieve the functional unit. The
properties of pyrogenic silica, glass fibre and expanded polystyrene were taken from the work of (Alam
et al.,, 2017), (Di et al., 2013) and (Wong and Hung, 2008) respectively while the centre of panel
thermal conductivity of the hybrid core was measured in the laboratory by Alam and Singh (2019)
using a heat flow meter based on ASTM C518.

Table 3: Characteristics of the VIP core materials required to achieve a U-value of 0.27 W/m2K

Core Material Density of Thermal Thickness | Weight Reference

Core Conductivity | (mm) (Kg)

Material at 100 Pa

(Kg/m?) (W/(m.K))
Pyrogenic Silica 180 0.0043 20 3.6 (Alam et al., 2017)
Glass fibre 250 0.0062* 22.96 4.94 (Di et al., 2013)
Expanded 40 0.01 37.037 1.48 (Wong and Hung,
Polystyrene 2008)
Aerogel 114 0.0065 24.07 2.74 (Liang et al., 2017)
Hybrid Sawdust 286 0.00552 20.44 1.31; 2.40
(30% mass) and ok
pyrogenic silica
(55% mass)

*The glass fibre thermal conductivity at 100Pa vacuum pressure (Section 3.3 investigates the
sensitivity of these results according to the vacuum pressure).
**Excluding SiC

The system boundaries in the LCA studies show the unit operations that are to be included in the
assessment. The system boundary included the energy and materials needed for the production,
transportation and storage of the required raw materials as well as the energy needed to manufacture
the different core materials.




3.2. Life cycle inventory and Impact assessment
The database of the GaBi LCA software was used to obtain the background data (raw material and
energy) needed for the modelling of the different core materials. Table 5 demonstrates the life cycle
inventory (LCl) data selected for the LCA models summarising the raw materials and processes used.
The data for the glass fibre and expanded polystyrene were taken directly from the database of GaBi.

The availability of data on the production of pyrogenic silica is limited as the relevant suppliers
consider the data to be confidential. Therefore the production of synthetic amorphous pyrogenic silica
was modelled using average industry data provided by CEFIC-ASASP (Source: European Commission,
Integrated Pollution Prevention and Control, Reference Document on Best Available Techniques for
the Manufacture of Large Volume Inorganic Chemicals - Solids and Others industry. July 2007)
(European Commission, 2007). According to CEFIC-ASASP, silane, hydrogen and air are required for
the production of pyrogenic silica. Energy is consumed to heat the hydrogen gas, combust the air and
evaporate the chlorosilanes (and/or methylchlorosilanes) as well as to remove residual hydrochloride
from the silica surface. Table 4 demonstrates in detail the energy consumed to produce 1000kg of
pyrogenic silica powder with the energy for hydrochloric acid (HCI) recovery included. This was
assumed to be the inventory data for the production of the core materials and it has been used in this
paper to calculate the environmental impacts.

Table 4: Production of pyrogenic silica (1000Kg), (European Commission, 2007)

Inputs Quantity Unit
Tetrachlorosilane 2700 Kg
Hydrogen ~1000 Nm3
Energy use (electricity) | 16.5 GJ

The electricity and natural gas for the production of the core material was assumed to be supplied
from an average of 28 countries in the European Union according to the database of GaBi. For the
modelling of the hybrid core material, it was assumed that the sawdust was obtained from wood
processing scraps, hence no environmental impact from this was accounted for in the analysis. The
sawdust is primarily used to reduce the amount of pyrogenic silica used as a core material while still
achieving the same thermal performance. The environmental impact of aerogel accounting for the
quantity of the material (2.74 Kg, see Table 5) needed to achieve the functional unit was drawn from
the relevant Environmental Product Declarations (Aspen Aerogels Inc., 2015).



Table 5: LCI data selected in order to model the environmental impact of the different core materials

Core Material Raw material; Process Chosen Quantity Unit
Pyrogenic silica Tetrachlorosilane 9.18 Kg
Hydrogen 3.40 Nm?3
Electricity 0.0561 GJ
Glass fibre Glass fibre, production mix, at 4.94 Kg
plant (EU-28)
Expanded Expanded Polystyrene (PS30) 1.48 Kg
Polystyrene (EN15804 A1-A3), production mix,
at plant (EU-28)
Hybrid Sawdust 1.30 Kg
Pyrogenic Silica 2.39 Kg
Aerogel Aerogel 2.74 Kg

The analysis is presented based on the CML 2001 characterisation factors as required by the EN15804
European standards. The CML 2001 characterisation method addresses the early stages in the cause-
effect chain in order to limit uncertainties. The results are grouped in seven midpoint environmental
impact categories (CEN, 2012) including global warming potential (GWP), ozone depletion potential
(ODP), acidification potential (AP), eutrophication potential (EP), photochemical ozone creation
potential (POCP), abiotic depletion potential (ADP) and water resource depletion (WRD). These were
selected alongside two other environmental impact categories, specifically primary energy non-
renewable resource (PENRT) and primary energy renewable resource (PERT) as seen in European
EPDs. The contribution of different materials and products to these impact categories is mainly
affected by their specific composition including their renewable or non-renewable nature, chemical
properties, energy and water demand during extraction and post-extraction processing and their end
of life characteristics. The manufacturing stages as well as the use phase could also contribute to the
materials’ environmental performance. The nine environmental impact categories (GWP, ODP, AP, EP,
POCP, ADP, WRD, PENRT and PERT) used in this study allow for the comparison of the results obtained
here with the LCAs and EPDs of the VIP core materials found in the literature or as part of studies to
be conducted in the future.

4. Results and discussion

4.1. VIPs with a pyrogenic silica core
A life cycle assessment of a conventional silica-based VIP was conducted in order to determine the
role of its individual components related to the environmental impact of VIPs (Table 6). This was used
as the base-case for the analysis. The results have been presented using the identified environmental
impact categories.

The core material mass of the VIPs considered in this study makes up over 75% of the total mass of
the VIP. As expected, it was observed that for all nine selected impact categories, the pyrogenic silica
core had the highest environmental impact compared to the other components of the panel (over
60% of any selected impact category). The core material was followed by the environmental impact
due to the electricity consumption. It was observed that it had the second highest environmental
impact in seven of the selected impact categories (GWP, AP, EP, ADP, WRD, PENRT and PERT). As for



the ODP and POCP impact categories, the laminate film had the second most environmental impacts
after the pyrogenic silica core material. This was mainly due to the use of aluminium and polyethylene
film in its manufacture. The results confirm that the environmental impact hotspot of VIP production
is the core material as it had the highest impact in all of the selected impact categories. It is therefore
imperative that steps are taken to evaluate the most suitable core material for VIPs in terms of the

impact on the environment.

Table 6: Life cycle impact assessment results for 1m?2 of 20mm thick pyrogenic silica VIP

Impact Unit Core material | Electricity Laminate film | All other
Category materials
GWP kg CO; eq 44.40 4.18 0.996 0.461
ODP kg R-11 eq 2.77E-11 1.17E-13 1.13E-12 2.69E-15
AP kg SO, eq 0.113 0.0118 0.00302 0.00341
EP kg POseq 0.0126 0.00111 0.00027 0.000133
POCP kg CoHa 0.0117 0.000750 0.000329 0.000259
ADP kg Sb eq 0.00115 1.33E-06 0.000635 0.000126
WRD m? water eq 0.38 0.0357 0.00951 0.00238
PENRT MJ 725 75.20 28 17

PERT MJ 310 30.30 2.62 0.722

Further analysis of pyrogenic silica demonstrated that tetrachlorosilane has the highest impact in all
of the environmental impact categories assessed (see Figure3). The raw material takes up to 79% of
GWP, 99.3% of ODP, 83.9% of AP, 85.7% of EP, 88.89% of POCP, 99.9% of ADP, 85.79% of WRD, 76.69%
of PENRT and 85.48% of PERT. The hydrogen used to produce pyrogenic silica has the lowest impact
in the ODP, AP, EP, POCP, WRD, PENRT and PERT categories at always less than 8%. Assessing the
electricity consumption showed that it was the second biggest contributor in all of the selected
environmental impact categories except for ADP where it was the least. The associated treatments
required for tetrachlorosilane to be used as a VIP core material need to be significantly reduced if the
material is to be environmentally competitive with the other alternative core materials.
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Figure2: Distribution of the environmental impact for the raw materials used in producing pyrogenic silica



4.2. Comparison of the alternative core materials with pyrogenic silica-based

panels

The same nine midpoint indicators were used to compare the pyrogenic silica, glass fibre, expanded
polystyrene, aerogel and the hybrid core at a vacuum pressure kept at 100Pa. Figure 4 displays the
results relative to the maximum value in each of the selected impact categories. Pyrogenic silica was
observed to have the highest impact in seven of the selected impact categories (GWP, AP, EP, ADP,
WRD, PENRT and PERT) while expanded polystyrene had the lowest impact in eight (GWP, ODP, AP,
EP, ADP, WRD, PENRT and PERT). Expanded polystyrene was always 20% lower than the maximum in
these categories except in the POCP impact category where it had the highest impact due to the
emissions of comparatively more potent non-methane volatile organic compounds. The hybrid core
had the second highest impact in six of the nine selected impact categories (GWP, AP, EP, WRD, PENRT
and PERT). It was always 75% lower than the maximum in these categories with pyrogenic silica always
having the highest environmental burden. Looking at the ODP impact category, the core material with
the highest impact was aerogel followed by glass fibre. The relatively lower values for the expanded
polystyrene can be associated with the lower density of the material used (3 to 7 times lower than the
other materials compared in this paper).
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Figure 3: Life cycle impact assessment results for pyrogenic silica, glass fibre, expanded polystyrene, aerogel and hybrid
(sawdust and pyrogenic silica) VIP core material (Results are displayed relative to the maximum)

Figure 5 shows the contribution of the different core materials toward the overall impact of the VIP.
Pyrogenic silica, as mentioned earlier, contributed the most in all of the selected impact categories
compared to the other components of the panel. Although pyrogenic silica has advantages such as its
non-combustibility, recyclability (Kalnaes and Jelle, 2014) and lower sensitivity to vacuum pressure
changes, it has a good deal of undesirable impacts on the environment when compared to the other
core materials analysed, especially when virgin pyrogenic silica is used. The hybrid core material made
up of sawdust (30% mass) and pyrogenic silica (55% mass) follows a similar trend of results at a lower
rate. However, when the pyrogenic silica core is replaced with aerogel, there is a >20% reduction in
the cores contribution in the ADP, WRD and PERT impact categories. Electricity consumption and
laminate film were seen to contribute the highest in the PERT and ADP impact categories respectively
unlike the results obtained for the pyrogenic silica VIP where the core had the highest impact in all



categories. Looking at the glass fibre VIP, a >20% reduction was seen in the contribution of the core
material in five of the selected impact categories (GWP, POCP, WRD, PENRT and PERT). Replacing
pyrogenic silica with expanded polystyrene records a >20% reduction in all of the selected impact
categories except for POCP where there was 4% increase. The increase in the POCP impact category
was because a 1m? expanded polystyrene VIP achieving a U-value of 0.27W/(m?K) requires almost
twice the amount of laminate film as the pyrogenic silica VIP.
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Figure 4: Contribution of the core material to the overall environmental impact of the VIP

Table 7 indicates that for the expanded polystyrene VIP, the electricity consumption contributed the
highest in five of the selected impact categories (GWP, AP, EP, WRD and PERT). This core material,
unlike the pyrogenic silica VIP, contributed the highest in only the POCP and PENRT impact categories.
It was also found to be the second highest in three categories (GWP, AP and EP) and the lowest in one
(ADP) impact category.

Table 7: Life cycle impact assessment results for the expanded polystyrene VIP at a U-value of 0.27 W/m2K

Impact Unit Core material | Electricity Laminate film | All other
Category materials
GWP kg CO; eq 4.11 4.18 1.83 0.461
oDP kg R-11 eq 8.04E-15 1.17E-13 2.06E-12 2.69E-15
AP kg SO, eq 0.00649 0.0118 0.00554 0.00341
EP kg POs eq 0.000739 0.00111 4.94E-04 0.000133
POCP kg C2Ha 0.0236 0.00075 0.000602 0.000259
ADP kg Sb eq 0.000000618 | 0.00000133 1.16E-06 0.000126
WRD m? water eq 0.0201 0.0357 0.0174 0.00238
PENRT M) 129 75.2 51.4 17

PERT M) 2.11 30.3 4.81 0.722




The results show that the lower density of expanded polystyrene allows it to reduce the contribution
of the core material according to the overall impact of the VIP. This, alongside the use of renewable
energy for electricity generation, could make the expanded polystyrene VIP attractive in theory. The
associated technical hindrances need to be resolved first to allow for this relatively cheap material to
compete with the other core materials on an environmental impact basis. It must also be noted that
in order to maintain the acceptable low thermal conductivity of the EPS foams as the core material,
relatively low gas pressures are required (10Pa and lower) (Alotaibi and Riffat, 2013).

4.3. Sensitivity Analysis
4.3.1. Thermal conductivity values relative to the internal vacuum pressure

The sensitivity of the LCA results related to the internal pressure of the VIPs were explored by varying
the vacuum pressure between 0.1 and 100000 Pa. Figure 6 demonstrates the relationship between
the thermal conductivity of the panels and the internal pressure with the thermal conductivity
increasing when the pressure inside the VIP is increased.
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Figure 5: Thermal conductivity of the pyrogenic silica, glass fibre, expanded polystyrene and aerogel VIP core materials
as a function of internal pressure (data obtained from (Di et al., 2013, Di et al., 2014, Wong and Hung, 2008, Liang et al.,
2017, Chen et al., 2015))

Table 8 compiles and demonstrates the changes to the environmental burden when the internal
pressure is adjusted. The associated thermal conductivity for each pressure point as found in the
literature (Figure 5) was used to calculate the required mass of material needed to achieve the target
thermal performance of the VIPs (U-value 0.27 W/m?2K). It can be observed that an increase in pressure
leads to a subsequent increase in the environmental burden of all impact categories selected as
expected.

Using GWP and EE as environmental proxies demonstrated that the environmental burden associated
with pyrogenic silica across the range of different vacuum pressures outweighs the other alternative
core materials. The results presented in the previous section show there to be a better environmental
performance for polystyrene on a cradle to gate basis mainly due to the lower density of the material
used. Glass fibre environmentally outperforms the polystyrene core for vacuum pressures lower than
100Pa and 10Pa for EE and GWP respectively. This is the threshold for which the lower environmental



impact of high density glass fibre outweighs the higher environmental impact of the lower density
polystyrene core. Taking the other impact categories into account, glass fibre only demonstrates a

better environmental performance for POCP (across the pressure range) and WRD (for vacuum
pressures lower than 10Pa) while the polystyrene performs better in the ODP, AP, EP and ADP

categories.

Table 8: LCA results for the pyrogenic silica, glass fibre, expanded polystyrene and aerogel for the different VIP internal

pressures
Core Material Impact Unit Pressure (Pa)
Category
0.1 1 10 100 1000 10000 100000
Pyrogenic Silica GWP kg COz eq 4.13E+01 | 4.23E+01 | 4.34E+01 | 4.44E+01 | 6.20E+01 1.55E+02 2.89E+02
oDP kg R-11eq 2.58E-11 2.64E-11 2.71E-11 2.77e-11 3.87E-11 9.66E-11 1.80E-10
AP kg SOz eq 1.05E-01 1.08E-01 1.10E-01 1.13€-01 1.58E-01 3.94E-01 7.36E-01
EP kg POs eq 1.17€-02 1.20E-02 1.23E-02 1.26E-02 1.76E-02 4.40E-02 8.20E-02
POCP kg CaHa 1.09E-02 1.12E-02 1.14E-02 1.17€-02 1.63E-02 4.08E-02 7.62E-02
ADP kg Sb eq 1.07E-03 1.10E-03 1.12€-03 1.15E-03 1.60E-03 4.01E-03 7.49E-03
WRD m? water eq 3.53E-01 3.62E-01 3.71E-01 3.80E-01 5.30E-01 1.33E+00 | 2.47E+00
EE M) 9.63E+02 | 9.87E+02 | 1.01E+03 | 1.04E+03 | 1.44E+03 | 3.61E+03 | 6.74E+03
Glass Fibre GWP kg CO2 eq 2.13E+00 | 3.04E+00 | 4.56E+00 | 9.42E+00 | 3.34E+01 | 4.10E+01 | 4.71E+01
oDP kg R-11 eq 4.22E-14 6.03E-14 9.05E-14 1.87E-13 6.64E-13 8.14E-13 9.35E-13
AP kg SOz eq 1.03E-02 1.47E-02 2.20E-02 4.55E-02 1.61E-01 1.98E-01 2.28E-01
EP kg POs eq 1.77€-03 2.54E-03 3.80E-03 7.86E-03 2.79E-02 3.42E-02 3.93E-02
POCP kg CaHa 5.04E-04 7.19E-04 1.08E-03 2.23E-03 7.91E-03 9.71E-03 1.12E-02
ADP kg Sb eq 1.87E-04 2.68E-04 4.02E-04 8.30E-04 2.95E-03 3.61E-03 4.15E-03
WRD m?3 water eq 1.08E-02 1.55E-02 2.32E-02 4.79E-02 1.70E-01 2.09E-01 2.40E-01
EE M) 4.12E+01 | 5.89E+01 | 8.84E+01 | 1.83E+02 | 6.48E+02 7.95E+02 | 9.13E+02
Expanded GWP kg COz eq 2.88E+00 | 3.49E+00 3.70E+00 | 4.11E+00 | 7.81E+00 - -
Polystyrene
oDP kg R-11eq 5.63E-15 6.83E-15 7.24E-15 8.04E-15 1.53E-14 - -
AP kg SOz eq 4.54E-03 5.52E-03 5.84E-03 6.49E-03 1.23E-02 - -
EP kg POs eq 5.17E-04 6.28E-04 6.65E-04 7.39E-04 1.40E-03 - -
POCP kg CaHa 1.65E-02 2.01E-02 2.12E-02 2.36E-02 4.48E-02 - -
ADP kg Sb eq 4.33E-07 5.25E-07 5.56E-07 6.18E-07 1.17E-06 - -
WRD m3 water eq 1.41E-02 1.71E-02 1.81E-02 2.01E-02 3.82E-02 - -
EE M) 9.18E+01 | 1.11E+02 | 1.18E+02 | 1.31E+02 | 2.49E+02
Aerogel GWP kg COz eq - - 1.56E+01 1.69E+01 1.95E+01 2.60E+01 | 4.54E+01
oDP kg R-11 eq - - 4.29E-06 4.65E-06 5.37E-06 7.16E-06 1.25E-05
AP kg SOz eq - - 7.36E-02 7.97E-02 9.20E-02 1.23E-01 2.15E-01




EP kg POs eq 7.52E-03 8.15E-03 9.41E-03 1.25E-02 2.19E-02
POCP kg C2Ha 5.17E-03 5.60E-03 6.46E-03 8.61E-03 1.51E-02
ADP kg Sb eq 6.17E-05 6.68E-05 7.71E-05 1.03E-04 1.80E-04
WRD m? water eq 8.60E-02 9.32E-02 1.08E-01 1.43E-01 2.51E-01
EE MJ 3.25E+02 | 3.52E+02 | 4.06E+02 | 5.42E+02 | 9.48E+02

4.3.2. Environmental Product Declaration Comparison

The environmental product declarations (EPDs) for glass fibre and expanded polystyrene were
selected for comparison with the results modelled here. Due to the lack of published EPDs and verified
environmental assessment reports, the remaining core materials were not considered. A comparative
assessment was done by determining the environmental impact of replacing the modelled core
material with that from the EPDs. The weight of the materials required for the VIP to achieve the
status of functional unit (0.27 W/(m?2K)) were 4.94kg and 1.48kg for the glass fibre and expanded
polystyrene respectively (see Table 3).

The impact assessment results from the selected EPDs were used to compare those obtained by the
model. Table 9 shows the results of this comparison using GWP and EE as proxies. EE is the total energy
used for the production of the core materials and it is the sum of the PENRT and PERT impact
categories. It should be noted that due to the core material being a pressurised design, the thermal
conductivity would change. Informed by the literature, the thermal conductivity of the glass fibre and
expanded polystyrene when used in VIP were 0.0062 W/(m.K) and 0.009 W/(m.K) respectively at
100Pa vacuum pressure.

Table 9: GWP and EE comparison of modelled glass fibre and expanded polystyrene with literature

Core Data Design Design GWP EE (MJ) | Reference
material source | Density Thermal (KgCO02eq)
(Kg/m3) Conductivity
(W/(m.K))
Glass fibre | Model 9.42 182.6
EPD1 | 15.00 0.0425 5.27 104.93 (Knauf Insulation,
2014b)
EPD2 | 17.00 0.0395 5.90 117.30 (Knauf Insulation,
2014c)
EPD3 | 24.00 0.035 5.72 113.63 (Knauf Insulation,
2014a)
EPD4 | 31.00 0.033 5.27 104.84 | (Knauf Insulation,
2014d)
EPD5 | 10.50 0.044 5.74 119.81 (knauf Insulation,
2015)
EPD6 | 31.00 0.032 4.81 112.66 (Resalati et al.,
EPD7 | 19.50 0.035 4.81 110.89 | 2020)
EPD8 | 11.50 0.04 4.89 108.92
EPD9 | 20.00 0.035 7.04 128.66




Expanded Model 4.11 131.11
Polystyrene
EPD 10 | 15.2 0.037 6.46 342.11 (Resalati et al.,
EPD 11 | 155 0.035 4.43 127.08 2020)
EPD 12 | 15.5 0.035 4.43 126.92
EPD 13 | 22.5 0.035 5.20 150.91
EPD 14 | 16.6 0.035 4.28 123.50
EPD 15 | 229 0.035 4.01 119.52

Figure 7 displays the box and whisker plots of the GWP and EE data demonstrating both the modelled
values and the EPDs for the glass fibre and expanded polystyrene VIP core material. The box signifies
the interquartile range between the 25th and 75th percentiles with the median and standard
deviation represented by the middle line and whiskers respectively. Upon analysing the data for GWP,
it can be observed that the median value for glass fibre (5.50 KgCO> eq) is higher than that seen in
expanded polystyrene (4.15 KgCO, eq). These results are in line with those obtained from the LCA
models (see Table 8). Analysing glass fibre and expanded polystyrene’s GWP and EE values in Figure
6 points to outlier values for glass fibre (9.42 KgCO, eq for GWP; 182.60 M)J for EE) and expanded
polystyrene (6.46 KgCO; eq for GWP; 343.11 MJ for EE) associated with the LCA model and EPD 10
(see Table 8). The higher than average values seen for GWP and EE in the LCA model are due to the
use of primary virgin glass instead of the 50% and 80% recovered waste glass used in EPD 1-9 (see
Table 8). Apart from these values, the probability distribution of glass fibre and expanded polystyrene
are close for both GWP and EE. The median value for glass fibre (113.15 MJ) was lower than that seen
for expanded polystyrene (127 MJ), suggesting that it could have the lowest EE when recycled raw
materials are used. The results for GWP and EE highlight that using recycled glass can enable the glass
fibre to be environmentally competitive against a lower density material such as expanded
polystyrene at a higher vacuum pressure.
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Figure 6: GWP and EE of glass fibre and expanded polystyrene when applied in VIP with a U-value of 0.27 W/m2K

Further comparative analysis between the LCA models and the EPDs was done related to the ODP, AP,
EP, POCP and ADP impact categories for glass fibre and expanded polystyrene. Figure 8 shows the box
plot of the impact categories with a large probability distribution in the AP and ADP impact categories
respectively. Looking specifically at expanded polystyrene, it can be seen that there are outlier values



in the AP and EP impact categories. This is according to the data obtained from EPD 10 (see Table 8)
showing that the modelled values for the indicators aligns well with the values from the EPDs. The
median values indicate that expanded polystyrene has a lower environmental impact in the ODP
(1.40E-7 kg R-11 eq), AD (1.10E-2 kg SO eq) and EP (8.76E-4 kg PO, eq) impact categories compared
with glass fibre. However, due to expanded polystyrene’s large probability range in the ADP impact
category, the median value indicates that glass fibre (2.30E-4 kg Sb eq) performs better in this
category. Overall, the comparative assessment between the modelled values and the literature
indicates that expanded polystyrene has the lowest median impact in the GWP, ODP, AP and EP
categories while glass fibre performs better in EE, POCP and ADP for the vacuum pressure kept at
100Pa.
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Figure 7: ODP, AP, EP, POCP and ADP of, glass fibre and polystyrene when applied in VIP with a U-value of 0.27 W/mZ2K

The LCA results for conventional pyrogenic silica VIP production showed that the core material had
the highest impact in all of the selected impact categories. This is similar to the results obtained by
Karami and their co-researchers when they compared the EPD data of VIPs (Karami et al., 2015). The
results were also the same when glass fibre and aerogel were used as the core materials, indicating
that the hot spot of VIP manufacture is usually the core material processing.

The comparative environmental assessment of the different core materials showed that the choice of
material can significantly reduce the impact of VIP production. According to the results presented in
the previous sections, pyrogenic silica, the most commonly used VIP core material, performs poorly
compared to the other core materials in terms of the environmental LCA parameters. However, the
use of pyrogenic silica has other technical benefits over the use of foam and glass fibre such as a
relatively long panel life span and lower sensitivity to vacuum pressure fluctuations due to its
structure. This makes it especially ideal for application in buildings with only VIPs using aerogel as the
core material rivalling its longevity. The recycling of the core material can help to reduce the
environmental impact and it should be adopted by the pyrogenic silica VIP in order to further diminish
its environmental impact in addition to that achievable by its longer service life. The environmental
impact of manufacturing the pyrogenic silica core material is strongly associated with
tetrachlorosilane production and electricity consumption. The use of an eco-friendlier method of
producing the inorganic compound alongside the use of renewable electricity sources could



potentially make pyrogenic silica more environmentally competitive when compared to glass fibre and
low density expanded polystyrene, which both have relatively lower environmental impacts.

This paper does not include the environmental comparison of the core materials during the use phase
and this may significantly improve the results obtained for pyrogenic silica due to the avoided impacts
of the VIPs prolonged use. Using VIP with pyrogenic silica as the core material can have a lifespan of
up to 60 years while that of expanded polystyrene and glass fibre has been shown to have a lifespan
of only 15 years due to vacuum loss (Di et al., 2013). End of life scenarios were also not considered
and a more detailed cradle to grave analysis taking into account the different recyclability ratio and
the recovery potential of each of the different core materials could form the basis for future work.
This study provides a cradle to gate comparative environmental assessment to aid relevant
stakeholders in making informed decisions related to the VIP selection of the target applications.

The sensitivity of the results to vacuum pressure also needs to be considered when the environmental
performance of VIPs is studied. The glass fibre and similar fibrous core material with a higher
sensitivity to vacuum pressure fluctuations need to be coupled with envelopes with lower air and
moisture permeation rates, thus allowing for a longer service life and lower subsequent conductivity.

5. Conclusion

This paper conducted a cradle to gate LCA on conventional pyrogenic silica VIPs. The results show that
the pyrogenic silica core had the highest contribution out of all of the selected impact category at
>60% contribution. A comparative environmental assessment of different VIP core materials was also
performed. The LCA of glass fibre, expanded polystyrene, aerogel and a hybrid core made up of a
combination of sawdust and pyrogenic silica was compared with that of pyrogenic silica. The use of
expanded polystyrene was shown to be more environmentally beneficial than the other core materials
in eight (GWP, ODP, AP, EP, ADP, WRD, PENRT and PERT) out of the nine impact categories, when
analysed for 100Pa vacuum pressure due to its lower density and without considering its service life.
The most commonly used core material, pyrogenic silica, had the highest impact in seven (GWP, AP,
EP, ADP, WRD, PENRT and PERT) of the impact categories. The high environmental impact of pyrogenic
silica was mainly due to the use of tetrachlorosilane in its manufacture.

The environmental performance of glass fibre and expanded polystyrene were compared with the
currently available EPDs and environmental assessment reports. The results indicate that alongside
the low density expanded polystyrene, glass fibre performs very well with median values suggesting
the lowest EE as well as a comparatively low impact in the other environmental impact categories.
Recycling the core material and the application of eco-friendly manufacturing techniques should be
considered in order to reduce the environmental impact of silica-based VIPs if they are to compete
with other alternative core materials environmentally.
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