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1 Introduction
1.1 Background to Deliverable
Extreme weather conditions have proven to be a significant challenge in many industrial sectors.
Surface coating applications are currently used as a protective system to prevent icing and erosion
but they have little success under harsh environments such as cold climates.
The EIROS project is aiming at developing self‐renewing, self‐healing, erosion resistant and anti‐
icing composite materials for use in these types of extreme environments (high erosion and very
low temperature). Potential end user applications are numerous and the initial focus will be on
wind turbine blades, aircraft and rotorcraft leading edges, automotive components and cryogenic
storage tanks for space applications.
The purpose of this report is to provide an initial approach for conducting the Life Cycle Analysis
(LCA) of the new products that will be created within EIROS to allow the assessment of the
environmental benefit regarding use of these novel products in different industrial applications.

2 Objectives
2.1 Project Objectives
The aim of EIROS project is to use the nanoparticles technology added to thermoset resins in
composite application to enhance functional properties in extreme environments.

2.2 Report Objectives
The objective of this report is to introduce to the partners the general concept of LCA and then
relate this to the products that will be developed within the EIROS project. The target of this
deliverable is to establish the goal and scope of LCA of novel products. Full LCA, including final
scope, life cycle inventory (LCI) and life cycle inventory assessment (LCIA) will be completed within
Deliverable 7.19 at the end of Month 36.
Therefore, the objectives of this report are:
 To provide the background to LCA.
 To illustrate LCA approach using functionalized silica nanoparticles.
 To define the LCA framework of the products that will be developed within the EIROS project.

3 Life Cycle Analysis Approach
LCA is a tool that has been developed in order to analyse and quantify the environmental burdens
associated with the production, use and disposal of a material or product and is arguably the best
way of quantifying this information (Hill C., 2011).
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An LCA starts with an explicit statement of the goal and scope of the study and it can be
conducted in four main steps.
In the first step the system boundaries are defined and the functional unit is identified. The
primary purpose of a functional unit is to provide a reference to which the inputs and outputs are
related in order to ensure comparability of LCA results (ISO 14040, 1996). Timescale is also a
system boundary.
The second step is the establishment of the LCI. This requires the assembly of all relevant
information about the process for manufacturing and use. LCI consists of detailed tracking of all
inputs and outputs of the product system, including raw materials, energy by type, water, and
emissions to air, water and land by specific substance. This process is usually divided into different
life cycle stages, processing, manufacture, service life, end of life (disposal/recycling). Once the LCI
phase of the analysis is completed then data gaps and limitations may be identified. In cases,
when is not possible to collect the missing data, ‘reasonable’ assumptions have to be made. At the
end of this step, LCI diagram that provides the measurement of the materials and energy flows,
and environmental releases for the production of a defined amount of a product should be
created (Figure 1).
In the third stage, the results from inventory are analysed and the environmental impact of
products/processes are quantified. In this step (LCIA phase), it is necessary to decide how to
report environmental impact. There are several ways to present it; the most common approach is
to divide the environmental burdens into two approaches, namely midpoints and endpoints (Bare
J., 2000), (Hauschild M., 2013). In the first (midpoint) approach, the environmental impacts are
grouped into similar categories, such as global warming potential, ozone layer depletion,
eutrophication or acidification potential etc.

Figure 1 LCI (Babu B.V., 2006).
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The endpoint approach seeks to report the consequences of the release of stressors into the
environment, which may have a high degree of uncertainty. This approach includes categories,
such as impact on human health (i.e. skin cancer, reduced life expectancy etc.) or ecosystems (i.e.
species loss, drought, flooding). Selected impact categories should provide useful information
about the product/process taking into consideration the goal and scope. Finally, when selecting
the impact categories, it is also necessary to refer to functional units that are used to report the
environmental burdens.
A number of impact categories (Table 1) are defined in EN1584. Selection of the most appropriate
one will be an output of this step in the LCA. Taking as an example climate change impact
category, the characterisation factor for this group will be global warming potential with a 100
year timeframe and the functional unit for this is kg CO2 equivalents (Table 1).
Table 1: Environmental impact categories and their functional units according to EN 15804
Impact category
Global warming
Stratospheric ozone depletion
Acidification of soil and water
Eutrophication
Photochemical ozone creation
Depletion of abiotic resources‐elements
Depletion of abiotic resources‐fossil fuels

Parameter
Global warming potential (GWP)
Ozone depletion potential (ODP)
Acidification potential (AP)
Eutrophication potential (EP)
Formation potential of tropospheric ozone (POCP)
Non‐fossil resources abiotic depletion potential (ADP‐elements)
Fossil resources abiotic depletion potential (ADP‐fossil fuels)

Unit
kg CO2 equiv
kg CFC 11 equiv
kg SO2 equiv
3‐
kg (PO4) equiv
kg ethane equiv
kg antimony equiv
MJ

In the fourth and final stage of LCA, information from LCI and LCIA should be utilised in order to
draw conclusions and make appropriate recommendations, so that economic costs and more
importantly environmental impacts can be minimised.

4 Background
The data regarding production and functionalization of silica nanoparticles have been derived
from previous TWI projects. The approach given in this section presents a provisional LCA using
the data available. A revised version of LCA of production and functionalization of silica
nanoparticles will be carried out during the project to validate this provisional LCA. LCA of silica
nanoparticles has been conducted according to ISO 14040:2006 standard (ISO 14040, 1996) and
was carried out in four distinct phases, including goal and scope, LCI, LCIA and final interpretation.

4.1 Goal and Scope
The goal of this study was to assess the environmental impact associated with the production of
functionalized silica nanoparticles. The scope of this LCA was to establish the system boundaries,
the functional unit, the types of flows considered in LCI methodology, the data requirements and
assumptions, as well as the final interpretation of the study.

4.2 Functional Unit
Due to the fact that this study focused on the production of materials, functional unit should
correspond to the weight of these materials. Therefore, it has been decided to assess
environmental impact in terms of GWP for 100 years and given in units of kg of carbon dioxide
equivalents (kgCO2e).
This project has received funding from the European Union’s Horizon 2020
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4.3 Model and Assumptions
All data is based on laboratory scale processing, and is likely to represent the worst case in
environmental impact. The model undertaken in this study represents “cradle‐to‐gate”
assessment, where LCI has been carried out with GaBi software. Where a chemical has been
purchased, materials and energy consumption have been derived from secondary data using
literature. In the following LCA, transportation has not been taken into consideration.

4.4 Data Gathering and Inventory
A literature review was used to estimate values for silica production. Although it is a commonly
used material, the environmental data is not readily available.

4.4.1 Silica Production (LCI)
The main raw material used to produce silica and other silica related materials is silicon metal (or
elemental silicon). Silicon metal (or elemental silicon) is produced from mined quartz and various
reduction agents in submerged electric arc furnaces in very high temperatures (Xakalashe B.S.,
2011). During the process, the following reaction takes place:
SiO2 + 2C → 2CO+Si

(i)

In general, production of silicone materials that are backbone for the development of silica
nanoparticles and silica functionalizing agents follows the routine illustrated in Figure 2.
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Figure 2 General overview of silicon related materials production (Brandt B., 2012).
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4.4.2 Production of Functionalized Silica Nanoparticles (LCI)
Figure 3 shows TWI’s production routine of functionalized silica nanoparticles. Initially silica
nanoparticles are prepared using the Stöber process. This route allows particles of different sizes
to be produced. Silica nanoparticles with a z‐average size of 32nm are referred to as TSS4, and are
used as the basis for this example.
After synthesis the solution is reduced in pH (cleaned) by evaporation. The cleaned suspension is
then heated with a silane coupling agent to functionalize silica nanoparticles. At the end of this
process they are ready to be incorporated into the resin matrix.

Figure 3 Life cycle stages of producing functionalized silica nanoparticles.

4.5 Data Analysis
Most of the analysis was carried out using GaBi software, with a software database containing
literature sources from 2006.
Building blocks for silica nanoparticles production as well as silica functionalizing agents are
originally produced from silicon, followed by various chemical processing steps to produce the
desired chemical structure (Figure 1). Brandt et al have analysed the production of poly dimethyl
silane (PDMS or silicone oil) and show the precursor steps to include the manufacture of methyl
siloxanes and methyl chlorosilanes. Therefore, silicone oil has been used in this analysis as
estimation for tetraethyl orthosilicate and silica nanoparticles functionalizing agent. Electricity
This project has received funding from the European Union’s Horizon 2020
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calculations were based on laboratory scale ovens filled to maximum capacity. Data inventory,
including inputs and outputs for production and functionalization of silica nanoparticles are shown
in Table 2. Amounts of each chemical and energy are given, normalised to the product formed at
each stage.
Table 2 List of materials and assumptions done for functionalized silica nanoparticles
Item

Assumption

Tetraethyl orthosilicate (TEOS)

Industrial methylated spirit (IMS)

Approximated to silicone oil, 6.31kgCO2e/kg, based on estimation Brandt et al
(2012).
Approximated to silicone oil, 6.31kgCO2e/kg, based on estimation Brandt et al
(2012).
Approximated to ethanol, used GaBi database.

25% ammonia

Used GaBi database.

Deionised water

Used GaBi database.

Electricity for the oven

Electricity based on laboratory oven, filled to maximum capacity. Used GaBi
database EU‐27 electricity grid mix.
Electricity based on laboratory rotovap. Used GaBi database EU‐27 electricity grid
mix.

Coupling agent (silicon related material)

Electricity for rotovap

4.6 Life Cycle Inventory Assessment
Data inventory for production and functionalization of silica nanoparticles are shown in Table 3.
Amounts of each chemical and energy are given, normalized to product formed at each stage.
Table 3 Data inventory for production of functionalized silica nanoparticles (the total results are given for
kg CO2e/kg of functionalized silica nanoparticles
Processing step

Item

Stöber spheres – fabrication
(Step 1)

Stöber spheres – cleaning step
(Step 2)

Stöber spheres – functionalization
(Step 3)

Functionalized Stöber spheres –
cleaning step
(Step 4)

Unit

Electricity for oven

Amount per kg of
cleaned functionalized
TSS4 solution
1.3

TEOS

0.1

kg/kg

Dry industrial methylated spirit

0.7

kg/kg

25% Ammonia

0.0174

kg/kg

Distilled water

0.02

kg/kg

MJ/kg

Electricity for Rotovap

0.664

MJ/kg

TSS4 solution

0.886

kg/kg

Dry industrial methylated spirit

1.063

kg/kg

Electricity for oven

2.746

MJ/kg

Cleaned TSS4 Solution

0.886

kg/kg

Coupling agent

0.114

kg/kg

Electricity for Rotovap energy

0.8

MJ/kg

Functionalized TSS4 Solution

1.0

kg/kg

Dry IMS

1.2

kg/kg
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4.7 Life Cycle Interpretation
LCA allows for examination of every step of silica production and gives a useful benchmark from
which to improve the process. The highest carbon footprint in the production of the cleaned
functionalized silica Stöber spheres occurs on the functionalization step and therefore, some
modification of this stage could improve the environmental performance. LCIA (Table 3) revealed
that the highest impact of this stage comes from the energy required to heat the solution of
cleaned silica Stöber spheres with coupling agent. Further analysis of energy efficiency use would
allow taking measures to prevent or reduce further harm to the environment and decrease the
overall impact of cleaned functionalized silica Stöber spheres. Further analysis of LCIA (Figure 4)
shows that introducing a new product based on TEOS (cleaned functionalized silica Stöber
spheres) will increase the environmental impact by around 5.2 kgCO2e/kgnew product.

Figure 4 Environmental impact associated with production and functionalization of silica Stöber spheres
(individual steps, products and TEOS (silica building block)).

The calculated environmental impact of production of functionalized silica Stöber spheres is based
on the “cradle‐to‐gate” model. Changing the LCA to “cradle‐to‐grave” model will result into higher
carbon footprint. Nevertheless, this raise of environmental impact will be strongly dependent
upon the final designation of silica material, the operating conditions and the disposal routine.

5 Discussion EIROS LCA Framework
The information provided within this deliverable is intended to provide preliminary assessment of
environmental impact associated with material production within the EIROS project. The stages of
LCA were presented using functionalized silica nanoparticles as the example of LCA. LCA approach
that will be undertaken for EIROS products will be more complex. The significant amount of data
concealed within LCA of EIROS products may provide a challenge to present them in a meaningful
way. Moreover, some of the environmental data required to complete LCA may not be readily
available, especially the data that corresponds to use phase of the product. Therefore, in the next
stage, it is essential to define the goal and scope and system boundaries of final LCA of EIROS
products. To conduct LCA based on “cradle‐to‐grave” model, from the point of extraction of raw
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materials to processing, composite fabrication, delivery, use phase, recycling and disposal, the
following stages will be included in the analysis:
i.






Materials
Production of silica building blocks
Production of encapsulated PCMs with silica shell
Production of silica nanoparticles and functionalization of them
Production of microencapsulated self‐healing reactive systems
Production of resin matrix

ii.





Processes
Incorporation of encapsulated PCMs into resin matrix
Incorporation of functionalized silica nanoparticles into resin matrix
Incorporation of microencapsulated self‐healing reactive systems into resin matrix
Production of fibre component

iii.







Products
Optimisation, manufacturing, lifetime and disposal of composite cryogenic tanks
Optimisation, manufacturing, lifetime and disposal of composite aircraft wing leading edge
Optimisation, manufacturing, lifetime and disposal of composite aircraft propeller
Optimisation, manufacturing, lifetime and disposal of composite wind turbine blade
Optimisation, manufacturing, lifetime and disposal of composite oil pan
Optimisation, manufacturing, lifetime and disposal of composite bumper trims

The LCA for each of the case studies will include materials, energy and waste flows associated with
the production and the use of novel materials (LCI). The LCI step can be omitted for those
materials that already have the Environmental Product Declaration number (EDP). In the final
stage of LCA, environmental and economic benefits associated with the use of novel technology
will be calculated.
To gather the required information a questionnaire has been prepared (see Appendices A and B).
The ability to measure and assess environmental impact of production of novel materials will
require the selection of a quantified reference unit. Due to the high complexity of LCA of EIROS
products, several functional units can be taken under consideration. Each case study is
represented by its own functional unit.

6 Conclusions
LCA is the leading methodology used to comprehensively quantify and interpret the
environmental flows to and from the environment over the life cycle of the product or process.
The initial report on LCA provided in this deliverable concentrates on the background of LCA
approach. The LCA approach that will be undertaken in the further study was shown based on the
example of LCA of production of functionalized silica nanoparticles.
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The input arising from this deliverable will be used to complete Task 7.19 at the end of Month 36.
In the next stage, the scope, the system boundaries and the functional unit will be established and
defined. LCA will be completed by LCI followed by the evaluation of the energy burden of
manufacture, use and disposal of the products developed in this project.
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Figure 6 ‘LCA Questionnaire Introduction’ – Part II.
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