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Abstract

Purpose The ASSpC project at TU Graz aims at developing new sprayed concrete mix designs
with respect to durability and sustainability. This thesis addresses the environmental aspects
of sprayed concrete and its constituents. Its objectives are (1) providing the state-of-the-art of
Life Cycle Assessment (LCA), which is a capable method to quantify environmental impacts of
materials and processes, (2) providing a database of environmental impacts of different materials
used in different sprayed concrete mixes and (3) comparing new developed mix designs to
traditional ones on basis of environmental friendliness.

Methods A Systematic Literature Review (SLR) is used to exploit publications dealing with LCA
and sprayed concrete or at least one of its base materials. A meta-analysis of final samples of
journal papers is conducted in Excel. The LCA of sprayed concrete (six wet and five dry mixes),
performed in SimaPro with link to the environmental database Ecolnvent v2.2, is accomplished
on a cradle-to-gate basis to gain insights in the environmental impacts of sprayed concrete and
its base materials. Six environmental impact indicators are calculated, using EPD (2013) v1.03
as Life Cycle Impact Assessment method. This is done for the constituents on a one-kilogram-
basis, while materials with binding capacity are then compared with respect to their binding
equivalenﬂ For the comparison of different mix designs, 1m? sprayed concrete is used as the
functional unit. Economic Value Allocation is used as base case scenario with cut-off approach
and mass allocation serving as sensitivity check. Furthermore, the robustness of the results
is checked by means of Monte Carlo Simulation, and using Ecolnvent v3.37 for environmental
background data.

Results and discussion In addition to the results of the meta-analysis providing the state-of-
the-art of LCA, which also showed that literature lacks LCAs on sprayed concrete, a detailed
look at three wet mixes is conducted: NRef1 as traditional mix design, NRef4, where some
amount of cement is replaced with fly ash (FA) and blast furnace slag (BFS), and N1, where
the substitution is accomplished with a mix of reactive and inert fillers. Within the economic
value allocation methodology, the substitution is environmentally beneficial with regard to five

"The binding equivalent quantifies the binding properties of a material relative to the binding property of 1 kg CEM .
2Within Ecolnvent version 3.3 the system model "Allocation, recycled content" is used.
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of the six examined impact indicators. Interestingly, this one exception occurs not at the same
indicator for NRef4 and N1. Sensitivity Analysis shows that a change of the background data
source (Ecolnvent v3.3) changes the one indicator where the substitution of cement is not
environmentally beneficial if NRef4 is compared to NRef1.

Conclusion Results show that the substitution of cement with supplementary cementitious
materials (SCM) such as FA and BFS, or fillers is environmentally beneficial if economic value
allocation or the cut-off approach is used. Mass allocation totally reverses this statement, making
FA the material causing the biggest environmental burden by far, followed by BFS. With regard to
the examined impact indicators, inert Micro- and Meso-Fillers are - from an environmental point
of view - the most promising materials to lower the burden of sprayed concrete, because they
are environmentally beneficial regardless of allocation method or data source used. But due to
their inert nature, only a very small amount of cement can be replaced by them. Furthermore,
admixtures - often excluded in LCAs of normal concrete - play an important role in quantifying
the environmental impacts of sprayed concrete.



Kurzfassung

An der TU Graz werden derzeit im Rahmen des ASSpC-Projektes neue Spritzbetonrezepturen
entwickelt, die dauerhafter und nachhaltiger als bisherige Rezepturen sein sollen. Die vor-
liegende Arbeit bezieht sich auf die Umweltaspekte von Spritzbeton und dessen Bestanditeile. Es
sollen (1) der aktuelle Stand der Forschung beziiglich Okobilanzierung (Life Cycle Assessment,
LCA) ermittelt, (2) Datengrundlagen zu Umwelteinfliissen der verschiedenen Spritzbetonbe-
standteile erarbeitet, und (3) die Umwelteinwirkungen der verschiedenen Spritzbetonrezepturen
verglichen werden.

Um Publikationen zum Thema LCA und Spritzbeton oder seiner Bestandteile zu finden, wird
eine systematische Literaturrecherche (SLR) durchgefiihrt. Eine Metaanalyse der relevanten
Publikationen wird in Excel realisiert. Flr die Ausgangsmaterialien und Spritzbetone selbst
(sechs Nass- und fuinf Trockenrezepturen) wird eine LCA in SimaPro, unter Ruckgriff auf die
Umweltdatenbank Ecolnvent v2.2, auf cradle-to-gate-Basis durchgefiihrt. Dabei wird EPD (2013)
v1.03 als LCIA Methode verwendet. Fir die einzelnen Materialien geschieht dies auf Basis von 1
kg; die Rezepturen werden anhand der Umweltauswirkungen von 1 m3 verglichen. Die Allokation
erfolgt anhand des monetaren Wertes, wobei allerdings zwei weitere Allokationsverfahren als
Sensitivitats-Check angewandt werden. Weiters wird die Robustheit der Resultate mithilfe einer
Monte Carlo Simulation und Ecolnvent v3.3] tiberpriift.

Hauptaugenmerk wéhrend des Vergleichs verschiedener Spritzbetonrezepturen liegt auf den
Nassrezepturen NRef1, einer traditionellen Rezeptur, NRef4, wobei ein Teil des Zements durch
Flugasche (FA) und Huttensand (BFS) ersetzt wird, und N1, wobei die Substitution von Teilen
des Zements mittels einer Mixtur aus reaktiven und inerten Fullern passiert. Mit der gewahlten
Allokationsmethode (monetarer Wert) ist eine Substitution in finf der sechs untersuchten
Umweltkategorien vorteilhaft. Diese Kategorie ist aber nicht dieselbe fir NRef4 und N1. Auch
eine Anderung der Umweltdatenbank (Ecolnvent v3.3) &ndert den einen Umweltindikator, bei
dem NRef4 schlechter als NRef1 abschneidet.

Ergebnisse zeigen, dass eine partielle Substitution des Zements Vorteile in Hinblick auf die
Umweltauswirkungen hat. Wird allerdings Allokation nach Masse angewandt, verschwindet

3Ecolnvent v3.3 wird unter der Verwendung des Systemmodells "Allocation, recycled content" benutzt.



der Vorteil sofort, da nun FA (gefolgt von BFS) die gréBte potentielle Umwelteinwirkung be-
sitzt. Nur die inerten Mikro- und Meso-Fuller behalten ihren Umweltvorteil, was sie zu den
vielversprechendsten Materialien dieser Studie macht. Allerdings ist der Anteil des Zements,
der durch sie ersetzt werden kann, aufgrund ihrer inerten Eigenschaft sehr gering. Weiters
konnte festgestellt werden, dass Zusatzmittel wie Verflissiger oder Erstarrungsbeschleuniger,
die oft bei LCAs von herkdmmlichem Beton vernachlassigt werden, eine grof3e Rolle in der

Okobilanzierung von Spritzbeton darstellen.
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1. Introduction

Building construction and operation account for about 50% of worldwide CO, emissions
[Achal2015]. Concrete is the second most used material, with a production of about one
tonne to one cubic meter per person and year, which fells only short to the usage of water
[Achal2015; [Flower2007}; Habert2013|. Within the construction industry, concrete is the most
used material due to its outstanding technical properties like strength or durability [Aitcin2000;
Habert2013; Komastka2003]. Unfortunately, conrete is also among the building materials which
cause the most CO, emissions [Achal2015].

At least since the publication of the IPCC Fifth Assessment Report in 2014 [IPCC2014], which
enforced the increasing awareness of global warming and environmental stress produced by
human kind even more, society and research push in the same direction: The development of
sustainable and environmentally friendly alternatives to traditional products. Due to the large
quantities produced and its large amounts of CO. emitted, concrete is a perfect candidate to
investigate with regard to the quantification of these emissions and opportunities to reduce them.
This was done by e.g. [Feiz2015;Won2015|,[Yang2015].

However, the environmental burden caused by a material is not fully accounted for by only
monitoring its CO, emissions. There are other substances, which are harmful for nature or
even human kind, which are emitted over the life cycle of a product. The expansion of the
discussion about CO» to also incorporate other environmental impacts of concrete was done by
e.g. [LopezGayarre2016; Muller2014; Muller2014a; |Serres2016].

For sprayed concrete, a specific type of concrete, such research is almost not existent. A
research project at TU Graz tries to fill this hole: The research project ASSpC (Advanced and
Sustainable Sprayed Concrete) tries to find new sprayed concrete formulas and technologies,
especially to improve sprayed concrete with respect to durability and sustainability.

This thesis addresses the environmental performance of sprayed concrete and its base materials.
At first, a systematic literature review was conducted. Main findings from it are presented in
chapter[3] Then, base materials of sprayed concrete are characterized and compared by their
environmental performance.

The main issue of this thesis, a Life Cycle Assessment (LCA) of sprayed concrete, is presented

13
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1. Introduction

in chapter[5] The LCA is done in SimaPro and Excel, uses a Cradle-to-Gate approach and 1
m3 of sprayed concrete as functional unit. The main data source is the Ecolnvent database in
version 2.2.

Six wet and five dry mixes are compared, before turning to three wet mixes and analysing their
contributors: The first one (NRef1) is the most traditional one as it consists of cement, water,
gravel and admixtures. The other two looked at in particular try to reduce the amount of cement
used by replacing it with fly ash, blast furnace slag and limestone (NRef4), respectively Meso-
and Micro-Fillers (N1).

Sensitivity analysis is conducted based on allocation methods used. Also Monte Carlo Simulation
(MCS) is used to gain information of the uncertainty of the modelling. Furthermore, a sensitivity
check regarding the data source is provided, as results of Ecolnvent v2.2 are compared with

results derived under version 3.3

1.1. Background

Sprayed concrete is concrete which is applied on a surface through a spray nozzle and com-
pacted through its impact energy. Its mix designs are similar to designs of normal concrete with
the exception that more admixtures like set accelerators are used to provide sufficient early
strength. Also the water to binder ratio is fitted more to this requirement than it is in normal
concrete. The early strength is one of the most important (if not THE most important) properties
of sprayed concrete, because it doesn’t use a framework and therefore has to support itself
since the time of its application. Sprayed concrete is either used by itself, or it is reinforced with
steel bars, steel mats or fibers.

There are two techniques: The dry mix technique and the wet mix technique. Within the first
method, cement, aggregates and other solid constituents if required are mixed together and the
addition of water and admixtures takes place at the nozzle, shortly before the mix is sprayed on
a surface. Among its advantages are the flexibility (because the amount of water used can be
adjusted by the nozzleman, and work stoppage is easily possible) and lower maintenance costs.
Within the wet mix technique all constituents are mixed together before they are procured to
the nozzle. Thereby it is possible to maintain the same quality and homogeneity of the mix.
Furthermore, its advantages involve less rebound and less formation of dust than the work with
dry mixes.

Sprayed concrete is used for securing excavations or slopes, in tunnel construction and partially

'Within Ecolnvent version 3.3 the system model "Allocation, recycled content" is used. Infor-
mation on different system models can be derived from https://wuw.pre-sustainability.com/
ecoinvent-different-system-models, 26.05.2016

14
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1.2. Scope/Aim of this Thesis

to repair concrete components. It is used especially as part of the New Austrian Tunneling
Method (NATM), where the rock is supported by layers of sprayed concrete.

Among the problems of sprayed concrete is its vulnerability to thaumasite sulfate attack and
leaching of calcium, which leads to a shorter longevity and high maintenance demand. This
doesn’t only cause additional costs, it also - because like every building material also sprayed
concrete has got an environmental footprint - increases its environmental burden.

The research project ASSpC (Advanced and Sustainable Sprayed Concrete) at TU Graz tackles
both issues by inventing more durable and sustainable sprayed concrete mix designs: On the
one hand, the new mixes shall be less vulnerable to thaumasite and leaching. Indeed, the
initial application costs for these designs may rise, but due to the expected longer durability and
therefore less maintenance demand and cost, overall costs should decrease. On the other hand,

also the environmental burden of these mix designs shall be lower than traditional designs.

1.2. Scope/Aim of this Thesis

This thesis addresses parts of the second issue within the ASSpC project: Its main objective is
to verify whether the new mix designs are environmentally beneficial compared to traditional
mixes. Other objectives of the ASSpC project are discarded, i.e this thesis does not go into the
technical properties of sprayed concrete. Due to insufficient information regarding long term
behaviour of the new mix designs at present, also durability is not addressed.

Beside its main objective, also some other questions concerning the topic environmental footprint
of sprayed concrete shall be answered with this thesis. These research questions are:

= What research has already been done on assessing the environmental performance of
sprayed concrete and/or its base materials?

* What base materials are the main drivers of global warming, ozone depletion etc.?

* Do the new developed mix designs cause a lower environmental burden than traditional
ones?

* |s a substitution of cement with other materials environmentally friendly?

= Are results data source dependent?

15
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1. Introduction

1.3. Hypotheses

On basis of the research questions and general research interest, five hypotheses are set up,
which are to be - not exclusively - answered with this thesis. The hypotheses are:

1. In literature, LCAs on sprayed concrete are scarce.

2. Among the base materials of sprayed concrete, cement is responsible for the largest environ-
mental burden.

3. Admixtures play an important role in quantifying the environmental burden of sprayed con-
crete.

4. The environmental advantage of substituting cement with materials like fly ash and/or blast
furnace slag depends on the allocation rule usedE]

5. The use of other data sources doesn’t change the results much.

2The environmental performance of these materials with regard to allocation rules was already investigated by other
authors, e.g. [Chen2010; Habert2013|. This thesis goes one step further as it verifies this hypothesis not only on
basis of base materials, but also with regard to final sprayed concrete mix designs.

16



2. Methods

To achieve the termed objectives, answer the formulated research questions and validate the
hypotheses, this thesis uses a Systematic Literature Review and Life Cycle Assessment
(LCA) as main methods.

Life Cycle Assessment is an accepted and capable tool to quantify environmental impacts caused
by a product during its life[Kloepffer2014]. It is standardized by [ISO14040] and [ISO14044].
The life cycle of a product can be divided into 4 major Life Cycle Phases, with the first three
(A, B and C) serving as the products life according to [EN15804] and stage D as "additional
information". Each stag can be separated into substages (A1-A5, B1-B7 and C1-C4). The
stages are Product Stage (A1-A3), Construction Process Stage (A4-A5), Use Stage (B) and
End-of-Life Stage (C).[EN15804]

The product or process under study fulfills one determined function. Every LCA result refers to
this Functional Unit. A functional unit (fU) can be for example "the production of 1 kg concrete”
or "one square meter floor covering over a period of 30 years".[Kloepffer2014]

Within a determined system boundary, the examined product system is diversified into so-called
unit processes, which represent the smallest part of this system. To rephrase this, connected
unit processes build the product system under study. Material flows are determined and in-
puts/outputs are assigned to these Unit processes (Life Cycle Inventory analysis (LCI)). If
outputs of so-called multifunctional processef] are involved, one has to consider how material
flows caused or consumed by this process should be divided between the generated prod-
ucts[Ekvall2001]. This is called Impact Distribution or Allocation.

Then, on basis of LCI data these are assigned to different impact categories in the stage called
classification. Finally, the corresponding impact indicatorsﬂ are calculated by using characteri-
sation factorsﬂ LCA software has access to different Life Cycle Impact Assessment (LCIA) -

'with the exception of stage D

2Multifunctional processes are processes with more than one outcome.

3An example for an environmental impact indicator is Global Warming Potential, which is quantified in kg-CO2-
equivalents.

“Characterisation factors are used to convert impacts of substances so that they can be expressed in one unit, i.e.
they answer the question how many kg of, for example, methane do have the same Global Warming Potential as
one kg of CO2.

17
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2. Methods

Methods, where characterisation factors to calculate certain impact indicators are implemented.
As result, values of different impact indicators quantify the environmental impact of a prod-
uct.[Kloepffer2014]

For this reason, LCA is used to - not exclusively - verify the hypotheses 2-5. Because there
are - as addressed later - many methodological choices (e.g. addressed Life Cycle Phases,
used Allocation and LCIA method) within a Life Cycle Assessment, and to verify hypothesis 1, a
Systematic Literature Review (SLR) is conducted first. This is a method to gain an overview of
publications regarding a specific topic. Scientific databases are searched for topic related or
research question related keywords and the found sample of papers is minimized by exclusion
criteria on basis of title, abstract and fulltext until only relevant literature remains [Higgins2008].
It can be imagined as a funnel, where all literature which touches the topic of interest are put
in, but only the relevant publications seep out. So on the one hand, every paper in the field
of interest is touched, but on the other hand the final sample includes only literature which is
relevant for the research question. A more detailed description of the used methods can be in
the sections below.

2.1. Systematic Literature Review

The SLRP| uses databases for scientific research, namely ScienceDirectf| and Springer’} These
two databases are used because they contain the journals which are relevant for the SLR, for
example "The Journal of Cleaner Production" (ScienceDirect) or "The International Journal of
Life Cycle Assessment" (Springer). Keyword strings, derived from a material list of sprayed
concrete, are typed in and found papers are transferred to the reference management software
Mendeleyﬂ On basis of exclusion criteria, e.g. foreign research field, papers are excluded by
title, abstract and full text. The following information are extracted of the remaining papers and
summarized in an excel sheet: author(s), title, country, year of publication, journal title, covered
life cycle phases, functional Unit, data source(s), allocation method(s) and impact assessment
method(s). Also, the environmental impacts regarding the material searched for are included in
the excel sheet, if some are available and referring to midpoint indicatorsﬂ The following key

word strings were used:

®For more information on the process of an SLR see [Higgins2008].

®http://www.sciencedirect.com, 03.11.2016

"http://1link.springer.com, 03.11.2016

8available on https://www.mendeley.com, 03.11.2016

®Midpoint indicators refer to impact categories which are along the environmental mechanism of a process, like
climate change. The final impact can be measured with endpoint indicators like human health or ecosystem
quality.[Desideri2014]
This thesis focuses on midpoint indicators.A short discussion is provided in section

18
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2.2. Life Cycle Assessment

= Sprayed concrete AND LCA

= CEM AND LCA

= Admixtures AND concrete AND LCA

= Limestone AND concrete AND LCA

= Gravel AND concrete AND LCA

= Sand AND concrete AND LCA

* Fly ash AND concrete AND LCA

* Blast furnace slag AND concrete AND LCA

Furthermore, in another excel sheet the environmental impacts corresponding to midpoint
indicators of all materials, which are of interest for the production of sprayed concrete, are
pooled together. So in addition to the materials searched for, environmental information on other
constituents could be obtained as well.

2.1.1. Relation to LCA

The SLR is done for two purposes: On the one hand, it provides the state-of-the-art of LCA.
Since there are a lot of methodological choices (e.g. used functional unit, allocation method) in
LCA, the SLR helps making the right decisions, which then also will be accepted by the scientific
community. For example, if everyone is using method A, it is clear that using method B won’t
help reaching the goal of providing scientific and comparable LCA results.

On the other hand, some materials are not included in environmental databases and one
has to draw on other sources for this information. Popular sources are published studies or
Environmental Product Declarations (EPDS)F;GL where the material in question has already been
examined. Derived environmental information through the SLR can then be used as input in the
LCA, or the validity of data used within SimaPro can be checked with data from literature. Graph
shows the described connection between SLR and LCA.

2.2. Life Cycle Assessment

The LCA of sprayed concrete is performed as described in the standards [ISO14040] and
[ISO14044]. The phases of the LCA are as follows and explained in with reference to [ISO14040]:

OExamples are the EPDs of admixtures owned by the European Federation of Concrete Admixtures Associations
(EFCA), which are later used in this thesis.

19
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2. Methods

LCA

4—‘ Ecolnvent 2.2
State-of-the-Art SimaPro
Methological Choices
4—’ Ecolnvent 3.3
Structured Literature

Review (SLR) ]

.| Environmental Impacts | Input/Benchmark
" of Different Materials Excel

h 4

A

EFCA EPDs

\d

Scientific and Solid
Results

Figure 2.1.: Connection of SLR and LCA

= Goal and Scope definition: Goals and system boundaries of the LCA are defined.

Life Cycle Inventory analysis (LCI): Inputs and Outputs referring to the product under study

are identified and quantified.

Life Cycle Impact Assessment (LCIA): Dimensions of environmental impacts of the exam-

ined product are assessed.

Interpretation: Results from LCI and/or LCIA are judged with regard to Goal and Scope
definition. The objective of this phase is to derive conclusions and advices.

In this section, the first phase and methods used for accomplishing the next two are addressed.
More information regarding some methods and the used materials is found in section|5.1.1
Results and interpretation are presented in section Figure [2.2] shows the stages of an
LCA.

2.2.1. Goal and Scope

This LCA uses a Cradle-to-Gate approach, which is equivalent to addressing the phases A1-A3.
Phase A1 addresses the extraction of raw materials, A2 refers to their transport to the manufac-
turing place, and A3 covers the manufacturing process itself [EN15804]. The choice to perform
a Cradle-to-Gate-study is mainly made due to the current state of knowledge, which doesn’t
allow a solid and scientific Cradle-to-Grave study because long-term behaviour of the new mix

20
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2.2. Life Cycle Assessment

/ Life Cycle Assessment Framework \

Goal and
Scope ——
Definition
%
v Direct Applications:
\
. — Product development and
Life Cycle | . R improvement
Inventory || Interpretation | — Strategic planning
analysis —  Public policy making
— Marketing
/ — Other
\
Life Cycle A
Impact <
Assessment

—

Figure 2.2.: LCA Stages
Source: Own illustration based on [ISO14040]

designs are not known yet. Tests are currently planned or in progress to gain information and a
Cradle-to-Grave study may follow within the next three years.

The LCA is performed for two reasons in particular: On the one hand, a first collection of envi-
ronmental impacts of different base materials on a Cradle-to-Gate basis should be established
in SimaPro and/or Excel. On the other hand, the currently available mix suggestions should be
compared. It should be determined in which way and to what extent a substitution of cement
alters the environmental impacts. Also, the impacts of used admixtures should be assessed to
underline the importance of their inclusion in every LCA dealing with sprayed concrete.

This study ends with the packed materials in storages. So there is no transport to a specific
site or further downstream activities included. Also excluded is the mixing of the materials to a
sprayable mass. Furthermore, rebound or other losses are not accounted for[']

"For the comparison of different mix designs, these exclusions don’t affect the environmental preferability of mixes if
it is assumed that all mixes need the same mixing energy and have the same amount of losses and rebound.

21
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2. Methods

2.2.2. Methodological Choices

LCA requires methodological choices throughout its four stages. Choices within the first stage,
Goal and Scope definition, where system boundaries and addressed life cycle phases are
determined, were already described above.

Within the next stage, Life Cycle Inventory analysis (LCI), where unit processes making up
the product system with corresponding inputs and outputs are identified, one has to answer
questions regarding allocation method and data source used.

In third stage, Life Cycle Impact Assessment (LCIA), impact indicators are calculated based on
LCI data and characterisation factors. Here the methodological choices refer to which impact
categories and indicators should be examined and further which LCIA-method should be used
to calculate their values.

For a proper execution of the last LCA-stage, Interpretation, results are checked by performing
sensitivity and uncertainty analyses. Varying applied methods or data sources provides insight

in the robustness and validity of derived results.

Functional Unit

This LCA uses 1 m3 of sprayed concrete as the functional unit. As already pointed out, rebound
and other losses are not included in this study. Therefore it is assumed that application of
the amounts of materials which theoretically add up to 1 m3 of sprayed concrete - under the
assumption of 0% losses and 0% rebound - really result in 1 m3 of sprayed concrete.

Data Source

The main data source for background data is Ecolnvent v2.2. Because not every used material
is available in Ecolnvent, journal papers or EPDs are utilized in addition. For comparison
reasons, also the environmental databases (")kobauda and ELC are used. A detailed look
at different materials and their corresponding background data source is provided in subsection
Foreground data, i.e sprayed concrete mix designs, come from Dr. Joachim Juhart from TU
Graz, who is also part of the ASSpC-project.

Allocation
This LCA-study uses allocation based on economic value as base case scenario, i.e inputs and

outputs of processes generating more than one product are divided between these products

"2http://www.oekobaudat .de, 15.02.2017
SVersion 3.2, accessed via SimaPro.
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2.2. Life Cycle Assessment

on basis of their market value. Allocation based on mass, and the cut-off approach, where all
inputs and outputs of the multifunctional process are attributed to the main product and other
by-products are assigned with zero environmental burden, are used as kind of sensitivity check.
More on allocation can be found especially in sections[3.5] [4.6]and subsection

LCIA method

This LCA uses EPD v1.03 as LCIA method. Reason for this is the fact that environmental
impact indicator values of admixtures were calculated using this method in their corresponding
EPDs and a method mix should be avoided. The included impact indicators are Acidification,
Eutrophication, Global Warming, Ozone Depletion, Photochemical Ozone Creation and Abiotic

Depletion Potential.

2.2.3. Sensitivity Analyses

Beside the sensitivity check through application of three different allocation methods, additional
analyses regarding sensitivity of the results and/or uncertainty in the underlying parameters are
performed. At first, the modelling of two materiaIsE] is verified by varying the LCIA method and
two crucial inputs. Furthermore, a sensitivity analysis of the sprayed concrete mix designs with
regard to the used LCIA-method is performed. Then, to address uncertainty in the background
data on basis of sprayed concrete mixes, a Monte Carlo Simulation is ran. Finally, results of
using Ecolnvent v2.2 are compared with results derived under version 3.3[151 More information
on these methods and its results are presented in chapter 6

“The modelling of these materials is explained in subsection
SWithin Ecolnvent version 3.3 the system model "Allocation, recycled content” is used.
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3. Systematic Literature Review - Results

To support the LCA of sprayed concrete, a Systematic Literature Review (SLR) is conducted.
Main findings and a meta-analysis of found paper samples are presented.

As mentioned in section the following key word strings were used. Additionally, in brackets
one can see the number of the initial sampldﬂ and the number of final papers in the corresponding
sample. By looking at both numbers one can see that samples shrink much during the exclusion
process.

= Sprayed concrete AND LCA (251/4)

= CEM AND LCA (248/35)

= Admixtures AND concrete AND LCA (111/26)

= Limestone AND concrete AND LCA (360/82)

= Gravel AND concrete AND LCA (388/121)

= Sand AND concrete AND LCA (704/122)

= Fly ash AND concrete AND LCA (349/83)

= Blast furnace slag AND concrete AND LCA (233/61)

In this chapter, main findings of the SLR and meta-analyses of different LCA choices are
presented. Environmental impacts of different base materials of sprayed concrete, which were
found in literature are shown in chapter 4]

3.1. Papers on Sprayed Concrete

During the Systematic Literature Review a huge research gap with regard to LCAs on sprayed
concrete was identified. Just four LCA papers in both databases combined included sprayed
concrete, with one of them being not reviewed in more detail due to its bad quality.

Huang et al (2015) conducted an LCA of a Norwegian Road tunnel. Unfortunately, the whole

Tcombination of Springer and ScienceDierect
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tunnelling process is assessed at once as the functional unit is 1 meter of tunnel. The results
are indeed divided in different materials, but sprayed concrete seems to be included as a
whole in concrete, which is of course also part of other processes. A more detailed look at the
constituents sprayed concrete is not provided.[Huang2015]

Stripple et al (2016) compare Rockdrain, a new drainage system in tunnels, to a traditional
drainage system with the functional unit of 1 square meter drainage area over a lifetime of 60
years. The results are just divided in life cycle phases (construction, maintenance, operation,
and additional tunnel driving) and not on basis of its base materials. Also PVC layers and other
materials for the drainage system are included in the LCA, which makes it nearly impossible to
compare the study with an LCA of normal sprayed concretd’ﬂ[StrippIe201 6]

Pretot et al (2014) performed an LCA of a wall consisting of a timber frame and sprayed
hemp concrete. Here the lime-based binder is identified as the main contributor to several
environmental impacts. This binder consists of 75% hydrated lime (98% CaO), 15% hydraulic
binder (corresponding to CEM |) and 10% pozzolanic binder (not clarified in more detail). Here
the environmental hot spots are identified, but the system examined is clearly not related to
usually applied sprayed concrete. Also the composition differs a lot since hydrated lime is the
main component of the binder and hemp is also used.[Pretot2014]

One more paper on sprayed concrete was found using the snowball approaclﬂ: Miliutenko et al
(2012) examined a swedish road tunnel by the means of LCA, but only GWP and Cumulative
Energy Demand (CED) are addressed. It is stated that concrete is the main contributor, especially
the cement production and the process of calcination, but a closer look at constituents is not
provided.[Miliutenko2011]

Another paper included the term shotcrete, but just stated that it is part of the refurbishment
of a building without going in more detail or addressing it more precisely in the results section
[Ferreira2015]. With this in mind, it becomes clear that there is a research gap, since no study
on sprayed concrete deals with sprayed concrete on its own or even examines usual sprayed
concrete. Furthermore, no paper concentrates on all constituents in relation to the end product
or declares to take admixtures like superplasticizers or accelerators into account. Also the use
of SCMs (supplementary cementicious materials) like fly ash or blast furnace slag to lower the
environmental burden is not included the LCAs. This also emphasizes the innovative content of

the present study.

2Given the same functional Unit (m2) and life cycle phases assessed.
3For more information on the snowball approach see [Wohlin2014].
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3.2. Number of Publications

3.2. Number of Publications

The SLR revealed an increase of publications in the last couple of years. The first - even if small
- spark was in 2010. The second and big one was in 2014. Graph [3.1] shows the combination of
all examined papers with the two years highlighted, but also every sample based on the material
searched for exposes the same.

Especially the second spark is formed very well. At the beginning of 2014, the IPCC Fifth
Assessment Report was finished, providing an update on climate change. Also in that year, the
World—SEﬂtook place in Barcelona, recognizing LCA as an ,....adequate instrument in assessing
sustainability...‘ﬂ These two issues with focus on climate change and sustainability within
the construction sector highlighted the need for "greener" alternatives to conventional building
materials, paving the way for LCA practitioners springing at this topic.

Number of Papers Published
All Papers

70 66 @
60
50
40
30
20 1 8_”_3.

10

2000 2002 2004 2006 2008 2010 2012 2014 2016

Figure 3.1.: Temporal Distribution of Examined Papers
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Data Source Data Source
All Papers All Papers from Europe

not stated: 12 not stated: 7

Ecolnvent: 111 ~ other: 43
other: 139 Ecolnvent: 80 —
Mix: 5
GaBi: 13' ‘GaBi: 9
ast H’lx: 7
Data Source Data Source
CEM I, Sand and Gravel CEM I, Sand and Gravel, Europe
not stated: 7 not stated: 4
other: 31
Ecolnvent: 93 -
other: 87
Ecolnvent: 69 ~
Mix: 5
“GaBi: 7

GaBi: 9

Figure 3.2.: Data Sources

3.3. Data Source

A look at the data sources of published studies is very essential, because it directly answers
one methodical question of which data source should be used in the LCA of sprayed concrete.
Looking at data sources provides the state-of-the-art of ongoing research and prevent one from
referring to outdated databases or sources not accepted by the scientific community. It also
leads to more comparable results, if background data of different studies come from the same
source.

It was watched out for two databases in particular: Ecolnvent and GaBi. These two were

4The World Sustainable Building 2014 Conference, http://wsbi4barcelona.org, 16.01.2017
5The World Sustainable Building 2014 Conference, http://www.gbce.es/archivos/ckfinderfiles/WSB14/
WSB14_conclusions.pdf}, 16.01.2017
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expected to be the most used sources on environmental data among published LCAs. The SLR
confirmed just one of them: Among all papers reviewed and found of enough quality (282), 39%
used Ecolnvent, but just 5% used GaBi. Another 2% used both. It is clear, that therefore GaBi is
discarded as possible database and Ecolnvent becomes the one to concentrate on.

But figure 3.2|also show a different thing: The mix of all other data sources is dominating. Among
them are data from other authors or studies, industrial partners, on-site measurements and
foreign databases like the South Korean LCI database. Especially studies on admixtures don’t
use Ecolnvent, because there are no data for these available, so authors have to draw on EPDs.
Furthermore, Ecolnvent is also lacking data on fly ash and blast furnace slag. As expected,
the share of studies using Ecolnvent increases if papers on these materials are excluded. The
combined sample of sand, gravel and CEM | (201 papers) lead to the figure of 46%, which are
using Ecolnvent.

An even bigger increase is witnessed if just European papers are considered. An exclusive look
at Europe seems legitimate because this study addresses sprayed concrete used in the heart of
it. Furthermore, it is more or less useless for the purpose of this LCA to know which databases
are used on the other side of the planet. Taking all European papers into account (144 papers),
56% of the studies are using Ecolnvent . Again, if the same exclusion like above is done and
just samples of sand, gravel and CEM | are considered (116 papers), the share becomes even
bigger with 59%.

To be sure that no important database was missed, a deeper look at papers which refer to
"other" data sources was committed. However, in European context, no often used data source
(except Ecolnvent) was identified. Among the other databases used are GEMIS or ICE, but the
majority of those papers revealed literature or industrial partners as their main data source.
The increase of the usage of Ecolnvent (or other environmental databases) in Europe compared
to the world aligns with expectation. It is known that most LCA computer programs and databases
just contain data from Europe or North America [Gursel2016]. There are in fact some databases
specific for some small parts of Asia, like the Korea LCI database or LCA programs developed
by the Architectural Institute of Japan, or the Japanese Society of Civil Engineering. But for
other parts of the world, for example the whole continent of South America [Oyarzo2014], there
is no specific life cycle inventory. Practitioners there have to rely on literature, and company
specific or measured data, to perform proper LCAs in their own country’s context.

The next set of graphs 3.3 covers the distribution of different versions among papers which used
Ecolnvent. All of them show that generation 2 is most used by far. Furthermore, 2.2 is the most
used version, outscoring all 3.x, 1.x and other 2.x versions. Joining the scientific majority in
order to fulfill the state-of-the-art requirement and the comparability requirement, version 2.2 is
the chosen version within this thesis.

Besides that, it is also clear that not many studies with the newest version 3.3 have been
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published, because this version was released in August 201 Gﬂ So, in order to be up-to-date,
Ecolnvent v3.3 with the system model "Allocation, recycled content” is also used. It serves as
a validity check for the results derived with v2.2. Furthermore, differences between these two

version can be identified.

Data Source: Ecolnvent Data Source: Ecolnvent
All Papers All Papers from Europe

Mix: v2.x & v3.x: 2
version NA: 10

Mix: v2.x & v3.x: 2 3 -
v3x: 19, v3.X: \
version NA: 24

vlix: 4
vix: 4
v2.x: 317 v2.X: 287
Sv2.2: 24
‘v2.2: 31
Data Source: Ecolnvent Data Source: Ecolnvent
CEM I, Sand and Gravel CEM I, Sand and Gravel, Europe
Mix: v2.x & v3.x: 2 vix 9 Mix: v2.x & VSKI(,:A' 26
v3.x: 16, version NA: 14 s verston NA:
vix: 4
vlix: 4
v2.x: 277 v2.x: 257
Sv2.2: 23
“v2.2: 30

Figure 3.3.: Data Sources - Version of Ecolnvent

3.4. LCIA Methods

Of the examined papers, 87 (31%) don’t lose a word on which LCIA method(s) was used. This
is a very high figure bearing in mind that these studies all offend against ISO requirements. As

graph[3.4] shows, there is not a clear domination of one method like the dominance of Ecolnvent

®http://ecoinvent.org, 9.2.2017
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regarding data sources. The most used method is CML with 22%, followed by Eco-Indicator,
IPCC and ReCiPe with 10% to 13%. This is in line with findings from other reviews, stating
CML is the most used midpoint method while Eco-Indicator is the most used endpoint one
[Desideri2014; |[Ferrandez-Garcia2016]. Furthermore, 13% of the papers used other methods,
like USeTox, or they were not clear which exact method they used. Interestingly, just one paper

stated that characterization factors according to EN 15804 were used.

LCIA Methods used

All Papers

Information by Absolute Numbers

Eco-Indicator 36
ReCiPe 27
IMPACT2002+ 21
IPCC 36

EDIP

EPD E

CED (acc. to Frischknecht)

4]

L&)

by Author 13
Other/not Clear 26
EN 15804 1
Mo Impact Assessment 9

Not Available 87

0% 10% 20% 30% 40%

Figure 3.4.: LCIA Methods used

For the purpose of this study, it would be great to use the most used method CML 2002 baseline
in its version 3.04. It is a midpoint - or pressure-oriented - method, which is often argued to
contain less uncertainty than endpoint methods [Jolliet2003];|LopezGayarre2016]. Beside the
"traditional" midpoint indicators (AP, EP, GWP, ODP, POCP, ADP) CML also includes indicators
related to toxicity (human toxicity, freshwater aquatic ecotoxicity, marine aquatic ecotoxicity and
terrestrial ecotoxicity). Especially the admixtures are suspected to have a high impact on toxicity,
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and since they are used in more amount in sprayed concrete than in normal concrete, it would
be preferable to also cover these categories.

Unfortunately, there is no information on toxicity for admixtures which are used in the ASSpC
project. The data for admixtures were calculated with the EPD method. It is supposed that
admixtures have a not neglectable impact within sprayed concrete and can’t be excluded like
in some studies on ordinary concrete [Flower2007; [Seto2016]. Because there is a lack of

information on toxicity indicators regarding the used admixtures it wouldn’t make sense to

calculate these indicators for sprayed concrete. Therefore, and also to avoid mixing LCIA
methods, the CML method is discarded and this study aligns itself with the method used for the
admixtures: The EPD method.

3.5. Allocation

Allocation Method(s) used
Fly Ash and Blast Furnace Slag

Information by Absolute Numbers

Cut-Off Method 23

Mass Allocation 19

Economic Value Allocation 20
System Expansion §

Other 10

Not Available 64

Sensitivity Analysis

|mpaCt Pistroution _

0% 10% 20% 30% 40% 50% 60%

Figure 3.5.: Allocation Rules Among Papers on Fly Ash and/or Blast Furnace Slag

Impact distribution — or allocation — is the most controversial methodological choice which

has to be made if so called by-products are involved in the functional unit [Frischknecht2000;
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Ekvall2001]. By-products come from multifunctional processes. These are processes which
have more than one product as outcome. Among the key word strings searched for during the
SLR, fly ash and blast furnace slag are definitely by-products, since they are produced during
the production of the main products electricity and pig iron. If such by-products are involved,
one has to answer the question how the greenhouse gases emitted, electricity consumed etc.
by the process should be divided between the different products.

The issue of allocation is of huge importance because the rule applied influences the results a lot.
ISO states that one should avoid allocation by doing a system expansion [EN15804; ISO14044].
Therefore the examined system is expanded and all by-products of included multi-functional
processes are included. On the one hand, allocation is evaded which obviates the question of a
"fair" allocation method. On the other hand, new problems arise, like a revision of the functional
Unit or the necessity of assessing all other by-products, which leads an increased effort at data
collection [Kloepffer2014]. Also the consistency and hence the comparability of different LCAs
can’'t be guaranteed [Chen2010]. Furthermore the replicability can get lost if system expansion
leads to very large product systems.

Altering the functional unit is not reasonable for this study. ISO states, that if a system expansion
is not possible, an allocation rule according to physical flow should be applied, but the results
derived under the used rule should be verified by also applying other allocation rules [EN15804;
ISO14044].

In literature, this requirement is fulfilled by most LCA practitioners using the cut-off rule and
doing a sensitivity analysis with mass allocation and economic value allocation. The cut-off rule
treats the by-product as waste, the other allocation rules divide the environmental burden on
basis of mass or economic value. Both mass and economic value allocation have advantages
and disadvantages: Advocates of the mass allocation highlight its accordance with the "physical
relationship"-target demanded by ISO and criticize economic value allocation because of its
exposure to market value fluctuations. Supporters of the economic value allocation claim that
their rule best represent the reason for the production of a product: its economic value.

In general, none of these allocation rules is always the most appropriate [Kloepiter2014].
Nevertheless, for SCMs like addressed in this thesis, Chen et al (2010) clearly recommend
economic value allocation over mass allocation, because economic value is linked to binding
properties of the SCMs and the use of mass allocation (where usually more environmental
burden is assigned to the SCMs) could lead to the cement industry turning away from SCMs
and they could become wastes again, harming nature even more.[Chen2010]

Unfortunately, as shown in graph not every LCA seems to be aware of allocation methods:
Looking at the combined sample of fly ash and blast furnace slag (107 papers) — both materials
are by-products and LCAs addressing them should use some kind of allocation criteria — just 43

papers (40%) performed impact distribution and only 23 papers (21%) ran a sensitivity analysis.
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This is a very low number because it means that nearly 80% of the studies are not in line with
ISO requirements. This LCA will meet the ISO rules and use cut-off, mass and economic value

allocation.

3.6. Life Cycle Phases

As expected, most LCAs are done using Cradle-to-Gate (A1-A3) or Cradle-to-Grave (A1-C5)
methodologies, which are highlighted in graph Also sometimes Cradle-to-Gate is supple-
mented with transport to the site, which leads to a Cradle-to-Site LCA (A1-A4), or benefits from
reuse or recycling are added to a Cradle-to-Grave study to cover all phases of a product from A
to Dﬂ These four types make up 64% of all examined LCA studies.

Adding not just the transport to the site, but also adding the site work itself to a Cradle-to-Gate
study covers the whole stage A and is also quite common with 11%. 12% of all papers head
one step further as they also include stage B. This combination of A+B is very popular in LCAs
of houses or dwellings, because there it's the use stage, especially with its heating demand, that
contributes much to the environmental impacts.

LCAs which do not start with the cradle of the product are not published very often, because
they are not in line with EN 15804. The standard clearly points out that the phases A1-A3 have
to be included [EN15804]. As the graph shows, studies covering just one of the stages B, C or
D, or a combination of C and D are very rare. They add up to only 5% of all papers reviewed.
Less common are only LCAs that skip phases. For instance, a Cradle-to-Site LCA is comple-
mented with the end-of-life stage C, skipping site work (A5) and the whole use stage B. Another
example is a Cradle-to-Gate LCA where material extraction (A1) is cut off, leaving behind an
LCA which covers just A2 and A3. One can doubt that with these studies comparable or useful
results are derived.

But the biggest surprise is that almost 5% of the reviewed papers fail to disclose the covered life
cycle phases. While one can be — up to a certain extend — able to relate to studies not stating
anything about allocation or LCIA methods, withholding information on the phases assessed is,
besides being also not on line with ISO regulations, simply inexplicable. Results of such studies
are useless if the authors are not contacted for information on the covered phases.

"Within the meaning of the standards regarding LCA, phase D is not part of the life cycle as it represents additional
information.
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Figure 3.6.: Covered Life Cycle Phases

3.7. Functional Unit

Because construction materials or constituents of them were examined, it was expected that

most papers use weight (kg/t) or volume (m3) as the functional Unit (fU). As the graph shows,

there are also a lot of studies which use a piece, an area (m2/km2) or length (m/km). A "piece”

as the fU can be a concrete slab or column with specific dimensions, a whole house, a bridge

or a defined high way section. LCAs with an area as fU mostly come from the housing sector,

where m2 net floor area is the most common unit to refer to. Studies with meter or kilometer as

fU are mainly LCAs of streets or pavements.
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A look at papers which cover only A1-A3 (Cradle-to-Gate) confirms what was said: Because now
most LCAs of houses and dwelling are not included (they mostly use also phase B), also the
share of LCAs which use square meter as fU decrease. The same is true for LCAs of streets and
pavements. They use meter or kilometer as fU and usually cover at least the whole construction
stage (A).

Therefore, in graph [3.7]the share of LCAs using an area or length decrease if just Cradle-to-Gate
studies are considered while the share of studies with weight or volume as fU increase. This
leaves behind the choice between kg or m3 of sprayed concrete for this study. Since the mix
designs for sprayed concrete are available referring to one cubic meter, the choice is not hard to

also use it as the functional Unit.

Functional Unit
All Papers

Information by Absolute Mumbers

70
kgt
29
48
m3
47
m2/km2
35
m/km
63
other O all phases

B cradle-to-gate

\5] P
.hl

0% 10% 20% 30% 40% 20%

Figure 3.7.: Functional Unit with Emphasis on Cradle-to-Gate Studies
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3.8. Further Findings

Another interesting but expectable result of the SLR is the realisation that too many LCA experts
are only interested in GWP, or even just CO2. For cement alone this was already observed
by Kajaste and Hurme (2016) [Kajaste2016]. This does not mean that focusing just on one
impact indicator has no advantages, but it can lead to losing the whole picture resulting in wrong
decisions.

Another gap found is the lack of information on impacts of very very fine milled material. It is
known that more and more energy has to be spent the finer the targeted grain size gets, but
detailed notes were not found during the SLR.

37






4. Environmental Performance of Sprayed
Concrete Constituents

In this chapter the main constituents of sprayed concrete are examined and compared by their
environmental impacts. A short description of the material is provided at the beginning of each
section. Then, the midpoint indicators Acidification Potential (AP), Eutrophication Potential
(EP), Global Warming Potential (GWP), Ozone Layer Depletion Potential (ODP), Photochemical
Ozone Creation Potential (POCP) and Abiotic Depletion Potential (ADP) of 1 kg of material are
shown on basis of data provided by literature (found with the SLR), EPDs or retrieved from the
databases Okobauda{|and ELCD?, if data was available. Also the impacts of the actually used
materiaIsE] will be compared to results from the SLR. The presented impacts always cover the
phases A1 - A3, i.e. they represent the environmental burden on a Cradle-to-Gate basis.

Because the SLR did not lead to a large number of results for every material, not for every
material a graph is plotted. Results of the SLR for these materials are shown in the appendix or

in the supplementary electronic material.

4.1. Cement

The cement production uses the main raw materials limestone, sand, clay, and iron ore. The
materials are crushed, milled and burned in rotary kilns. Then, after cooling, the product is milled
and gypsum is added to delay the setting time [Huntzinger2009; [Scholz2011; Hegger2005]|

Due to its outstanding qualities regarding strength and - for sprayed concrete even more
interesting - early strength development etc., cement is one of the most used materials in the

construction industry. Unfortunately, as shown in previous LCAs, cement is the main driver

"http://www.oekobaudat.de, 15.02.2017

2Version 3.2, accessed via SimaPro. Indicators were calculated using the EPD v1.03 method.

3Used materials are listed in subsection

“4Information on the cement production process with regard to the modelling in Ecolnvent can be found in [Kellen-
berger2007].
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of CO2 emissions of normal concrete [Collins2010; Flower2007]. The impact of cement goes
to the extent that its production is liable for 4-7% of all CO2 emissions worldwide [Achal2015;;
Flower2007; Shin2016; Yang2015].

But also the high impact on other indicators of cement is well known. Serres et al, for example,
reports in their Cradle-to-Gate LCA of concrete that cement is responsible for at least 70% of
all environmental impacts also assessed under the EPD methodologyf’l For GWP it is with at
least 90% even more.[Serres2016] Bearing that in mind, it is not surprising that there is a strong
endeavour to reduce the cement content in concrete to make the concrete more environmentally

friendly. Whether the same is true for sprayed concrete will be shown in chapter 5

4.1.1. CEMI
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Figure 4.1.: Impacts of 1 kg CEM |

CEM | is the cement type with the highest amount of cement clinker with at least 95%
[Scholz2011]. Therefore, the high environmental impacts of the clinker also determine the
impacts of CEM I. As graph [4.7] shows, the used impacts on Acidification and Eutrophication
are very slightly above findings from literature, but are in line with found EPDs and the ELCD
database. For GWP there is even a better fit.

When it comes to ODP, the graph doesn’t even show data from the other sources because they
differ very much: Findings from ELCD (2e-4) assign much more ODP to CEM | than the literature

°AP, EP, GWP, ODP, POCP and ADP.
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(2e-8). In contrast, the EPDs state lower figures for ODP (4e-13 to 7e-9). At POCP quite the
opposite is true, as EPDs assign more impacts to CEM | than is used in literature while ELCD is
vaguely in line with impacts derived from the SLR. However, for both indicators, the used data fit
well to observations from literature, even though they affiliate at the upper end of the spectrum.
For Abiotic Depletion Potential, the boxplot is not representative because there were only four
observations. It can be stated that here the used data, data from EPDs and ELCD are somewhat
in line with each other.

Of course impacts differ within the CEM | sample, because there are different types of CEM
| regarding strength and setting time. In this LCA there are also two different CEM | used:
One with 42,5 MPa and one with 52,5 MPa. Of course, the higher the strength, the higher the

environmental impacts of the cement.

4.1.2. Ordinary Cement

(ordinary) Cement
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Figure 4.2.: Impacts of 1 kg Cement

As illustration [4.2]indicates, the term "cement" is accompanied by a bigger uncertainty regarding
all examined environmental impacts than CEM I. In contrast to CEM |, where the amount of
additives is limited to 5 percent, other cement types can have much higher shares of additives,
altering the environmental impacts of the product. For example, (")kobaudalﬁ lists some types of
CEM Il, CEM Ill and CEM 1V, with CEM Il having just half the Global Warming Potential as CEM

®http://www.oekobaudat .de, 15.02.2017
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Il.

The allowance of more additives reduces the amount of clinker in an "average cement", which
should reduce the environmental impacts of the product. Interestingly, the EP and POCP used
within literature are slightly higher for cement than for CEM I. Reasons for this could be the use
of slags as additives, and depending on the allocation method used impacts stemming from the
pig iron production are assigned to these additives, resulting in higher EP and POCP.

Since the used mix designs for sprayed concrete use only CEM I, the other cement types are of
less importance and not examined in more detail here. This is also the reason why no numbers
from other databases or EPDs for these cements are plotted. However, the shown results of
the SLR refer to the term "cement" or "average cement", where the authors failed to declare the
exact cement type. Unfortunately, these results are unsuitable as inputs or benchmarks for the

LCA of sprayed concrete.

4.2. Aggregates

After extraction in quarries or surface mines, aggregates are washed, crushed, dried and sorted[]
They represent the biggest share of sprayed concrete mix designs, but, nevertheless, have a
very little environmental impact since the necessary processes are by far not as intensive as
processes in the cement production.

In the SLR, "Sand" and "Gravel" were searched separately. The difference between them is the
grain size. Results for the samples can be found in the appendix. But to give a full view over
aggregates, findings for gravel, sand, and other aggregatesﬁ] were combined. Also results from
databases or EPDs are plotted in graph[4.3]

For AP, EP and GWP literature, used data, ELCD and EPDs agree with each other. The two
different values for used data arise because two different types of gravel are used: round and
crushed.

At the graph presenting ODP, the other data sources again, like for CEM I, do not agree with
literature because impacts assigned from ELCD (5e-7 to 1e-6) are much higher than the SLR
suggests (1e-9). Okobaudat does the contrary as it allots much less burden (1e-12) to it. For
POCP on the one hand at least Okobaudat (1e-6 to 4e-6) fits to literature On the other hand,
ELCD does the opposite as it does for ODP as it assigns less POCP (3e-10) to aggregates than
literature. Compared to the already good accordance of used values and values derived from

"Information on aggregates’ production process with regard to the modelling in Ecolnvent can be found in [Kellen,
berger2007].

80ther aggregates refer to "Sand and Gravel", "Aggregates” and all other aggregates which couldn’t clearly be
assigned to "Sand " or "Gravel".
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4.2. Aggregates

the SLR, at aggregates there is an even better fit.
As the graph indicates, there is a broad distribution at ADP in literature. The used data (7e-9
to 2e.8) and data from Okobaudat (3e-9) are located at the lower tail of this distribution. ELCD

reduces the assigned depletion potential even further to a minimum of 7e-11 kgSb-eqg/kg.

Aggregates Combined
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Figure 4.3.: Impacts of 1 kg Aggregates

This is in line with the fact, that ADP is the most controversial impact indicator among the six
examined, due to the impossibility to establish "correct" characterisation factors. Among the
reasons for this are problems at setting up just one abiotic depletion definition and different paths
to the quantification of it - all with different results. Depending on the respective understanding
of the abiotic depletion, different LCIA methods use wide apart characterisation factors, which
inevitably lead to huge gaps in the results.[VanOers2016]

As already stated, the environmental impacts are very low compared to CEM | and average
cement. Differences within the group "Aggregates" can be traced back to the base material,
differences in quality, whether they are recycled or quarried and whether they are imported or not.
While it is clear, that the higher the quality of the aggregates are, the higher are the environmental
impacts [Faleschini2016] and importing the aggregates worsens the environmental impacts
because transport is added [Gan2016], findings diverge on the issue of recycling. Some
authors state that recycled aggregates have lower environmental impacts than natural ones
[Faleschini2016};|Gan2016], others claim the opposite [Marinkovic2010; LopezGayarre2016].
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4.3. Admixtures

Admixturef] are essential constituents of sprayed concrete. Since there aren’t any environmental
data about it on databases like Ecolnvent or ELCD, most authors refer to the EPDs from the
European Federation of Concrete Admixture Associations Ltd. (EFCA) if they lack company
specific data. In some LCA studies on concrete, admixtures are omitted from the assessment,
because of their low total impact [Flower2007};\Seto2016].

Beside the fact that this should be called into question for concrete, for sprayed concrete
discarding impacts from admixtures would be a fatal mistake. While [Flower2007] states that 2
litres admixtures per cubic meter of concrete can be ignored, the examined sprayed concrete
mixes use approximately 30 litres per cubic meter. On a per kilogram basis, Superplasticizers
have a more than two times bigger impact regarding AP, EP and GWP than CEM I, while
surpassing CEM | by a factor of 7 and 8 at POCP and ADP.

4.4. Limestone

In the building and construction industry limestone occurs mainly in three different chemical
compositions. Unfortunately all three of them are sometimes referred to as limestone, although
they differ a lot in their properties and environmental impacts. For comparisons one has to
look deeply in found literature to make sure which kind of lime is meant. The three types are
[Scholz2011};|Hegger2005]

* limestone CaCOs,
= quicklime CaO and
* hydrated lime Ca(OH)..

The rock is quarried, crushed and sieved[/%] Then the inert limestone it is either packed, stored
and sold, or it is transferred to the kiln, where the calcination takes place and quicklime emerges.
Quicklime can be used for example as fertilizer, but within the "lime circulation” it is milled and
hydrated by water to obtain hydrated lime. Hydrated lime, due to its hydraulic properties, is
then used in the production of mortar or renderings.[SagastumeGutierrez2012; |Scholz2011;
Hegger2005]

There is a huge difference between limestone, quicklime and hydrated lime regarding the

®For more information on different types on admixtures see [Scholz2011].
%Information on the lime production process with regard to the modelling in Ecolnvent can be found in [Kellen;
berger2007].
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4.4, Limestone

Limestone
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Figure 4.4.: Impacts of 1 kg Limestone

environmental impacts, because the calcination of the limestone is responsible for the highest
share of the environmental burden. For the sprayed concrete mix designs, the term limestone
refers to a inert limestone powder with d50=30um which is used as a macro-filler for optimisation
of the packing density. Because there is no calcination necessary, very little impacts are
associated with it, like graph indicates. The observation from literature all show impacts for
hydrated lime, while Okobaudat and ELCD both possess data on quicklime and hydrated lime.
It can be seen in the picture, that literature is lacking environmental information on limestone. Of
the 82 papers on LCA and limestone examined, only five of them revealed any environmental
impacts of the material. Just two of them refer to Cradle-to-Gate assessments. Sagastume
shows impacts for limestone of three different plants in Cuba, addressing only AP, GWP and
POCP of the indicators which are used in this thesis[SagastumeGutierrez2012]. Grist only
includes GWP [Grist2015] which leads to a graph having no information from the SLR regarding
EP, ODP and ADP.

Interestingly, data from literature and additional information from Okobaudat and ELCD match to
some extent only at one impact indicator, GWP. While ELCD and Okobaudat agree on all other
five examined indicators, there is a huge difference at ODP. Nevertheless, the data used in this
study differs a lot (except for ADP) from the other data shown, because, as already mentioned,
the milled limestone itself without calcination and/or hydration is used for sprayed concrete. As a
result, the substitution of cement with this macro-filler has the ability to lower the environmental
burden of sprayed concrete.
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4.5. Fly Ash

The best way to reduce the environmental burden of concrete is to replace a big amount
of cement with so called SCMs (supplementary cementitious materials) like fly ash (FA) or
blast furnace slag (BFS) [Habert2013}; Josa2004; |Mandley2015]. Van den Heede/de Belie
report a 18-27% lower GWP if high volumes of fly ash are used as a replacement for cement
[VandenHeede2014]. Teixeira et al even show a GWP decrease of 47% if 60% of the cement is
replaced by fly ash. The other impact indicators within the EPD methodology also decrease by
13-44%.[Teixeira2016]

The problem with statements like these is that the allocation rule used behind such results has
to be considered, because now the by-products FA and BFS are involved. As already explained
in subsection results can change a lot if another allocation rule is applied.

Fly ash originates when coal is burned in coal power plants for electricity generation [Chen2010].

This means, it is produced in a multifunctional process, i.e. a process which generates more

than one product. Since 2008, a European directive states that fly ash and blast furnace slag

are not wastes anymore and have to be treated as by-products [EuropeanCommission2008].

This means that an allocation rule has to be introduced to assign the appropriate share of the
electricity generation process to fly ash. Among the three examined methods cut-off, mass
and economic value allocation, mass allocation is the most unsuitable one [Chen2010], as also
pointed out in subsection
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Figure 4.5.: Impacts of 1 kg Fly Ash
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4.5. Fly Ash

Because of the small number of data sources within the literature for 1 kg of fly ash and to show
the several allocation methods used, a different manner of representation is chosen here. As
graph 4.5 clearly shows, there is a huge gap between the three main allocation methods. Mass
allocation assigns by far the most impacts to the product, increasing the declared environmental
burden by a factor of 12 compared to economic value allocation for five of the six assessed
impact categories.

Within the cut-off-approach (or no-environmental-impact-approach) only the impacts from the
secondary process, i.e. drying and transportation to intermediate storage, should be assigned to
fly ash [Chen2010]. But some Authors [Muller2014; Muller2014a] even discard these processes,
assigning zero environmental burden to the product within the cut-off approach.

The graph also shows that most of the examined papers reveal exactly the same environmental
impacts for the different allocation approaches. This is due to the fact that most authors refer
to Chen et al (2010) when it comes to including fly ash or blast furnace slag in their LCAs.
Chen et al (2010) show a detailed description on these two products with regard to LCA, also
providing the results for eleven impact indicators (CML 01) for the three allocation approaches.
Furthermore, inputs and outputs are presented for the corresponding processes to make it
possible to model fly ash and blast furnace slag in a LCA computer program.

Also Okobaudat provides indicator results for fly ash, unfortunately failing to state clearly which
allocation method was used for the primary process. The description admittedly states that some
demand for electricity and heat are allocated to fly ash but not to which extent. However, the
secondary processes according to Chen - transport to storage and storage itself - are included.
Looking at the results, the fly ash from Okobaudat is located between economic value allocation
and the cut-off approach, underlining the inappropriateness of mass allocation. Also an EPD
from the Danish Technological Institute for Fly Ash, clearly admitting the use of economic value
allocation, confirms this issue.

As shown in more detail in chapter 5] in this LCA fly ash and blast furnace slag are modelled in
SimaPro on basis of inputs and outputs presented in [Chen2010]. The graph shows that there is
a discrepancy between the impacts derived in this LCA study and the original ones from Chen
et al (2010 Interestingly, the deviations occur in different directions and magnitudes among
the different impact indicators. Thus, this thesis assigns more EP and ODP, but less AP, GWP,
POCP and ADP to fly ash than Chen et al (2010).

The discrepancy in three of the six impact indicators is not disastrous. But, considering AP and
POCP, the differences are very big because the derived impacts are only about one fifth of the
original ones. The deviation is even more severe for ADP, where the assigned impact is not even
close to the per mill range.

Although the divergences are big for three indicators, these calculated values are used. A look

"This discrepancy is discussed in subsection
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at the graph still shows a good fit of the used data to data from the Danish EPD or Okobaudat if

mass allocation is discarded.

4.6. Blast Furnace Slag

Blast furnace slag (BFS), the second SCM addressed in detail is also a by-product, because it
is generated during the pig iron production in blast furnaces [Chen2010]. Among literature, the
CO2 reduction potential of blast furnace slag is known [Bieda2012]. Studies of normal concrete
report GWP reductions of 37-54% if high volumes of the binder (60-65%) are substituted with
BFS [Collins2010; Won2015].

While the use of BFS in normal concrete can have also technological advantages like an increase
in long term strength and durability, using too much BFS in sprayed concrete can have disastrous
consequences because it lowers the early strength [Won2015]. This is also the reason why

CEM lIl, which has a very high slag content is useless for sprayed concrete.

Blast Furnace Slag
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Figure 4.6.: Impacts of 1 kg Blast Furnace Slag

What was said for fly ash is also true for blast furnace slag (BFS): The gap between mass
allocation and economic value allocation is indeed not that big, but an increase by the factor
of 9 can be found in half of the assessed impact categories. But also within the economic
value allocation methodology, one outlier upwards is detected. This is the highest possible
impact according to Habert 2013, as he uses an allocation range of 0,6 to 12,6% depending
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4.7. Fillers

on different prices for the slag and the iron or steel [Habert2013]. So he calculates an area
where the impacts will fall into, ranging from 0,056 to 0,837 kgCO2-eq/kg GWP for example. As
comparison, Chen et al use 2,3%. As the other observations among literature show, this high
impacts seem not very suitable.

Another outlier is Saade et al, who show little environmental burden using the mass allocation
method compared to other authors. Interestingly, the share of the blast furnace process allocated
to BFS is with 19,68% perfectly in line with the 19,4% used in Chen et al (2010).[Chen2010;
Saade2015]|

As for fly ash, the most cited paper is the one from Chen et al (2010). Within the cut-off
methodology, they allocate the burden of the secondary processes (granulation, dewatering,
drying, grinding and stock) to the product and most of other authors follow. Just Miller et al.
(2014,2014a) again discard the secondary processes completely, arriving at a product with no
associated environmental burden [Muller2014};|Muller2014al.

While on the one hand, as graph [4.6] shows, there are more data sources within literature
available than for fly ash, on the other hand, neither Okobaudat, ELCD nor Ecolnvent lists some
kind of blast furnace slag. Furthermore, no EPD was found.

Graph shows that deviations of the used values lie in the same direction as they did in
section Fly Ash. However, the used impacts for BFS are very close to the one displayed in
the original paper by Chen et al (2010). Only the abiotic depletion potential - again - is not of the
same magnitude. Moreover, the EP used is more than two times the value calculated by Chen
et al (2010). Nonetheless, a look at the picture with focus on economic value allocation shows
that it is within the range calculated by [Habert2013].

4.7. Fillers

Fillers are used for optimisation of the packing density of sprayed concrete, which leads to a
higher tightness and durability. For this the grains have to be small enough to fit in between the
cement particles. A grain size ratio of 1 to 10 compared to cement would be preferable, but the
production of fillers that fine is nearly impossible at reasonable expenses.

For a better distinction of fillers on basis of their grain size Fischer/Juhart (2014) introduced
Makro-, Meso- and Micro-Fillers and arbitrarily set their limits to d50=30um and d50=5um
[Fischer2014]. To reach very fine grain sizes, the material is milled in hammer mills or ball mills,
material of the targeted size is separated and the rest is milled again. This steps are repeated
until the whole material is of the targeted grain size. Unfortunately, the energy demand increases
exponentially, the finer the filler should be. Two issues contribute to that in particular: On the
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one hand, internal stress, which helps bursting the material is relieved with every milling step.
This means that more and more energy is necessary the more often the material goes back to
the mill. On the other hand, the amount of material which is separated because of the finished
grain size becomes less in every milling step.[Fischer2014; Reinisch2014]

During the SLR, it was found that the scientific community recognizes that environmental burdens
increase the smaller the grain size gets. Unfortunately, beside data from ELCD for fine milled
silica sand with d50=20um, almost no other suitable results were found. Fortunately, a bachelor
thesis at TU Graz [Reinisch2014] examined milling energy demands at different grain sizes for
fillers, making it possible to model these in SimaPro.

The fillers could be of an inert nature, i.e. they do not have hydraulic or pozzolanic properties,
not contributing to binding properties of the binder, or they could have hydraulic or pozzolanic
reactivity, like Metakaolin, Silica Fume or very fine milled blast furnace slag with the latter almost
not available. The different types of fillers are introduced below, while the modelling of them
within the LCA is discussed in subsection

Inert Fillers

Inert fillers have almost no effect on the binding properties within concrete (or sprayed concrete),
because they only should lead to a tighter packing density, although even a slightly increased
early strength was observed in normal concrete if the grain size gets very small. Dolomite,
limestone or quartz is used here. While dolomite and limestone demand nearly the same amount
of grinding energy, quartz needs more because of its higher hardness after Mohs.[Reschke2005]
It is clear that inert fillers have - at the same grain size - a lower environmental burden then the

pozzolanic ones, as they do not need energy for burning/heating the material.

Metakaolin

Metakaolin is produced by heating kaolinite, a clay mineral, which leads to dehydroxylation and
recrystallization of the material leading to the required reactivity. Due to its small grain size
and high reactivity, the usage of Metakaolin can increase concrete’s strength, resistance to
chemicals, or durability.[Wan2017] Also an increased early strength, due to the fast running
pozzolanic reaction, can be observed [Reschke2005]. For these reasons it is used, for example,
in high performance concretes. Some environmental impacts from literature, and also for the

next material, were found during the SLR.
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4.8. Comparison of Cement, Fly Ash and Blast Furnace Slag

Silica Fume (Microsilica)

Silica Fume is a very fine mineral material which arises during the production of silicon or alloys
of silicon in electric arc furnaces. It's much finer grained than cement, even finer than Metakaolin.
It has a high reactivity and also an ability to improve mechanical characteristics and durability of
concrete.[Zhang2016]; \Scholz2011]

4.8. Comparison of Cement, Fly Ash and Blast
Furnace Slag

This section shows a comparison of different constituents based on the SLR regarding the six
examined impact indicators. The compared materials are CEM |, average cement, fly ash (FA)
and blast furnace slag (BFS). Further used materials within the addressed sprayed concrete mix
designs, like fillers, are not included in this section, because they were either not among the key
word strings searched for during the SLR - and therefore not many results from the SLR exist -
or they don’t fulfill the same function in terms of binding capacity as the examined ones.

The comparison of these materials is made on basis of the functional Unit "1 kg binding equivalent
(BE)", which means that the values of the environmental indicators are compared on basis of
the material amount required to attain the same binding capacity as 1 kg of CEM I. While it is
obvious that CEM | has got a BE of 1kg, it is assumed that also average cement retains this
value. As far as FA and BFS are considered, more amount of material has to be used to arrive at
the same binding capacity as 1 kg CEM I. Therfore, the BEFE] of these SCMs have to be higher
than 1 kg, in fact they are 1/0,6 kg for FA and 1/0,9 kg for BFS [Chen2010; Habert2013]. So the
following values presented in this section refer to 1 kg CEM I, 1 kg average cement, 1,67 kg FA
and 1,11 kg BFS[

To begin with the most familiar impact indicator in general, the comparison based on GWP
makes the start. The graphs always show cradle-to-gate-impacts based on 1 kg-BE of material.
The boxplots for FA and BFS are plotted based on economic value allocation, but also points for
observations for mass allocation or the cut-off approach are included.

Because there are partly huge differences - mainly due to used allocation rules regarding SCMs
- it instantly becomes clear that some graphs have to be cropped in order to give a better view at
differences between the materials. Pictures where some data are not shown in this manner are
marked with a * at the end of the picture title. Corresponding graphs containing the whole data

are plotted in the appendix.

2An explicit formula of the calculation of BE can be found in [Chen2010].
3A less detailed comparison on a general 1-kg-basis, where other used materials are also included, is presented in

subsection [@
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Figure 4.8.: GWP of Different Materials*

Graph shows clearly what was already pointed out by several authors who studied SCMs
in detail: The environmental friendliness of fly ash and BFS compared to cement disappears if
mass allocation is used.[Chen2010; Habert2011}; Habert2013] Not just that the substitution of
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CEM | becomes useless, environmentally speaking, the use of fly ash worsens the environmental
sustainability, because using mass allocation assigns four to seven times more GWP to fly ash
than CEM I. As already pointed out, economic value allocation should be preferred [Chen2010].
Graph gives a better view at the different impacts. It can be seen that using economic value
allocation actually makes FA and BFS an environmentally "better" material than cement. Also
findings from other data sources (Okobaudat, EPDs and ELCD) and the used data underpin
this.

Just relying on the lower GWP of FA and BFS than cement, could be fatal if these SCMs
instead impinge more on other impact indicators. Picture [4.9] shows that this could be true for
acidification, without being in general agreement. Literature indicates that fly ash is the material
with the highest environmental burden regarding this impact category, while results from other
sources disagree. Based on the EPDs for fly ash, it has a lower AP than CEM I. Also the used
data is in line with the EPD, as in this study fly ash is considered to have the lowest AP of the
three materials with binding properties addressed in this graph.
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Figure 4.9.: AP of Different Materials*

Picture shows data on eutrophication. While literature is not quite sure whether BFS under
the economic value allocation has a lower EP than CEM |, it assigns more EP to FA than to the
other shown materials. Other data sources do not confirm this as they assign less EP to FA than
they assign to CEM I. For all three materials, the used data allot a little more burden to them
than values from the SLR would suggest. Indeed, there is not much difference in EP assigned
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to these three materials if the used data and economic value allocation are considered. But
the picture shows that the substitution of CEM | especially big amounts of fly ash may have the

potential to worsen this indicator if the substitution is done on a BE-basis.
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Figure 4.10.: EP of Different Materials*

Moreover, according to literature, FA and BFS have a lower ozone depletion potential than CEM
l. This can be derived looking at picture [4.11] This study assigns more ODP to FA and BFS
under the economic value allocation than literature suggests. Like for EP, here also FA has the
highest impact on this indicator, while BFS has the lowest.

Graph [4.12 shows similar issues like graph [4.9on acidification did. Again, literature and used
data do not agree with findings from other sources, not fully answering the question whether
SCMs are really more environmentally sustainable than cement. However, one difference is that
with regard to POCP, BFS becomes also more harmful to nature than cement, depending on the

data source.
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ODP
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Graph[4.13and[4.14]show by far the most controversial impact indicator among the six assessed
in this thesis. There the impacts observed vary that much that it needs two cropped graphs to
show the variability. A look at the axis labels clarifies the magnitude of the deviations: In picture
impacts are plotted up to a value of 6e-2, while in picture [4.14]the limit is 3e-7. It shows that
some observations from the SLR are not even close to data from other data sources or the used
values. As already discussed in section and fully explained in [VanOers2016], this impact
indicator experiences the biggest deviation during the modelling of FA and BFS. However, the

modelled impacts for FA are very close to data from the Danish EPD and Okobaudat.
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Figure 4.13.: ADP of Different Materials*

By discarding the mass allocation methodology, it is possible to summarize that literature, other
data sources and the used data are only sure that examined SCMs have a lower environmental
impact with regard to their binding equivalent at only one impact indicator: GWP. For EP and
ODP literature would suggest that this is also the case, but other data sources and used data
don’t confirm this issue. For these indicators the used value for FA is a little bit higher than the
used one for CEM [, while the calue for BFS is a little bit lower.

If AP or POCP is considered, the opposite is true: Data from the SLR suggest an environmental
disadvantage of the substitution, especially if fly ash is used, but other sources and used data
disagree.

Unfortunately, general environmental statements can not be made in terms of abiotic depletion

potential. There the impacts vary that much that using a different datasource could increase one
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Figure 4.14.: ADP of Different Materials* - Zoom

material’s ADP by a factor of 10e5. Consequently, one has to be careful before declaring SCMs
as superior to CEM | in every impact category. Admittedly, their environmental benefits prevail
slightly regarding the examined indicators. A look at other impact indicators could clarify the
picture.

Some further findings are, that literature is sure that fly ash performs worse than blast furnace
slag in all environmental categories. The used data agree with that only at EP, GWP and ODP.
For AP and ADP, there is no big difference in the corresponding indicator value, while used data
on POCP clearly point to BFS as the material with the higher burden.

To conclude, the substitution of cement with a mixture of fly ash and blast furnace slag should
be - within the economic value allocation methodology - environmentally beneficial, because it
should lower the overall GWP of the sprayed concrete mix design, while the other five indicators
should stay nearly the same. This should be true regardless of using the simulated values or a
kind of average of findings from literature and other data sources. This can be verified by looking
at pictures [4.8|to [4.14] Nevertheless, the comparison in this section is made on a BE-basis.
Whether the actual substitution within the sprayed concrete mixes will be conducted on this
basis and whether the substitution is environmentally beneficial regarding whole mix designs
will be shown in the next chapter.

57






5. Life Cycle Assessment of ASSpC Sprayed
Concrete Mix Designs

Life Cycle Assessment is a capable method to become aware of environmental impacts produced
by product systems or processes during their whole life cycle ("Cradle-to-Grave") or part of it.
It is often used in the construction sector to find ways to reduce its associated environmental
impacts or to compare different building materials [Feiz2015]. As already found in the literature
review, there are a lot of LCAs which compare cements or concretes, but detailed studies on
sprayed concrete are rare if even existent.

In sprayed concrete, cement is suspected to be the biggest contributor to environmental impact
indicators among base materials. Therefore - and also for technical reasons like reduction of
leaching and improvements in durability - the new suggested mix designs within the ASSpC-
Project at TU Graz try to reduce the amount of cement by substituting it with materials like fly
ash, blast furnace slag, limestone or Meso- and Micro-Fillers. This chapter shows whether these

new mixes really have a lower environmental burden than a traditional mix design.

5.1. Methods

In this section the LCA methods used, which were already introduced in section are
summarized and partly discussed shortly. Additionally, a close look at used materials and their
corresponding background data source is committed.
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5.1.1. Materials and Data Sources

The LCA is performed using SimaPro 8.3.0.0 with link to the environmental databases Ecolnvent
2.2 and 3.5ﬂ plus some additional calculations in Excel. The main LCA will be performed using
Ecolnvent 2.2, while the version 3.3 serves as a form of sensitivity analysis. Results of using
version 3.3 are shown in an extra section[6.4] at the end of this chapter. So in the following, the
term "Ecolnvent" refers to version 2.2 and will be substituted by version 3.3 in section Other
data sources used stay the same during the check with version 3.3.

It should be pointed out already now, that there is not that one number describing an environ-
mental impact of a material. For example, there are different types of fly ash available. The
environmental impacts of fly ash depend on the coal used, the origin of the coal (transporting
distances and chemical composition). Furthermore, impacts of Metakaolin differ depending on
the burning process used and the quality produced. The same is also true for other materials.
Nevertheless, this renders the presented results useless by no means. It just should make the
reader aware that presented numbers will vary a little bit from the real numbers. The materials
used with the corresponding data sources are as follows:

* CEM |
There are two types of CEM | used in the LCA, one with strength class 42,5 MPa and one
with 52,5 MPa. They are both taken from Ecolnvent.

* Gravel
There are also two types of gravel, one round and one crushed. Also both are taken from
Ecolnvent.

* Limestone
Inert limestone is taken from Ecolnvent.

* Fly ash
Fly Ash is modelled in SimaPro with link to Ecolnvent according to the inputs and outputs
displayed in [Chen2010]. Wherever possible, modifications are made to mirror the situation
in Austria. So, for example, the Austrian electricity grid is used.

= Blast furnace slag
As Fly Ash, also Blast Furnace Slag is modelled according to [Chen2010] with modification
to fit better in the Austrian context.

* Metakaolin
The impacts of Metakaolin are directly taken from [Habert2011].

= Silica fume

TWithin Ecolnvent version 3.3 the system model "Allocation, recycled content" is used.
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Also the impacts of silica fume are taken from [Habert2011].

= Filler
As stated earlier, there is almost nothing available for fillers with grain sizes in micrometer
range. So the fillers were modelled in SimaPro with ground limestone as starting substance
and additional grinding energy (electricity) was added according to [Reschke2005].

= Water
Water comes direct from Ecolnvent.

= Superplasticizer
Superlasticizer’s impacts come from the EPD commissioned by the EFCA [EFCA2015].
They are added in Excel.

= Set Accelerator
Like Superplasticizer, also here the corresponding EPD of the EFCA [EFCA2015a] is used
to get the impacts, which then are added in Excel.

As already found in chapter [4] used impacts of fly ash and blast furnace slag differ from impacts
calculated in the paper by Chen et al (2010). Beside little differences originating from adaptation
to the Austrian context, the main differences seem to stem from data source and LCIA method:
The original paper uses Ecolnvent 2.1 and an outdated version of CML, while this thesis refers
to Ecolnvent 2.2 and EPD in its version 1.03 (2013). A mistake in the modelling was eliminated
as it was double-checked by Marcella Ruschi Mendes Saade and Asst.Prof. Alexander Passer
from TU Graz. Also Prof. Guillaume Habert from ETH Zdrich, co-author and corresponding
author of the paper by Chen et al (2010), looked through the model and didn’t find differences.
He also pointed at the mismatch of data sources and LCIA methods.

With Metakaolin and Silica Fume two materials with a different LCIA method are used, because
Habert et al (2011) use the CML method to calculate the environmental impacts. This leads to
an LCIA method mix within this study. Unfortunately, this cannot be prevented because no other
proper source of environmental data on these materials could be identified.

Furthermore, the data source of admixtures is not in line with other materials assessed because
their EPDs reveal GaBi 6 as their background data source. Also here no other reliable data
source was found. Moreover, background data on admixtures may introduce an additional error
source: For example, there are different generations of plasticizers, which of course differ in their
associated environmental impacts. To be sure that the correct types of admixtures are used, it
was of the highest importance to use the EPDs of EFCA in this study. Moreover, a comparison
with indicator values from literature shows that the used EPDs refer to the highest and most
current values for admixtures. Therefore, using these EPDs also fulfill a conservative approach
with regard to the final LCA results of sprayed concrete.

Table [5.1] shows the environmental impacts of 1 kg of different materials used in this LCA in

61



B TU Graz | Julius Stoéger

5. Life Cycle Assessment of ASSpC Sprayed Concrete Mix Designs

relation to 1 kg of CEM I. Values higher than 140% are highlighted in red. The table underlines
that on a mass-allocation-basis fly ash and blast furnace slag have a higher environmental
burden than cement. Also the inclusion of admixtures in the study is essential because they
have a lot higher impacts (except ODP) than cement and are not used in a small amount.
Furthermore, the use of fillers at different sizes promises a decrease of the environmental burden
of sprayed concrete. One exception is the high ADP of Metakaolin.

Also the substitution of cement with fly ash and blast furnace slag looks promising if cut-off
allocation or economic value allocation is used. Only the POCP of BFS disagrees. A deeper

look at this and also the role of admixtures is presented in section

CEM 1 52,5 R = 100%
e . R Photochemical Ozone layer - B
Acidification Eutrophication | Global warming o N Abiotic depletion
oxidation depletion
[kg SO2-eqg/kg] [kg PO4-eq/kg] [kg CO2-eq/kg] [kg C2H4eq/kg] |[kg CFC-11-eq/kg] | [kg Sb-eq/kg]

CEMI52,5R 100,0% 100,0% 100,0% 100,0% 100,0% 100,0%
CEM 142,5 98,2% 96,3% 98,7% 97,9% 97.7% 96,8%
Aggregates round 1,3% 1,7% 0,3% 1,2% 1,2% 5,1%
Aggregates crushed 2,2% 3,5% 0,5% 2,5% 2,1% 14,1%

Fly Ash - cut-off 2,9% 3,0% 2,9% 5,1% 16,0% 2,1%

Fly Ash - economic value allocation 37,6% 80,3% 30,4% 38,4% 78,7% 13,5%

Fly Ash - mass allocation 433,1% 961,4% 343,5% 418,8% 793,1% 142,8%
Blast Furnace Slag - cut-off 39,3% 12,2% 5,9% 15,0% 29,7% 11,3%
Blast Furnace Slag - economic value allocation 72,5% 70,8% 23,6% 220,9% 42,2% 27,8%
Blast Furnace Slag - mass allocation 319,5% 506,0% 155,3% 1752,4% 135,3% 150,1%
Dolomite/Limestone Flour d50 2 30pm 5,5% 6,9% 1,6% 5,0% 7,6% 12,2%
Meso-Filler: Dolomite/Limestone 5 < d50 < 30um 6,9% 10,8% 2,9% 7,9% 13,7% 15,6%
Micro-Filler: Dolomite/Limestone d50 < S5um 10,5% 20,9% 6,5% 15,2% 29,5% 24,5%
Metakaolin 24,0% 17,9% 11,1% 24,8% 6,4% 123124%
Superplasticizer 216,3% 377,0% 225,1% 709,2% 1,0% 806,2%
Set Accelerator 189,6% 144,6% 159,2% 827,4% 0,8% 389,2%
Water 0,1% 0,3% 0,0% 0,2% 0,1% 0,2%

Table 5.1.: Impacts of Constituents Relative to CEM | 52,5 R

5.1.2. Allocation

For fly ash, blast furnace slag and one type of Meso-Filler (consisting of blast furnace slag)
allocation rules have to be used. Cut-Off allocation, allocation by economic value and allocation
by mass is applied in this study. Cut-off allocation assigns the least burden to a material, while
mass allocation assigns the highest one. As already discussed, mass allocation is inappropriate
for these kinds of materials. The cut-off allocation is also not appropriate because it violates the
already introduced European directive [EuropeanCommission2008]. Therefore, economic value
allocation serves as the basis in this LCA. The other two are used as sensitivity check. But, if

not stated otherwise, results etc. are presented under the economic value allocation.
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5.1.3. Summary of Methods

As already explained in section this LCA uses a Cradle-to-Gate (A1-A3) approach and "1
m3 of sprayed concrete" as functional unit. Main data source is Ecolnvent v2.2, with journal
papers or EPDs as additional data sources, as stated in subsection [5.1.1] above. Economic
value allocation is used, with mass allocation and the cut-off approach serving as sensitivity
check, and EPD (2013) v1.03 is applied as LCIA method.

The results of the SLR show that methodological choices regarding data source, allocation (with
sensitivity check), life cycle phases and functional unit are very common and widely accepted
among LCA experts. Unfortunately, this is not true to the same extent for the LCIA method. It is,
of course, an accepted method, but not very common in literature. As already mentioned, there

was no other choice because the EPDs of the admixtures use this method.

5.2. Mix Designs

Six wet and five dry mix designf] are analysed by LCA. Of them, three wet and two dry
designs are approved sprayed concrete mixes while the other three are currently under study for
applicability. The proven ones include the term "Ref" for reference. The exact designs of the
examined sprayed concretes can be found in the appendix. Also note that from now on the term
"cement" always refers to CEM I.

Among the wet mixes, NRef1 is the simplest form of sprayed concrete, consisting of cement,
gravel, water, set accelerator and superplasticizer. In NRef4, a certain amount of the cement
is replaced by fly ash, blast furnace slag and a little content of limestone. NRef5 is the only
wet mix which uses CEM | with 42,5 MPa. Additionally, the cement substitution is made with
blast furnace slag and an inert Micro-Filler. N1 continues to lower the amount of cement, but
in contrast to NRef4 it uses Metakaolin and a mix of Micro- and Meso-Fillers. In N3 and N4
the inert Meso-Fillers are excluded, but blast furnace slag is added. The difference, beside the
composition of the Mix of Micro-Fillers and Metakaolin is the amount of cement used: While N3
possesses the smallest amount of all wet mixes with 210kg/m3, N4 contains with 281kg/m3 the
same amount as NRef4.

The dry mixes, bearing in mind the differences between dry and wet mix designs, kind of behave
like the same as the wet ones. TRef1 is - again - the simplest design, consisting only of cement
and gravel. TRef2 substitutes some cement by fly ash, blast furnace slag and limestone. T1, T3

2The mix designs are presented in the appendix.
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and T6 reduce the cement amount further by adding Micro-Fillers and Metakaolin to the mix of

cement and gravel.

5.3. Results of Mix Designs

This section shows the results of the LCA of sprayed concrete. The different mixes are analysed
and compared. Absolute numbers always refer to the functional Unit of 1 m3 if not stated
otherwise. To give a better view at the relations between different results, pictures are plotted on
a relative basis. Base case is always the economic value allocation. 100% refers to the highest
value of the corresponding impact indicator within the economic value allocation methodology.
Lines are drawn to show the uncertainty of the results with regard to the cut-off approach and
mass allocation. For some impact indicators and mix designs, mass allocation leads to absurd
high values leading to unsuitable illustrations if also plotted. Therefore, again the graphs are
cropped to show the essential findings. Pictures, where all results are shown can be found in
the appendix.

5.3.1. Dry Mixes

As graph illustrates, the substitution of cement leads to a reduction of five of the six impact
indicators. TRef1, with the highest amount of cement, has the highest impact concerning
acidification, eutrophication, global warming and ozone depletion. Also its photochemical ozone
creation potential is very high. As a result of the high ADP associated with Metakaolin, the
reference designs’ abiotic depletion potentials are very small compared to the new dry mixes,
because the new ones use Metakaolin while TRef1 and TRef2 don’t. With the exception of ADP,
the most environmentally friendly mix is T6 as it has lower impacts in every category than both
reference mixes. Also T6 contains no uncertainty due to allocation because it uses an inert
Micro-Filler and Metakaolin as partially cement replacement.

As already predicted during the description of the base materials, the substitution of cement
indeed lowers the GWPP] but this comes at some other impact’s cost: So POCP increases if
too much fly ash and blast furnace slag is used (TRef2). The usage of a mix of inert and active

fillers is therefore preferable.

3Also AP, EP and ODP decrease.
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Figure 5.1.: Impacts of Dry Mixes

5.3.2. Wet Mixes

The impacts of wet mixes are higher than the dry ones because water and admixtures are not
included in the assessment of the dry mix designs. As graph indicates, the wet designs
behave similar to the dry ones: NRef1, which has the highest amount of cement again bears the
highest AP, EP, GWP and ODP, but the lowest ADP. The reason for the high ADP of the new
designs is again Metakaolin. Fly Ash and Blast Furnace Slag are responsible for the higher
POCP of all mixes compared to NRef1. Only N3 has a lower POCP than NRef1, because the
substitution of cement is realized with a large amount of inert Micro-Filler.

Because the wet and dry mixes do not differ much in their environmental behaviour, a deeper
look at the contribution of different base materials to the results of the whole mix design is
provided just for the wet mixes. Also, only NRef1, NRef4 und N1 are compared. Anyway, N3
und N4 are similar to N1 because they differ just a little in the ratio of the different fillers.
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Figure 5.2.: Impacts of Wet Mixes

To give an immediate impression of the different materials’ contribution to the examined impact
indicators, the parts of the bars representing this are coloured on basis of their reactivity as
follows: Materials with a hydraulic/pozzolanic reactivityﬁ are illustrated with a grey background,
admixtureﬂﬂ have got a black background and the other#ﬂ have got a white one.

Graphs and show the contribution of different base materials to acidification,
eutrophication and global warming potential. They all look similar and invite one to draw
the conclusion that the substitution of cement with fly ash and blast furnace slag or fillers is
environmentally beneficial. NRef1 has the highest impacts in these categories while N1 has the
smallest ones.

Looking at the traditional design NRef1 it becomes clear, that discarding admixtures in a LCA
of sprayed concrete doesn’t lead to solid results, as they add up to more than 10% of each of
these three impact indicator values. The other two mixes reveal that it is more environmentally
friendly to substitute cement with fillers, especially inert fiIIersﬂ than a mixture of fly ash and
blast furnace slag.

Graph [5.6] shows a different picture. Due to the high POCP of blast furnace slag the mixes
NRef4 and N1 have a slightly higher POCP than NRef1. Also the mix designs are influenced a
lot more by admixtures as they are at other indicators, because they are responsible for at least

4CEM |, fly ash, blast furnace slag, Metakaolin and Meso-filler consisting of blast furnace slag
Sset accelerator and superplasticizer

Swater, aggregates, limestone and inert Meso- and Micro-Fillers

7Just relying on inert fillers by this amount is not possible due to technological reasons.
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Figure 5.3.: Acidification Potential of Wet Mixes - Contribution

33% of each design’s POCP.

As illustration [5.7] indicates, the ozone depletion potential behaves similar to AP, EP and GWP,
as again NRef1 is the one with the highest and N1 the one with the lowest impact. A huge
difference is the contribution of the admixtures: They are not even close to one per cent and
therefore are not identifiable in the graph.

As already mentioned, the ADP is mainly dominated by Metakaolin. Because it is only used
in N1 among the three examined mixes, NRef1 and NRef4 are assigned with a lot less ADP
than N1. Graph [5.8] shows that their impact is just about two per cent of N1’s. By discarding
Metakaolin, also this indicator confirms that admixtures have to be included in sprayed concrete
LCAs: The account for 20% of NRef1’s ADP. Furthermore, the impact decreases if cement is
substituted with fly ash and blast furnace slag.
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Figure 5.4.: Eutrophication Potential of Wet Mixes - Contribution

To summarize, except for POCP (and the ADP of Metakaolin), the substitution of cement is
environmentally beneficial. The use of inert fillers is preferable from an environmental point of
view, but also the use of fly ash and blast furnace slag proves to be advantageous. Unfortunately,
the substitution slightly enhances the POCP if reactive materials are used. But, without willing to
commit "weighting", a look at the previous graphs suggest the assumption that the environmental
benefits clearly prevail.
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Figure 5.5.: Global Warming Potential of Wet Mixes - Contribution
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6. Discussion and Uncertainty Analysis

Huijbregts (1998) identified six types of uncertainty common in LCA which inevitably lead to
results also being afflicted by uncertainty. These are:[Huijbregts1998]

1. Parameter Uncertainty:
Uncertainty due to inaccurate, incomplete or missing data in the LCI.

2. Model Uncertainty:
Uncertainty due to the uncertainty of characterisation factors within the LCIA method.

3. Uncertainty due to Choices:
Uncertainty caused by choices regarding the functional unit, system boundaries, allocation
rules, etc.

4. Spatial Variability:
Uncertainty due to not distinguishing between, for example, outdoor and indoor emissions, or
emissions to land and emissions to water.

5. Temporal Variability:
Uncertainty caused by changes in LCIl and LCIA methods if data is collected over a long time
period.

6. Variability between Sources and Objects:
Uncertainty caused, for example, by the use of different technologies in two factories produc-
ing the same product.

In this section, the first type, and parts of the fifth and sixth type are addressed. Note that all
activities in this section only address results’ sensitivity with regard to background data, while
foreground data is assumed to be fixed and certain, and therefore isn’t changed or challenged
throughout the whole thesis.

At first, the modelling of Fly Ash and Blast Furnace Slag in SimaPro is verified with with variations
of the LCIA method and the process inputs "Hard Coal Supply Mix" and "Diesel". To deal with
parameter uncertainty on a mixture basis, a Monte Carlo Simulation (MCS) of the three already
well examined mix designs is performed. Uncertainty due to data source was already touched in
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chapter[4] where the different impacts for the examined base materials according to different
sources was presented. To go one step further, in this section also a comparison of the sprayed

concrete mixes modelled with Ecolnvent v2.2 and v3.3 is made.

6.1. Sensitivity Analysis of the Modelling of FA and
BFS

As already pointed out, SimaPro lacks environmental information regarding Fly Ash (FA) and
Blast Furnace Slag (BFS). Therefore these materials were modelled with inputs and outputs
presented by Chen et al (2010). As already shown and reasoned, derived impacts differ from
the ones revealed in the paper. To verify if some inputs or outputs could be changed in order to
reduce the gap, a deeper look at the contributors of the environmental impacts of FA and BFS is
conducted.

Two inputs are revealed as mayor contributors: "Hard Coal Supply Mix" and "Diesel". Because
there are more than one "Hard Coal Supply Mix" and "Diesel" available in SimaPro, these two
inputs are varied in order to get an idea whether the differences to impacts according to Chen et
al (2010) stem from them. Additionally, also the sensitivity of the results with regard to the LCIA
method is checked.

6.1.1. LCIA Method

To validate the sensitivity of the results of FA and BFS regarding the LCIA method, four other
LCIA methods are used and their results are compared. The calculations are done only within

the economic value allocation methodology. The LCIA methods are:

EPD (2013) v1.03

CML-IA baseline v3.04 / EU25

ESU (EPD prEN 15804:2010) v1.05

ILCD 2011 Midpoint+ v1.09 / EC-JRC Global, equal weighting
EPD (2017)

Table [6.1] shows the different results as a ratio of results derived with EPD (2013) v1.03, which
was also used during the LCA of sprayed concrete. Big differences among the methods are only
witnessed at AP and ADP. At the other four impact indicators, results don’t vary much.
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For comparison reasons, also the impacts according to Chen et al (2010), relative to the results
derived in SimaPro with EPD (2013) v1.03, are plotted. Beside the big differences at ADP, the
AP of Fly Ash conceals the most interesting discrepancy: While the additional LCIA methods
all indicate that the used value is too high, results from Chen et al (2010) suggest quite the
opposite. So, on the one hand, ESU v1.05 would use only 5% of the used AP, while Chen et al
(2010) present a more than five times higher value than the used one.

Tables [6.2/and [6.3| answer the question, with which method results come closest to the results
shown in Chen et al (2010). Therefore, keeping the huge deviations at ADP in mind, one can
argue that the used method EPD (2013) v1.03 comes closest: For both FA and BFS, at AP, EP
and POCP it is the method - or among the methods - which come closest to the results of Chen
et al (2010). At GWP and ODP, deviations to the closest method are very small. So the used
method is indeed the closest one among the examined LCIA methods, but differences to the
results of Chen et al (2010) are nonetheless bigger than preferred.

EPD 2013 = 100%
EPD 2013 CML-IA B ESU ILCD 2011 Midpoi EPD 2017 Chen et al (2010)
BFS FA BFS FA BFS FA BFS FA BFS FA BFS FA
Acidification [kg SO2-eq/kg] 100% 100% 52% 79% 46% 5% 52% 79% 88% 526%
Eutrophication |[kg PO4-eq/kg] 100% 100% 100% 100% 100% 100% 100% 100% 42% 69%
Global warming |[kg CO2-eq/kgl 100% 100% 100% 100% 98% 98% 98% 98% 100% 100% 75% 138%
Ph_o tofhem'cal [kg C2H4-eq/kg] 100% 100% 100% 100% 100% 100% 100% 100% 107% 553%
oxidation
Ozonmelayer |\ crci1eqfkgl | 100% | 100% | 100% | 100% | ©91% | 97% | 100% | 100% | 100% | 100% 67% 45%
depletion
g::l:l:ion [kg Sb-eq/kel 100% 100% 100% 100% 174% 205% | 1247% | 1191% | 100% 100% | 4118543% |16216367%
Table 6.1.: Sensitivity of FA and BFS Impacts - LCIA Method
Blast Furnace Slag - Economic Value Allocation
EPD 2013 [CML-IA Baseline ESU ILCD EPD2017 [Chen etal 2010

Acidification [kg SO2-eq/kg] 114% 59% 53% 59% 100%
Eutrophication [kg PO4-eq/kg] 236% 236% 236% 236% 100%
Global warming [kg CO2-eq/kg] 133% 133% 130% 130% 133% 100%
Photochemical oxidation |[kg C2H4-eq/kg] 93% 93% 93% 93% 100%
Ozone layer depletion [kg CFC-11-eq/kg] 150% 150% 136% 150% 150% 100%
Abiotic Depletion [kg Sh-eq/kg] 0,00% 0,00% 0,00% 0,03% 0,00% 100%

Table 6.2.: FA Impacts in relation to Chen et al (2010) - Variation of LCIA Method

Fly Ash - Economic Value Allocation
EPD 2013  |CML-IA Baseline ESU ILCD EPD 2017 Chen et al 2010
Acidification [kg SO2-eq/kg] 19% 15% 1% 15% 100%
Eutrophication [kg PO4-eq/kg] 144% 144% 144% 144% 100%
Global warming [kg CO2-eq/kg] 72% 72% 71% 71% 72% 100%
Photochemical oxidation |[kg C2H4-eq/kg] 18% 18% 18% 18% 100%
Ozone layer depletion [kg CFC-11-eq/kg] 222% 222% 215% 222% 222% 100%
Abiotic Depletion [kg Sb-eq/kg] 0,00% 0,00% 0,00% 0,01% 0,00% 100%

Table 6.3.: BFS Impacts in relation to Chen et al (2010) - Variation of LCIA Method
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6.1.2. Coal

Besides variation of the LCIA method, variations of inputs and outputs with big influence on the
results is another approach to gain more insights in the differences between the used results
and results provided by Chen et al (2010) for FA and BFS. One of the inputs with a major effect
on the results of both materials is "Hard Coal Supply Mix". In SimaPro, the Hard Coal Supply
Mix is country-dependent, i.e. there exist processes for different countries. The processes used
as inputs for BFS and FA are:

= Hard Coal Supply Mix, Austria

Hard Coal Supply Mix, Germany

Hard Coal Supply Mix, France

Hard Coal Supply Mix, Italy

Unfortunately, there is no Hard Coal Supply Mix for Switzerland, and also no European Average
available in SimaPro. Among the other Hard Coal Supply Mixes are processes from baltic nations
or U.S., but since they are not comparable to Austria and therefore not within the boundary of
this thesis, they are not considered in more detail.

Table[6.4] shows relative results with the used Supply Mix from Austria serving as basis. With coal
from other states, results don’t change much. The only bigger deviations occur at EP and AP if
coal from Italy or France is considered. Interestingly, deviations at EP lie in the other direction
than results from Chen et al (2010) would suggest. At the other four indicators, differences are
small. Especially the similarity of Germany and Austria is remarkable.

A look at tables[6.5 and [6.6] show that the values derived with usage of the Austrian Coal Mix
come closest to values from Chen et al (2010) at AP, EP and ODP, with differences to the
closest Coal Mix at the other three impact indicators being negligible small, as long as BFS is
considered. At FA, France comes closest in three categories, with a large deviation to Austria
at AP. Its only shortcoming is that it assigns more than four times the EP to FA than Chen et
al (2010) do. Due to the large differences at AP and EP to the Austrian coal, it's impossible to
state which Supply Mix comes closest to Chen et al (2010) without weighting, which is avoided
throughout the whole thesis.
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6.1. Sensitivity Analysis of the Modelling of FA and BFS

Coal Supply Mix, Austria = 100%
Coal Supp!y Mix, Coal Supply Mix, Coal Supply Mix, Coal Supply Mix, Chen et al (2010)
Austria Germany France Italy
BFS FA BFS FA BFS FA BFS FA BFS FA
Acidification [kg SO2-eq/kg] 100% 100% 102% 108% 117% 157% 114% 148% 88% 526%
Eutrophication |[kg PO4-eq/kg] 100% 100% 117% 126% 215% 280% 203% 260% 42% 69%
Global warming |[kg CO2-eq/kg] 100% 100% 101% 102% 98% 98% 98% 97% 75% 138%
Photochemical |\ = - l4-eq/kg]l | 100% | 100% | 101% | 112% | 103% | 120% | 102% | 122% | 107% 553%
oxidation
Ozone layer |\ = crc.11-eq/kg]| 100% | 100% | 100% | 100% | 106% | 106% | 105% | 105% 67% 45%
Abiotil:. [kg Sh-eq/kg] 100% 100% 96% 86% 100% 102% 99% 98% 4118543% (16216367%
Depletion
Table 6.4.: Sensitivity of FA and BFS Impacts - Coal
Blast Furnace Slag - Economic Value Allocation
Coal Supply Mix from:
- PPy Chen et al 2010
Austria Germany France Italy

Acidification [kg SO2-eq/kg] 114% 117% 133% 130% 100%
Eutrophication [kg PO4-eq/kg] 236% 276% 509% 479% 100%
Global warming [kg CO2-eq/kg] 133% 134% 130% 130% 100%
Photochemical oxidation |[kg C2H4-eq/kg] 93% 95% 96% 95% 100%
Ozone layer depletion [kg CFC-11-eq/kg] 150% 150% 159% 157% 100%
Abiotic Depletion [kg Sb-eq/kg] 0,00% 0,00% 0,00% 0,00% 100%

Table 6.5.: FA Impacts in relation to Chen et al (2010) - Variation of Coal

Fly Ash - Economic Value Allocation

Coal Supply Mix from:
- Chen et al 2010
Austria Germany France Italy
Acidification [kg SO2-eq/kg] 19% 21% 30% 28% 100%
Eutrophication [kg PO4-eq/kg] 144% 182% 404% 375% 100%
Global warming [kg CO2-eq/kg] 72% 74% 71% 71% 100%
Photochemical oxidation |[kg C2H4-eq/kg] 18% 20% 23% 22% 100%
Ozone layer depletion [kg CFC-11-eq/kg] 222% 222% 235% 232% 100%
Abiotic Depletion [kg Sb-eq/kg] 0,00% 0,00% 0,00% 0,00% 100%

Table 6.6.: BFS Impacts in relation to Chen et al (2010) - Variation of Coal

6.1.3. Diesel

Another input with a big influence on the results for BFS and FA is "Diesel". SimaPro provides

eight different kinds of Diesel, and all of them are used in this sensitivity analysis:

= Diesel, at regional storage, CI—E]

= Diesel, at regional storage, REFﬂ

'Ch refers to Switzerland.

2RER refers to European Average.
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* Diesel, at refinery, CH

* Diesel, at refinery, RER

= Diesel, low-sulphur, at regional storage, CH
= Diesel, low-sulphur, at regional storage, RER
* Diesel, low-sulphur, at refinery, CH

= Diesel, low-sulphur, at refinery, RER

As table shows, differences in the results are small compared to differences derived with
variations of LCIA method or Coal Supply Mix. The only noteworthy deviations occur if kinds of
"Diesel, at refinery" and Fly Ash are considered. Looking at ODP, the indicator most affected by
Diesel, it is interesting that deviations occur in both directions.

For BFS, the variation of "Diesel" has almost no effect. This is because for BFS less Diesel than
for FA is used. So due to the small quantity of fuel used, the already small differences between
the kinds of Diesel lead to almost no differences in the simulated slags.

To summarize, significant differences of the results only occur at AP and ADP if the LCIA method
is varied, AP and EP if the coal comes from ltaly or France, and ODP and and ADP if Diesel "at
refinery" is used. Nevertheless, a variation of the LCIA method doesn’t close the gap to results
from Chen et al (2010), as other methods assign less burden, and Chen et al (2010) assign
more to FA and BFS as the used method EPD (2013) v1.03 does. The same is true for EP if
different Coal Supply Mixes are considered and ODP if different kinds of Diesel are used.

The only indicator, where results come closer to results presented in Chen et al (2010), is AP
if Coal Supply Mix from France or ltaly is used. But since this would come at the cost of a
unreasonable high EP, also the use of one of these inputs would not be satisfying.

Diesel, at regional storage, CH = 100%
Diesel, at regional | Diesel, at regional | Diesel, at refinery, [ Diesel, at refinery, | Diesel, low-sulphur, at | Diesel, low-sulphur, at [ Diesel, low-sulphur, at [ Diesel, low-sulphur, at | "
storage, CH storage, RER cH RER regional storage, CH | regional storage, RER refinery, CH refinery, RER en et al (2010)
BFS FA BFS FA BFS FA BFS FA BFS FA BFS FA BFS FA BFS FA BFS FA
‘[kg S02-eq/kg] 100% 100% 100% 105% 100% 88% 100% 104% 100% 100% 100% 105% 100% 88% 100% 104% 88% 526%
Eutrophication |[kg PO4-eq/kg] 100% 100% 100% 101% 100% 96% 100% 100% 100% 100% 100% 101% 100% 96% 100% 100% 42% 69%
Global warming |[kg CO2-eq/kg] 100% | 100% | 100% | 99% | 100% | 100% | 100% | 99% 100% 100% 100% 99% 100% 101% 100% 99% 75% 138%
oxidation [kg C2H4-eq/ke] 100% 100% 100% 107% 100% 85% 100% 106% 100% 100% 100% 108% 100% 85% 100% 107% 107% 553%
Ozone layer
N [kg CFC-11-eq/kg] | 100% 100% 99% 86% 102% 122% 99% 85% 100% 100% 99% 86% 102% 122% 99% 85% 67% 45%
Abioti
De::ion [kg Sb-eq/kg] 100% | 100% | 100% | 88% | 100% | 82% | 100% | 83% 100% 100% 100% 88% 100% 82% 100% 83% | 4118543% | 16216367%

Table 6.7.: Sensitivity of FA and BFS Impacts - Diesel
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6.2. Sensitivity Check with LCIA method EPD
(2017)

The EPD method in its newest version emerged during the work on this thesis. In order to
align with the latest state of the art, a sensitivity check with EPD (2017) on a mix design basis
is provided. The previous section showed that only characterisation factors with regard to
Acidification Potential (AP) changed. So the other five examined indicators stay the same, and a
look at the AP of different mixes with the new LCIA method is committed.

Table [6.8] shows the proportion of the assigned AP under EPD (2017) in comparison to EPD
(2013) for all used materials which were modelled in SimaPro, with the impact under EPD (2013)
serving as 100%. The table shows that most materials’ AP was cut by 12 to 17 per cent. For BFS
and FA the reduction is even bigger, while the reduction is smaller for Meso- and Micro-Fillers,
and tap water.

So compared to earlier findings under EPD (2013), it now looks like a substitution of cement with
FA and BFS is even more environmentally beneficial with regard to AP. Because the reduction
of Meso- and Micro-Fillers’ AP is less than the one from FA and BFS, there may be a position
shift within this indicator. Earlier findings showed that mix designs with FA and BFS (e.g. NRef4)
have higher APs than mix designs with Meso- and Micro-Fillers (e.g. N1).

But table [6.9) shows that no position changes occur, as the positions with regard to AP stay the
same regardless which EPD version is used. This can be derived by looking at the middle and
the right column. The column in the middle compares a mix design’s AP with the AP of NRef1 or
TRef1 (depending whether the mix is a dry or wet one) under the use of EDP (2017). The right
column does the same under use of EPD (2013). It can be seen that the mix with the lowest
AP under EPD (2017) is also the one with the lowest under EPD (2013) and so on. Indeed, the
proportions change, but not much.

The left column in table [6.9) shows how the mix designs’ AP change if EPD (2017) is used, i.e it
shows the same like table [6.8]did, but on a mix design basis. So, for example, under EPD (2017)
only 89% of AP under EPD (2013) is assigned to 1 m3 of NRef1. All values lie within the range

of 82 to 89%, evening out the bigger deviations on a material basis.
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EPD (2013) = 100%
Acidification
[kg SO2-eq/kg]
CEMI152,5R 88%
CEM 142,5 88%
Aggregates round 83%
Aggregates crushed 87%
Fly Ash - economic value allocation 79%
Blast Furnace Slag - economic value allocation 52%
Dolomite/Limestone Flour d50 = 30um 88%
Meso-Filler: Dolomite/Limestone 5 < d50 < 30um 89%
Micro-Filler: Dolomite/Limestone d50 < 5um 91%
Tap Water 96%

Table 6.8.: Sensitivity of Materials’ AP - Comparison of EPD (2017) to EPD (2013)

Acidification
Comparison to Comparison to NRef1/TRefl
EPD (2013)
EPD (2013) = 100% EPD (2017) EPD (2013)

[kg SO2-eq/m3] [kg SO2-eq/m3] [kg SO2-eq/m3]
NRefl 89% 100% 100%
NRef4 85% 82% 86%
NRef5 82% 84% 91%
N1 85% 76% 80%
N3 85% 68% 71%
N4 84% 82% 86%
TRefl 88% 100% 100%
TRef2 86% 91% 93%
T1 83% 79% 83%
T3 85% 87% 90%
T6 88% 85% 84%

Table 6.9.: Sensitivity of Mix Designs’ AP - Comparison of EPD (2017) to EPD (2013) and Comparison to
Reference Mix 1
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6.3. Monte Carlo Simulation

A Monte Carlo Simulation is one of the tools capable to address parameter uncertainty in LCA
[Huijbregts1998]. It uses the distribution of all parameters to vary their values, arriving at different
results for each run. By repeating this very often, MCS reveals the distribution of the examined
product system’s results.

The distribution of the parameters in SimaPro is calculated on basis of the parameters’ pedigree-
matrices. The pedigree-matrix was introduced by Weidema/Wesnaes in 1996 [Weidema1996].
It is a vector consisting of five numbers, whereby each ranges from one to five. The five num-
bers represent the uncertainty of the parameter regarding reliability, completeness, temporal
correlation, geographical correlation and further technological correlation.

In SimaPro, each input and output of the unit processes is valued with a pedigree matrix. Unit
processes available in Ecolnvent usually already have been valued, but new modelled materials,
like fly ash and blast furnace slag, are certainly not. Therefore, each input and output in the
models of FA and BFS was given a pedigree-matrix.

The MCS is performed in SimaPro and parameters are varied based on the pedigree-matrices.
10.000 iterations are ran, which is a number also found in other LCA studies which contain
a MCS, e.g. [Pang2015; Blengini2010]. Additionally, Ciroth et al, who deal with uncertainty
in LCAs, recommend the use of 10.000 runs in MCS [Ciroth2004]. Because SimaPro uses a
log-normal distribution for each parameter if pedigree-matrices are used, the distributions of the
whole sprayed concrete mix designs are also positive skewed.

Because not every base material used was modelled in SimaPro, an adjustment is necessary
to derive at the sprayed concrete mix designs’ results: Results of the MCS, i.e. means and
standard deviations, as well as the 2,5% and 97,5%-percentiles of impact indicator results are
transferred to Excel, where the impacts of the materials, which are not modelled in SimaPro, are
added to mean and percentiles. These materials are the admixtures and Metakaolin. Then, it is
possible to plot graph which shows the results. The standard deviation of the mixes do not
change by this adjustment, which means it is assumed that the impacts of superplasticizer, set
accelerator and Metakaolin are certairE] or very small compared to the uncertainty of the other
materials.

Graph|[6.1] shows the results of the MCS for three wet mix designs: NRef1, NRef4 and N1. 100%
outlines the highest mean value within each impact category of the three mixes. Also the value
"mean +/- one standard deviation" is plotted and connected with lines. Furthermore, the 2,5%
and 97,5%-percentiles are drawn as circles. Looking at their positions identifies the positive

3This is of course an untenable assumption. But, it avoids an estimation of a distribution of these Materials and
problems associated with the superposition of different distributions.

81



B TU Graz | Julius Stoéger

6. Discussion and Uncertainty Analysis

skewness of the results.

For GWP, the range of the possible results is small compared to the range of the ODP indicator.
There, the 97,5%-percentile, which means that 97,5% of the possible results are below it, is
more than two times higher than the mean value for NRef1. Unfortunately, the range of the ADP
indicator is not illustrated well, because the ADP of the used Metakaolin is very big compared to
all other materials.

By looking at all impact indicators but ADP, it looks like overlaps of the distributions of the
different mix designs are possible. For example, while the means state for GWP that NRef4
has a lower environmental burden than NRef1, their distributions indicate that also the opposite
- with a lower probability - could be true. In this example, approximating both distributions by
normal distributions with the same means and standard deviations, one could conclude that this
is true with the probability of approximately 6%. But that’s a fallacy. At least as long as the exact

same materials are used for the different mix designs:
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Figure 6.1.: Impact Indicators of Wet Mix Designs under Uncertainty

This is illustrated briefly by the example of one base material, in this case CEM | (cement). The
true values for the used cement may differ from the mean used in the simulation according to

the distribution assumed in SimaPro. If the real value for the used cement is higher than it’s
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mean, it will lead to a higher value for the whole mix NRef1 according to picture[6.1] But if the
same cement is used for the other mix designs, these will also have higher impacts, preventing
one mix design from becoming suddenly more environmentally friendly than the other.

So, a change in position due to the simulation can only become true if the mix designs use
different materials, which they do. To arrive at the true probabilities of one sprayed concrete mix
having bigger environmental impacts than another, materials used by more than one mix design
have to be varied in the same way in the different mixes in each run of the MCS. This is what
SimaPro automatically does. It also provides numbers of the probability, that one mix design has

a higher impact indicator as the other. Graph shows a comparison of NRef1 and NRef4.

NRefl > NRef4

MCS: 10.000 Runs

ADP 99.99%
oDP 98.6%
50.22%
GWP 100%
92.81%
AP 100%
-40%  -20% 0% 20% 40% 60% 80% 100%

Figure 6.2.: Probability of NRef1 having bigger impacts then NRef4

It can be seen that the true overlaps are much smaller than originally thought, if even existent.
Turning back to the example of GWP, graph[6.2]shows that the actual probability of NRef4 having
a higher impact on GWP than NRef1 is not 6%, but 0%. It is also illustrated that this is true for
AP, and in terms of almost certainty for ODP and ADP. While for EP the overlap is about 7,2%,
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the situation is very interesting for POCP. On the one hand, the means of NRef1 and NRef4
state that NRef1 has the lower POCP, but according to graph it is slightly more possible that
NRef1 has the higher POCP. This can be true because of the standard deviation and skewness
of the distributions. To summarize, the picture emphasizes what was told in the previous section:
For five of the six examined impact categories, NRef4 environmentally dominates NRef1. For
the sixth, POCP, this is not true because their values don’t differ much and no mix design is
clearly more environmentally friendly than the other.

The comparison between NRef1 and NRef4 is only legitimate because SimaPro lacks the same
amount of the same materials of both mixes: superplasticizer and set accelerator. Because they
are part of both designs in the exact same amount, their absence in the MCS does not influence
the presented results. Unfortunately a comparison of N1 with both of them is consequently
not possible, because also Metakaolin is not modelled in SimaPro which would make results

useless.

6.4. Sensitivity Check with Ecolnvent v3.3

LCA results differ depending on the background data source used. For example, as already
noted in chapter[4] Okobaudat, ELCD and Ecolnvent v2.2 associate different impacts to several
base materials for sprayed concrete. These differences are a result of varying measurements,
different system processes, dates, technologies, etc.

To check whether results vary massively if another data source is used, a sensitivity check is done
with Ecolnvent version 3.3 with the system model "Allocation, recycled content". Differences
between the two versions are mainly existent because of updates of already existing processes,
implementation of new activities, changes of allocation methods used and transportation data,
and a better global coverage and completeness [Steubing2016)].

At first, differences between the two version regarding the base materials of sprayed concrete
are presented. Then, these differences are outlined on basis of sprayed concrete mix designs.
Finally, results of v2.2 and v3.3 for the three wet mixes NRef1, NRef4 and N1 are compared. This
third activity will answer the crucial question behind this subsection, whether the environmental
advantage of one mix over the other disappears if another source is used.
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6.4. Sensitivity Check with Ecolnvent v3.3

6.4.1. Materials

In table [6.10] the base materials which were modelled or available in SimaPro are presented.
Their associated environmental impact under v3.3 is plotted as percentage of the corresponding
impact under v2.2. Impacts with a higher discrepancy than 40% are marked.

Acidification and Global Warming Potential do not differ much between the versions. Looking at
these impact categories with regard to cement, which is the main contributor to both, it is found
that v3.3 associates less AP and GWP to it. This indicates that also the whole mix designs of
sprayed concrete will have lower AP and GWP under the new version. Exactly the opposite
should be true for ADP, because every material has a higher ADP in the new version. Before

turning to that, a deeper look at the deviations of the different materials is providedﬂ

v2.2 = 100%
Acidification Eutrophication | Global warming Phott?che-mlcal Ozone I?yer Abiotic depletion
oxidation depletion
[kg SO2-eq/kg] kg PO4-eq/kg] | [kg CO2-eq/kg] | [kg C2H4eq/kg] |[kg CFC-11-eq/kg]| [kg Sb-eq/kg]
BFS 117,0% 137,3% 109,0% 109,1% 125,9% 194,4%
Fly Ash 99,4% 103,7% 98,8% 100,4% 109,2% 142,3%
Gravel, crushed 99,1% 97,1% 100,3% 108,6% 205,5% 465,3%
Gravel, round 100,9% 100,4% 100,3% 108,0% 177,0% 334,6%
Limestone 95,9% 92,4% 95,8% 100,1% 161,2% 131,8%
Meso-Filler - Limestone 110,5% 181,7% 106,7% 112,9% 127,7% 130,6%
Micro-Filler - Limestone 123,8% 235,4% 106,3% 116,4% 100,5% 123,9%
CEM 1425 89,0% 132,2% 90,0% 159,1% 53,7% 164,9%
CEM 152.5 88,6% 130,4% 90,0% 157,9% 57.9% 163,3%
Tap Water 84,2% 106,8% 92,6% 110,8% 174,9% 302,4%

Table 6.10.: Comparison of v3.3 to v2.2 on Basis of 1 kg of Material

Gravel has quite the same AP, EP and GWP as under v2.2, but the new ODP and ADP are much
higher. The high ODP comes from different impacts of the energy providing materials during
the production of the gravel, i.e. diesel and electricity. The high ADP roots in a new valuation of
gravel/sand quarry or mine and the building hall.

With version 3.3, limestone also has a higher ODP. As for gravel, the reason is also the used
electricity. Electricity is also respnsable for the high Eutrophication Potential of Meso- and
Micro-Fillers.

Cement varies much in EP, POCP, ODP and ADP, but not always in the same direction. While for
three indicators, the impacts go up under the new version, it cuts the ODP almost in half. All four
indicators are dominated by the production of clinker, which comes with corresponding different
impacts in version 3.3. Furthermore, the valuation of the cement factory has also changed,
contributing to the now higher ADP of CEM 1.

“Network graphs for material’s impacts which have changed much are provided in the appendix. They show the
contributions of processes to the materials indicator results.
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6. Discussion and Uncertainty Analysis

Also the impacts of the tap water changes. The two highest discrepancies come at ODP and
ADP. For ODP here the same is true as for Gravel and Limestone: The new electricity valuation
pushes it higher. ADP is mainly influenced by the water supply network and water works and
impacts of both processes have increased in the new version.

The look at the materials has identified three processes, which contribute much to the results

and also have changed in version 3.3 significantly: These are Diesel, Electricity and Clinker
productiorP]

6.4.2. General Comparison of v3.3 to v2.2 in the Context of Sprayed
Concrete

Due to the interaction of differences of constituents between version 2.2 and 3.3, and the amount
of material used within the different mix designs, deviations of impact indicators occur in both
directions. Figures to show the comparison of both Ecolnvent versions. The impact
indicator value if version 3.3 is used is plotted on the abscissa, while the corresponding impact
indicator value under usage of version 2.2 is printed on the ordinate. A 45-Degree-Line is drawn
to detect whether deviations of all mixes lie in the same direction and whether all six examined
impact indicators experience them in the same direction.

As the graphs show, the first question can be easily answered with "yes". The second question
is much more interesting, as deviations lie in different directions among the impact indicators:
The use of Ecolnvent v2.2 assigns more environmental burden to all examined mix designs in
terms of AP, GWP and ODP, while the opposite is true for EP, POCP and ADFﬂ Reasons for
this can be traced back to the statements above.

SProcesses influencing ADP are excluded here, because there aren’t any processes which are involved in more
than one material and ADP is, anyway, a very sensitive indicator where results can easily change dramatically.
®Graph on ADP doesn’t show the deviations between v2.2 and v3.3 in full extent because Metakaolin, which
is not modelled in SimaPro and therefore experiences no changes, dominates the mix designs which use this
material. This is seen on the right/above section of the graph. A deeper look at mix designs which do not use
Metakaolin, which is provided with picture[6.9} shows that deviations are not that small as a look at graph [6.8|

would suggest.
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6.4. Sensitivity Check with Ecolnvent v3.3
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6.4. Sensitivity Check with Ecolnvent v3.3
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6. Discussion and Uncertainty Analysis
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6.4. Sensitivity Check with Ecolnvent v3.3

6.4.3. Mix Designs

Table shows the changes of wet and dry mixes if version 3.3 is used. Several impact
indicators alter in the same directions: On the one hand using v3.3 assigns less AP, GWP and
ODP to sprayed concrete. The reason for this are the changed impacts of CEM I. On the other
hand, EP, POCP and ADP increase by using the new version. This is no surprise because every
base material has higher impacts in these three categories. The only exception is the EP of
limestone, but this material is not used in big amounts.

The ADPs of N1, N3, N4, T1, T3 and T6 do not change as much as expected by looking at
table [6.10], where the ADPs of the materials have increased dramatically. The reason for this is
the use of Metakaolin in these mix designs. Metakaolin is not modelled in SimaPro as impacts
are directly taken from the paper by Habert et al (2011), where the assigned ADP is very high
compared to all other materials used in this LCA. Therefore, and as already pointed out in
section the ADP of these mixes are dominated by it and since it experiences no change

under the use of version 3.3, also the results for the whole mixes do not vary much.

v2.2 = 100%
Acidification Eutrophication | Global warming Phot:?che.mlcal Ozone I?yer Abiotic depletion
oxidation depletion
[kg SO2-eq/m3] | [kg PO4-eq/m3] | [kg CO2-eq/m3] | [kg C2H4eq/m3] |[kg CFC-11-eq/m3]| [kg Sb-eq/m3]
NRefl 90,5% 125,4% 91,1% 136,0% 63,7% 174,7%
NRef4 94,4% 122,6% 92,7% 125,1% 76,4% 177,7%
NRef5 96,5% 128,0% 93,0% 123,9% 71,8% 179,4%
N1 95,4% 126,5% 92,9% 123,6% 75,2% 101,3%
N3 96,4% 131,9% 93,4% 122,0% 78,2% 101,4%
N4 95,2% 126,5% 92,7% 124,7% 73,4% 101,2%
TRefl 89,4% 128,0% 90,1% 154,9% 64,8% 198,8%
TRef2 91,0% 126,8% 90,6% 147,4% 69,7% 202,5%
T1 93,9% 131,2% 91,3% 139,7% 69,8% 101,2%
T3 92,0% 129,1% 90,8% 144,3% 69,8% 101,8%
T6 90,3% 130,0% 90,4% 152,3% 67,9% 101,1%

Table 6.11.: Comparison of v3.3 to v2.2 on Basis of 1 m3 Sprayed Concrete

Every indicator of all different mix designs changes in the same direction, but not with the same
magnitude. Therefore it is possible, that one mix with a higher indicator than another mix under
v2.2 now derives at a lower one under v3.3. But is this true? Picture [6.10| gives the answer:
The left part of graph[6.10] shows the environmental impacts of one m3 of the three already well
examined wet mixes NRef1, NRef4 and N1 if Ecolnvent version 2.2 is used. As already found in
section 5.3} NRef1 has the highest environmental impacts while N1 has the lowest ones. The
two exceptions are POCP, where the substitution of cement by fly ash and blast furnace slag
does not lead to lower impacts, and therefore the largest burden is assigned to NRef4, and ADP,
where N1 has the highest impacts due to the use of Metakaolin.
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6. Discussion and Uncertainty Analysis

On the right hand side, the same graph is plotted, but version 3.3 is used. Comparing both
graphs answers the question whether the environmental advantage of one mix design over the
other disappears if versions change: The relative positions of the three mixes do not change
if AP, EP, GWP and ADP are considered. The positions regarding POCP change in order that
this indicator aligns itself with the former mentioned four indicators in terms that NRef1 has the
highest POCP. The reason for this is the high POCP of CEM | under version 3.3: While using
version 2.2 the substitution of cement in mix NRef4 is not advantageous due to the high POCP of
fly ash. The new version assigns nearly as much as 60% more POCP to CEM I, but the impact
of fly ash does not increase. This leads to the lower POCP of NRef4 than NRef1 in version 3.3.
If nothing else would change, all six examined indicators in v3.3 would prefer NRef4 over
NRef1. Also N1 would be the one with the lowest environmental burden with the exception
of ADP. But this is not true, as graph[6.10]shows, because NRef4 now has the highest ozone
depletion potential. Again, the reason for this is CEM I. With version 3.3 the cement’s ODP
decreases dramatically and the fly ash’s ODP increases slightly. This leads to a situation where
the replacement of cement with fly ash does not decrease the mix designs’ ODP.

Deeper insights in differences between v2.2 and v3.3 with regard to the mix designs NRef1,
NRef4 and N1 shows appendix [Hl There, sections of contribution networks relating to the
ambiguous indicators ODP and POCP are plotted. Main differences can be traced back to
changes on an inventory level. For example, differences at ODP, which mainly come from the
clinker production process, are caused primarily by the replacement of "heavy fuel oil" with
variety of other fuels with less ODP.

To summarize, the two examined versions agree at the environmental positions of the three mix
designs if AP, EP, GWP and ADP are considered. However, with regard to POCP and ODP, the
use of the new version alters the positions of them, again making it not possible to prefer one
mix over the other in all addressed impact categories.
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6.4. Sensitivity Check with Ecolnvent v3.3
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Figure 6.10.: Impacts of Wet Mixes - Comparison of v3.3 to v2.2
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7. Conclusion

In this thesis, a Systematic Literature Review (SLR) of sprayed concrete’s constituents and an
LCA of sprayed concrete was conducted. During the SLR a research gap regarding LCAs of
sprayed concrete was identified, affirming hypothesis 1|1_1 Furthermore, Ecolnvent was identified
as the most utilized environmental database, most used in its version 2.2.

It was found that the scientific community and used data sourcesﬂ agree to a different extent
at the six addressed impact indicator#f] of sprayed concrete’s base materials: At AP, EP and
GWP using different data sources doesn’t change results significantly, with GWP being the one
indicator where the agreement is the strongest. At POCP and ODP, impacts of materials change
a lot among the different data sources. But the indicator, where the highest discrepancy was
found, is by far ADP.

Beside data sources, the used allocation rule is very important. It was shown that results
for different materials which are by-products (fly ash and blast furnace slag), and impacts of
whole sprayed concrete mixes can change dramatically between the addressed allocation rules.
With this in mind it is also clear that statements in literature which claim that, for example, the
substitution of cement with FA is environmentally beneficial, should be enjoyed with care. As
shown and affirming hypothesis 4ﬂ this is not true if mass allocation is used.

In this LCA of sprayed concrete, where six wet mixes and five dry mixes were examined,
economic value allocation was used as the base case. Affirming hypothesis ZE] cement was
clearly identified as the material with the biggest environmental burden within sprayed concrete
mix designs. Furthermore, it was found that the its substitution with FA, BFS and limestone,
or a mix of Meso- and Micro-Fillers is beneficial regarding AP, EP and GWP. If POCP and
ODP are considered, this substitution decreases or slightly increases the environmental burden

depending on the Ecolnvent version used. Moreover, these kinds of substitution also have a

"Hypothesis 1: In literature, LCAs on sprayed concrete are scarce.

2Ecolnvent v2.2, Ecolnvent v3.3, Okobaudat, ELCD and EPDs

3 Acidification Potential (AP), Eutrophication Potential (EP), Global Warming Potential (GWP), Ozone Depletion
Potential (ODP), Photochemical Ozone Creation Potential (POCP) and Abiotic Depletion Potential (ADP)

“Hypothesis 4: The environmental advantage of substituting cement with materials like fly ash and/or blast furnace
slag depends on the allocation rule used.

SHypothesis 2: Among the base materials of sprayed concrete, cement is responsible for the largest environmental
burden.
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7. Conclusion

positive effect on ADP. Here the only exception is the use of Metakaolin, which is the main
contributor to ADP. This rather - but not to a full extent - affirms hypothesis Fﬂ as it proves validity
throughout all impact indicators, but the small changes were enough to alter the positions in
terms of environmental advantage of different mix designs at ODP and POCP.

It was clearly pointed out, that admixtures play an important role in an LCA of sprayed concreteﬂ
as they are responsible for at least 10% of each impact indicatorﬂ in each examined mix design.
But, like stated above, CEM | was identified as the environmental hot spot. As briefly touched in
this study, its substitution has not only the potential to lower the environmental burden of sprayed

concrete, it also has the ability to improve its technical properties.

®Hypothesis 5: The use of other data sources doesn’t change the results much.

"This affirms hypothesis 3: Admixtures play an important role in quantifying the environmental burden of sprayed
concrete.

8Exceptions are ODP, and ADP if Metakaolin was used.
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8. Outlook

To gain more environmental information on sprayed concrete in general and especially the new
designed mix designs within the ASSpC project, the present LCA study should be expanded in
three dimensions:

The first one deals with data quality and reliability. As discussed, environmental impacts of
Metakaolin are directly taken from [Habert2011] where they are calculated using a different LCIA
method. To improve its reliability, companies fabricating this material could provide information
of its production, making it possible to simulate Metakaolin in SimaPro. Also the modelling of FA
and BFS could be verified in this way.

The second dimension which should be tackled addresses the examined impact indicators. To
gain more insights in the environmental burden caused by sprayed concrete, it would be beneficial
to include more indicators. Especially the toxicity indicators within the CML methodologyﬂ could
be of interest: On the one hand, admixtures are suspected to have a strong influence on these
indicators. To better understand the environmental role of admixtures, toxicity indicator values
should be published, for example by the EFCA. On the other hand, also the environmental
advantage of substituting cement may become less clearer as pointed out in this thesis, because
both FA and BFS have their highest relative impact indicator value relative to CEM | in one of the
toxicity indicators [Chen2010; Habert2013]. In this thesis, its environmental advantage is only
ambiguous at POCPH, but including toxicity indicators may - in the worst case - point out a clear
disadvantage of the substitution. Then, one has to commit weighting to derive at an answer to
the question of the substitution of cement with FA and BFS leads to less environmental burden.
The third dimension, from a present-day perspective, is the one to be achieved "easiest": It is the
expansion of the cradle-to-gate study to a cradle-to-grave study. Currently and within the next
couple of years, there are experiments going on within the ASSpC project at TU Graz, ranging
from large-scale spray tests to durability test procedures. These should provide information on
technical properties which should make a solid cradle-to-grave LCA study possible. For example,
longevity, maintenance intervals or End-of-Life characteristics could be estimated on basis of

"Human Toxicity, Fresh Water Ecotoxicity, Marine Aquatic Ecotoxicity and Terrestrial Ecotoxicity
2or ODP, if Ecolnvent v3.3 is used
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8. Outlook

experiments’ results. Beside that, there is another obstacle to overcome if the whole life cycle
phase is addressed: The choice of an appropriate functional unit. Because new developed mixes
are, for example supposed to be less vulnerable to leaching or thaumasite sulfate attack, and
therefore "better" than traditional mix designs in technical terms, one has to call into question
whether they fulfill the same function. First solution approaches plan to include a technical
parameter in the functional unit, like early strength or calcium leaching.

How these and other issues will be tackled in detail is yet to be seen. The ASSpC will deal with
these topics in the next three years and there is no doubt that obstacles will be cleared and solid

results attained.
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A. Appendix 1: SLR: Impacts of Sand and Gravel
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B. Appendix 2: Impact Comparisons of Base Materials
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C. Appendix 3: Mix Designs

C.1. Dry Mixes

TRefl
Material kg/m3
CEMI52,5R 350,0
Gravel, round 1.800,0

Table C.1.: Mix Design of 1m3 TRef1

TRef2
Material kg/m3
CEMI152,5R 301,0
Fly Ash 22,1
Blast Furnace Slag 22,1
Limestone 4,9
Gravel, round 1.800,0

Table C.2.: Mix Design of 1m3 TRef2

Tl
Material kg/m3
CEMI1425R 245,0
Meso-Filler (BFS) 53,0
Micro-Filler 28,0
Metakaolin 25,0
Gravel, round 1.800,0

Table C.3.: Mix Design of 1m3 T1
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T3
Material kg/m3
CEM142,5R 280,0
Meso-Filler (BFS) 35,0
Micro-Filler 18,0
Metakaolin 18,0
Gravel, round 1.800,0

Table C.4.: Mix Design of 1m3 T3

LE]
Material kg/m3
CEMI1425R 280,0
Meso-Filler (BFS) 35,0
Micro-Filler 18,0
Metakaolin 18,0
Gravel, round 1.800,0

Table C.5.: Mix Design of 1m3 T3

C. Appendix 3: Mix Designs
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C.2. Wet Mixes

C.2. Wet Mixes

NRefl
Material kg/m3
CEMI152,5R 420,0
Water 200,0
Set Accelerator 25,2
Superplasticizer 4,2
Gravel, round 1.800,0

Table C.6.: Mix Design of 1m3 NRef1

NRefd
Material kg/m3
CEMI52,5R 281,0
Water 200,0
Set Accelerator 25,2
Superplasticizer 4,2
Fly Ash 62,6
Blast Furnace Slag 62,6
Limestone 13,9
Gravel, round 1.800,0

Table C.7.: Mix Design of 1m3 NRef4

NRef5
Material kg/m3
CEM 142,5R 290,0
Water 191,0
Set Accelerator 25,2
Superplasticizer 4,2
Meso-Filler (BFS) 120,0
Micro-Filler 15,0
Gravel, round 1.800,0

Table C.8.: Mix Design of 1m3 NRef5
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N1
Material kg/m3
CEMI52,5R 252,0
Water 170,0
Set Accelerator 25,2
Superplasticizer 4,2
Meso-Filler (BFS) 76,0
Meso-Filler (inert) 46,0
Micro-Filler 21,0
Metakaolin 25,0
Gravel, round 1.800,0

Table C.9.: Mix Design of 1m3 N1

N3
Material kg/m3
CEMI52,5R 210,0
Water 150,0
Set Accelerator 25,2
Superplasticizer 4,2
Meso-Filler (BFS) 63,0
Micro-Filler 126,0
Metakaolin 21,0
Gravel, round 1.800,0

Table C.10.: Mix Design of Tm3 N3

N4
Material kg/m3
CEMI52,5R 281,0
Water 170,0
Set Accelerator 25,2
Superplasticizer 4,2
Meso-Filler (BFS) 84,0
Micro-Filler 25,0
Metakaolin 28,0
Gravel, round 1.800,0

Table C.11.: Mix Design of 1m3 N4

C. Appendix 3: Mix Designs



D. Appendix 4: Used Impacts of Materials

Ecolnvent v2.2
Acidification Eutrophication | Global warming Phut‘?me,mml Ozone I?yer Abiotic depletion
oxidation depletion
[kg SO2-eq/kg] (kg PO4-eq/kg] [kg CO2-eq/kg] [kg C2H4-eq/kg] | [kg CFC-11-eq/kg] | [kg Sb-eq/kg]
CEM152,5R 1,350E-03 2,732E-04 8,352E-01 4,399E-05 2,382E-08 1,364E-07
CEM 142,5 1,326E-03 2,631E-04 8,244E-01 4,305E-05 2,327E-08 1,320E-07
Aggregates round 1,817E-05 4,738E-06 2,404E-03 5,478E-07 2,824E-10 6,935E-09
Aggregates crushed 2,936E-05 9,461E-06 4,404E-03 1,101E-06 4,886E-10 1,928E-08
Fly Ash - cut-off 3,974E-05 8,327E-06 2,415E-02 2,222E-06 3,822E-09 2,891E-09
Fly Ash - economic value allocation 5,081E-04 2,195E-04 2,536E-01 1,690E-05 1,875E-08 1,838E-08
Fly Ash - mass allocation 5,847E-03 2,627E-03 2,869E+00 1,843E-04 1,890E-07 1,949E-07
Blast Furnace Slag - cut-off 5,299E-04 3,344E-05 4,951E-02 6,583E-06 7,075E-09 1,542E-08
Blast Furnace Slag - economic value allocation 9,784E-04 1,934E-04 1,974E-01 9,720E-05 1,006E-08 3,788E-08
Blast Furnace Slag - mass allocation 4,313E-03 1,382E-03 1,297E+00 7,709E-04 3,224E-08 2,048E-07
Dolomite/Limestone Flour d50 2 30um 7,463E-05 1,887E-05 1,321E-02 2,193E-06 1,800E-09 1,658E-08
Meso-Filler: Dolomite/Limestone 5 < d50 < 30um 9,339E-05 2,959E-05 2,461E-02 3,456E-06 3,266E-09 2,128E-08
Micro-Filler: Dolomite/Limestone d50 < Spm 1,416E-04 5,716E-05 5,391E-02 6,703E-06 7,036E-09 3,338E-08
Metakaolin (Habert, 2011) 3,240E-04 4,890E-05 9,240E-02 1,090E-05 1,520E-09 1,680E-04
Superplasticizer (EFCA, 2015) 2,920E-03 1,030E-03 1,880E+00 3,120E-04 2,300E-10 1,100E-06
Set Accelerator (EFCA, 2015) 2,560E-03 3,950E-04 1,330E+00 3,640E-04 1,800E-10 5,310E-07
Water 1,457E-06 8,751E-07 3,207E-04 9,725E-08 1,613E-11 2,582E-10
Table D.1.: Used Impacts of 1 kg Material - Ecolnvent v2.2
Ecolnvent v3.3
Acidification Eutrophication Global warming Photochemical Ozone layer Abiotic depletion
oxidation depletion
[kg SO2-eq/kg] [kg PO4-eq/kg] kg CO2-eq/kg] | [kg C2H4-eq/kg] | [kg CFC-11-eq/kg] [kg Sb-eq/kg]
CEMI152,5R 1,196E-03 3,563E-04 7,514E-01 6,947E-05 1,380E-08 2,228E-07
CEM | 42,5 1,180E-03 3,479E-04 7,420E-01 6,848E-05 1,250E-08 2,177E-07
Aggregates round 1,834E-05 4,757E-06 2,411E-03 5,916E-07 4,999E-10 2,320E-08
Aggregates crushed 2,909E-05 9,189E-06 4,416E-03 1,196E-06 1,004E-05 8,969E-08|
Fly Ash - economic value allocation 5,048E-04 2,276E-04 2,506E-01 1,697E-05 2,048E-08 2,615E-[18|
Blast Furnace Slag - economic value allocation 1,145E-03 2,655E-04 2,152E-01 1,061E-04 1,266E-08 7,362E-08|
Dolomite/Limestone Flour d50 2 30um 7,160E-05 1,743E-05 1,266E-02 2,195E-06 2,901E-09 2,185E-08|
Meso-Filler: Dolomite/Limestone 5 < d50 < 30um 1,032E-04 5,377E-05 2,626E-02 3,903E-06 4,170E-09 2,779E-08|
Micro-Filler: Dolomite/Limestone d50 < 5pm 1,753E-04 1,368E-04 5,733E-02 7,805E-06 7,072E-09 4,136E-08
Metakaolin (Habert, 2011) 3,240E-04 4,890E-05 9,240E-02 1,090E-05 1,520E-0S 1,680E-04
Superplasticizer (EFCA, 2015) 2,920E-03 1,030E-03 1,880E+00 3,120E-04 2,300E-10 1,100E-06
Set Accelerator (EFCA, 2015) 2,560E-03 3,950E-04 1,330E+00 3,640E-04 1,800E-10 5,310E-07
Water 1,227E-06 9,347E-07 2,971E-04 1,077E-07 2,820E-11 7,807E-10

Table D.2.: Used Impacts of 1 kg Material - Ecolnvent v3.3
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E. Appendix 5: Impacts of Dry and Wet Mixes

Ecolnvent v2.2
e . . i Photochemical Ozone layer . .
Acidification Eutrophication | Global warming . i Abiotic depletion
oxidation depletion
[kg SO2-eq/m3] [kg PO4-eq/m3] [kg CO2-eq/m3] | [kg C2H4-eq/m3] |[kg CFC-11-eq/m3]| [kg Sb-eq/m3]
NRefl 0,6768 0,1377 396,60 0,02997 1,052E-05 8,784E-05
NRef4 0,5831 0,1258 308,90 0,03102 9,039E-06 7,263E-05
NRef5 0,6139 0,1233 309,38 0,03574 8,578E-06 7,387E-05,
N1 0,5397 0,1103 275,85 0,03053 7,621E-06 4,269E-03
N3 0,4795 0,1007 242,36 0,02792 7,071E-06 3,594E-03
N4 0,5839 0,1188 301,01 0,03249 8,274E-06 4,777E-03
TRefl 0,5052 0,1042 296,66 0,01638 8,847E-06 6,024E-05,
TRef2 0,4722 0,1000 265,74 0,01675 8,323E-06 5,487E-05
T1 0,4215 0,0861 220,59 0,01715 6,978E-06 4,248E-03
T3 0,4533 0,0937 247,74 0,01702 7,685E-06 3,077E-03
T6 0,4257 0,0888 243,04 0,01389 7,517E-06 4,756E-03
Table E.1.: Impacts of 1 m3 Sprayed Concrete - Ecolnvent v2.2
Ecolnvent v3.3
Acidification Eutrophication | Global warming Phot(.ache.mlcal Ozone I.ayer Abiotic depletion
oxidation depletion
[kg SO2-eq/m3] [kg PO4-eq/m3] [kg CO2-eq/m3] | [kg C2H4-eq/m3] |[kg CFC-11-eq/m3]| [kg Sb-eq/m3]
NRefl 0,6124 0,1727 361,39 0,04075 6,707E-06 1,535E-04
NRef4 0,5503 0,1542 286,26 0,03882 6,902E-06 1,291E-04
NRef5 0,5921 0,1578 287,68 0,04427 6,162E-06 1,325E-04
N1 0,5149 0,1395 256,23 0,03775 5,728E-06 4,324E-03
N3 0,4622 0,1328 226,31 0,03405 5,528E-06 3,645E-03
N4 0,5557 0,1502 279,04 0,04050 6,070E-06 4,834E-03
TRefl 0,4516 0,1333 267,32 0,02538 5,729E-06 1,197E-04
TRef2 0,4298 0,1268 240,84 0,02470 5,798E-06 1,111E-04
T1 0,3957 0,1129 201,46 0,02396 4,870E-06 4,300E-03
T3 0,4170 0,1210 224,85 0,02457 5,361E-06 3,131E-03
T6 0,3844 0,1155 219,72 0,02115 5,103E-06 4,810E-03

Table E.2.: Impacts of 1 m3 Sprayed Concrete - Ecolnvent v3.3
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F. Appendix 6: Impacts of Dry and Wet Mixes -
Graphs

Dry Mixes
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Figure F1.: All Impacts of Dry Mixes
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F. Appendix 6: Impacts of Dry and Wet Mixes - Graphs
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Figure F.2.: All Impacts of Wet Mixes
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G. Appendix 7: Contribution Networks
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Figure G.1.: EP of CEM | 52.5 v2.2 - Network
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G. Appendix 7: Contribution Networks

1 kg
*Portland cement,
strength class Z
52.5, at plant/CH

100 %

Rec, U

0,912 kg
Clinker {CH}|
production | Alloc
75,6 %

—

[T] 0,581 Mo [ T]

Electricity, medium

| voltage £CH}| |

Imlalrllctﬂit for | Alloc

s [|[[[]]]
k b

0,57 MJ
Electricity, medium
voltage {CH}|
electricity voltage

71,8 %

——

|| 0,588 M1 ] |
Electricity, high
voltage {CH}|
market for | Alloc

NI
g ||| [1[]

Figure G.6.: ODP of CEM | 52.5 v3.3 - Network



Julius Stéger| TU Graz H

1kg
*Portland cement,
strength class Z
52.5, at plant/CH
100 %

storage/RER U

5,94E-11 p 0,913 kg 0,00449 tkm
Cement plant/CH/T Clinker, at plant/CH| Transport, lorry
U u 3.5-20t, fleet
average/CH U
56,1 % 39,1 % 2,23 % U
— T T[T | —
| [ |
1,51E-6 m2 7,48E-6 m3 0,768 kg 0,000179 kg 0,416 MJ 2,88E9 p
Buiding, hall, steel Buiding, Limestone, miled, Refractory, basic, Electricity, medium Maintenance, lorry
construction/CH/I multi-storey/RER/T loose, at plant/CH packed, at voltage, at grid/CH 16t/CH/T U
u u u plant/DE U U
2,89 % L 54,1 % 9,33 % 2,24 % L 131% 0,948 % a
8,24E-6 m2 7,89E-5 kg 0,000244 kg 8,57E-5 kg 3,93E6 m 1,51E-5 kg
Zinc coating, Copper, at regional Industrial machine, Chromite, ore Transmission Synthetic rubber,
cois/RER U storage/RER U heavy, concentrate, at network, electricity,| at plant/RER U
unspecified, at beneficiation/GLO medium
2,66 % Ll 65,9 % 8,97 % 10,6 % 8,68 % 0,832 % L
6,57E-6 kg 1,33E-5 kg 1,89E-5 kg 1,28E-5 kg
Zinc, primary, at Copper, primary, Copper, primary, Zinc concentrate,
regional at refinery/RLA U at refinery/RER U at

31 % L 19,7 % 26,4 %
2,6E-7 kg 5,05E-5 kg 9,66E-5 kg
Resource Copper Copper

correction, PbZn, concentrate, at concentrate, at
cadmium, beneficiation/RLA Ul beneficiation/RER

29,9 % 1 23,4 % 32,7 %

Figure G.7.: ADP of CEM 1 52.5 v2.2 - Network

beneficiation/GLO
33,8 % I

133



B TU Graz | Julius Stéger

134

1 kg
*Portland cement,
strength class Z
52.5, at plant/CH

100 %

G. Appendix 7: Contribution Networks

5,36E-11 p 0,912 kg
Cement factory Clinker {CH}|
{CH}| construction | production | Alloc
Alloc Rec, U Rec, U
60,8 % 32 %
[y Fy Fy
1,29E-6 m2 7,04E-6 m3

Building, hall, steel
construction {CH}|

multi-storey {GLO}|

building nﬂ?rlkIEt for | Alloc
14,6 % 49,3 %
3 . A
| 9,58E-6 m2 | 2,33E-6 m3 4,71E-6 m3
Zinc coat, coils Building, Building,

{GLO}I market for

multi-storey {RER}|

multi-storey {RoW}|

||||0581MJ|||
Electricity, medium
| voltage {CH}| |
rlnlalrlvlcet for | Alloc
sz |[ | [l

coating, coils | Allog
13,3 %

Alloc Rec, U construction | Alloc construction | Alloc
IQS%HHH 16,3 % 33,1 %

h .
6,42E-6 m2 | 7,11E-5 kg
Zinc coat, coils Copper {GLO}|
{RoW}| zinc market for | Alloc

Rec, U
5;:4 % | \ |

Zinc £GLOY] market
H‘|A”DCRE .

21,7 % H‘

|
|
U
H
U

6,52E-6 kg

Zinc {RoW}|
primary production
from concentrate |

21 %
I 1

-copper mine

1,14E-5 kg
Copper {RoW}|
gold-silver-zinc-lead

24,8 %

Figure G.8.: ADP of CEM 1 52.5 v3.3 - Network



Julius Stéger| TU Graz H

1,12E-9kg
U enriched 3.8%,
in fuel element
for LWR, at
10,1 %

5,95E-9 kg
Uranium enriched
3.8%, for boiling
water reactor/CH
10,1 %

8,33E-10 kg
Uraniurm,
enriched 3.8%,
at USEC

10 %

1kg
*Gravel, round,
atming/CHU
100 %
0,0151 M1 0,00993 M1 0,00244 M1
Diesel, burned in Electricity, Heat, light fuel
building medium voltage, oil, at boiler
machine/GLO U at grid/CH U 10kW,
50,9 % 17,4 % 11,9 %
0,000375 kg 0,0104 M1 0,00259 M1
Diesel, at regional Electricity, high Light fuel oil,
storage/RER U voltage, at burned in boiler
grid/CH U 10kW,
50,6 % 17,4 % 11,9 %
0,000332 kg 0,0105M1 6,23E-5 kg
Diesel, at Electricity mix/CH Light fuel oil, at
refinery/RER U u regional
storagefCH U
51,4 % 17,3 % 12,1 %
8,87E-5 kg 0,000122 kg 5,21E-5 kg 0,00334M]
Crude oil, Crude oil, Crude oil, Electricity,
production RU, at production RME, production RAF, nuclear, at power
long distance at long distance at long distance plantfCH U
22,7 % 30,7 % 13,1 % 10,2 %
8,87E-5 kg 0,000132 kg 5,89E-5 kg 10,0015 MJ
Crude oil, at Crude oil, at Crude oil, at Electricity,
production production production nudear, at power
onshore/RU U onshore/RAME L onshore/RAF L plant boiling
22,6 % 32,9 % 17,3 % 10,1 %

Figure G.9.: ODP of Gravel v2.2 - Network

135



B TU Graz | Julius Stoéger

1kg
*Gravel, round, at
ming/CH U-3.3

100 %

G. Appendix 7: Contribution Networks

0,0151 M1
Diesel, burned in
building machine

{GLO}| processing
50,8 %

0,000357 kg
Diesel {GLO}|
market group for |
Alloc Rec, U

48,8 %

r

Electricity, medium
| voltage {CH} |
market for | Allog

33%||[]]]

electricity voltage

0,00087 M1
Electricity, medium
voltage {CH}|
34,3 %

0,00244 MJ
Heat, central or
small-scale, other
than natural gas

[T 6,095 kg []
Light fuel oil {CH}|
market for | Alloc

||][Rec. U
L

8,11 % | |

=]
N

6,81E-5 kg [ 0,000317 kg [To,0102 M | 4,31E-5 kg
Diesel {RER}| Diesel {RowW}| Electricity, high Light fuel oil {CH}|
market group for | market for | Alloc | voltage {CH}| import from
Alloc Rec, U | | | | Rec, market for | Allog) Europe | Alloc
9,36 % 43,2 % | 34,3 %\ 5,03 %
[7,06E-5 kg | 0,000317 kg 0,00161 MJ 0,00183 MJ 0,00122 M) ‘ ‘ 4,33E-5 kg|
Diesel {Europe Diesel {RowW}| Electricity, high Electricity, high Electricity, high Light fuel oil
| | without ﬁ petroleum refinery voltage {CH}| voltage {CH}| voltage {CH}| {Europe without
IS\:’qizerIand}I operation | Alloc electricity electricity nuclear, import | Switzerland}|
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Diesel {Europe Petroleum {GLOY}| Nuclear fuel Electricity, high Light fuel oil
without market for | Alloc element, for| voltage {FR}| {Europe without
Switzerland}| | Bec, 1] Ppressure water electricity Switzerland}|
9,66 % 63,1 %] | | us| ] 9,97 % 5,92 %
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Petroleum {RME}| Petroleum {RU}| Petroleum {RowW}| Nuclear fuel Nuclear fuel
production, production, petroleum and gas| element, for element, for
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Figure G.10.: ODP of Gravel v3.3 - Network
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regional storage/RER U at plant/RER U
storage/RER U
22,2 % 34,4 % 28,7 Y%
9,45E-8 kg 4,61E-6 kg 6,11E-5 kg
Resource Zinc concentrate, at Steel, converter,
correction, PbZn, beneficiation/GLO U low-alloyed, at
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Figure G.11.: ADP of Gravel v2.2 - Network
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69,3 % | | | 10,7 %] |||
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Figure G.12.: ADP of Gravel v3.3 - Network
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Figure G.13.: ODP of Limestone v2.2 - Network
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=
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Figure G.14.: ODP of Limestone v3.3 - Network
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Figure G.15.: EP of Micro-Filler v2.2 - Network
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Figure G.16.: EP of Micro-Filler v3.3 - Network
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Figure G.17.: ODP of Tap Water v2.2 - Network
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Figure G.18.: ODP of Tap Water v3.3 - Network
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Figure G.19.: ADP of Tap Water v2.2 - Network
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H. Appendix 8: Contribution Networks - ODP and POCP of Mix Designs NRef1, NRef4 and N1 in Ecolnvent v2.2 and v3.3
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Figure H.2.: ODP of NRef1 v3.3 - Network
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Figure H.3.: ODP of NRef4 v2.2 - Network

150



Julius Stéger| TU Graz H

TR s e %79 N DS ik
20|y | Jog 1ayew n 28y 20|y | Jo) pue wnajogad 20|y | a1oysuo 20| | ®J0ysuo 20[y | Jod Ieyew 20|v | Joy dnoib
{Lv} a6eyjoq Jeniew | {Ano} [{noy} ‘uonpnpoud ‘uorpnpoud I{HD} aBeyon Iepew [{¥3u}
Yoy “Aou1e3 lo [2ny AeaH wnajonad [{nd} wnajonad {3y} wnajonad yBiy “Aou1dsg |0 |any AreaH
W 8'87] | | Bisze’n | B4 6+'1 Ll Bisz9'0 5% £4'T | | tw g8t | | BT
[
% £6'¢] [ % £0T°0) i __ £ % S'SH] M % SE'C % LT
Apupee {1y} seD [eJmeu ueyy n umm_ i _ i Apupee [{Ho} Jueals ‘uoonpoud| wnajoned
abeyoA wnipaw Jay10 ‘jleuasnpul 20 | Jog 3eydew abeyoa wnipaw euowwe [{434} [{mou}
‘A3 10 pusip ‘Jeay 1{079} wnajoag ‘Apupeg pInby ‘eluowuy 23402 Wnajonad
W 0T [l 22+'D By /8'F [l 8T by Zzk'n 5 16'T
1
t t
_ i _ % £6C] % 68ED % BT % 87T % _ 7 % 65 E] _ : _ _ % 10°(]
(NN} ! [} (NN}
10y 3apew {1} Doy | uomanpoid 20]¥ | uoanpoud uopesado Aauyal Joy apew' (10} 1ope | {010} ey 20y | |
abeyoa wnipaw {moy} {019} wnajozad abeyoa wnipaw aulyew buping 104 axiew |{u3y 1ayew [{019}
Ayoupa3 19(ad uol uoa Jajuls [{HD} |2s=1a ‘Aoueg ul pauwng ‘gsaigq pinbiy ‘euowwy 2302 Wwnajonad
[l 2'07| Ll Byssz || Bits'e 6% 891 | fW ¥BT [l evr|]] | [ 649660 | | | [ Bezz|] |
I [ [T I
=] : 1 —
—— — rE—
I ! 1] L]
™ % +1'9 ml % 16'f| ml % 69°E| % 6°FT % 9'TH|
€°E0I5+ n 28y
(Buipuug +BuAig £'E-P015+Bukiq o]y | uompnpoid
- 9548 £'€-0548 - usy Ag £'E-UsY A {HD} Jequp
by 5'z9 b 5'z9 b 5'z9 b6y 5’29 by o5z
% §'TT] % 978T| % £'95
18 'G°ZS 7 55
fuans ‘Juawad
£'E-548, £7EUSY A, puepiod,
By 5°z9 LI By 5°z9 By 182

| I

% 00T|

£°F - S3INpaWpe
INOLIM - £J3UN
EW T

ODP of NRef4 v3.3 - Network

Figure H.4.

151



B TU Graz | Julius Stéger

H. Appendix 8: Contribution Networks - ODP and POCP of Mix Designs NRef1, NRef4 and N1 in Ecolnvent v2.2 and v3.3

|

% 68'G
n
HD fa0ei01s |euoibal
12 ‘o 20y 1y
By 18'0

% £T'F

“MUAT B0ewwny
[BUISNPUL Ul pauIng
‘o 12y 346

[ §2

% 92’7

1 HI/MW T
53BLIN BLISNpLY 38|
10 [3ny 20y “Je3H

h 8'EZ

M % L1 ™ 9% ST'G % L'ET 9% §'LE M % £8'E| ™ % 6'p
N ¥3y/aujadd M L/3ueyd n dvd/ai0ysuo n3130/3L00 n
aouelsip-Dug) Jamod Je ‘seb n 9nfuonpoid uonpoid W uoenposd Ho/aued samod 18
1e 'seb jenien |eaneu ‘Ayoupeg 1e ‘lo apnd 1 flo apnid ‘Apupep “legpnu "Apupe3
|| £WED'T L] [kl 8£'9 by /5" By 10'% || W 9'T+ || [ T'EF
| 7|H
M % 94" = % 26°G % 22 %% L'EE M % $5'Y o 28
N ¥3y/18wnsuod niv/ly aouelsip Dug 2ouels)p Dug| gouelsip Dug|
3E ‘Binssaud L uonanpoud Je ‘gy uoienposd 38 4wy uoenpoad pe ‘Jwy uopnposd
ybiy ‘seb [ein3ep “AypunEg ‘o 8pn ‘lo 8pniy ‘o 8pn N HoAaW AYuPaE
| | thl £ | [h +'6E B4 +b'Z 6 9'g ||  ByzsrD W SET
[ [ | [
| | —
% E9'E] % LL'S % €[S % EE'B]
N 43Y/A00T< n Ly/pub e 'Ly n
B0ELUNY [BLISNPUL LI uoonposd ‘abeyjon N HO/AsBuyal HD/pub e "abeyon
pauing ‘seb [einiey ybiy “Apupeg 1e )0 [2ny AreaHq ybiy “Aoupeg
W 1'8Z W 82 6y 10'9 W EET
% £'E| % LLG % GZ'9 % G'/G % ¥E'S
N 43Y/MA00T < n Ly/pub e ‘Iy n n
[eoeLIN [eLISNpUl e uopnpoid ‘abeyon) IR ERTLEDTED) HD fe0ei01s |euoibay Ho/pub 3e "abeyon
‘sef |jeinjeu “Jeay wnipaw “A3pupe3 e ‘ay02 wnajonad 1e ‘1o [2ny AreaHq wnipaw ‘A3pupe3
|| [W £'¥2 L] [ 9'LE || 5% 806°0 by 86's [ 82T

I

% Q']
n
HOfaued 1e “asoo|
‘paiu ‘auoisawn
by #6T

1 1

Tri.

n
HO/3ueid 32 UsyuiD
Y 0£T

= o5 98'g M % 66'C
3035
+{BupuugH+Huiiq

- b5dg 9549

L 6y 9L | | 6y g/
= % 10T

S48,

0% of

% 7'64

N H/aued 18 ‘g°zg
Z 55ep 3buais
“JUBLLIED pUBIOd,
0 262

% 00T

ujoByElELW

PUB SBINJHWpE

noyIm - TH
EW T

Figure H.5.: ODP of N1 v2.2 - Network

152



Julius Stéger| TU Graz H

153

% ¥T'E] ml % £9°T] % £07] ! % ST'T| | % 86| % LST| % T ml % £L7C] u,\n_ﬂ,km
| woy poduy wnejonad poduy “espnu ‘sel jeinjeu | ¥4 woy vodwy Apupse Apupss |{puepazyms p TIMS
1{1v} 8inssaid I{rnow} |{HD} 8bE3jon |{HD} 8be3jon I{HD} 8bejon I{H0} abeyon |{HD} 8be3jon noyum dong} noyum edoing}
ybiy ‘seb [eamep Jlo [any Areaq ybiy “Anurdeg yby “Apupalm ybiy “Anudeg ybiy “Apupam ybiy “Aapupaz [RELTRU ] 0 [3n) AreaH
£ 6970 5% £2°0 W 202 (W 89's W +6'8 W TE W £'72 o /22'0 | 64 192°0 | |
I T I T
— — , L , I
[[T][]]% & [T % e ([T [[T][FEee TINEES IR BE
0] | J0J J8veL 0] | 10J JeoURW N 38y 20)y | Jo. pauadsun pofly | J0J 3@IeW |{puepazums w J0|y | Joy dnoib
{1} anssaud| [{Lw} afieyor Jayiew [ {pou} 'Auio| yBialy, {H2} abeyo Jnoyum adoing J@yew {43y}
ybiy ‘seb [eamep ybiy “Adupag 0 [any AreaH “yodsuel] | ybiy “Anudag 0 |any Y6 |any Areay
|| [ s0e'n || || o o'ap || Byezo || w3 22 ||| mzer) ] | B fz2'n) | ES
: ]
% ¥5'9 % 811D i _ i _ % 65C] 6705 % 2L % [57T % £6'C
ApupsE {1V} seb |pinjeu ueyy 079} mm_ nwm_m,o Apuee [{Hd} | adoun3 waoyy ‘uoianpo.d wnajonad
aBEY0A WNIPSL 13110 ‘eu3snpul FER-RIIENTEL] abeyjoA wnipaw Hodwi [{H3} euolLe [{434} [{aou}
‘APz 10 ulEIp “Jeay “310 LI ‘APz 10 [any 3ybr] pinby ‘BIOLLLY 303 WN3jo.3ad
W 8'9E W E8E"D 0y 15°8 [W £9T 0y 5ze’n by 6££°0 by LT
(IR | [1.  %ess9 [ DErY [ITesEs AL s Ik
Joy JepiE 1% 201y | uomnpoid boyy | uonanposd N 28y 0fY | w n 8y 0’| 10, n 984 oy 1| |
sDE3(0A LUNIPELW <o} 03 383EW | {¥3y [reypew {019} Jo) 1eyiew [{HO}
uoa “Izuis ul pauIng fasalg pinby ‘eluowiwy 00 Wnajoad 0 [any AxezH
B 408 LW T ] [ [ [54ov+0] | L[]5o0e || | By E6T'0 |
e I
! I T

% 50'6] = % S2'/] % £'0t]
£'E9p0IS+ 28y
(Buipuu +Buidig oy | uodnposd
- 9548 £'E-0548 1{HD} Jayup
0% 97 0y 9r 0¥ 0gZ

% T'T9|
1B 'G'ZS Z SSEp
6uBsils “usllEd

puegiod.
b 762

11T

00T
£°€ - ujoeye3aLl
pue sainpawpe
noyIm - TN
fw T

ODP of N1 v3.3 - Network

Figure H.6.



B TU Graz | Julius Stoéger

H. Appendix 8: Contribution Networks - ODP and POCP of Mix Designs NRef1, NRef4 and N1 in Ecolnvent v2.2 and v3.3

| |

N % 88°T M % 68'T ™= % BE'L ] % 9'T
n 320/48uey n310n/310n N Ho/ebeloys
DIUZAI0SURL} n 9K /uonenpoad xw uorpnpoad |euoiBau
‘Liodsues | 12 'jlo apnud ‘fnupaeg 32 ‘1o |2y b
| | ume'ns | | By eT'y | | W £'FS | | By 20’1
] % T8'Z ] o T8'T] ] o T6'T] ™ % 79°9 [ o b9'T]
aouessip buo aouesip Guoj 31on/pub 38 ‘3100 ‘MINT 20BULINY
12 “gN uonnpoud 18 ‘Jwy uonpnpoad uonznpoad ‘abieyon [RLOSNPUL U paLIng
‘1o spriD ‘lo apruD ybiy *Aapups|3 N HOfaw Aoupa)3 ‘lio any Wb
By £6'E B 98's W #T W 20T W TE
| | ] | |
% 0T| = % 859 % 69'0 % #9'T
n M HD/MINT 20eLany
n Hoffusuyas REYEI] Ho/pub 3e ‘abeyon |eLasnpul 1e
12 ‘10 [2ny Aneay 1e '|ecd paey yby “Ayoupa)3 ‘o 12ny by ‘JeeH
B c6'6 | | By 1 [ 002 | | N §'62
= =
% +'0T % 1£'9 % 78'9 n % £9'E % £9'T
n Hofabeloys n nam/=belois n n n
|euoiBaa |euoiBau Ho/pub je ‘abeyon Ho/ued 3e ‘Bs00) 1/43/A81015-nw
12 ‘lio j2ny Aneay 12 '|e0d paeH wnipaw ‘Ayoupag ‘pajjiw ‘auolsawir ‘Buipying
By 68'6 B 1 N E6T | | By gee | | £wepeon’o
! 7
1 [ —
_ bibodbed
% T9'T % 9'69) M % 6T

N ¥3uued e
.__uw.{u__mLSD_ .__ww~m
By ¢SE'D

n
Ho/Aueid e “aEqui)
By £8€

n
I/HDAue|d Juawan
d 8-36%'C

% 8'%6
N H2/Aued 18 'gEg
Z ssep yibuans
“JUBLLIAD PUBUOd,.
by ozt

|

% 00T

saunpdupe
MOUNM - TIEHN
Ew T

Figure H.7.: POCP of NRef1 v2.2 - Network
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Figure H.9.: POCP of NRef4 v2.2 - Network
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