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Foreword

Concrete is one of the most popular building materials, making it also of concern when
considering the environmental impact of the construction sector and the associated built
environment. For example, the construction sector is responsible for over 35% of the EU’s
waste generation, buildings account for 40% of energy consumed, construction activities
require a vast amount of resources and cement, being a major component of concrete,
accounts for 5 to 8% of the carbon emissions. Although concrete performs quite well in terms
of environmental impact compared to other construction materials, its wide use makes
sustainability of concrete crucial in minimizing the environmental impact, as can be
characterized from life cycle assessments.

The European Union is taking a lead in tackling climate change by the implementation of the
‘Green Deal’, an ambitious action plan to achieve the climate neutrality of the EU by 2050,
among which the goal on zero greenhouse emissions by that time. This challenges
construction companies, design engineers and all stakeholders involved, to act on durability
and sustainability of buildings and infrastructure. To steer the construction sector further
towards a more sustainable built environment, amongst others, growing emphasis is emerging
on:
e The sustainability performance of construction products and solutions, including the
possible introduction of secondary raw materials (recycled materials and by-products);
e The promotion of measures to improve the durability and adaptability of built assets
in line with circular economy principles for building and infrastructure design and
maintenance;
e A more quantified performance assessment of construction technologies over their life
cycle, e.g. by integrating life cycle assessment in public procurement.

This vision represent a significant change with respect to just 10 years ago, when the reduction
of carbon emission was mainly focussed on the optimization of energy performance of
buildings in terms of design of thermal insulation and heating/cooling systems. Although
energy performance remains very relevant, also growing emphasis is given on quantified
durability and sustainability of building materials, looking into the entire life cycle, from
manufacturing of constituents of building materials and solutions, over longevity of
structures, up to end-of-life scenarios. Furthermore, this is increasingly considered in a
framework of circular economy.

Eco-friendly or circular concrete solutions are investigated widely in view of lowering
environmental impact, while keeping the high technical performance expected from
contemporary building solutions. The durability, sustainability and life cycle assessment of
such emerging solutions is of considerable importance in the framework of the Green Deal or
similar visions, and highlights the need for engineers skilled in these subjects. This also formed
the motivation in organizing an introductory training course on durability, sustainability and
life cycle assessment of concrete structures, which is at the basis of this eBook.
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This initiative has taken in the framework of the European Training Network on Durable,
Reliable and Sustainable Structures with Alkali-Activated Materials (DURSAAM), which
organized the mentioned training course online on 14 till 17 September 2020. This open
source book collects the lecture notes by the teachers of this training course and provides
researchers, building professionals and stakeholders basic insights on the sustainability
aspects of concrete structures, having eco-friendly concretes in mind as emerging building
technology.

Stijn Matthys
Alessandro Proia
Ghent, 2020
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1. Outline

Stijn Matthys

Concrete is a popular and efficient building material. Nevertheless, the durability and
sustainability of concrete structures cannot be taken for granted, and has a large impact on
its service life, environmental and economic impact. Given the growing number of concrete
types, including emerging more eco-friendly concrete mix designs, evaluation of durability and
assessing sustainability in a life cycle assessment framework, is challenging.

The information bundled in this eBook is that of a 3-day course, formatted as a training school
open to researchers, practicing engineers, etc., in fact, for all those who want to obtain
profound starting knowledge on durability, sustainability and life cycle assessment of concrete
structures, also in the wider framework of circular concrete solutions. The original training
course, specifically developed and delivered collaboratively by the DURSAAM action, was held
online, summer 2020. A course introduction video, as given at the start of the training course,
is provided here (time to watch 10 minutes).

The outline of the teaching material bundled in this book, is as follows:
=>» “Damage to concrete” (Chapters 2 till 4):
— Setting the scene on damage to concrete structures & degradation due to
inappropriate design and errors during casting.
— Specific concrete degradation mechanisms: volume stability, ASR, acid attack
and freezing-thawing.
— Reinforcement corrosion, including further discussion on carbonation.
=>» “Sustainability” (Chapters 5 till 7):
— Introduction to sustainable development in the built environment
— Life cycle assessment applied to building materials
— Practical exercise on modelling LCA
=>» “Circular economy” (Chapters 8 till 10):
— Introduction to circular economy
— Circular economic modelling
— Securing the future supply of secondary raw materials

The aim of the teaching material is to impart basic understanding as well as up-to-date
knowledge about concrete durability, and life cycle assessment and circular economy for the
construction sector. The specific learning objectives are as follows:

v" Deepen your knowledge on concrete durability (and service life prediction).
Build knowledge on environmental impact and life cycle assessment aspects.
Get acquainted with circular economy.
Being able to recognize the value of circular economy for concrete, as well as the
difference between sustainability and concrete durability.

ASANEN
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https://youtu.be/oUUwVNkTRlU

In short, for the reader of this eBook to grasp today’s emphasis on sustainability and eco-
dimensions of building materials, and concrete in particular.

For further reading on the teaching material presented in the eBook, reference is made to the
following literature:

1. G. De Schutter. (2012). Damage to concrete structures. CRC Press - Taylor & Francis
Group. ISBN 9780415603881.

2. K. Scrivener, R. Snellings, B. Lothenbach. (2016). A Practical Guide to Microstructural
Analysis. CRC Press - Taylor & Francis Group. ISBN 9781138747234.

3. 0. lJolliet, M. Saade-Sbeih, S. Shaked, A. Jolliet, P. Crettaz. (2015). Environmental Life
Cycle Assessment. Taylor & Francis Group. ISBN 9780429111051.
https://doi.org/10.1201/b19138.

4. Ellen MacArthur Foundation. (2019). Completing the Picture: How the Circular
Economy Tackles Climate Change. www.ellenmacarthurfoundation.org/publications.
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2. Setting the scene & degradation due to
inappropriate design and errors during casting

Stijn Matthys

In this chapter a brief introduction is given on how to approach damage to concrete structures,
how to define durability and service life and which practical durability approaches can be used.
Next, a discussion is provided on how damage to concrete structures can originate from
inappropriate design and errors during casting.

A video recording with further explanation is provided here (28 minutes to watch).

SETTING THE SCENE &
DETERIORATION DUE TO
DESIGN AND CASTING ERRORS

Prof. dr. ir. Stijn Matthys

DuRSAAMY : : |
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V:,-»z”' 2 billion ton concrete
‘ per year worldwide

Damage to concrete structures

1. The “timeline” approach
2. The “material” approach (EN1504-9)

_—

GHENT
UNIVERSITY

3/28
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Mistakes during the design and detailing
Defects during execution & actions during hardening of concrete
“‘e Detericration during service life

X
eg;\g‘\c")“s\,‘uo Ned

10 min — 3u: plastic settlement cracks =
L 30 min - 6u: plastic shrinkage cracks
LIc:!em.cn.ﬂc!‘in‘g: cﬁnstruction miﬁtakes
t 1d — 7d, sometimes later: éraquelé —‘
1ci i SWéekéz early formation of restrained thermal cracking

L weeks - months: drying shrinkage cracks
months - years: concrete deterioration of chemical nature »
months - years: structural defects
L strong winter: frost damage

L seisons: e.g. restrained thermal effects

Visual appearance of damage

_ years: material flaws
It years: rebar corrosion
GHENT ) )
UNIVERSITY accidental: fire, explosion, ... 428
Poor workmanship
Mistakes during
design, detailing
and execution
Accidental
actions
— Mechanical actions (e.g. impact)
i}
GHENT
UNIVERSITY 5/28
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Plastic shrinkage

Drying shrinkage
Thermal cracking

Effects during
hardening of

concrete

—_ Plastic settlement and bleeding

L.}

GHENT

UNIVERSITY 6128

Acid aftack Sulphate attack
Crystallisation, discolouring,
staining, leaching
- m T—
eaction (ASR) Corrosion |
Physical/
chemical
deterioration
during service
life
[ =]
L]
NT
UNIVERSITY 7128
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1. The “timeline” approach
2. The “material” approach (EN1504-9)

Damage to concrete structures

_
i
GHENT
UNIVERSITY 8/28
Concrete Rebar
deterioration corrosion
+ Abrasion
« Fatigue + Cement content & type
+ Impact + WIC factor
Mechanical « Over load Carbonation + Curing
« Settlement « Temperature
« Explosion + Humidity
+ Vibrations
* Mixed in
* Alkali-silica reaction + Chloride salts
. :i‘?g;:;":":s Corrosive « Environment
bst: + Seawats
Chemica (sulphates, salts, ik S Rt i
acids, etc.) Other
+ Biological attack
* Frost-thaw Stray current
+ Thermal action
Physical : :;5:;!;‘:"'""0"
P + Erosion
LY + Wear
GHENT
UNIVERSITY 9/28

| Introduction to durability, sustainability and life cycle assessment of concrete structures —
Setting the scene & deterioration due to inappropriate design and errors during casting




Concrete durability issues: why now?

o Reinforced concrete = relatively new construction material
Application in buildings and structures only after 1900;
mainstream construction material only after WWII|
o Exponential growth of construction industry in 1960s and 1970s
After WWII: focus on timely building of structures rather than
quality and durability
o Many degradation mechanisms require more than 20 years to
develop visible damage
Examples: reinforcement corrosion, alkali silica reaction, ...
o Increased aggressiveness of the environment
Due to increased industrial activity, waterways and atmosphere
become more and more polluted, increasing the degradation risk
— o More advanced design methods
— Ultimate limit state (ULS) design instead of elastic design; More

GHENT ;
UNIVERSITY slender concrete structures possible due to material development 10128

Structures in general, and concrete structures in particular,
are designed to fulfil strength and functional requirements
during a certain time period, without unexpected costs for
maintenance or repair. This time period is called the
SERVICE LIFE of the structure.

The DURABILITY is the property of the material or structure
to withstand serious degradation mechanisms, making sure
that the decline of the initial properties is kept within
acceptable quality limits.
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Durability & service life

The DURABILITY of a structure is the capacity to resist against degradation,

making sure that the required SERVICE LIFE can be reached.

Safety against fracture User demands
3 .
original state original state
critical limifj state critical limit| state
# STRUCTURAL Service Life ¥ FUNCTIONAL Service Life
pifborohsmsto ettt piboncthvae et

= >
IR Time Time
GHENT
UNIVERSITY 1228

Service life from an asset management view (1)

Safety against fracture User demands
A r

original state original state

ECONQMIC Service Life
(has it ‘profit’ to keep this asset?)

critical limit| state critical limit| state
STRUCTURAL Service Life FUNCTIONAL Service Life
—_— —_—
Time Time

@ So, service life can also be driven by economical aspects

GHENT (the structure is also considered as an investment)

UNIVERSITY 13/28
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Service life from an asset management view (2)
State Maintenance and repair actions
(and functional adaptations)
Tttt '""'"'rTAimi'ma'm's'tfté" """ A
Service Life | Service Life
ECONOMIC Service Life Time
GHENT
UNIVERSITY 14/28
- ‘ - ’
Cost strategies ‘law of fives
Cost '(‘orrosion
|..Critical corrosion value /[ w3
’
A | Good practice €1.-
: B | Maintenance €5,-
7/ é’ C | Repair and maintenance €25.-
,, :_‘5 D | Renovation €125.-
__________ ’ 5’;
_ B & (] B Time
m
GHENT
UNIVERSITY 15/28
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Practical durability approach

» Typical code provisions (“deemed to satisfy”)

— critical reflections on these code provisions
« Equivalent Concrete Performance Concept (EN 206)
+ Durability indicators & advanced durability design

U

Probabilistic service life calculations

GHENT
UNIVERSITY 16/28

GHENT
UNIVERSITY
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Design stage problems

o Inappropriate dimensions and detailing
— o Wrong estimation of loading
— © o Inappropriate estimation of creep
o M _ effects

= |—_— : ‘ o Inappropriate mix design

GHENT
UNIVERSITY

18/28

Inappropriate
dimensions /
detailing

Bridge collapse (Melle 1991) Roof collapse (2012/13)

GHENT
UNIVERSITY 19/28
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Ar Mﬂ-lIlll.lﬂ,

Long term
creep Mix design
deformation . issues © _

Pedestrian bridge (Maria Middelares °2015) Swimming pool Severe honeycombing
(many of them)

-> Concrete type not fit for the purpose
- Inappropriate cement content (e.g. thermal cracking)
- Inappropriate workability (e.g. casting problems)

= - Inappropriate paste design (e.g. severe shrinkage, segregation)
GHENT - Inappropriate alkali content (amongst others) in mix (e.g. ASR risk)
UNIVERSITY - Incompatibility of different admixtures 20128

Concreting problems (mixing-casting-curing)

o Errors during proportioning

o Inappropriate mixing

o Aggressive substances in the mix

o Wrong placement of reinforcement

o Bad compaction, bad casting joints,
unwanted inclusions

o Formwork issues (or even collapse)

o Damage in the plastic stage

_

LI}

GHENT
UNIVERSITY 21728
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Damage in the plastic stage

Plastic settlement crack
Evaporation of water

R

— Void

. Bleed water
going upwards

Plastic shrinkage cracks

GHENT
UNIVERSITY 22128
Mistakes during the design and detailing
Defects during execution & actions during hardening of concrete
5\9“ ,__.,“\)c“ .‘da\“o Deterioration during service life
0977 o N
| | b '
More explanation about concrete
deterioration also in the following
teaching blocks by my colleagues
W
NT
UNIVERSITY 23728
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hapelof Kerselare (2015)

Complex Patio Sevilla at Maastricht
(NL, collapse 2003)

";,7 -

—_

GHENT
UNIVERSITY

26/28
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3. Specific concrete degradation mechanisms:
volume stability, ASR, acid attack and freezing-
thawing

Geert De Schutter

This chapter highlights damage to concrete structures resulting from actions during the service
life of the structure. More specifically focus is given to concrete deterioration mechanisms
related to volume stability, ASR, acid attack and freezing-thawing. The deterioration
mechanisms are discussed, as well as influencing factors and possibilities for mitigation.
Damage to concrete resulting from reinforcement corrosion is covered in the next chapter.

e

GHENT
UNIVERSITY
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GHENT hFA(ULTVOfENGINEERING
UNIVERSITY Al 1 AND ARCHITECTURE

Reascns why durability issues related to concrete
structures have become more prominent during
the last decades

* Reinforced concrete is a relatively new construction material

* Exponential growth of construction industry in the 1960s
and 1970s

* Many degradation mechanisms require a time period of
about 20 years before damage becomes visible

* Due to the increased industrial activity, the aggressiveness of
the environment is increased

* More advanced design methods

h FACULTY OF ENGINEERING
fl

T
UNIVERSITY AND ARCHITECTURE
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Durability

Pore structure

Transport mechanisms

—_

Il

hmtu TY OF ENGINEERING
l

GHENT
UNIVERSITY AND ARCHITECTURE

* Durability not only depends

on the intrinsic quality of the
concrete, but also — and
sometimes even more
importantly — on the
execution:

—Concrete cover

—Concrete compaction /
vibration

—Concrete curing

Damage due to:

» Inappropriate design
(Chapter 2)

» Errors during casting
(Chapter 3)

» Actions during hardening
(Chapter 4)

» Actions during service life
(Chapter 5)

—_
i

GH_ENT N FACULTY OF ENGINEERING
UNIVERSITY AND ARCHITECTURE

Damage to
Concrete
Structures
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* Mechanical actions
* Physical actions

— Frost damage

— Frost in combination
with de-icing salts

— Shrinkage
— Erosion
— Thermal effects

— Crystallisation and
discolouring due to
moisture movement

ENT N FAC
UNIVERSITY

GINEERING
TURE

Actions during service

* Chemical actions
— Alkali silica reaction {ASR)

— Sulfate attack and delayed
ettringite formation

— Acid attack

— Biogenic sulfuric acid
attack

* Reinforcement corrosion

— Carbonation-induced
corrosion

— Chloride-induced corrosion

Autogenous shrinkage
Volume
reduction
Before hydration After hydration
w) Cement
E Hydration
© products [~ Chemical shrinkage
B Water .
O _ Voids
§ _____ ——}— Volume reduction
| e Autogenous shrinkage
T
! -
Initial Time
setting
GHENT N FACULTY OF ENGINEERING
UNIVERSITY AND ARCHITECTURE
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¢« Mineral
composition of
cement {e.g. C;A)
* Mineral additions
and chemical
admixtures
— Fly ash: typically
lower
— Silica fume:
typically higher
+ Water/Cement ratio
* Paste volume

Influencing parameters

ENT N FACULTY OF ENGINEERING
) A TURE

Mitigation

Autogenous shrinkage

Increase
Water/Cement ratio
{but conflict with
other
requirements!)
Good selection of
cement type (avoid
high C,A content)

Apply internal
curing

— Fine LWA

— SAP

UNIVERSITY RCHITEC 10
Drying shrinkage
3 Physically
) Adsorbed Shrinkage
: / N Drying Wetting
E Pore water [ Ao nsonssnnmnsarpneamsnsnasnass
5 1 5 |
= : Reversible shrinkage
2 |
=L - > N V.0 S| SRR S SRR,  S.......— S,
o I
[}
E Irreversible shrinkage
interlayer® water Time
C-S-H layers
—_
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Drying shrinkage
* Parameters related tothe * Geometrical parameters
concrete composition — Fictitious thickness
2 — Paste volume, aggregate (Ac/(u/Z))
_8 content * Faster drying shrinkage
(] _ : development for
E Water/cement ratio smaller fictitious
= — Cement content (through thickness
o paste volume and * Minor influence on
a Water/cement ratio) ultimate shrinkage
0o — Cement type * Atmospheric
£ « Small effect on ultimate parameters
[E] shrinkage strain R -
c + Time development — Relative humidity!
g influenced by reaction — Influence of
= rate temperature not very
c — Additions and admixtures significant (somewhat
- lower final shrinkage for
i lower curing
GHENT FA F ENGINEERING temperature)
UNIVERSITY AND ARCHITECTURE
Drying shrinkage
- " Technological * Lower
5 Pparameters during Water/Cement ratio
= execution L
v . * Limited paste
— When drying starts at
; volume
© an earlier age, the c
o ultlmat(? shrlnl_(age g « Cu ring times Iong
o value will be higher o h
b ) 8  enoug
b — The duration of the = .
‘S curing period thus is i * Agood casting
5 important for the scheme can also
> dtryl_ng shrinkage contribute to a
o strains occuring as : :
= 500N as curing is Iowrer risk of drylng
ended shrinkage cracking
T
RNT Y OF ENGINEERING
UNIVERSITY AN RCHITECTURE
22 | Introduction to durability, sustainability and life cycle assessment of concrete structures —

Specific concrete deterioration mechanisms



Drying shrinkage

Example

Jiy
GHENT [\ FACULTYOF ENGINEERING
UNIVERSITY Al | AND ARCHITECTURE 14
Hardening concrete wall
T Free thermal
strain
d :
" i !
= I / o
© g/_:\h\ Tension Compression
b é/_T\ \"‘/_l_l‘tT Real strain
E = | 1
2 < 3 ' ‘
g © & \ t<t / ------------------------------
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O 9 : - I
OJ +— m H L + 4”—
E E E +;\ See--Ty R Timet
v
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i X=d/2 (surface)
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e
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—
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Thermal shrinkage
«n * Parameters * Geometrical parameters
) related to the — Massivity / Equivalent
] .
@ concrete thickness
% composition ¢ Atmospheric parameters
| .
g — Cement type - Tem_perature of
environment
bo — Cement content .
< p | — Wind
e B mﬁ?{,:‘ln or * Technological parameters
GJ - -
E additions during execution
= . — Formwork conditions
£ — Aggregate size ... )
. — Cooling measures
%Nf ENGINEERING
UNIVERSITY E RE
Thermal shrinkage
* Cement type with low heat of hydration
* Partial cement replacement by puzzolan
materials
S+ Coarser aggregate type... could lead to
= lower required paste volume
(48]
bbb« Retarders? Not always!
]
= * Reinforcement? Only helpful to control
crack width and spacing
* Appropriate choice of formwork type, to be
studied case by case
%Nf Y OF ENGINEERING
UNIVERSITY RCHITECTURE
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Physical actions — Frost damage
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Physical actions — Frost damage
% * Degree of saturation * Reducing Water/Cement
@ * Airvoid system ratio
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Physical actions — Salt scaling

First phase
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Physical actions — Salt scaling
< . Icel hick
o « Salt Ice layer thickness
4 . — The higher the ice layer
@ ) h
£ concentration thickness, the higher the
© frost scaling damage
S .
o 2 * Quality of the concrete
0o = — Higher strength => higher
c . resistance against
g mechanical action of ice
T — Air entrainment has
=) beneficial effect, in spite of
= i lower strength, because
- water movement induces
=3% . . .
Salt concentration slight contraction, reducing
== thermal incompatibility with
GHENT FACULTY OF ENGINEERING ice layer
UNIVERSITY llh AND ARCHITECTURE
Chemical actions — ASR
=
]
c
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O
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Chemical actions — ASR

K*  OH- Hydrated alkali silicate
Ca?+
a

‘ﬂegate
OH- Ca**
2

K¢ Na*

K" Na*
OH C-S-H
‘al‘ Crack —
Na*
K* OH-
3

Na*
Paste =
1

Unreacted opal

Mechanism

® o

Initial boundary of opal particle 4
Principles of the ASR damage model Modified model of ASR (Ichikawa and Miura 2007)
e by Powers and Steinour (1955).

m
GHENT ’[ FACULTY OF ENGINEERING
UNIVERSITY .l | AND ARCHITECTURE 2%

Chemical actions — ASR

* For ASR to occur, three necessary

conditions have to be fulfilled:

— Potentially reactive aggregates have to
be present in the concrete

— The alkali concentration in the pore
solution has to be significantly high

— Moisture has to be present in sufficient
quantities

Influencing parameters

—_—
I}

GHENT
UNIVERSITY

ENGINEERING
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Acid attack
g ° As concrete is a calcium
2 rich alkaline
o environment, it will react
O with nearly all possible
= acids.
W
GWN1 N FACULTY OF ENGINEERING
UNIVERSITY AND ARCHITECTURE
Acid attack
* The main effect of the acid is the dissolution of the cement matrix,
leading to a degradation of the concrete.
* In contrast with typical cases of sulfate attack, the degradation
process in case of acid attack is not linked to any significant

c expansion reaction, as ettringite and thaumasite are not stable in

g acid environment.

E * The level of degradation is largely depending on the type of acid to

O which the concrete is exposed.

% * Furthermore, waste waters can contain different acids, making the
degradation process very complex. The resulting degradation
cannot be predicted by simply considering a superposition of the
degradation caused by each acid separately

i
ENT hM(U‘,WL‘I ENGINEERING
UNIVERSITY il | AND ARCHITECTURE 29
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Acid attack

X-ray computed microtomography scan of paste sample exposed to lactic and acetic acid,

W after 25 h {left) and 21 days {right) of exposure {Boel et al. 2008).
L1110

GHENT N FACULTY OF ENGINEERING
UNIVERSITY AND ARCHITECTURE

Acid attack

g
=
]
x
L
X-ray computed microtomography scan of paste sample exposed to sulfuric acid,
== after 21 h {left) and 21 days {right) of exposure {Boe| et al. 2008).
g;_;b” N FA TY OF ENGINEERING
UNIVERSITY AND ARCHITECTURE
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4. Reinforcement corrosion, including further
discussion on carbonation

Marijana Serdar

This chapter discusses about carbonation and chloride induced reinforcement corrosion, and
further focusses on the aspect of carbonation. Further to discussing the mechanisms behind
corrosion and carbonation, special attention is given to the influence of alternative binder
systems.

A video recording with further explanation is provided here (28 minutes to watch).

CORROSION AND CARBONATION —
mechanisms, consequences and
challanges for alternative binders

Assist. Prof. Marijana Serdar
Lepartment of Materials

Faculty of Civil Engineering, University of Zagreb
Marijana.serdar@grad.unizg. hr
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https://youtu.be/vUkYPOVK048

Content

= Corrosion / carbonation
Mechanism of degradation

= Consequences on different scales

= Influence of binder change
= Challenges that remain

En(V)

CONCRETE

- the best environment for steel

aa ) T T T T T
16 |- =
12 B
08 \\\ et i
0.4 \ e T
Qsm\
0 s\\\\\\\‘ Passivation .
-04 h N
\ s~ lal |
-08 |- T
il Immunity Corroffion
1.6 { | {: =1 i 5 12 1 1
-2-10 2 4 6 8 10 12 14 16
pH

o

Passive fil
concrete Sesive M

www.cemconres.com
© Pouria Ghods 2008

100nm 1 r

33

| Introduction to durability, sustainability and life cycle assessment of concrete structures —

Reinforcement corrosion, including further discussion on carbonation



CORROSION MECHANISM o

Anode

2Fe > 2Fe® + 4e

Cathode

4e + 0, + 2H,0 > 40H-

Corrosion products (rust)
2Fe?* + 40H > 2Fe(0OH),

Bentur, A. ; Diamond, S. ; Berke, S.N. Steel corrosion in
concrete : fundamentals and civil engineering practice,

London, E & FN Spon, 1997

2H,0+0,+4e > 40H

IRON ORE

Q CORROSION [
CYCLE
INDUSTRIAL

PROCESSING CORROSION PROCESS

STEEL IN USE

CORROSION MECHANISM o

= Chloride ions react with iron ions

» Competing processes 10°
= Inhibiting formation of passive 101
film 100
=
£ 100
< 10
Fe - Fe2 +2 e € o
8’10_3 / — without CI-
FeZ* + 2 Cl- — FeCl, e
104 4 ! — 1.0% Cl-
e 30% Cl

FeCl, + H,0 + OH — Fe(OH), + 2 Cl- + H* 1

£00 400 200 0 200 400 600 800 1000
E.mvy

Bjegovic, Dubravka; Stipanovic, Irina; Serdar, Marijana

Corrosion of Prestressing Steel in High Performance Grouts // Proceedings
of the 12th International Congress on the Chemistry of Cement / Beaudoin,
J.J. ; Makar, J.M. ; Raki, L. {ur.}. Montreal, 2007.
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CHLORIDE-INDUCED CORROSION - example B

Krk Bridge
= 1976 - 1980

= Total span 1430 m, big
arch span 390 m
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1. Stipanovic Oslakovic, D. Bjegovic, D. Mikulic, Evaluation of service life design models on concrete structures exposed to marine
environment, Materials and Structures (2010} 43:1397-1412

6

CHLORIDE-INDUCED CORROSION - example

Maslenica Bridge
= 1995 - 1996
= Span 200 m
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INFLUENCE OF ALTERNATIVE BINDERS

= Changes in permeability / diffusion ability
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Serdar, Marijana; Biljecki, Ivan; Bjegovi¢, Dubravka.
High-Performance Concrete Incorporating Locally
Available Industrial By-Products. f/ Journal of materials
in civil engineering. 1 {2016}

Bjegovié, D., Stirmer, N., Serdar, M. Durability
properties of concrete with blended cements, Materials
and corrosion. 63 (2012}, 12; 1087-1096
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INFLUENCE OF ALTERNATIVE BINDERS

= Changes in electrical conductivity

/ resistivity
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Compliance assessment of durability indicators on new Port of Gazenica //
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CHALLANGES REMAIN ‘

= Each new combination of binders changes the environment
around steel

= pH difference - very high or low
= Amount of sulphates
= Binding (chemical and physical)

0]

= Testing methods correlated e
to engineering units Sl s
L S
%. W 3
H \ .
N \ h
§ -cato | 1
k 141 Casbo
E ————— 13-
S ™Ml | ma
| =n-a
| --w-a
Hornbostel, K., Larsen, C., Getker, M.R. Relationship [ =~ e
between concrete resistivity and corrosion rate - A e
literature review, Cement and Concrete Composites, oo o " T e
Yolume 39, May 2013, Pages 60-72 Resistivity [Q2m)

12

CARBONATION MECHANISM

= Reaction between CO, from the atmosphere and Ca bearing
phases (traditionally mainly) Ca(OH), from cement matrix

CO, + H,0 - H,CO,
€O, + Ca(OH), ) —> CaCO; + H,0

Ca(OH), + H,CO, —> CaCO, + 2H,0

Bentur, A. ; Diamond, S. ; Berke, S.N. Steel corrosion in
concrete : fundamentals and civil engineering practice,
London, E & FN Spon, 1997
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CARBONATION MECHANISM

= Non-carbonated vs carbonated concrete
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CARBONATION - example =

HE Vinodol
= In use since 1952

CARBONATION - example o

= Area A high humidity (65%)
= Area B dry (40%)

Carbonation
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CONCRETE - protection mechanism

I (% (%
100 Illl(g}a) _ Hlvtsﬂg e
» B carbonation {mm Q bar/cover layer {mm) @
oW — M e Pl P
g VALY N | Y el 3 E
3; &0 ,—-,_\ [\ /J ny [ ] e EE
'fé 458 ) _— b £5
g s N g [ 5§
g 30 w5 E
0 | % g5
0 LT
5 I _,...I: ik
column A2 A Ad B2 B5 B& BY
3 (% Il (%
100 ail % -lv(s% L
P Dcarbonation (mm}) Qharicover layer (mm) -
a0 —— — N o -
¥ m I A MmN 3 tne £ =
Y b L ] \ | 1] yi £ E
B 60 0 ® E
T o NN K N LS . 5%
T ) = € 2
g @ 1 7 T t § %
g ¥ @ 5 &
0 £y
i 1581 -
o o
column A2 A3 A B2 B5 B6 B7

18
CONCRETE - protection mechanism
o = — =
2Dc e :
x= 22 of ) ..
a 3 d
)—-\7_4 .,/
gﬂE
E
. E
= X - carbonation depth (m), e
. oen CEM |
= C - concentration of . | cein
ambient CO, (kg/m3) S Lo
= @ - concentration of Termpératurs (<)
carbonatable material (kg/m?),
= D - diffusion coefficient of
2 CEMI__CEMIIL _CEMV _ Low-pH (T1)
CC; (m?/s), Portlandite (molL) 5.3 18 23 0
= - time, s
m C- 0,03 % in rural, 0,3% in M. Auroy, 5. Poyet, P. Le Bescop, J-M. Torrenti Impact of
: : carbonation on the durability of cementitious materials: water
1ndUStr]al atmospheres and transport properties characterization, EPJ Web of Conferences b6,
cities 01008 {2013}
19

41 | Introduction to durability, sustainability and life cycle assessment of concrete structures —

Reinforcement corrosion, including further discussion on carbonation



42

INFLUENCE OF ALTERNATIVE BINDERS

3% CO,, 55% RHi25°C

Mix

2 weeks

8 weeks
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control carhonated
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CEM 111

|

CEM 1+FA+SF |

Serdar, M.; Husnjak, D.; Mati¢, D.; 3ajna, A. Carbonation induced changes
in durability properties of blended cement mortars, Proceedings of the
4th International Conference on Service Life Design for Infrastructures
{SLD4}, Delft: RILEM Publications S.A.R.L., 2018, 59-67
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Effect on microstructure
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Effect on microstructure
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Effect on corrosion

1 MONTH CARBONATICN & MCNTHS CARBONATION

a) - B) WETTINGDRYING —e—0FC
-1o0 ] -1oo il A CHANBER
=
200 2 - 200 ,A'?, a
K z W =
300 a 25 -200 I
cumme || 3 Iz = CURING =g
E 400 z G Ea00 o
i & Deg m =3
z = ES
500 Q ] 600 =
gl & o E
5
600 { —o—aPC é o 00 oRC g ¥
—0—IpH o
ER E 700 i
nsi
500 200 J
a 1z % 4 8 14 i 1 2z 246 & 7 [ TR S
£, months «, months
140 4 ay WETTING/DRYING —o—0FC 1oy by —e—-0FC WETTING/DRYING
& CHAMBER. oH o CHANBER.
&) O -
120 = 120 CURING il
curiNG  J| & o nSi o nSi
w w =
100 i ] & 100 E;
r: w b I
= T o
5w HIEET 5w i =d
g z v g 25
= o ER5) = E&
. = b A
¥ 80 z L ¥ 8 ¥ <
= 3 3 2
40 B B 40 2
3 &
20 4 20 x X
& YA =) o 0
° 8 i o !
i 12z & 485 8 7 8 @ 1@ 11 12 12 14 Q 1z 2 45 3 7 8 @ 10 11 12 1B
t, months t, months

Serdar, M.; Poyet, 5.; L'Hostis, V.; Bjegovi¢, D. Carbonation of low-alkalinity mortars: Influence on corrosion of steel and on mortar
= microstructure /¢ Cement and concrete research : including Advanced cerment based materials, 101 {2017}, 33-45

Challanges remain

= Natural vs accelerated carbonation
= Influence on microstructure and engineering properties
= Pre-exposure advantage - post-exposure disadvantage?

x= |22k
a

r}'! "
D(t)=D,, - Tf 1— aging factor for chloride diffusion
25
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5. Introduction to sustainable development in the
built environment

Guillaume Habert

This chapter presents sustainable development goals, starting at a global level and reflecting
further on this at the level of the built environment. A discussion is provided on issues typically
associated in dealing with sustainability indicators, as well as how they are influenced by the
uncertainty on the service life of construction materials.

A video recording with further explanation is provided here (20 minutes to watch).

~y

Introduction to Sustainable Develbpment
in the built environment

Prof. Dr. Guillaume Habert
Chair of Sustainable Construction
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THE GLOBAL GOALS

For Sustainable Development

The 17 Sustainable Development Goals positioned in relation to the biosphere foundation and the safe operating space for humans on Earth.

Rockstrém and Sukhdlew {2014}

ETH:zlrich
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1 Zero Hunger

100 2

a0 Good Health &

3 well Being Economic
&0
Clean Water
a 4 & Sanitation
2 Affordable

5 &Clean Energy mmgpmm2000

=—g=2015
Good lobs
6 & Economic
Growth

7 Industry,
Innavation &
Infrastructure

k]

& Production

Barbier and Burgess. 2017. The Sustainable development goals and the systems approach to sustainability. Economnics, 11,
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SDGs for buildings = Sustainability labels

Society Environment Economy
= 7 Minergie - Eco
o< [
£ g (| Health quality
5% - Grey energy Building costs
] Indoor air quality :
L
]
=
] 'd
a
=
oo Daylight Operation
c - Operation energy
5 Thermal comfort F &Y & maintenance cost
] .
@ . g
Minergie - P | b
[
2
® :
g Aesthetic
o0 Building integration Transport, mobility Building value
1§ Site analysis
§
m ]

SNBS / DGNB 20coWatt-society

Alina Galimshina 29.10.2019 T

SDGs for buildings = Sustainability labels

We measure what we care about

We care about what we meastire
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SDGs for buildings = Sustainability labels
Identify driving criteria

[ Mbe

2L wunnncin
Sce: S, Breit, T. Peters, [ Petrovic, K. Stankiewicz, Building labels, WiSBA2014, w
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Sustainable indicators... attempt to muddy the water
Attempt to muddy the water

n° Indicators used in EN 15-8054 Units other indicaters in near future
Environmental impact indicator
1 Global warming potential kg OO .
H Ozone layer deplsticn :UWET» Gwp fromft?;sn ce_lrlmn
3 Acidification 50 . GwP from hiogenit carbon
4 Eutrophication kg PO. aq GWP from land use and transformation
6 Phatochemical axydation kg CH eq
] Abiotic depletion for non fossil resources (ADP-elements) 2 sx; P A
7 Abictic depletion for fossil resources (ADP-fossi fuels) - aa Eutrophication aguatic fresh water
Resource Use indicator Eutrophication aquatic marine
8 Use of renewable pri M
excludiog roewab enengy meouroes use aterials
9 Use of renewable pr y d a8 raw materials MJ Human toxicity, cancer effect
10 Use of non renewable primary ene: Ml ;s
g oo et inar e svaces e s il Human toxicity, non cancer effect
1 Use of non renewable primary energy resources used as raw matesials M1 Land use related impacts
p
g Eéﬁ 0; Scmﬂﬂf};ﬁ' mﬁwridﬂls a kg Particulate matter emissions
‘5@ ol renewalwe seconaary lueis Ml Tt it i
14 Use of non-renewable secondary fuels M1 lanizing radl_atmn
15 Use of net fresh water S Water scarcity
Waste category indicator
16 Hazardous waste disposed g
17 Non hazardous waste disposed kg
18 Radioactive waste disposed g
Qutput flow indicators
9 Components for re-use kg
20 Materials for recycling kg
21 Materials for ensrgy recovery kg
2 Exported energy M1

Too many indicators are hiding the main message
Too many information is confusing

| 15092020 | &

49 | Introduction to durability, sustainability and life cycle assessment of concrete structures —
Introduction to sustainable development in the built environment



ETHzirich

Sustainable indicators... attempt to muddy the water
Attempt to muddy the water

— Vv =

When more information is too much information

| 1522020 | 10

ETHziirich

Sustainable indicators... attempt to muddy the water
Attempt to muddy the water

Need for simplification

N/
/ ?

| 15882020 | 11
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Sustainable indicators... attempt to muddy the water
Attempt to muddy the water

Accept the intangible

NS

And try to understand the
Z underlying physical concepts...

N

| 1552020 | 12

ETHziirich
One emergency

One lens
Devide CO, emissions by 50% in the next 10 years
and reach net Zero in 2040

60 -
W
=
S 50
8
£
@ A -
CEJ\' 40
O
o
g 304
j=))
a
e
£ 204
&
=
2 104 )
o

[] T T T . 1
1980 2020 2060 2100
5ce: IPCC. 2013, 1.5°C repart
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Where to act ?

Service Sector Equipment Device Final Energy Fuel Emissions

Transport r Engines
- s &

Motors

Construction and aperation of building have a similar
and significant share on GHG emissions

Sce: Bajzelj B, Allwood M., Cullen .M. 2013. Designing Climate Change Mitigation Plans That Add
Up. Environmental Science & Technoiogy, 47, 8062 — 3063,
| 15082020 | 14
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Materials matter

= transport

= Buildings without heating

Heating
® Industry without
i i construction

+ Construction

= Concrete
u agriculture
steel €
= Waste
ceramic
other
Sce: Britdan et ol 2011, Bufaing and enwrcnmanr, 48, 1133-1140. Soe: Bzjeljetal 2013, Enwronmencal Science & Tachnolegy 47, 1062 - 8049,

Construction, operation and mobhility = 50% of all human activities
Construction in emerging countries, operation in developed countries
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Share of buildings and construction sector in emissions... around 50% ?

[+

. Residential/Commercial Buildings O Waste and Wastewater . All Buildings O Other Waste
@ Transport O Forestry @ Other Transport O Other Forestry
@ Energy Supply O Agriculture O Other Energy Supply O Agriculture
@ Industry @ Other Industry

Percentage of global CO; emissions attributed to residential and commercial buildings by
the IPCC (a), CO; emissions in other sectors indirectly related to the building sector (b), and
an estimate of the overall percentage of CO; emissions from buildings for both direct and
indirect sources (c).

Image source: Forrest Meggers et al., “Reduce COz from
buildings with technology to zero emissions,” Sustainable Cities
and Society 2, no. 1(2012): 30; redrawn by Something Fantastic.

[ Biomass

M Metals

[l Non-metallic minerals

[ Fossils

Ml Upstream remaining cconomy

M Direct consumption

M Construction

[7] Electrics & electronics
Transport equipment
Food, textiles, paper & wood

[ Health, social & public work &
education

B Other downstream economy

tream Dowmswam {53-58: Figures in the Si for in-depth analysis |

L
supply chain value chain

Water stress Value added Workforce
]

¥
% 6
- |
i%
II%.

Fig. 2. Sectoral shares and linkages of the global material supply chain and the related environmental impacts and socio-economic benefits from production (left bar), target (middle bar),
and final supply perspective (right bar, Reference year: 2011). Note that the category ‘direct consumption’ refers to materials directly consumed by the final demand and that the other
categories of the final supply perspective refer to materials used by the remaining economy (non-target sectors). Further in-depth analysis of the marked sectors and flows are shown
in the S (Figs. S3-S8).  gce: Cabernard L., Pfister S, Hellweg S. 2018. Anew methad far analyzing sustainability perfarmance

of glabal supply chains and its application to material resources. Science of Total environment

53 | Introduction to durability, sustainability and life cycle assessment of concrete structures —
Introduction to sustainable development in the built environment



ETH:zirich

We have made progress for heating buildings
We made NO significant progress for building them

All buildings (Residential and Office) Office buildings Residential buildings
100 100
75 75
% g
S0 50
g 5
)
25 25
.
N ] HE el ,

B ® 3 B B 4 ® - b
2 z g 3 2 g 2 3 g
2 2 5 2 2 B 2 2 [
a a = 3 a 3 3 a3 z
w « b @ w 3 @ @ g
> z s @ 3 3 > 3 3
= E E & E i L 3 3
@ = z @ = z @ = z
= = X

& i i

M Embodied Carbon Operational Carbon ~ —&—  Share of Embodied Garbon

See Rack M., Mendes Saade M R, Baloukisi M., Rasmussen F k., Birgisdatiir H, Frischknecht R, Habert G, Litzkendor T, Passar A
2018, Embadied GHG emissions af buildings — The hidden challenge for sffective climate change mitigation. Appiied energy I 12
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Considering the life cycle of one building,
What matter are the structural materials

]
= LEHHH PP PHE ] EH ]
400

kg CO2 eq/ m* NFA
o
2

mEmbodied impact

1600 GWP

1400

Fig. 6. Variation of the impacts of materials and exploitation phase for the NRE and GWP indicators.

W Operation phase’s impact
1200

= 1000
800

15—

Illlllllllllllllllllllll
! I o0 3

kg CO2 eq/ m* NFA
[TRFar-N
85 &
3 88
MFE-4 —
MEE-T ——

MFE-5 —

=

No correlation between embodied and operation energy

See: 30 newr construction (enuftiforily ond singfe family Rouses)
Hoxha ef of, 2017 Jowrno! of cleaner production
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Considering the life cycle of one building,
What matters are the structural materials

The building stock

One building

One cubic meter concrete

One cement bag

= T
GHG emissians (kgCO, / m2) _
2000 % 0% -
8% 60
% 0
100 0% % 20
0% % % —_—
50 kg €03 6q kg €03 0 kg €Oy,
Building materials Processes involved Processes involved
used in one building for concrete production for cement production
o
Concrete placement Cement final prod.
Existing buildings = m Concrete W On site placement W Cement grinding

Windows W Concrete mixing
" e W Limestone decar bonation
B Construction and maintenance Insulation Transport raw material
Heating over life time Finishing Fuel burnt

100%

M Steel reinforcement
M Bricks

M Electrical equipment
W Sanitary equipment
m Rest

100%

B Transport to construction site
Concrete production

Material production
mSCM processing
W Cement production
Gravel production

SCM production
Direct kiln emissions

Material production
Fuel prod. and transp.
B Raw material transp.

and prep.
Sand production
W Admixture production
Concrete is the main responsible of CO, emissions in Buildings.
It comes from cement production.
Mainly from limestone decomposition | 15ep2020 | 20
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Considering the yearly emissions related with the construction activities on the European

building stock, what matters is the i

Greenhouse gas emissions
[Mio tons CO,-eq. / a)

1BAU

nsulation materials.. {because we renovate more than we buitd new construction)
ket

Woe currently use fossil based insulation which will
contribute significantly to CO, emissions

2015 2025 2035 2045 2055
Bbrick (input) 7 brick (waste) = (input) » (waste)
concrete (input) concrete (waste)  Mglass (input) #glass (waste)

| “insulation (input)
mmineral (input)

insulation (waste)l mmetal (input) ‘#metal (waste)

= wood (input)

~ mineral (waste) "#wood (waste)

Sce: Heeren & Hellweg. 2013. Tracking Canstruction Material over Space and Time:
Praspective and Geo-referenced Madeling of Building Stocks and Construction
Material Flows. Journal of Industrial ecology
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Summary:

Global South:
Embodied energy is the most important aspect
fno need for healing and cooling and electricily is greener and greenet)
Structural materials are key.
{Meed fow carbon and very widely avaitable)

Europe:
Existing buildings are the main CO, emitters
{Comes from low enetgy performance buiiding — high operation enetgy requirea)
Insulation materials are the main responsible for emission from construction
(Meed low carbon and very widely avafatie)

USA:
Another story...

Building with high turmover, conslruction and operalion are important. .

| 1552020 | 22

ETHzirich

2- Lessons from COVID

The last 'normal’ photo on your phone |28
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Lessons from COVID

The more you wait to engage the transition the more painful (and costly) it is do it...
(hecause you anyway need to do it at one point}.

Crisis is an accelerator for the use and implementation of new technologies, but
yeu barely have time to develop something from scratch.

There is no magic in here,
All available solutions are there, it's just a question on when do you implement
them. Waiting for the ultimate ground breaking solution is deadly.

| z4
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Lessons from COVID

It's the same for climate change and the Resources for the built environment.
Allis here, we just need the willingness (or the fear pressure} to implement them.

But which pathway do we decide to walk down?
Constraining cr aspiring?
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Fig. 4: Change in global daily fossil CO; emissions by sector (MtCO2
d).

From: Temporary reduction in daily global CO; emissions during the COVID-19 forced confinement

-754

Ghangs in global
daily fossll CO, emissions (MICO, d™')

Jan  Feb  Mar  Apr Jan  Feb  Mar  Apr Jan  Feb  Mar  Apr
Pawer Indlustry Surface wansport

< -
g e0d{—
g
s
=y N~
BE -0
&
58
F -5
2
H
3 20
. v : ! . - . " . v :
Jan  Feb  Mar  Apr Jan  Feb  Mar  Apr Jan  Feb  Mar  Apr
Public Residential Aviation

Sce: Le Quéré, C., Jackson, R.B., Jones, MW, et al. 2020, Temporary recduction in daily global CO2 emissions
during the COVID-13 forced confinement. Nature Climate Change. https://doi.org/10.1038/541552-020-0737-x

ETHzirich

Daily global fossil CO2 emissions fell by 17% in early April 2020
compared with 2019

% change in global daily fossil CO2 emissions attributed to each country or region

China -0.2
—_
India
Europe*-2.1
UsS -4
Rest of world
-5.5
Global total
-13.6
Guardian graphic. Source: Nature Climate Change. Note: Europe = EU27 plus UK
Sce: Le Quéré, C., Jackson, R.B., Jones, M.W. et al. 2020. Temporary reduction in daily global CO2 emissions |27
during the COVID-19 forced confinement. Nature Climate Change. https://doi.org/10.1038/541558-020-0757-x
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Lessons from COVID

The coronavirus pandemic could result in a 5% fall in global

carbon emissions

2020

Prospect of 5% fall this year
2009

Carbon emissions fell by 300m

i
tonnes in the global financial crisis ‘l
]
)
1
1983 L
Carbon emissions fell by 1bn tonnes over '|
4 years in the early 1980s recession H
‘l
1
13
V' IPCC1.5°C trajectory
1975 ‘I
Carbon emissions fell by 100m tonnes ]
over 2 years in the 1970s recession B
\
1945 i
Carbon emissions fell by 1
750m tonnes after WW2 H
i
L
2050
Guardian graphic. Source: Global Carbon Project (GCP), Carbon Dioxide Information Analysis Center (CDIAC)
We're on the right trajectory to reach the target, but do we want to walk down that path?
feaning next yeor 4 menths cf fock down ond not 2, etc.)
Or do we develop other societal model? fsociof justice, thriving society...)

| z8
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Uncertainties related with service life

| 15092320 | 28
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Uncertainty on material’s service life

Comparison between two projects

Take nto consideration uncertainties on:
- process efficiency between industrial plants
- Effective service life of bullding materials

M Reinforced concrete house

-
S=
E_% 200 % Wooden house
3]
=3
U
£ < 100 %
1~
S =
53
[==N
i
o%
&
&
)
q‘\&

Need to know which materials are causing this uncertainty

Sce: Hoxha et al. 2014, Method to analyse the contribution of materials sensitivity in

buildings’ environmental impact. Journal of Cleoner Production, 66, 54-64.
| 15082020 | 30
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Uncertainty on material's service life

Contribution of materials to total impact and total uncertainties

considering uncertainty on material service life considering uncertainty on Building service life
Impacts share at the building level Impacts share at the building level
0% 10% 30% 50% 0% 10% 30% 50%

Plasters.

Sealin'gs Windows
& Doors
Coverin

1)
=1
£
1)
2

Relative Uncertainity of the
replacement phase
-y
(=3
B
Impact reduction

| Windows 60% |
60% & Doors |
Sealings |
Coveri
80% | {5 1 80% I

I IBuill:ling life time of 60 or 120 yrs

Sce: Hifliger et al. 2017. Buildings environmental impacts’ sensitivity related to LCA mordelling

choices of construction materials. bournal of Cleoner Production. 156, 305-816. 2-a5m Sept

| | 2
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Uncertainty on material’s service life

25000 Reinforcing conerete

0 Gravel - Clay
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s l 50 I
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See: Hoxha et al, 2017, Influence of construction material uncertainties on 32 |
residential building LCA reliability. Journal of Cleaner Production, 144, 33-47
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Uncertainty on material's service life

Single family building Multi family building
’ ~ 100%
= Eo. 80 GWP 4
# 60 e
£ -
= 40 g
E O x
o B
g 20 . >t
a . .n " u%!x
. R x %
RU
. 2 s *
E s
8
o
o
8
=
[F)
-]
1% 10 20 40 60 80 100% 1% 10 20 40 60 80 100%
Relative contribution to impact (%) Relative contribution to impact (%)

+ Structure (steel & concrete) ® Other structural elements (brick. blocks, wood) 4 Non structural elements % Insulation
= Openings (windows & doors) ® Finishing (peinture/carrelage) + Electrical equipment = Sanitary equipment
= Energy equipment o Rest © Contoured with black (averages)

- Concrete have large contribution to impact
- Insulation material have large contribution on uncertainties

Sce: Hoxha et al, 2017, Influence of construction material uncertainties on
residential building LCA reliakility. Journal of Cleaner Production, 144, 33-47
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6. Life cycle assessment applied to building materials

Guillaume Habert

Life cycle assessment is presented as a method to evaluate the environmental impact of
building materials. Amongst other, the importance of the considered functional unit is
highlighted, as well as allocation methods.

A video recording with further explanation is provided here (30 minutes to watch).

Life Cycle Assessment
Specificity applied to building materials

Prof. Dr. Guillaume Habert
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LCA methodology
. Greyenergy

ll. LCAtheory

lll. LCA Challenges

ETMzirich
Grey energy

Imported energy

> Graue Treibhausgas-Emissionen
der Schweiz 1990-2004
- - A

Abb.1 > Unterscheidung zwischen «weissen» und «grauen»
Emissionen: Konsum in der Schweiz.

Die bei der Herstellung eines Konsumgutes in der Schweiz
anfallenden Emissionen werden als weisse, diejenigen die im
Ausland anfallen als graue Emissionen bezeichnet.

Sce: Tungbluth et al., 2007. Graue Treibhausgas-Emissionen der Schweiz 1990-2004.
Urnwelt-Wissen Nr. UW-0711. BAFU.
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Grey energy
Imported energy

Fig.B » of direct and 3 is 5 (tonnes CO: eq. per capita per year).

Direct per capita emiszions of the inhabitants of Switzerland have decreazed somewhat since 1090 due to constant abcoluze
emissions and a rize i the number of people lving in Switserland. When including the embodied emizsions, no clear mend of per
capita emissions is visible. Embodied emissions of the services sector are not included in this graph.

14 4

Tonnes CO2 eq per capita

direct emissions
in Switzerland

1ot of rect and embociea mssions | 131 | 128 | 124 | 116 | 118 | 21 | 121 | 122 | 127 | 122 | 124 | 128 | 124 [ 123 ] 128
[ batance for gooas ana sectrcty €2 | a0 | 46 |42 | 46 | 40 | 25 | €0 | €a [ &0 | &3 | &7 |54 | &3 | €4
|maree emissions o Swizenana 78

AEAEIEI BRI R EE

hrth CueuIDINT EU Servees GMEn

Sce: Jungbluth et al., 2007, Graue Treibhausgas-Emissonen der Schweiz 1960-2004
Umwelt-Wissen Mr. UW-0711. BAFU

Grey energy
Imported energy

Abb. 31 > Handelshilanz der CO-Emissionen im Jahr 1995 — Prozentanteil an den Inland-Emissionen fiir OECD-Lander.

Total YECD
Russfa
— r}:
China
Brazil
Othe{ OECD
United States|
Unitfd Kingdom
Switzerland
Sweden
Poland
New Zeala
Netheriands
Jgpan
France
-2ech Republi
Canada
Austrdia
t
-70 -60 -50 -40 -30 -20 -10 ] 10 20 30

Quelle: {Ahmad & Wyckotf 2003: Figure 1, Exgene Bercchnungen fiir dic Schweiz)

Sce: hngbluth ot al., 2007, Graue Trzibhausgas-Emissionen der Schweiz 1900-2004. !
Urnwelt-Wissen Ny UW-0711. BAFU
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Grey energy

Energy used before or after

Luftschadstoffe  CO, Wasser

Wasser
131¢g

Primar-
energie-

WL trager
Erdél und
Chemi-

10359/ kalien

4g 259 5g
Abfalle/RuckstandeWasserschadstoife Abfalle/Ruckstande

Sce: Graue energie von Baustoffe, 1995, BAFU
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Grey energy
Energy indirectly linked with the use of a product

132 ¢

Energiewert: 2.2 MJ
6g Aluminium: 0.91 MJ
16g PET: 1.42 MJ
1g Papier: 0.03 MJ
Total Packaging: 2.36 MJ
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Grey energy

Energy indirectly linked with the use of a product

B Operation O Vehicule O Infrastructure
(fabric., maint., demolition) (fabrication, maintenance, demolition)
Tram
Trolleybus
Bus

Hybrid car (4,31 00km)

4x4 (15,2141 00km)
Conventional car (1personne)
Conventional car (1.58 personnes)
Conventienal car (4 personnes)
Long distance by car

Train (S-Bahn)

Train long distance (intercity)
TGV!ICE

Plane (Europe) 1

Plane (mean)

Plane (intercontinental)

0 1 2 3 4 5 6 7 8 9 10
[MJ Priméarenergie / Pkm]

ETHzirich

A Method

Life Cycle Analysis (LCA)
e &%

-

Part | : Theory
Part 1i: Challenges
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north Sustainable development
is development that meets
the needs of the present
without compromising the
ability of future generations
to meet their own needs.

S P J (Brundtlandt definition)

society

environment economy

Sce: V. John, 2012. Derivation of reliable simplification strategies for the comparative LCA
of incividual and “typical” newly buift Swiss apartment buifoings. Diss. ETH n® 20608

ETHzirich

Characteristics of
Environmental problems

Global / Gree
areen
complex
Chemic
Water- and
Noise Alr
Dust emissions
Stench
L_ocalll Time
simple Yesterday Tomorrow
Sce: V. John, 2012. Derivation of refiable simplification strategies for the comparative LCA
of individual and “typical” newly buift Swiss apartment buifoings. Diss. ETH n® 20608
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LCA

Global warming
Global Stratospheric Ozone Depletion

Resource depletion

Reglonal Eutrophication
Acidification
Land Use
Photochemical Smog

Human / Eco Toxicity

Local

Smog
Noise
Waste Heat
Stench

Sce: V. John, 2012. Derivation of reliable simplification strategies for the comparative LCA
of incividual and “typical” newly buift Swiss apartment buifoings. Diss. ETH n® 20608
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History

® Energy flow analysis

H. Teasley {1969) Packaging of Coca Cola bottles {Plastic vs glass)

Complexification (Europe, USA)} : Materials and emission flows.

Applied to industry
e Acceleration in 1990 :

Working group : SETAC...

Scientific part : CML (Institute for Environmental Science, University of Leiden)
e international standards 1SO 14040 & 14044 (2008}
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Life time

Coca Cola bottle = 1 year House = 50 year

Not the same technology for recycling when it is built and destroyed
Different ratio between production and use

Impacts
Not so dangerous
except specific case such as Asbestos

Structural materials = a few easy to calculate impacts CO2, acidification...
But much bigger quantities

¥

A
Y

A 4

=T=l=l ==

:

ETHzurich

LCA by the ISO 14040

- )

. " befintong ) 'a ™
Boundaries of the system OEE 't”_"‘°”ﬂh
. N jective of the
Functional unit studly
3
9]
Data Collection Inventory - %
Life Cycle Inventory g
=
Choose envireonmental impacts Impact
assessment
Impact Assessment \ ) Y y
150 14040
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LCA
Functional Unit

Comparison of two fridge

Energie | : Energie
i M ROl ine
i = e |
i el o |
[ — oo e
fusin L A+]
|==:¢} L B|
- - =)
o
T
Poueconome | Pou éeonome
|
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LCA

Functional Unit

Comparison of two fridge

Energie
Farcard
Modile

Choice of Functional Unit
FU = 1m? cooled
A+ << B
FU = 1 fridge per household
401 kWh/yr >> 182 kwh/yr

| 1sgszezn |7
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LCA
Functional Unit

Comparison of two fridge

Energie
e
Modala

Here, energy is only the energy for operation and not for the
fabrication and dismanteling of the fridge.

LCA is usually from Cradle to Grave

| 15082620 | 13
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LCA
Functional Unit

Functional unit
The two products that we want to compare need to fulfill the same function.

‘Comparison of bridge beams made with different
types of concrete. Left to right: Ductal®,

fLefarge, Sustainable development report, 2006]

Results for 1 m? of concrete are different than for 1 linear meter of beam
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Boundaries of the studied system

boundaries

System

- 2

Aggregates Bitumen

I Fibre ” Cement

Transport

Transp

Transport Transport

i

1
1
I
1
1
1
1
-

Materials I Transport |
Production I
for the bridge 1

1 I

I Maintenance :

= " (asphalt,

Life Cycle ] e ioc W

of a Bridge 1 concrete....) 1

L 1

Sce: Habert et al. 2013. Lowering the global warming impact of
High Performance Fibre Reinforced Concretes. Cement and Ci

ETHzirich

bridge rehabilitations by using Ultra 15.09.2020
oncrete Composites, 38, 1-11.

e : UHPFRC 2.5t0 3cm
S—: Asphalt pavement 7 cm

System boundaries

450
77 296 77

ST
5225

soooeoaew : (A) New cast-in place concrete
srrsrrsr (B) New prefabricated curbs

o Waterproofing membrane
e : Asphalt pavement 7 cm

\ (\ /) ll Reinforced concrete > | Reinforced concrete
(existing) (existing)
A - |

(a) -

Fig. 3. Rehabilitation systems. (a) Concept of application

i (b) v

of the local “hardening” of bridge superstructures with UHPFRC; (b) traditional rehabilitation systems using

conventional concrete (C30/37) and a waterproofing membrane.

Sce: Habert &t al. 2013. Lowering the global warming impact of bridge rehabilitations by using Ultra

High Performance Fibre Reinforced Concretes. Cement and Concrete Composites, 38, 1-11.
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Table 2

Materials mix design. Mix design for traditional concrete were calculated using BetonlabPro software [29].

System boundaries

UHPFRC rehabilitation system

Traditional rehabilitation system

Material UHPFRC Eco UHPFRC Material Concrete C30/37
Components Quantity Distance Quantity Distance Components Quantity Distance
(kg.m ™) (km) (kg.m ) (km) (kgm ) (km)
Cement 1434 950 763 55 Cement 385 55
Limestone filler 763 188 Sand 690 35
Micro sand 80 1100 Gravel 1060 35
Microsilica 373 1000 153 1000 Water 185
Steel fibers” 707 760 707 760 Super plasticiser 49 10
‘Water 189 224 Steel rebars 80 150
Superplasticiser” 47.5 10 55 10 Bitumen sealing 276 250
For comparison For comparison
Superplaticiser® (wt.% of 33% 3.6% Superplaticiser” (wt.% of 1.3%

cement + limestone filler)

cement + limestone filler)

? Total = liquid + dry extract.

See: Habert et al. 203, Lowering the global warming impact of bridge rehabilitations by using Ultra
High Performance Fibre Reinforced Concretes. Cement and Concrete Composites, 38, 1-11

ETHzurich

UHPFRC reduces road interruption.
And it is more important than the reduction in the concrete volume used {for CO2

aspects)

140 1

2
-
N
o

L

W C30/37 + WPM
B UHPFRC
O Eco-UHPFRG

100

80 1

Global warming impact (t co )

System boundaries

One rehabilitation
(construction work)

A rigoraus scientific approach is needed:
Hypothesis / Data & method / Results / Discussion

One rehabilitation
(construction wark +
traffic deviation)

All service life
(construction work)

Sce: Habert &t al. 203, Lowering the global warming impact of bridge rehabilitations by using Ultra
High Performance Fibre Reinforced Concretes. Cement and Concrete Composites, 38, 1-11

All service life
(construction work +

traffic deviation)
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LCA

Inventory

Need to gather environmental data for all processes involved
inside system boundaries

Life cycle inventory data sources:

+ Professional life cycle inventory l High data qua

databases (e.g. Ecoinvent database
http://www.ecoinvent.ch/) :

* Open source inventory lists /
databases (e.g. KBOB list
http:/fwww.eco-
bau.ch/resources/uploads/KBOB_EMPFEHLUN
G_2009_1_Juli_2012 pd1')

* Environmental Product
Declarations type IIl (EPDs)

* Individual primary data

| 15082620 | 24

LCA
biro fiur umweltchemie Different database

Graue Energie von Baustoffen
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BATH

Different database: ICE

INVENTORY OF CARBON &

ENERGY (ICE)

Version 1.6a

Sustainable Energy Research Team (SERT)
Department of Mechanical Engineering

University of Bath, UK

This project was joint funded under the Carbon Vision Bulldings
program by:
T

cARBON
TRUST

Available from: www bath.ac.uk/mech-eng/sert/embodied/

| 15082020 |

el

L ICE Versian Léapal 5

Different database: ICE

File Bt View Window Help

ZESE|® ® (o] =@ 6] H B | e sign (nmmm:‘
L | Material Profile: Linoleum
] Embodied Energy (EE) Database Statistics - MJ/Kg
[Main Material | No. Records Average EE Standard Deviation Minimum EE Maximum EE | Comments on the Dalalase Stalislics:
[Cinsleam- T T
Linoieum,_General B 3049 338 1.00 116,00 There i  very large dota range due to ane recond which
Unspecied| [ W7 k| 00 T8 higher than céher sources of data, see scalter graph.
Virgin| i TR TIEd| EAET]
~ Selected Embodied Energy & Carbon Values and Associated Data
. Embodied Energy .| Embodied Carbon - g L D)
taterial ok P Boundasies - ot Specific Comments
General Linaleum % 12 Cradie to Grave 12 04 Smal sample uze
c e The estimate of embodied carbon was uncertain. It is an estimate based on the data avadable within the database It is common practice to analyse linaleum from cradie fo grave over)
et |an assumed ietime of the product. The above values exclude any feedstock energy from the use of inseed oil m manufacture.
i Material Scatter Graph Fuel Split & Embodied Carbon Data _
H 5
g EE Scarier Graph - Linaleum h
" 140.00 T
memf
3 oo
g e
j - Unknown fuel spii, embodied carbon was estimated from the data available in the database
0801 . .
2000] Lt
1580 1952 ) 1900 190n 200 20
earor Dt
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Impact calculation

LCl results is a long list with input and outputs
But no environmental relevance

LCI Impact categories

1kg Fe
1kg Ni - Depletion of resources
1kg sand

Consumption

1kg CO,
1kg CH,
1kg SO,
1kg NO,

Emission to sail | 1kg Hg

Emission to water

r Climate Change
Emission to air
L Acidification

F Toxicity
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LCA
Impact calculation

LCl results is a long list with input and outputs
But no environmental relevance

LCl data ( Impact categories ] . Impact indicators
CO:

CHa :ﬁ Climate change — Globalwarmlng
N2O potential

SO =——— TP Acidification

Acidificat —_—

NOx ——" clamication potential

Crude ) Resource depletion
o —_— Resource depletion — potential

Classification Characterisation

(a:ilgmng impacts to the LCI daTa) [a:slgmng impact ;mtennals inrelationtoa ipﬁr\ﬂr substa m'e)

ETHzirich
LCA
Impact calculation

LCl results is a long list with input and outputs
But no environmental relevance

Characterization factor

1kg CO,
1kg CH, —— 1kg CH,=(23kg CO,

Total: 24kg CO,eq.
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LCA
Impact calculation

Flow > Impact
Daifa iformation

2 types of indicators

Lel — Pression — Dammage

indicator indicator
Flow mid point End point

Easier communication of results

P
>

50, Acid Lake Dead Loss in
emissions rain acidified fish biodiversity

L
r ol

Greater uncertainties on the impact calculation

ETHzirich
LCA
Impact calculation
Pholochemical oxidant formation
Human Toxicity \
li—= Human Health
QOzone Depletion "'
Climate Change T8/ Biotic & abiotic
Acidification %/ Naiural environment
Eutrophication Il/‘)‘
LCl S F~JN  Biotic & abictic
Ecoloxicity
Resulis Naiural resources
Land Use Impacts .
Species & Organism dispersal /
Abiotic Resources Depletion
Biolic Resources Depletion
From: Int. J of LCA 9{8) 2004
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LCA

Impact calculation
Characterisation

Diesel, burned in building machine

o Particulat  lonising sl Froshwat  Temwstrial  Freshwat Marine oc  Agri
] @ mater u

Climate  Tems: Uianlan  Matwal  Metal dep  Fossil do
rdation  change  aceifcal erewirop  ecotw llion  pletion

culr Uit

recolaxi  otowcly @ landoc  doccupat  land tran
buiding machine/GLD U I L.tvicating oil, 3t plarRER U

RERI U I Ocs<l. ol regional storage/RER U

meval o, 10% water, 1o hazardous waste incineration'CH U

analyzing 1 MJ Digsel, bumed in buikding machine/GLO
Method: ReCiPe Endpost (H) V1,06 / Europe ReCiPe HIA | Charactanzation

ETHzurich

LCA
Comparison between impacts

Normalisation

Compare the relative importance of impact for different impact categories.
To do so, we devide the impact by the impact of a product taken as a reference.
This reference is often a territory.

For instance, the yearly emission of a european citizen in 1995.
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LCA

Impact calculation
Normalisation

Diesel, burned in building machine

1965
1805
1785
16e8
1565
1405
1385
1285
1185
105
Sak
Beb
Tak
]
e

425 B
]
26
16
508221 —

Clmste  Ozone  Human  Photoche Paiculst lowsmg  Climate  Temsstial Freshwal Temestial Fresiwal Mene ec  Aguculr  Urbenlsn  Matursl  Metal dep  Fossilde

change  deplefion  toocy  micaloxi  ematter  rad@lion  change  ocdfical ereutop  ecoloxici erecolmd  afoxicity allndoc doccupat  landiran  letion pletion
W Oc<!, bume in bulding machin/GLO U " Lubicating o, plan/RER U
[E———) Builting machina/RERA U W Dol rogional storage/RER U

[ Oisposal. used mineral oil, 10% water, to hazardous wasts incineration/CH U

Analyzing 1 MJ Diesel, bumed i buikding machineGLO U
Wethod: ReCiPe Endgoint (H) V1,06 / Eurepe ReCiPe HA | Hormalizatian

ETHzurich

LCA
Impact calculation

Pholochemical oxidant formaiion

\

[\—=% Human Health

</

Human Toxicity

QOzone Depletion

Climate Change Biotic & abiotic

Acidification Natural environment
Euirophication
LCI Ecoloxicity Biotic & abiotic
Resulis Naiural resources

Land Use Impacts
Species & Organism dispersal /
Abiotic Resources Depletion

Biolic Resources Depletion

From: Int. J of LCA 9{8) 2004
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LCA

Impact calculation
Characterisation

Diesel, burned in building machine

Human Heath Ecosystems Resouces

s g machine/GLO U A Lubcting o, st plsnt/RER U
R W 0o, # reponal stoage/RER U

ral o 10% water, 1o hazardous waste incineration/CH U

Anaiyzing 1 MJ Diesel. bumed in building machine/GLO L
Meshosd. ReCiPe Endpoint (H) V1,05 ! Euope ReC#Pe HIA | Damage assessment

ETHzurich
CA

Impact calculation
Normalisation

Diesel, burned in building machine

A 05, bumed in buiding machine/GLO U b stig o 3 plantRER U
[ Bukiing machine/RERT U . D5, 5t regonsl storsge/RER U
) Dsposal, used mineral ol 10% water, to hazarous wasts incnerstion/CH U

Analyzing 1 MJ Tiesel, bumed in building machine/GLO U
Mathioc: ReCiPe Endpaint (H) ¥1.06 / Europe ReCiPs HiA | Waighting
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LCA

Impact calculation
Weighting

Diesel, burned in building machine

Diesel, bumed in building machne/GLO U

W Human Heanh I Ecosystems () Resources

Analyzing 1 MJ Diesel, bumed in buslding
Methed ReCiPe Endpaint (H)

ETHzurich

LCA
Impact calculation
Weighting

Cultural perspective in weighting

Hierarchist: 100 years time frame, seeks consensus, impacts can be avoided
with proper management

Individualist: Short time frame (20 years), mankind has a high adaptive capacity
through technological and economic development

Egalitarian: Long term perspective (500 years), nature is strictly accountable,
the worst case scenario and preventive thinking are needed
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LCA

Impact calculation
Cultural perspective in weighting Welghtlng

Crgrs quany 2020 e

[=mey )

-1 g T et

Building with economic
allocation of slag cement

Initial building - reference

Mansge: P E Devetopes Mk

ETHzurich

LCA
Impact calculation

LCIA calculation methods
Midpoint methods
CML
EDIP
ReCiPe
Ecclogical Scarcity
Endpoint Methods
Eco-indicator 99
ReCiPe
IMPACT 2002
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Mid-point categories; CML

Impact calculation

Impact Category Substance Factor Unit
Qil 184 kg Sbeq/m?
Gold 89.5 kg Sk eq / kg

Apiotic depletion Iron 843*10°% kg Sbeqg/ kg
Calcite 28310 kg Sbeq / kg
Silicon 2894101 kg Sbeq/ kg
MNH3 {Ammania) 16

Acidification S02 ¢Sulfur Dioxide) 1.2 kg SOZeqf kg
Nitric oxide 076
Phosphorus 3.08

Eutrophication Phosphoric acid 0.87 kg PO4---eq/ kg
Mitrogen 042
Iethane, chlorofrifluoro-, CFC-13 1.4*10*

Glabal warming {GWP100) | Ethane, hexafluoro-, HFC-116 1.19%10* kg COZeq/ kg
Methane 23
Iethane, bromotrifluoro-, Halan 1301 12

Ozone layer depletion Methane, dichlorodiflucro-, CFC-12 0.82 kg CFC-11eq/ kg
Ethane, chloropentafluoro-, CFC-115 04
2,3,7,8 Tetrachlorodibenza-p-Dioxin (TCDD) | 1.93*10%

Toxicity Mercury 524102 kg 1,4-DB eq/ kg
Cadmium 1.45*10°
1.3, 5-timethyl-Benzene 1.381

Photachemical oxidation Z2-Butene 1.146 kg C2H4 eq/ kg
Propene 1.123

ETHzurich

Mid-point categories: RECIPE

Impact calculation

Impact Category Substance Factor |Unit
5104

Metal depletion Gold 6.99"0 kg Feeq/ kg
Iron 1
Gil, crude S14

Fossil depletion Gas, oil production 0.945 kg oileq/ m3
Methane 0.855
NH3 {Ammania) 2.88

Terrestrial acidification S0Z (Sulfur Dioxide) 1 kg SOZeq/ kg
Nitric oxide 0.71

Freshwater eutrophication Phosphorus 1 kg P eq/fkg

: " MNitrogen 1

Marine sutraphication Ammonia 0824 kg N eq / kg
Mesthane, chlorotrifluara-, CFC-13 1.44*10%

Climate Change Ethane, hexafluoro-, HFC-116 1.22*10% [kg CO2 eq/ kg
Methane 25
Methane, bromatrifiucra-, Halon 1301 12

Ozone depletion Methane, dichlorodifluoro-, CFC-12 1 tg CRC-118q/
Ethane, chloropentafluoro-, CFC-115 0.44 g
2,3,7,8 Tetrachlorodibenza-p-Dioxin (TCDD) 1.01*10%

Toxicity Mercury 5.18*10°% |kg 1,4-DB eq / kg
Cadmium 4524104
1,3,5-trimethyl-Benzens 233

Photochemical oxidation 2-Butene 1.04 kg NMYOGC f kg
Propene 1.9

lonising Radiation Carbon-14 10 kg U235 eq/ kBq
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Impact calculation

End-point categories: Eco99
Impact Category Substance Factor |Unit
Capper 367
MNatural Resource Depletion | Zinc 4.08 W surplus
Aluminium 238
Dioxin (waler) 2.02%10%
Chramium V| {walsr} 343107
: Dioxin (soil} 7.06
Cardnogens Chramium VI {sail) oor1  [PALY
Dicxin {air} 179
Chromium VI {air) 1.75
S0O2Z (Sulfur Dioxide) 1.041
Eutrophication & Nitric dioxide 5713 PDE
acidification 8788
NOx 5712
COz 2407
Climate Change Methane 44*10% |DALY
Methane, trichloroflucro-, CFC-11 2220
) Particles=2.5um 7104
Resp. arganicsfinarganics Parfidas< 10um 2 75410 DALY
Dicxin {water) 1.867*10°
Mercure (water) 1.92%10?
Ecatoxicity Mercure (scil) 1.6a+10¢ [FOF
Dioxin (air) 1.32710°
CFC-11 1.05410%
CFC-12 88310
Ozene Layer Methane, bromochloradiflucra-, Halon 1211 5374107 DALY
Methane, bromotrifiuoro-, Halon 1301 1.26*102

DALY:
Disability adjusted Life years

ETHzurich

Single point: Ecological scarcity

Impact calculation

Impact Category Substance Factor Unit

Matural resources ‘Waler, unspecified natural origin, K\t 4.7%10% UBP/m3
Gas 133 UBP/M3

Energy resources 0il, crude 151 UBP/kg

. %403

Emission into ground watsr | Nitrate 271410 UBP / kg
Cadmium 315108

Emission into top sail Zinc 284108
Lead 3.1*107  |UBP/kg
Vaolume occupied, final repositary for radicactive waste |1.810"  |UBPIm3

Deposited waste TOC, Total Organic Carbon 6.28*107 |UBP/kg
2,3,7,8 Tetrachlorodibenzo-p-Dioxin {TCDD)Y 5.77101

Emission inta air Cd (Cadmium) 4.6410° UBP / kg
Hg (Mercury) 217108
lodine-129 9.3*10°

Emission into surface water | Curium alpha 5.3%10% UBP / kBg
Americium-241 2.9410%
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LCA
Impact calculation

Différent calculation methods
Environmental pression (CML / EDIP / NF P 01-010}
Environmental dammages (Eco99 / ecological footprint)

Différent time horizon

GWP - Global warming potential

The different greenhouse gases, which are emitted in almost every production
process, contribute to a certain extent to global warming. Their individual
Global warming potential is expressed as kg CO2 —equivalent

The more kg CO2 —eq. a gas contains, the more it fosters global warming.

Three time perspectives are included: 20,100 and 500 years.
(Assessment methods: IPCC 2001, CML 2001, EDIP, EDIP 2003)

IPCC CML 2001
20 100 500 20 100 500
Coz 1 1 1 1 1 1
CHg 62 23 7 56 21 6.5
N20 275 296 156 280 310 170
HFC 23 g400 12000 10000 9100 1njo0 9800
HALON-1301 7900 6g00 2700 6200 sboo 2200

ETHzirich

A Method

Life Cycle Analysis (LCA)
e &%

-

Part | : Theory
Part 1i: Challenges
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Discussion on end of life

Production

Transprort

Construction

End of life

Operation

ETMziinch . . .
Discussion on end of life

What is the impact of a recycled product ?

. o
l*ﬂ!ﬂh*”;ﬂﬁ!@*

Petrole
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Discussion on end of life

Share costs and benefits hetween systems

Cut off approach Avoided

(Ecoinvent) impacts
Cost Benefit
Raw .
. A .
materials System 1 Recycling . System 2
Raw
materials
Cost of recycling is taken by the Usefull for understanding the best
user of the waste recycling option.

Risk as mass flow is not preserved

Discussion on end of life

The functional unit (FU) is defined as the internal roof con-
struction necessary to support a 90-m? roof for an industrial
hall—a typical area supported by one glulam beam or one
steel frame. A simple and typical construction for an industrial
hall was chosen: a single, sloping roof with a 1:10 inclination
and an aluminium roof cover. We assume a full service-life to
be 50 years for both constructions.

Table 2 Description of the EoL scenarios

Abbreviation Energy source Fuel in EoL Means of Method for handling the allocation Attr (AY
in demolition transportation disposal problems related to EoL processes Cons. (C)
Glulam beam scenarios
IncCut Diesel Average Incineration Cut-off A
IncSub Driesel Average Incineration Substitution of combustion of natural gas C
GreenlneCut Wind RME Incineration Cut-off A
GreenlncSub Wind RME Incineration Substitution of combustion of municipal biowaste C
ReCut Diesel Average Recycling Cut-off A
ReSub Diesel Average Recycling Substitution of today’s average European C
production of debarked round wood
GreenReCut Wind RME Recycling Cut-off A
GreenReSub Wind RME Recycling Substitution of today’s average European C
production of debarked round wood®
NoEoL All impacts of EOL processes are excluded
Steel frame scenarios
ReCut Diesel Average Recycling Cut-off
ReSub Diesel Average Recycling Substitution of today’s average European production C
of low-alloyed steel
GreenReCut Wind RME Recycling Cut-off A
GreenReSub Wind RME Recycling Substitution of today’s average production of recycled C

un- and low-alloyed steel
NoEoL All impacts of EoL processes are excluded

Sendin e al. 2014, Life ¢ycle ssseswnent of construction smaterials:
The influence of assurptions in end-oflife modelling. The Intemational Journal of Life Cycle Assessment, 10, 723751
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Discussion on end of life

Steel exemple

Life cycle assessment of construction materials: the influence
of assumptions in end-of-life modelling

‘Gustav Sandin - Greg M. Peters - Magdalena Svanstrom

International lournal of Life Cycle Analysis (Springer}

Manufacturing )
= Col Dotted bars = Glulam beam scenarios
B Net impact Checkered bars = Steel frame scenarios
= - - - Eol processes
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ETHzirich

Discussion on end of life

How do we split impact hetween a product and a co-product?

Article 5
By-products
1. A substance or object, resulting from a production
process, the primary aim of which is not the production of
that item, may be regarded as not being waste referred to in

point (1) of Article 3 but as being a by-product only if the
following conditions are met:

(a

further use of the substance or object is certain;

S

the substance or object can be used directly without any
further processing other than nommal industrial practice;

(c

the substance or object is produced as an integral part of a
production process; and

(d]

further use is lawful, i.e. the substance or object fulfils all
relevant product, environmental and health protection
requirements for the specific use and will not lead to
overall adverse environmental or human health impacts.

Official Journal of the European Union L 312[11
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ETMziirich ) . )
Discussion on end of life

How do we split impact between a product and a co-product?

1) Avoid allocation:

Separation
Séparation of multi-fonctional systems into mono-fonctional ones.
Or System expansion approach

Include both products in the functional unit.

ETMziinch . . .
Discussion on end of life

2) If allocation cannot be avoided:

Imputation method
Split flows depending on the relative responsabhility of both products...

Mass attribution
Energetic allocation, chemical allocation, etc... (linked with physical values)
Or linked with non physical values: money.
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ETMziirich ) . )
Discussion on end of life

2) If allocation cannot be avoided:

Imputation method
Split flows depending on the relative responsability of both products...

Mass attribution
Energetic allocation, chemical allocation, etc... (linked with physical values)
Or linked with non physical values: money.

ETMziinch . . .
Discussion on end of life

2) If allocation cannot be avoided:

Imputation method
Split flows depending on the relative responsabhility of both products...

Mass attribution
Energetic allocation, chemical allocation, etc... (linked with physical values)
Or linked with non physical values: money.

\)

—

=0
88%
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ETMziirich . : )
Discussion on end of life

Exemple with steel and slags _

—_— s f"f‘ :: . Steel

Blast Furnace Slag

ETMzirich . . .
Discussion on end of life

Exemple with steel and slags

Economic allocation
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ETMziirich

Discussion on end of life

— — mass allocation

s cconomic allocation
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ETHzurich

Discussion industrial variabilities

Ex: Cement production
- Compare direct emission from different cement plants
- European Database on emissions from industries: EPER

Comen planProdustion [vyr] 1500006 600000 FDGOOD OO0 IS0000 TS0 40000 | 100000 416000 IR 0N0  SD0000  EI0N0 TO000N0 | 000000
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« ) o 7 Cl 31 A son o2 5200 2
- " b " - Detail per indistrial site
o aane Vel Cric e st - Mendatary
@ i L0210 BI2I6C S64 0 S0’ 29110 898107 B30T 502100 48710 935100 693 10° = Transparent
*oeagN0T #3400 584 10" 423 10° 12010° 41410 a0 453 100 & 785 W0 [RERT ¥ 5 R/ B T T
101 10" 26010’ oes107  1as10"  Lsend® 30310
200 102 10"
. Lad 1g*
202 %8
k] : 5
Lowd (10 o 12

| 15082020 | 5

93 | Introduction to durability, sustainability and life cycle assessment of concrete structures —
Life cycle assessment applied to building materials



94

ETMziirich

Ex: Cement production

Discussion industrial variabi

- Compare direct emission from different cement plants

160%%

140%

120%

1007

Environmental impacts

40%

20%

O This study ®ATILH

Abiotic depletion

1000
Eutrophisation
100,

10|

%+

Global
Warming

Acidification

Terrestrial
ecotoxicity

Photochemical
Oxidation

ETHzurich

Acidification Eutrophication

Phatochemical
oxidation

Terrestrial ecotoxicity

Normalised impacts

Marine aquatic
ccotoxicity

Global warming

Ozone layer depletion

Human toxicity

Fresh water aquatic
ccotoxicity

Discussion industrial variabilities

Ex: Cement production
Compare dust emissions

B von Bahr at al /Jounal of Cleaner Production 11 (2003) 713-723

@ Dust, all plants
1,00 ° each year ™ — -
= o 8 Dust, 1993
= 1,004 -
3 080 T 5 o
8 S ooy # - =
£ =z T
3080 H
é ‘é 0,604 T
= T s
X 0,40 | E) |
2 | — o‘au-l
5 o £
| for 1 i
1
1893 1995 1997 1998 T : 3 a4 5 &
year site

6 cement plants
Every year

Each cement plant
In 1993
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7. Practical exercise on modelling LCA

Guillaume Habert

To obtain first hands-on experience with LCA modelling, an exercise is provided. The exercise
looks into the global warming potential (GWP) per 1 m? of concrete, comparing ordinary
Portland cement (OPC) based concrete with alkali-activated materials (AAM) based concrete.

A video recording with further explanation is provided here (15 minutes to watch).

The GWP calculation is performed in an exemplary and simplified spreadsheet, assuming some
tentative inventory data on the constituent materials. Terminology refers to that of AAM
concrete for which further reference is made to the DURSAAM eBook ‘Introduction to AAM’.

A B C D E F G H 1 ) K L M N C\f
1 Excercise 1
2
3 [The aim of the excercise is to compare the environmental impacts of AAM concrete with OPC concrete, given different allocation methods for industrial by-products and examine the impacts of transportation.
2
5 |Mix desig;
6 ke/m3
7 (OPC-concrete| GBFS -AAM __ |FA-AAM
8 Cement 383 =
9 GBFS 375
10 FA 425
11 Na2sI03 10| 70|
12 |NaOH 15 25
13 Sand 729 729| 686
14 Gravel 1093 1093 1028
15 Water 152 152| 116 ]
16 Total 2357 2374 2350

19 Task 1. Estimate the mass and economic impact allocation for GBFS and FA.

20 Compare the AAM mixes with OPC concrete, based on economic impact allocation for by-products. Environmental Imp
P31

2 Table 1. Production_of GBFS |Ceme

Price per unit | Mass allocation (%) of [Economic alloaction (%) [kg CO2.eq. Mass  |kg CO2 eq. ‘
23 Product Mass Unit kg CO2 eqfunit___|(EUR) env. Impacts of env. Impacts allocation Economic allocation |GBFS|
24 [Main product [Pig iron 1[kg 1778351542 400 80.6%| 97.7%| 1.43415447] 1.736671428| [Fa
Slag for
By-product . .
25 granulation 0.24]kg 40] 19.4%| 2.3% 1.43415447| 0.173667143| Material |Na2s
26 NaOF
27 Sand
28 Table 2. Productionof FA |Grave
Price per unit | Mass allocation (%) of |Economic alloaction (%) kg CO2.eq. Mass  |kg CO2 eq.
29 Product Mass Unit kg CO2 eg/unit {EUR) env. Impacts of env. Impacts allocation Economic allocation Wate
30 [Main product |Electricity 1[kwh™ 1.080917831 01 85.8%| 99.0%| 0.927763261] 1.069791994)] [Truck
By-product | F1¥ 3h for Transport |_
31 drying 0.052|kg 0.02 14.2%| 1.0% 2945280193 0.213958399) [Train &
M < » »| Exercse | Excercise _solutions 3 n ! m I 0
Pronts [EEEETS) ) ).
—

A link to the spreadsheet is provided here.

The spreadsheet contains the following subsequent parts:

95

Mix design. This part lists the mix proportions of the 3 concrete compositions which
are compared.

Task 1. In this part the GWP is calculated, accounting for the use of by-products in the
concrete mix design by means of an economic impact allocation. For the latter, the
mass and unit price of the by-product versus the main product (the latter generating
the by-product as a side stream) are of importance. Depending on the entered
numbers for these parameters different GWP results are obtained, and the influence
of the economic impact allocation can be noted.

Task 2. In this part the GWP is compared with respect to Task 1, assuming that the
prize of FA would increase by a factor 3. It once more illustrated the impact of prize
setting on the GWP considering economic allocation.

Task 3. In this part the GWP is considered when looking closer into transport distances
of the by-products. Transport distances have a major impact on GWP and it can be
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https://youtu.be/qKa-hM2e_7E
https://biblio.ugent.be/publication/8680917/file/8680927.pdf

calculated which transport distances are acceptable for the by-products, so not to
exceed the impact of the reference concrete.

Outputs of the GWP calculation are visualised in graphs, which are shown at the right-hand
side of that respective part of the spreadsheet. The unit of the resulting GWP is kg CO2.eq per
m?3 of concrete. An example output (numbers are indicative) is illustrated below.

GWP
400
350
300
250
- —
150
w —
: m
0
OPC-concrete GBFS -AAM FA-AAM
M Cement MGBFS MFA Na2SI03 ®mNaOH ®mSand M Gravel B Water
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8. Introduction to circular economy

Birgitte Holt Andersen

In this chapter an introduction is given on what circular economy is and why it is a popular
topic these days. An explanation is given into the shift from a linear to a more circular economy,
the policy framework which can be associated to circular economy and the importance of it for
the construction sector.

A video recording with further explanation is provided here (27 minutes to watch).

SESSION 7/
Introduction to
Circular Economy

What is Circular Economy and Marie Curie
Why is it a pOpLI Iar tOpiC these Innovative Training Network
days?

ON-LINE COURSE
17 SEPTEMBER 2020

Dr. Birgitte Holt Andersen, PhD,
MSc. Economics

C ARE
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https://youtu.be/HwAbLW8u4Ms

Introduction to
me and CWare

| am an economist, PhD in Corporate Strategy,
worked at Joint Research Center/Space Institute,
Gallilec Programme, Chief Project Manager in
COW!I, now CEQO and partner in CWare.

CWare is a research and consultancy start-up
specialised in circular-economy, economic and

i | feasibili and market
strategic exploitation. We are currently involved in
H2020 projects on Geopolymer cement using local
industrial waste streams, URBCON and one on
urban resilience.

www.cware.eu @/\ RE

https://www.linkedin.com/in/birgi
tte-holt-andersen-5640835/

98

Official Programme

["EC Thursday, 17 September 2020

Session 7

Birgitte Holt Andersen, PhD, CWare

Introduction to Circular Economy — what is Circular Economy and
why is it a popular topic these day?

Polling (short quiz)

Q&A - discussi

LSS (IR Break

ion
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The main Subjects of session 7

Why are we talking about Circular Economy

From Linear to Circular Economy

Ellen MacArthur Framework

Relevance of Circular Economy in the Construction Industry

Discussion Points

Y Y YN YN Y Y

]
)
]
Circular Economy in Policy |
J
]

WHY CIRCULAR ECONOMY? ._
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Circular Economy - 2 main reasons

Cco2
emissions

2 reasons

Natural
Resource
depletion

Fttps:/fyoutu.be/ TSM3MIPIWA

Types of Natural Resources )

1. Renewable resources:
Renewable resources are those that are constantly available (like water) (-
or can be reasonably replaced or recovered, like vegetative lands. R
Animals are also renewable because with a bit of care, they can Animal Resources
reproduce offspring's to replace adult animals.
If renewable resources come from living things, (such as trees and

— & = -
animals) they can be called organic renewable resources. & m{ \
=P -
- e ’-} |
‘Water Resources Land Resources

Crude Ol

If renewable resources come from non-living things, (such as water, sun
and wind) they can be called inorganic renewable resources.

2. Non-renewable resources

Non-renewable resources are those that cannot easily be replaced once ol
they are destroyed. Examples include fossil fuels. Minerals are also non-
renewable because even though they form naturally in a process called

Forest Resources

the rock cycle, it can take thousands of years, making it non-renewable.
Non-renewable resources can be called inorganic resources if they
come from non-living things. Examples include include, minerals, wind,
land, soil and rocks.

Precious Metals. Minerals, Rocks.

Some non-renewable resources come from living things — such as
fossil fuels. They can be called organic non-renewable resources.
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Natural resource depletion

Resources are exhausted when they are used
guicker than they can regenerate themselves.

The resources under most threat of depletion
are: Water, coal, oil, natural gas, fauna&flora
{fish), rare metals, aggregates, sand..

What causes depletion: Population increase,
contamination, high utilisations of resources,
land-use changes.

Effect on human health: Poverty, atmospheric
changes, loss of biodiversity.

BORN IN 2010: i d
How much is left? e

TEARS RENARING # PROGUCTION RENANS STATIC

2010 2020 2030 2040 2050 2060 2070 2080 2090 200

[T [ I (=
oy s | | — ———

ENERGY

=m-
e R —
el ke

I
E— - |

IR ——-—
:
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FROM LINEAR TO CIRCULAR ECONOMY

CIRCULAR

LINEAR ECONOMY RECYCLING
ECONOMY ECONOHY

=}
=

LINEAR ECONOMY

A m s € S
[reanuracTumec Bl consumeTioN | WASTE

So what is Circular Economy?

is it a new buzzword, a policy
framework, a new economic
cure and what does it mean
for the individual, the
company, the city ,the countr
and the planet?
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The Concept of Circular
economy did not happen
overnight... CIRCULAR ECONOMY

ENVIRONMENTAL INDUSTRIAL
ECONOMICS ECOLOGY
IMPLEMENTATION AT IMPLEMENTATICN AT IMPLEMENTATION AT
MICRO LEVEL MESO LEVEL MACRO LEVEL
COMPANY/INDIVIDUAL LEVEL ECO-INDUSTRIAL PARKS CITY, PROVINCE, NATIONAL LEVEL

OCLEANER PRODUCTION OINDUSTRIAL SYMBIOSIS CIECO-CITIES, URBAN SIMBIOSIS
L Eco-design
CIGREEN CONSUMPTION D WASTE TRADE MARKETS DREGIONAL ECO-INDUSTRIAL
CIGREEN PUBLIC PROCUREMENT METHHORS AD PRODUCTIEHL
OIPRODLUICT RECYCLING&REUSE EIZERO WASTE PROGRAMMES

LA oo e o] e
o n".

s S ﬁ. e W
_ & ® 5 |SUSTAINABLE DEVELOPMENT | e

SOURCE: FREE AFTER GHISELLINI {2016) pove... Ao
s ke Bt B

CIRCULAR ECONOMY - an industrial system that is restorative by design

Increasingly powered 2
by renewable eneray @ ‘ Mining/materials manufacturing

Parts manufacturer

Biochemical ‘ ‘
feedstock Product manufacturer

Voo

o pepviden Refurbish/

= o

Biological cycles Technical cycles

Restoration

Ellen
MacArthur
Framework

Biogas

Anaerobic

digestion/ Collection Collection
composting l 1
Extraction of -
biochemical Energy recovery
feedstock® L l 1
A o &’ Leakage to be minimised
Landfill
1 Hunting snd fishing
2 Can take Both post-harvest and post-consumer waste a5 an input
‘SOURCE: Eflen MacArthur Foundation @ ELLEN MACARTHUR FOUNDATION
Adapted from the Cradie to Cradle Design Protocol by Braungart & McDonough
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CE DEFINITION

What is a circular economy?

Looking beyond the current take-make-waste extractive industrial model, a circular
economy aims to redefine growth, focusing on positive society-wide benefits. It
entails gradually decoupling economic activity from the consumption of finite
resources, and designing waste out of the system. Underpinned by a transition to
renewable energy sources, the circular model builds economic, natural, and social
capital. It is based on three principles:

*Design out waste and pollution
*Keep products and materials in use
*Regenerate natural systems

Eifen MacArthur Foundation

This is
where we
are now

Material flows in EU, 2017, billion tonnes per year (Gt/year)

EU Environment

<

Emissions to air
26
0.7

Materials extracted
54

o

= o W
° °"
Fossil fuel |
J v e

ec.europa.eu/eurostati
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Breakdown by types of material (billion tonnes Gt)

Direct material Processed

inputs material
06 98

Emissions to air

Emissions to
T water

0.01

Waste landfilled
071

Legend

@ Biomass

©) Non-metalic mineral
O Fossil energy materials/carriers

o Metal ores

Backfiling
021

-
Recycling
072 ec.europa eu/eurostatill

. In a perfect Circular Economy:

= Dissipative flows

zero-waste

Emissions to air

. Emissions to

Incineration

Sustainable
< SOUFCING

V

All materials
used goes back

use

into the Iosp

Naste

treatment

' Sustainable

ccumulation

consumption

" "Sustainable
“production
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Recycling rates in EU

Recycling of mineral wastes across Europe

according to different sources

Austria
Belgium

Denmark
Germany

Ireland

ltaly i

Ponugal-

Spain i

The Netherlands
United Kingdom

0% 20% 40%
mCSl report 20089 mEQAR

60% 80%
other sources

100%

Source: ECRA report on concrete recycling hitps:/iwww.thecongreteinitiative.suinewsroom/publications de_

Circular Economy as a political instrument

The
European
Green
Deal

EU POLICIES

NATIONAL POLICIES

REGIONAL POLICIES

CITY POLICIES

o RN

y

£

A New \
Circular Economy
Action Plan

O

d
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International dimension

£

> \\ -
SN | %

3 A*

2030 Sustainable Agenda
onal

; = commitments
*Lae  Circular
WX e\  Economy
& ¥ 2 dosing the loop -
@ ESa an for
" - cular Economy

Paris Agreement ta combat climate
change

G7 Alliance far Resaource Efficiency -
buitding more sustainabte supply chains
and global markets for secondary raw
materials

T Circular econd_my package -

Maintaining the value of products, State of Play
materials and resources in the

economy for as long as possible
—_— — —
Transition Minimising waste generation —_— — P
towards a —_— — —_—
Circular o L J
Boosting our competitiveness with setion Plan List of Follow-up 4 Legislative
new business opportunities and Communication Initiatives (Annex) proposals on waste,

innovative products and services ‘ l fertlizers andw‘ater reuse

Bringing economic, social and 1/3 of the actions Under debate at the
environmental gains are being Council and at the
implemented European Parliament
=

Priority sectors .
At local and regional level

Bipmass B
Bio-based

Products Regional  Brussels Region-Programme Régional en
Economie Circulaire

Scotland-Making Things Last - A Circular
Economy Strategy for Scotland

Food
Waste

Local Amsterdam- Report "Circular Amsterdam"

Paris-White Paper on the Circular Economy of
the Greater Paris

Implementatio_n—-At national level

National France- “Loi de Transition Energétique pour . { 3 o Strategy for
o X Circular Economy

la Croissance Verte'

Germany- German Resource Efficiency
Programme {ProgRess II)

The Netherlands-A circular economyin the
Netherlands by 2050

Finland- Finland's National Circular Economy
Roadmap

https://www.cecd.org/env/outreach/Presentation%20by%20P

atrick%20Wegerdt%20EC. pdf
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Relevance of Circular Economy in the Construction

Industry

Figure 2« d 2018
Energy " Emssons il
Notes: Construction indust o
suuch o stwel, cement and glass.
Sources: Adapted from IEA (2019), and A (J0195), Fnergy
Technology Perspectives, buikdings mode, www. 4. or/bulksngs.

Each year, more
than 4 billion
tonnes of cement
are produced,
accounting for
around 8 per cent
of global CO:

emissions

Annwial total COa enissior

s, by work] region

Ot o Do y B Conriy (1979 20081

Relevance of Circular Economy in the Construction

Industry

Figure 7: Process CO; emissions of alternative clinkers compared to OPC

WS Process CO: (kg/tonne) " Potential reduction of process emissions

o ke 23% 33% 43% 48% 80-90%  >100%
500
400
300
200
100
° o BPC Low- High- cesc CSA  Allali-activated MOMS

ye'elimite  ye'elimite binders.
BYF BYF

for OPC, BPC, low- and high-

clin and Sui (2017),
. Data for clinker for CSA K. (2010), 'Low-C0O2 Ce
Cal &g
ok Vi,

5 CAPEEY Carbor Nov
Cements_Keith_Quillin R 20 Jan. 2018).
Note: BPC stands for belite-rich
10 as BCSA (or CCSC stands , CSA calcium

1. CO2 reduction

2. Level of Circularity

Making Concrete
Change

Innovation in Low-carbon
Cement and Concrete
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How does your work fit into the Circular Economy framework’

IT DRIES THE WASHING USING THE VERY
LATEST TECHNOLOGY = A COMBINATION
OF SOLAR AND WIND POWER

~\l'
(&
-

g

Y

T ke
CHRIS
MADDEN
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9. Circular economic modelling

Birgitte Holt Andersen

In this chapter circular economic modelling is discussed, addressing the main barriers and
challenges throughout the value circle to move from a linear to a circular economy. The main
elements of the model are listed, as well as some results in which this is applied for 2 European
projects (URBCON and WOOL2LOOP).

A video recording with further explanation is provided here (31 minutes to watch).

SESSION 8
Circular Economic®
Modelling

What are the main barriers and

challenges throughout the value circle to | DJU| R4 SAAM - s oo

move from linear to circular economy? PhD Trammg Network on Durable, Reliable and Sustamable Structures wnh Alkah Activated Matenals /
Examples from the URBCON project. = 7 T

ON-LINE COURSE
17 SEPTEMBER 2020

Dr. Birgitte Holt Andersen, PhD,
MSc. Economics

CARE
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https://youtu.be/3J45Qhw-gzA

The main Subjects of session 8

Short intro to URBCON

The Circular Concept of URBCON

Some results from URBCON and WOOLZLOOP

Market strategic considerations

{
[
The elements of our Circular Economic Model
[
[
Discussion Points

| WLV N N W W S

@ARE

The URBCON Project- objectives and scope

interreg | iiteleo
URBCON ] Alkali-activation technology route :

By-products for sustainable concrete
in the urban environment

Projectpartners:

e 1 Fupen 'V‘ E.n“ m:‘l’vs

A = PN Agarogates. cans ‘Concrete
wsouncr.  OWare VAZ. KAMPE  liomom .l .
Financial support of EFRG:
Sl 5 Reploce Porttand cement:
. * Alkali activated binders - milled mineral by-products + alkali activators
Replace aggregates {primary row materials)

+ Secondary materials = recycled concrete aggregates and/or granular mineral by-products

NWE area

Tangible long-term effects:
- 10% market share of concrete market by 2028
- 20% market share of concrete market by 2033

@ARE

12: school Building
Ghent PILOT

LONG TERM

>
=
=
=
=
=
&
2
[

COMMUNICATION

13: ARC OFFICE
KAMP C in Westerlo
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The URBCON Project- Pilots

(1) Rotterdam pilot (2 x 5m span bridge)

COMMUNICATION
Lons Term
SUSTAINGBILITY

forep
(13] “t Centrum circular office building, ot
Kamp C Westerlo

The Circular Concep
of URBCON

SRM URBCON
Market products
Platform

URBCON

design

models URBCON

Circularity

* pedestrian

* outdoor
modular wall

Usability
concepts of
SRMs

h
i |

CONCRETE f
% ‘\1‘

Onee
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OUR CIRCULAR
ECONOMIC MODEL

Aim:
to understand the business case at
each level of the value circle

Approach:
Interviews with stakeholders
Narratives

Data and statistics

Modelling and analysis

END OF LIFE

USE PHASE

SOURCING

TREATMENT OF
SRM

Describe the activity = baseline
Describe CIRCULAR intervention
Identify cost flows
Identify benefit flows
Identify externalities
Identify barriers/opportunities

PRODUCTION

”

WVARE

Results so far - developing the CE Tool

WOOL2LOOP and URBCON

Circular Economic modelling

The CE Tool is under development in

C ARE
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[P E—————

Applying the CE Tool =

-~ Y s s enom Susres Case | Busnesscas
-~ arsbog agerany D

SOURCING

T Tt conn, APt G
TREATMENT OF
L R
END OF LIFE SRM “I II I II | ||
Describe the activity = baseline - - -
Describe CIRCULAR intervention w———trs
Identify cost flows
Identify benefit flows.
Identify externalities
Identify barriers/opportunities
T e i CAPEX O
USE FIGGE PRODUCTION NI _
~
=e
MKT/SALE/DIST - lg’l?’ - B - 4
s e e
o trom x

I ' @ARE

N t Industry:
a rra IVeS. e Want to getrid of waste

. . . . Will pay for having the waste reused, since it
From interviews and interactions will improve the climate footprint of their
with various stakeholders primary production

An emerging Industry:

Investments required for treatment machiner;
q v
TREATMENT OF Growing interest in valorisation of SRMs
END OF LIFE SRM Dernand side stil to be proven
Describe the activity = baseline
Describe CIRCULAR intervention
Id'dg”f‘;ﬁé“‘)“;‘;""s Who will be the producers of Geopalymers?:
enti enefit flows
o New players
!dﬂﬂt‘f‘/rﬂxlﬁf”El'lUES 7 Existing concrete plants
Identrfy barrfers/opportunities Manufacturers of building materials
UEE FRVAGE PRODUCTION Lovw entance barners
Relatively modest investments required to
produce geopolymer cement

MKT/SALE/DIST
The market is demanding green
products/low 02

srehl

@ARE
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Main barriers in turning circular -

the general picture

* Llongterm
performance data

* OPCis a homogenous
preduct, Geopolymer

is not logical

barriers

User
accept-
ance

* Consumer and
stakeholder reluctance

* Risks asscciated to the
products

= Lack of reference
cases/proof of concept

Techno-

Building codes
Regulatory
standards
Hazardous
waste
considerations

Legislative
barriers

Market
barriers

Market prices of OPC
relatively low

Price on virgin
materials still low
Procurement

procedures fa\a@’ARE

The competitive reality of geopolymer

cement

Figure 17: Market shares for different cement types in European countries, 2007

W CEM 1 (OPC > 95% clinker)
W CEM 11T GBFS/GGBS cement (5-64% clinker)
W CEM V Composite cement (20-64% clinker)
Market share (%)

100
-

CEM 11 Blended cements (65-94% clinker)
W Other

10 . o A |
' i j |

Finland Portugal Spain Netherlands Sweden France Germany Ireland

* Some countries are more
change-ready than others

BN CEM IV Pozzolanic cement (45-89% clinker)

* NB: Old data (2007)

L

UK

Source: Authors’ analysis based on data from Cembureau (2013), Cements for a low-carbon Europe, https://cembureau.eu/

media/1501, S pdf (accessed 21 Jan. 2018).

Note: Although more recent data are available for some countries, 2007 was the most recent year for which data were

available across all the countries considered.
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Cement market segments ‘ B covmunens o

Cement production + clinker axports Ktonnes oy much
would be non-

READY-MIX PRE-CAST Ntural usage?

NON»RESIDENTAL 45% - - o o
Current practice: ‘One-size fits all’ appreach.
CIVIL ENGINEERING 15% Because cement is cheap, we over-consume...

50% 50%
peveloping 2050 2020
World )
Resturations/]
LCW END APFLICATIONS HIGH END APFLICATIONS maintenance
Flooring, floors, simple walls, pavings ~ Highway re-inforced bridge beam
. o High-rise Structures New
2-4 times over-design in strenghts Constructions Developed
World
GEOPOLYMER AS A NICHE PRODUCT 2020 2050
— based on the key advantages
il
WVARE

Decision process and pressure points

« Suppliers are selected by the
contractor according tothe
specifications given from the
client or the architect

« If nothing else, price is the main

competitive factor at the level

of the contractor

SUPPLIERS

« New materials

« Sustainable solutions, Circular
design

+ Design and ethics

CONTRACTOR

« The construction engineer will
follow given standards and
building codes unless something
else iz specified inthe contract
with the client

« Public Procurement at local,
ragional, national level
(infrastructure, schools,
hospitals, social housing)

« Real estate developers

« Industrial clients

DESIGNER/ARCHITE
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Structural
characteristics
of the cement
industry

Higher prices of virgin raw
materials either due to scarcity
or due to taxes on virgin raw
materials and CO2 taxes on
energy

Increased competition on
close-to-OPC substitutes, e.g.
flyash and GGBFS

Porter: ‘5 competitive forces’

There are a number of economic actors, that might consider entering into
the green cement market:

- Producers of relevant waste streams or SRM suitable for the production of
green cements, e.g. mineral/glass wool manufacturers, mineral
manufacturers (mineral by-products, kaolin), Steel/metal manufacturers (for
steel/metal slags) OR joint ventures between these industries, SRW
treatment companies and concrete plants

COMPETITION
BUYER POWER
SUPPLIER POWER CONVENTIONAL

EMENT MARKET,

THREAT OF
SUBSTITUTION

There are substitution possibilities for OPC cement as a
building material. Broader substitutes includes wood, stesl.
Close substitutes with similar properties as OPC includes
mixed cement types, and AAM or geopolymer cement

Discussion Points

* How to launch geopolymer cement into the market?

The demand side consists of
different type of stakeholders.
from residential, industrial and
infrastructure procurement
agents, civil engineeering
companies, architects, cities
and public procurement.

The overall trend is CO2
reductions strategies, circular
economy targets, green
building certifications.
=increased demand for green
cements

1@ARE

* How to orchestrate the value chain to ensure uptake of
geopolymer cement and to overcome the identified barriers?

* What are the main challenges in implementing circular

concepts like the URBCON concept, and geopolymer

cement?

1(: ARE
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10. Securing future supply of secondary raw materials

Birgitte Holt Andersen

Secondary raw materials (SRMs) play an important role in some circular economy concepts,
such as using by-products for AAM concrete (or geopolymer concrete), as researched in the
DuRSAAM project. The material flows associated to the use of SRM are of importance and
should be inline with the market dynamics, e.g. will there be enough suitable SRMs to feed the
production of geopolymer cement in the future?

A video recording with further explanation is provided here (23 minutes to watch).

SESSION 9
Securing future ¢
supply of Secondary
Raw Materials

Will there be enough suitable SRMs to Marie Curle
feed the production of geopolymer DuR SAAM - Innovative Training Network
cement in the future?
ON-LINE COURSE

17 SEPTEMBER 2020

Dr. Birgitte Holt Andersen, PhD,
MSc. Economics

C/\RE
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https://youtu.be/D6vXyXHEqsM

OFFICIAL PROGRAMME

Session 9
Birgitte Holt Andersen, PhD, AbHER
Securing future supply of secondary raw materials (SRM) — will there be
enough suitable SRMs to feed the production of geopolymer cement in the
future?

EYETEETETY Polling (short quiz)
[ 11:30 - 11:45 |

Q&A session - discussion

EXMTEETE T Clossing session

The main Subjects of session 9

Overview of SRMs suited for geopolymer cement production

Overview of availability: amounts and characteristics

What will determine the prices of the SRMs?

Potential SRMIs??

[Forecasting availability
[Presentation of assignments and Discussion Points

| W, NV W S N, N
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Waste streams (SRMs) feeding geopolymer cement

Many dijferent industrial value chains

;

Steel/metal production Steel slags
Thermal Power Plants

- Kaolin, clay by-

Mineral extraction Kaolin, clay by-
products
Household waste

Production
Treatment of

of SRM Geapolymer
Cement

ﬁ Wind Power

Ex: Waste water treatment value chain

N

BIOFOS A/S treats waste
water for 1,2 million people F

Geopolymer cement (under testing) |y
-

~ Each person is responsible for 7 kg SLA/year
Each person uses 300 kg cement (OPC)/year
Currently only 12% Sewage Sludge are incinerated in EU
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\ B2B Prefab concrete /

in the Copenhagen area = 3
L jm ) aaa“
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-

10.000 tons of waste water sludge v IR v Y

ashes (WWSA) are the final waste 2 — e T C)
product = oy ~ e iy
10% phosphors 2> et

90% silicate sand 2> o o vam

structures —



SRMs suitable for Geopolymers MT/Y

Are there =
enough .
SRMs °
available?

* Stocks and flows of
SRM

+ Competing use

*+ Regional
perspective/regional
sourcing

FORECASTING AVAILABILITY OF SRMs

STOCKS/FLOWS

Mineral wool waste production in EU

12000000
« 10000000
] ~—\/olumes waste old fibres
=
3 - e
Z 8000000 Volumes waste new fibres
8
z
T 6000000
£
E
& 4000000
o
c
5
= 2000000

Example

- 0
Mineral Wool Waste (MWW) TTINS LI T e
S232223223RRRRRRARRIRRRER

Year

Figure 6° Expected mineral wool waste volumes (old and new fibres) - including shorter renavation cycles from
2018 on
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FORECASTING AVAILABILITY OF SRMs
A”Q 4@, \ qm; E: STOCKS

Example
Wind mill wings (MWW)
Glassfiber

Different sources to

estimate flows:

- Number of wings to
be scrapped each
year

- Number of leisure
vessels to be
scrapped each year

* Yearly production of
glass fiber

*VaRgRERRaRRARRERRR

What will determine the price of the SRM?

In principle two ways of pricing a
product:

* Cost base pricing

* Market based pricing

EUR

1500

1000

GEOPOLYMER
CEMENT

500 e : S
50%-80% OF.OPC : ORGTE MY ¥
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COST BASE PRICING

Cost price of MWW powder/T =
[LabourCost of separation/T] +[Transport cost of
MWW powder/T]+[Milling machine
CAPEX/T]+[Milling machine OPEX/T]

Example from
Wool2Loop

o

OFTEN WE START AT
A NEGATIVE PRICE!!

MARKET BASED PRICING

EUR

1500

1000 B GeopoLvmER 3 ; , GEOPOLYMER "\
CEMENT ) " W CEMEND P

500 : g Po) Lk o

50%-80% OFORGHE.
" -

50%-80% OF.OPC

2020 2030

* WHAT IS THE MARKET WILLING TO PAY
* REFERENCE CASE: OPC AS CLOSEST SUBSTITUTE AT CEMENT LEVEL —
* DIFFERENT AT PRODUCT LEVEL
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Potential SRI\/IS?

Maturity Coumszztemg Quantities Costs
SRMs
Ju w Tested Few/none 2-10MT/Y Medium |
Steel slags |CommerC|aI high  27MT/Y high |
y iy el ‘Commercial Few/none 26MT/Y high |
R | oo Some  1000+MTY  Med/higt
| Researh None 4 MT/Y Low |
": ] ‘ Research None  0,4-3MT/Y Low |
W ] | Tested None  1-2MT/Y Low/Medl

Other SRMs????

DES T IONS
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* Mention the SRMs you have worked
with or you believe has the best
potential for producing geopolymer
cement

* |dentify availability of SRMs (suitable
for geopolymer) in your country or
region and try to identify sourcing
possiblities and quantities available

* Explain how you would price your
developed geopolymer cement?

* Your considerations for calculating a
price

* What are the customers willing to pay?
* What are your key selling points?

* Prepare a sales pitch - 2 minutes oral
presentation
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About the teachers

Geert De Schutter — Ghent University

Geert De Schutter is full professor Concrete Technology and ERC
Advanced Grant holder at Ghent University. He is head of the
Department of Structural Engineering and Building Materials,
technical director of the Magnel-Vandepitte Laboratory and
former RILEM Director of Development. He is fellow of RILEM
and ACI, and recipient of several national and international
awards. His research is situated in the following domains:
concrete  technology, hydration and  microstructure
development, properties of hardening concrete, durability of
cementitious materials, self-compacting concrete, rheology of
cementitious materials... He is author of a few text books,
including “Damage to Concrete Structures”.

Guillaume Habert — ETH Zurich

Guillaume Habert holds the Chair of Sustainable Construction
and is associate professor at the ETH Zirich. His work focused
on the development of sustainable concrete. He has lectured on
sustainable construction and has taught in various engineering
and architectural schools. In 2015, he was awarded the RILEM
Robert L'Hermite medal for his pioneering work on LCA of
concrete and recycling processes.

Birgitte Holt Andersen - Cware

Birgitte Holt Andersen is heading the research and consultancy
activities at CWARE and is involved in a number of research
projects concerning Circular Economy, resource efficiency,
resilience and sustainability of Cities. Birgitte also acts as an
expert adviser to the European Commission on specific
programmes of the H2020 RTD framework Programme. Birgitte
is an experienced economist/PhD working in both research,
industry and for the European Commission. Birgitte’s main
interests are circular economic modelling, emerging industries
and exploitation of innovative products/services/business
concepts that can help our societies in becoming more
sustainable.
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Stijn Matthys — Ghent University

Stijn Matthys is full professor on renovation of civil structures
at Ghent University, Magnel Laboratory for Concrete Research,
furthermore he is manager of the Ghent University
DuraBUILDmaterials knowledge cluster. His expertise relates to
structural renovation of civil structures, fibre reinforced
polymer (FRP) reinforcement, structural behaviour of concrete
structures, damage diagnostics and monitoring, and
technologies for durable building materials and techniques.

Marijana Serdar — University of Zagreb

Marijana Serdar works as Assistant Professor at the Department
of Materials. Her main field of research interest is design,
testing and application of more durable and sustainable
construction materials and development of design approaches
for more durable structures. In 2015 she received annual award
for young scientist “Vera Johanides “ from Croatian Academy of
Engineering. Currently, she is managing 2 and participating in 1
project in the field of alternative binders for concrete, and is
managing 1 project on development of autonomous system for
assessment of structures. She is mentoring PhD students in a
newly formed LATOM laboratory.
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About DURSAAM

DuRSAAM is a collaborative PhD framework creating a critical mass of experts skilled in
innovative alkali-activated material (AAM) concrete, as a key enabling technology for a
sustainable and resilient built environment. AAM technology presents a new generation of
materials, ideally conceived to respond to the need for more efficient, durable, eco-friendly
and reliable construction, and utilizing by-product resources as raw materials. Modern
concrete will be produced with low carbon footprint (CO2 emissions reduced by 80%), lower
energy consumption and reduced use of primary resources (>1.5 t raw materials are quarried
per t Portland cement clinker; this will be reduced by >60%), and with an addressable market
for AAM binders of 5 B€/yr. DURSAAM answers unmet industry demands, to facilitate
emerging AAM technology for continued market entry and to unlock its potential in society.

The consortium brings together 7 academic and 15 non-academic partners, to excel in the
scientific development and exploitation of AAM concrete, advancing design, modelling and
practice beyond the state-of-the-art. It holds a unique focus on: (1) today’s concerns of users
and engineers that the durability and sustainability of AAM concrete is yet insufficiently
quantified; and (2) provision of an AAM technology for rehabilitation of structures to meet
the growing demand for renovation, to be developed in parallel with AAM for new concrete
structures.

DuRSAAM runs from 2018 till 2023 and delivers world-leading training in this multidisciplinary
field through 13 PhDs in interrelated aspects of AAM concrete, fibre reinforced high-
performance concrete, and textile-reinforced mortar, as well as sustainability assessment. The
outcomes will be instrumental in delivering a sustainable future in Europe’s construction
industry, which is increasingly driven by the growing demand for durable yet cost-effective
solutions, driving a greater focus on reliable and comprehensive eco-efficient material
technologies such as AAM.

- D u RSAA The PhD Training Network on Durable, Reliable and
Sustainable Structures with Alkali-Activated Materials

This project has received funding from the European Union’s Horizon 2020 research and innovation

programme under grant agreement No 813596 DuRSAAM.
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Exercise

		Excercise

		The aim of the excercise is to compare the environmental impacts of AAM concrete with OPC concrete, given different allocation methods for industrial by-products and examine the impacts of transportation. 

		Mix designs

				kg/m3

				OPC-concrete		GBFS -AAM		FA-AAM

		Cement		383

		GBFS				375

		FA						425

		Na2SIO3				10		70

		NaOH				15		25

		Sand		729		729		686

		Gravel		1093		1093		1028

		Water		152		152		116

		Total 		2357		2374		2350



		Task 1. Estimate the mass and economic impact  allocation for GBFS and FA. 

		Compare the AAM mixes with OPC concrete, based on economic impact allocation for by-products.																										Environmental Impacts (GWP per unit)														GWP per 1m3 of concrete

																																Unit		kg CO2 eq.										kg CO2.eq/m3

				Table 1. Production  of GBFS																								Material		Cement		kg		0.891										OPC-concrete		GBFS -AAM		FA-AAM

						Product		Mass		Unit		kg CO2 eq/unit		Price per unit (EUR)		Mass allocation (%) of env. Impacts		Economic alloaction (%) of env. Impacts		kg CO2.eq. Mass allocation		kg CO2 eq. Economic allocation								GBFS		kg		0.1736671428						Material		Cement		341.253		0		0

				Main product		Pig iron		1		kg		1.7783515424		400		80.6%		97.7%		1.4341544697		1.7366714281								FA		kg		0								GBFS		0		65.1251785541		0

				By-product		Slag for granulation		0.24		kg				40		19.4%		2.3%		1.4341544697		0.1736671428								Na2SIO3		kg		0.913								FA		0		0		0

																														NaOH		kg		0.874								Na2SIO3		0		9.13		63.91

																														Sand		kg		0.012								NaOH		0		13.11		21.85

				Table 2. Productionof FA																										Gravel		kg		0.019								Sand		8.748		8.748		8.232

						Product		Mass		Unit		kg CO2 eq/unit		Price per unit (EUR)		Mass allocation (%) of env. Impacts		Economic alloaction (%) of env. Impacts		kg CO2.eq. Mass allocation		kg CO2 eq. Economic allocation								Water		kg		0								Gravel		20.767		20.767		19.532

				Main product		Electricity		1		kwh*		1.0809178309		0.1														Transport		Truck		kgkm		0.000163								Water		0		0		0

				By-product		Fly ash for drying 		0.052		kg				0.02																Train		kgkm		0.000049								Total		370.768		116.8801785541		113.524

				* 1 kwh= 0.367 kg  coal																										Ship		kgkm







		Task 2. Estimate environmental impacts of FA with economic allocation , given price of FA increases 3 times.

		How would GWP of FA-AAM change?																										Environmental Impacts (GWP per unit)														GWP per 1m3 of concrete

																																Unit		kg CO2 eq.										kg CO2.eq/m3

																												Material		Cement		kg		0.891										OPC-concrete		GBFS-AAM 		FA-AAM		FA-AAM with increased price

						Product		Mass		Unit		kg CO2 eq/unit		Price per unit (EUR)		Mass allocation (%) of env. Impacts		Economic alloaction (%) of env. Impacts		kg CO2.eq. Mass allocation		kg CO2 eq. Economic allocation								GBFS		kg		0.1736671428						Material		Cement		341.253		0		0		0

				Main product		Electricity		1		kwh*		1.0809178309		0.1																FA		kg		0								GBFS		0		65.1251785541		0		0

				By-product		Fly ash for drying 		0.052		kg																				Na2SIO3		kg		0.913								FA		0		0		0		0

																														NaOH		kg		0.874								Na2SIO3		0		9.13		63.91		63.91

																														Sand		kg		0.012								NaOH		0		13.11		21.85		21.85

																														Gravel		kg		0.019								Sand		8.748		8.748		8.232		8.232

																														Water		kg		0								Gravel		20.767		20.767		19.532		19.532

																												Transport		Lorry		kgkm		0.000163								Water		0		0		0		0

																														Train		kgkm		0.000049								Total		370.768		116.8801785541		113.524		113.524

																														Ship		kgkm



		Task 3. What environmental impacts will have transportation of by-product to production site? 																										Transportation mode: lorry																Transportation mode: train

		How far do you need to procure your by-products (GBFS and FA) to have an impact equivalent to cement based concrete?																												GWP per 1m3 of concrete																GWP per 1m3 of concrete

																																kg CO2.eq/m3																kg CO2.eq/m3

				Tansportation 																												OPC-concrete		GBFS -AAM (truck)		FA-AAM (truck)												OPC-concrete		GBFS AAM (train)		FA-AAM (train)

								Distance (km)		Mode (scenario 1)		Distance (km)		Mode  (Scenario 2)														Material		Cement		341.253		0		0								Material		Cement		341.253		0		0

						GBFS		5000		Truck				Train																GBFS		0		65.1251785541		0										GBFS		0		65.1251785541		0

						FA		1000		Truck				Train																FA		0		0		0										FA		0		0		0

						cement		300		Truck		300		Train																Na2SIO3		0		9.13		63.91										Na2SIO3		0		9.13		63.91

						Na2SiO3		500		Truck		500		Train																NaOH		0		13.11		21.85										NaOH		0		13.11		21.85

						NaOH		500		Truck		500		Train																Sand		8.748		8.748		8.232										Sand		8.748		8.748		8.232

						Sand		100		Truck		300		Train																Gravel		20.767		20.767		19.532										Gravel		20.767		20.767		19.532

						Gravel		100		Truck		300		Train																Water		0		0		0										Water		0		0		0

																												Transport		GBFS				305.625										Transport		GBFS

																														FA						69.275										FA

																														cement		18.7287		0		0										cement		5.6301		0		0

																														Na2SiO3		0		0.815		5.705										Na2SiO3		0		0.245		1.715

																														NaOH		0		1.2225		2.0375										NaOH		0		0.3675		0.6125

																														Sand		11.8827		11.8827		11.1818										Sand		10.7163		10.7163		10.0842

																														Gravel		17.8159		17.8159		16.7564										Gravel		16.0671		16.0671		15.1116

																														Total 		419.1953		454.2412785541		218.4797										Total 		376.3981		51.755		113.524





Global Warming Potential (kgCO2 eq.)



Cement	OPC-concrete	GBFS -AAM	FA-AAM	341.25299999999999	0	0	GBFS	OPC-concrete	GBFS -AAM	FA-AAM	0	65.125178554126464	0	FA	OPC-concrete	GBFS -AAM	FA-AAM	0	0	0	Na2SIO3	OPC-concrete	GBFS -AAM	FA-AAM	0	9.1300000000000008	63.910000000000004	NaOH	OPC-concrete	GBFS -AAM	FA-AAM	0	13.11	21.85	Sand	OPC-concrete	GBFS -AAM	FA-AAM	8.7479999999999993	8.7479999999999993	8.2319999999999993	Gravel	OPC-concrete	GBFS -AAM	FA-AAM	20.766999999999999	20.766999999999999	19.532	Water	OPC-concrete	GBFS -AAM	FA-AAM	0	0	0	







GWP (kg CO2 eq.)



Cement	OPC-concrete	GBFS-AAM 	FA-AAM	FA-AAM with increased price	341.25299999999999	0	0	0	GBFS	OPC-concrete	GBFS-AAM 	FA-AAM	FA-AAM with increased price	0	65.125178554126464	0	0	FA	OPC-concrete	GBFS-AAM 	FA-AAM	FA-AAM with increased price	0	0	0	0	Na2SIO3	OPC-concrete	GBFS-AAM 	FA-AAM	FA-AAM with increased price	0	9.1300000000000008	63.910000000000004	63.910000000000004	NaOH	OPC-concrete	GBFS-AAM 	FA-AAM	FA-AAM with increased price	0	13.11	21.85	21.85	Sand	OPC-concrete	GBFS-AAM 	FA-AAM	FA-AAM with increased price	8.7479999999999993	8.7479999999999993	8.2319999999999993	8.2319999999999993	Gravel	OPC-concrete	GBFS-AAM 	FA-AAM	FA-AAM with increased price	20.766999999999999	20.766999999999999	19.532	19.532	Water	OPC-concrete	GBFS-AAM 	FA-AAM	FA-AAM with increased price	0	0	0	0	







Material	Cement	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	341.25299999999999	0	0	341.25299999999999	0	0	Material	GBFS	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	0	65.125178554126464	0	0	65.125178554126464	0	Material	FA	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	0	0	0	0	0	0	Material	Na2SIO3	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	0	9.1300000000000008	63.910000000000004	0	9.1300000000000008	63.910000000000004	Material	NaOH	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	0	13.11	21.85	0	13.11	21.85	Material	Sand	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	8.7479999999999993	8.7479999999999993	8.2319999999999993	8.7479999999999993	8.7479999999999993	8.2319999999999993	Material	Gravel	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	20.766999999999999	20.766999999999999	19.532	20.766999999999999	20.766999999999999	19.532	Material	Water	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	0	0	0	0	0	0	Transport	GBFS	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	305.625	Transport	FA	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	69.275000000000006	Transport	cement	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	18.7287	0	0	5.6300999999999997	0	0	Transport	Na2SiO3	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	0	0.81500000000000006	5.7050000000000001	0	0.245	1.7149999999999999	Transport	NaOH	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	0	1.2225000000000001	2.0375000000000001	0	0.36749999999999999	0.61249999999999993	Transport	Sand	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	11.8827	11.8827	11.181800000000001	10.7163	10.7163	10.084199999999999	Transport	Gravel	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	17.815899999999999	17.815899999999999	16.756399999999999	16.0671	16.0671	15.111599999999999	

GWP (Kg CO2 eq.)











Excercise _solutions

		Excercise

		The aim of the excercise is to compare the environmental impacts of AAM concrete with OPC concrete, given different allocation methods for industrial by-products and examine the impacts of transportation. 

		Mix designs

				kg/m3

				OPC-concrete		GBFS -AAM		FA-AAM

		Cement		383

		GBFS				375

		FA						425

		Na2SIO3				10		70

		NaOH				15		25

		Sand		729		729		686

		Gravel		1093		1093		1028

		Water		152		152		116

		Total 		2357		2374		2350



		Task 1. Estimate the mass and economic impact  allocation for GBFS and FA. 

		Compare the AAM mixes with OPC concrete, based on economic impact allocation for by-products.																										Environmental Impacts (GWP per unit)														GWP per 1m3 of concrete

																																Unit		kg CO2 eq.										kg CO2.eq/m3

				Table 1. Production  of GBFS																								Material		Cement		kg		0.891										OPC-concrete		GBFS -AAM		FA-AAM

						Product		Mass		Unit		kg CO2 eq/unit		Price per unit (EUR)		Mass allocation (%) of env. Impacts		Economic alloaction (%) of env. Impacts		kg CO2.eq. Mass allocation		kg CO2 eq. Economic allocation								GBFS		kg		0.1736671428						Material		Cement		341.253		0		0

				Main product		Pig iron		1		kg		1.7783515424		400		80.6%		97.7%		1.4341544697		1.7366714281								FA		kg		0.2139583988								GBFS		0		65.1251785541		0

				By-product		Slag for granulation		0.24		kg				40		19.4%		2.3%		1.4341544697		0.1736671428								Na2SIO3		kg		0.913								FA		0		0		90.9323195071

																														NaOH		kg		0.874								Na2SIO3		0		9.13		63.91

																														Sand		kg		0.012								NaOH		0		13.11		21.85

				Table 2. Productionof FA																										Gravel		kg		0.019								Sand		8.748		8.748		8.232

						Product		Mass		Unit		kg CO2 eq/unit		Price per unit (EUR)		Mass allocation (%) of env. Impacts		Economic alloaction (%) of env. Impacts		kg CO2.eq. Mass allocation		kg CO2 eq. Economic allocation								Water		kg		0								Gravel		20.767		20.767		19.532

				Main product		Electricity		1		kwh*		1.0809178309		0.1		85.8%		99.0%		0.9277632609		1.0697919942						Transport		Truck		kgkm		0.000163								Water		0		0		0

				By-product		Fly ash for drying 		0.052		kg				0.02		14.2%		1.0%		2.9452801933		0.2139583988								Train		kgkm		0.000049								Total		370.768		116.8801785541		204.4563195071

				* 1 kwh= 0.367 kg  coal																										Ship		kgkm







		Task 2. Estimate environmental impacts of FA with economic allocation , given price of FA increases 3 times.

		How would GWP of FA-AAM change?																										Environmental Impacts (GWP per unit)														GWP per 1m3 of concrete

																																Unit		kg CO2 eq.										kg CO2.eq/m3

																												Material		Cement		kg		0.891										OPC-concrete		GBFS-AAM 		FA-AAM		FA-AAM with increased price

						Product		Mass		Unit		kg CO2 eq/unit		Price per unit (EUR)		Mass allocation (%) of env. Impacts		Economic alloaction (%) of env. Impacts		kg CO2.eq. Mass allocation		kg CO2 eq. Economic allocation								GBFS		kg		0.1736671428						Material		Cement		341.253		0		0		0

				Main product		Electricity		1		kwh*		1.0809178309		0.1		87.6%		97.0%		0.9467705106		1.0482135676								FA		kg		0.6289281406								GBFS		0		65.1251785541		0		0

				By-product		Fly ash for drying 		0.052		kg				0.06		12.4%		3.0%		2.5797561598		0.6289281406								Na2SIO3		kg		0.913								FA		0		0		90.9323195071		267.294459746

																														NaOH		kg		0.874								Na2SIO3		0		9.13		63.91		63.91

																														Sand		kg		0.012								NaOH		0		13.11		21.85		21.85

																														Gravel		kg		0.019								Sand		8.748		8.748		8.232		8.232

																														Water		kg		0								Gravel		20.767		20.767		19.532		19.532

																												Transport		Lorry		kgkm		0.000163								Water		0		0		0		0

																														Train		kgkm		0.000049								Total		370.768		116.8801785541		204.4563195071		204.4563195071

																														Ship		kgkm																ERROR:#REF!



		Task 3. What environmental impacts will have transportation of by-product to production site? 																										Transportation mode: lorry																Transportation mode: train

		How far do you need to procure your by-products (GBFS and FA) to have an impact equivalent to cement based concrete?																												GWP per 1m3 of concrete																GWP per 1m3 of concrete

																																kg CO2.eq/m3																kg CO2.eq/m3

				Tansportation 																												OPC-concrete		GBFS -AAM (truck)		FA-AAM (truck)												OPC-concrete		GBFS AAM (train)		FA-AAM (train)

								Distance (km)		Mode (scenario 1)		Distance (km)		Mode  (Scenario 2)														Material		Cement		341.253		0		0								Material		Cement		341.253		0		0

						GBFS		4400		Truck		14,000		Train																GBFS		0		65.1251785541		0										GBFS		0		65.1251785541		0

						FA		2600		Truck		8,200		Train																FA		0		0		90.9323195071										FA		0		0		90.9323195071

						cement		300		Truck		300		Train																Na2SIO3		0		9.13		63.91										Na2SIO3		0		9.13		63.91

						Na2SiO3		500		Truck		500		Train																NaOH		0		13.11		21.85										NaOH		0		13.11		21.85

						NaOH		500		Truck		500		Train																Sand		8.748		8.748		8.232										Sand		8.748		8.748		8.232

						Sand		100		Truck		300		Train																Gravel		20.767		20.767		19.532										Gravel		20.767		20.767		19.532

						Gravel		100		Truck		300		Train																Water		0		0		0										Water		0		0		0

																												Transport		GBFS				268.95										Transport		GBFS				257.25

																														FA						180.115										FA						170.765

																														cement		18.7287		0		0										cement		5.63		- 0		- 0

																														Na2SiO3		0		0.815		5.705										Na2SiO3		- 0		0		2

																														NaOH		0		1.2225		2.0375										NaOH		- 0		0		1

																														Sand		11.8827		11.8827		11.1818										Sand		10.72		10.72		10.08

																														Gravel		17.8159		17.8159		16.7564										Gravel		16.07		16.07		15.11

																														Total 		419.1953		417.5662785541		420.2520195071										Total 		376.3981		374.1301785541		375.2213195071

																																																		90%		89%



GWP 



Cement	OPC-concrete	GBFS -AAM	FA-AAM	341.25299999999999	0	0	GBFS	OPC-concrete	GBFS -AAM	FA-AAM	0	65.125178554126464	0	FA	OPC-concrete	GBFS -AAM	FA-AAM	0	0	90.932319507143845	Na2SIO3	OPC-concrete	GBFS -AAM	FA-AAM	0	9.1300000000000008	63.910000000000004	NaOH	OPC-concrete	GBFS -AAM	FA-AAM	0	13.11	21.85	Sand	OPC-concrete	GBFS -AAM	FA-AAM	8.7479999999999993	8.7479999999999993	8.2319999999999993	Gravel	OPC-concrete	GBFS -AAM	FA-AAM	20.766999999999999	20.766999999999999	19.532	Water	OPC-concrete	GBFS -AAM	FA-AAM	0	0	0	







GWP



Cement	OPC-concrete	GBFS-AAM 	FA-AAM	FA-AAM with increased price	341.25299999999999	0	0	0	GBFS	OPC-concrete	GBFS-AAM 	FA-AAM	FA-AAM with increased price	0	65.125178554126464	0	0	FA	OPC-concrete	GBFS-AAM 	FA-AAM	FA-AAM with increased price	0	0	90.932319507143845	267.29445974597991	Na2SIO3	OPC-concrete	GBFS-AAM 	FA-AAM	FA-AAM with increased price	0	9.1300000000000008	63.910000000000004	63.910000000000004	NaOH	OPC-concrete	GBFS-AAM 	FA-AAM	FA-AAM with increased price	0	13.11	21.85	21.85	Sand	OPC-concrete	GBFS-AAM 	FA-AAM	FA-AAM with increased price	8.7479999999999993	8.7479999999999993	8.2319999999999993	8.2319999999999993	Gravel	OPC-concrete	GBFS-AAM 	FA-AAM	FA-AAM with increased price	20.766999999999999	20.766999999999999	19.532	19.532	Water	OPC-concrete	GBFS-AAM 	FA-AAM	FA-AAM with increased price	0	0	0	0	







Material	Cement	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	kg CO2.eq/m3	kg CO2.eq/m3	341.25299999999999	0	0	341.25299999999999	0	0	Material	GBFS	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	kg CO2.eq/m3	kg CO2.eq/m3	0	65.125178554126464	0	0	65.125178554126464	0	Material	FA	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	kg CO2.eq/m3	kg CO2.eq/m3	0	0	90.932319507143845	0	0	90.932319507143845	Material	Na2SIO3	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	kg CO2.eq/m3	kg CO2.eq/m3	0	9.1300000000000008	63.910000000000004	0	9.1300000000000008	63.910000000000004	Material	NaOH	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	kg CO2.eq/m3	kg CO2.eq/m3	0	13.11	21.85	0	13.11	21.85	Material	Sand	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	kg CO2.eq/m3	kg CO2.eq/m3	8.7479999999999993	8.7479999999999993	8.2319999999999993	8.7479999999999993	8.7479999999999993	8.2319999999999993	Material	Gravel	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	kg CO2.eq/m3	kg CO2.eq/m3	20.766999999999999	20.766999999999999	19.532	20.766999999999999	20.766999999999999	19.532	Material	Water	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	kg CO2.eq/m3	kg CO2.eq/m3	0	0	0	0	0	0	Transport	GBFS	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	kg CO2.eq/m3	kg CO2.eq/m3	268.95	257.25	Transport	FA	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	kg CO2.eq/m3	kg CO2.eq/m3	180.11500000000001	170.76499999999999	Transport	cement	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	kg CO2.eq/m3	kg CO2.eq/m3	18.7287	0	0	5.6300999999999997	0	0	Transport	Na2SiO3	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	kg CO2.eq/m3	kg CO2.eq/m3	0	0.81500000000000006	5.7050000000000001	0	0.245	1.7149999999999999	Transport	NaOH	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	kg CO2.eq/m3	kg CO2.eq/m3	0	1.2225000000000001	2.0375000000000001	0	0.36749999999999999	0.61249999999999993	Transport	Sand	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	kg CO2.eq/m3	kg CO2.eq/m3	11.8827	11.8827	11.181800000000001	10.7163	10.7163	10.084199999999999	Transport	Gravel	OPC-concrete	GBFS -AAM (truck)	FA-AAM (truck)	OPC-concrete	GBFS AAM (train)	FA-AAM (train)	kg CO2.eq/m3	kg CO2.eq/m3	17.815899999999999	17.815899999999999	16.756399999999999	16.0671	16.0671	15.111599999999999	









