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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: 

• The sustainability performance of construction products and solutions, including the 

possible introduction of secondary raw materials (recycled materials and by-products); 

• 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; 

• 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: 

✓ 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. 

https://youtu.be/oUUwVNkTRlU


2 | Introduction to durability, sustainability and life cycle assessment of concrete structures – Outline 

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. O. Jolliet, 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. 

 

 

https://doi.org/10.1201/b19138
http://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).  

 

 

 

 

  

https://youtu.be/UAdNfaZXqz4
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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. 
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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). 

 

 

 

 

https://youtu.be/vUkYPOVK048


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

Reinforcement corrosion, including further discussion on carbonation 

 

 

 

 

 

 



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

Reinforcement corrosion, including further discussion on carbonation 

 

 

 

 

 

 



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

Reinforcement corrosion, including further discussion on carbonation 

 

 

 

 

 

 



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

Reinforcement corrosion, including further discussion on carbonation 

 

 

 

 

 

 



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

Reinforcement corrosion, including further discussion on carbonation 

 

 

 

 

 

 



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

Reinforcement corrosion, including further discussion on carbonation 

 

 

 

 

 

 



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

Reinforcement corrosion, including further discussion on carbonation 

 

 

 

 

 

 



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

Reinforcement corrosion, including further discussion on carbonation 

 

 

 

 

 

 



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

Reinforcement corrosion, including further discussion on carbonation 

 

 

 

 

 

 



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

Reinforcement corrosion, including further discussion on carbonation 

 

 

 

 

 

 



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

Reinforcement corrosion, including further discussion on carbonation 

 

 

 

 

 

 



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

Reinforcement corrosion, including further discussion on carbonation 

 

 

 

 

 

 



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

Introduction to sustainable development in the built environment 

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). 

 

 

 

  

https://youtu.be/xZV15590He4
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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). 

 

 

 

  

https://youtu.be/n8acXgc5res
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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 m³ 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 link to the spreadsheet is provided here. 

The spreadsheet contains the following subsequent parts: 

• 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 

https://youtu.be/qKa-hM2e_7E
https://biblio.ugent.be/publication/8680917/file/8680927.pdf
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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 

m3 of concrete. An example output (numbers are indicative) is illustrated below. 
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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). 

 

 

 

  

https://youtu.be/HwAbLW8u4Ms
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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). 

 

 

 

 

 

  

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

 

 

 

 

 

  

https://youtu.be/D6vXyXHEqsM
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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 Zürich. 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. 

 

 

 

 

 

 

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 (trai	n)	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	









