e

STAI _ AND TOXICITY

Edited by

EMINA KRISTINA PETROVIC,
MORTEN GJERDE, FABRICIO CHICCA
AND GUY MARRIAGE




Sustainability and Toxicity of
Building Materials



This page intentionally left blank



Woodhead Publishing Series in Civil and
Structural Engineering

Sustainability and
Toxicity of Building
Materials

Manufacture, Use and Disposal Stages

Edited by

Emina Kristina Petrovic
Morten Gjerde

Fabricio Chicca

Guy Marriage

WP

WOODHEAD
PUBLISHING

ELSEVIER An imprint of Elsevier




Woodhead Publishing is an imprint of Elsevier
50 Hampshire Street, 5th Floor, Cambridge, MA 02139, United States
125 London Wall, London EC2Y 5AS, United Kingdom

Copyright © 2024 Elsevier Ltd. All rights are reserved, including those for text and data
mining, Al training, and similar technologies.

No part of this publication may be reproduced or transmitted in any form or by any means,
electronic or mechanical, including photocopying, recording, or any information storage and
retrieval system, without permission in writing from the publisher. Details on how to seek
permission, further information about the Publisher’s permissions policies and our
arrangements with organizations such as the Copyright Clearance Center and the Copyright
Licensing Agency, can be found at our website: www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by
the Publisher (other than as may be noted herein).

Notices

Knowledge and best practice in this field are constantly changing. As new research and
experience broaden our understanding, changes in research methods, professional practices,
or medical treatment may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge in
evaluating and using any information, methods, compounds, or experiments described
herein. In using such information or methods they should be mindful of their own safety
and the safety of others, including parties for whom they have a professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or
editors, assume any liability for any injury and/or damage to persons or property as a matter
of products liability, negligence or otherwise, or from any use or operation of any methods,
products, instructions, or ideas contained in the material herein.

ISBN: 978-0-323-98336-5 (print)
ISBN: 978-0-323-98356-3 (online)

For information on all Woodhead Publishing publications
visit our website at https://www.elsevier.com/books-and-journals

Publisher: Megan Ball
Senior Acquisitions Editor: Edward Payne
Editorial Project Manager: Sara Valentino
Production Project Manager: Anitha Sivaraj — qa Working together
Cover Designer: Miles Hitchen L]

§ | to grow libraries in
BeokAid developing countries

Typeset by MPS Limited, Chennai, India www.elsevier.com » www.bookaid.org



http://www.elsevier.com/permissions
https://www.elsevier.com/books-and-journals

Contents

List of contributors
Introduction

Section 1 Contextualising the importance of
evaluating toxic impacts

1  The importance of recognising the toxicity of building materials in
manufacture, use and disposal stages for planetary sustainability
and restoration
Emina Kristina Petrovi¢

1.1 We should use less of everything

1.2 We should know more about toxicity

1.3 Improving definitions of toxicity

1.4 Expanding understanding of what should be protected
1.5 Conclusion

References

2 The role of regulation in shifting to sustainable and nontoxic
building materials

Catherine lorns, Vanessa James, Ben Hyatt-Brown and Jonathon Sylvester

2.1 Introduction

2.2 Government approaches to regulation of sustainability and
toxicity of building materials

2.3 Voluntary schemes

2.4 The role of education in regulating green buildings

2.5 The international context

2.6 Case study: New Zealand

2.7 Conclusion

References

3 The role of environmental certifications in fostering changes
Fabricio Chicca

3.1

32

Introduction: the need for green building and environmental
certification

Defining green building: understanding the concepts and terms
and the rise of environmental certification: voluntary systems
and major providers

XV
Xix

16
22
29
29
31
32
34

37

37

38



vi

Contents

3.3 Understanding the real estate market: key decision-making
factors for all players

3.4 Factors driving the demand for environmentally certified buildings

3.5 Financial implications of environmentally certified buildings
3.6 Discussion

3.7 Conclusion

References

Evaluation of global research on greenwashing by scientometric
indicators

Olusegun Aanuoluwapo Oguntona

4.1 Introduction

4.2 Understanding the concept of greenwashing

4.3 Research methodology

4.4 Results and discussion

4.5 Conclusion and recommendations

References

Springboard to sustainable behaviour: a study of environmental
attitudes toward material usage

Morten Gjerde and Zahra Balador

5.1 Introduction

5.2 Environmental attitudes and behaviours

5.3 Case study: attitudes toward sustainable use of building materials
5.4 Chapter summary

References

An evolution of sustainable house construction technologies
Andre Brown and Stuart Gee

6.1 Chapter summary

6.2 Introduction to the case studies

6.3 Phase 1: Millenium Mews 1999—2001

6.4 Phase 2: White Rock Court

6.5 Phase 3: Wave Homes

6.6 Reflections in the current context

References

Section 2 Sustainability and toxicity issues with natural
and conventional construction materials

7

Timber: trees and wood in construction
Guy Marriage

7.1 Trees

7.2 Timber toxicity

39

43
46
49
50

59

59
60
62
65
74
75

81

81
83
87
92
93

97

97

97
104
112
114
117
120

125
127

127
141



Contents

vii

10

11

12

7.3

Summary

References

Timber: industrial processes, treatments and adhesives

Guy Marriage

8.1 Introduction

8.2 Timber treatment: non-chemical methods

8.3 Timber treatment methods with chemical solutions
8.4 Timber adhesives

8.5 Conclusion

References

Bricks: a review of sustainability and toxicity issues
Andre Brown

9.1 Introduction

9.2 Clay bricks

9.3 Concrete bricks

9.4 Calcium silicate (sand-lime or flint-lime) bricks

9.5 Other alternatives to traditional baked clay bricks

9.6 Circular approaches to reducing environmental impacts
9.7 Concluding remarks

References

The use of concrete in construction: how does it stack up?
Morten Gjerde

10.1 Introduction

10.2 What is concrete?

10.3 Concrete formats and circularity
10.4 Toxic fallout from concrete

10.5 New developments

10.6 Conclusion

References

Metals: issues with everyday use and toxicity within standard

construction metals
Guy Marriage and Morten Gjerde

11.1 Introduction

11.2  Commonly used metals in construction
11.3 Important metals for construction

11.4 Exposure to metals toxicity — size matters
11.5 Conclusion

References

Ecological and health impacts of nonmetallic minerals
Lauren Holly Hayes

12.1

Introduction

145
145

149

149
149
153
161
171
171

179

179
181
185
185
186
187
190
191

195

195
196
207
211
212
214
215

221

221
222
228
238
240
241

247

247



viii Contents

12.2  Causes of overextraction of nonmetallic minerals 248
12.3  Consumption of nonmetallic minerals 249
12.4  Definitions 250
12.5 Extraction processes of nonmetallic minerals 250
12.6  Ecological and environmental effects of nonmetallic
mineral consumption 251
12.7 Products of nonmetallic minerals 252
12.8 Ecological impacts of products 253
12.9 Health impacts and toxicity issues 255
12.10 Waste management practices 257
12.11 Conclusion 258
References 259
13 Agricultural by-products as construction materials 263
Zahra Balador
13.1 Introduction: agricultural residues as healthy building
material resource alternatives 263
13.2 Introducing new alternative 264
13.3 Characteristics of agro-wastes 266
13.4 Conclusions and further outlook 278
References 278

14 Life-cycle assessment of the environmental impact of
earthen buildings versus conventional buildings on

human health 289
Leticia Thurmann Prudente

14.1 Introduction 289
14.2 Earth constructions 291
14.3 Life-cycle impact assessment 294
14.4 Brazilian studies 296
14.5 Final considerations 304
References 305

Section 3 Sustainability and toxicity issues with
synthetic and composite materials 307

15 Sustainability and toxicity of polymers, plastics, and

coatings in buildings 309
Emina Kristina Petrovi¢

15.1 Introduction 309
15.2 Issues with current practices with plastics 311
15.3 Introducing polymer chemistry and use patterns 312
15.4 Acrylic casts, sheets and paint emulsions 319

15.5 Polyvinyl chloride (PVC) in buildings 325



Contents ix

15.6 Plastics in recycling, circular economy and other end of life

considerations 327
15.7 Conclusion 329
References 330

16 Recycling and reutilisation opportunities and techniques of the
insulation material EPS (Expanded Polystyrene) after the lifetime

of EIFS (Exterior Insulation Finishing System) 335
Ferdinand Oswald

16.1 Introduction 335
16.2 EPS and EIFS 337
16.3 Dismantling 345
16.4 Recycling and reutilisation opportunities and techniques 347
16.5 Discussion 357
16.6 Conclusion 360
References 361

17 Implications of persistent environmental toxins prevalent in

interior building materials and furnishings 367
Samantha Webb

17.1 Introduction 367
17.2  Polychlorinated biphenyls 369
17.3 Polybrominated diphenyl ethers 373
17.4 Phthalates 377
17.5 Conclusion 381
References 381

18 Sustainability and toxicity of formaldehyde-based resins for
composite wood products like plywood, particleboard and

medium density fibreboard 389
Emina Kristina Petrovic¢ and Caroline Ann Thomas
18.1 Introduction 389
18.2 Early history of formaldehyde-based resins and early

products 391
18.3 Contemporary formaldehyde applications 392

18.4 Introducing formaldehyde, where is it in nature, and
what are its biological impacts on humans and the

environment 394
18.5 Industrial manufacture of formaldehyde 397
18.6  Sustainability and toxicity of other common core

components of formaldehyde-based resins 402
18.7 Manufacture of formaldehyde-based composite

wood products 407
18.8 Conclusion 410

References 411



Contents

Section 4 Sustainability and toxicity issues with
systems and built examples

19

20

21

22

Circular tiny house CTH project — 11/2020—02/22
Rainer Hirth and Anders Macht
19.1 Introduction
19.2  Building materials exchange “The Second Life’
19.3 Tiny houses in urban context
19.4 CTH* 1 — tiny house size and design
19.5 Self-sufficiency — energy, water/wastewater, air
19.6 Building materials, building services, insulation
19.7 Deconstruction and reuse — application of the cradle-to-cradle
principle
19.8 Implementation
19.9 Circular construction — the construction in detail
19.10 Discussions and conclusions
References

Kitchen joinery — past, present and future

Steven Almond, Christina Mackay and Natasha S. Perkins
20.1 Introduction

20.2 Evolution of kitchen joinery

20.3 How could kitchen sustainability be assessed?

20.4 Example LCA case study of three kitchen unit options
20.5 Conclusion

References

Case study of a nonrecyclable glued facade system and the
development of a facade system with a reclosable fastener
fixation for the recycle and reuse of single facade components
Ferdinand Oswald

21.1 Introduction

21.2 Case study of a nonrecyclable glued fagade system

21.3 Whole of life carbon emissions

21.4 Development of a facade system with a reclosable fastener fixation
21.5 Toxicity of materials

21.6 Results: comparison recycle and reuse

21.7 Conclusion

21.8 Discussion

References

Eco cottages: using local indigenous nontoxic renewable cypress
resources for sustainable construction and production

Judy Matthews

22.1 Sustainability and sustainable construction

417
419

419
421
422
422
423
425

425
427
427
431
433

435

435
436
440
443
449
449

453

453
453
456
462
468
472
474
476
477

481

481



Contents xi

23

24

22.2  Modern methods of construction 482
22.3  Future directions — from sustainability to a circular economy 491
22.4 Conclusion 492
Endnotes 493
References 493

Design with air, towards nontoxic sustainable microclimates

using earthen materials 497
Mehrnoush Latifi, Jane Burry and Mark Taylor
23.1 Sustainable, nontoxic microclimates 497
23.2 Earthen material for sustainable and nontoxic surfaces 500
23.3 Hybrid thermodynamic ceramic system as microclimatic

modifiers 502
23.4  Surface geometry and air movement 504
23.5 Surface materiality and air movement 507
23.6 Future perspectives for design of nontoxic microclimates 509
23.7 Discussion and conclusion 511
Acknowledgements 513
References 513
Unearthing sustainable material futures 517

John Stanislav Sadar, Sascha Bohnenberger-Fehr,
Canhui Chen and Gergana Rusenova

24.1 Introduction 517
24.2  The hyperlocal of wattle-and-daub 518
24.3 Building nontoxic living walls with compressed
coir blocks 522
24.4  Do-it-yourself ethos of mycelium 528
24.5 Making porous, energy-absorbing and strong
composites from spent coffee grounds 536
24.6 Conclusion 541
Acknowledgements 542
References 542
Section S Emerging considerations 545

25

Mycelium-based materials for the built environment:
a case study on simulation, fabrication and

repurposing myco-materials 547
Phillip Gough, Anastasia Globa and Dagmar Ingrid Elfriede Reinhardt
25.1 Introduction 547

25.2  Circular economy and user-informed mycelium 549



xii

Contents

26

27

28

25.3 Myco-materials: a taxonomy
25.4 Case studies

25.5 Discussion

25.6 Conclusion and future work
References

Hazardous building materials threaten circular economy

and sustainable outcomes

Josephine Vaughan, I.M. Chethana S. Illankoon, Cameron Beard,

Willy Sher and Jamie MacKee

26.1 Introduction

26.2 Building material reuse

26.3 Green building rating tools for building material reuse
and recycling

26.4 The living building challenge

26.5 Case study: McMullin building

26.6 Method

26.7 Results: assessment of value

26.8 Discussion

26.9 Conclusion

Endnote

References

Composite building materials and construction and demolition

waste (C&DW): ecotoxicological perspectives

Adane Sewhunegn Molla, Willy Sher, Waiching Tang,

Md Mezbaul Bahar and Dawit Nega Bekele

27.1 Introduction: the construction industry — environment
nexus

27.2 Composite building materials, C&DWs, and
environmental issues

27.3 Ecotoxicological studies in environmental protection

27.4 Ecotoxicity of building materials: an overview of
recent studies

27.5 Ecotoxicological impacts of C&DWs

27.6 Conclusion and recommendations

References

Digital systems supporting improvements to material
information dissemination

Dermott McMeel

28.1 Introduction

551
555
564
568
569

573

573
575

576
578
581
589
592
595
596
597
597

601

601

602
606

610
613

616
617

627

627



Contents

Xiii

28.2 Background: the challenge with information and models
for design and construction

28.3 Part 1: Accessing and using information

28.4 Part 2: Gathering and managing information

28.5 Discussion

28.6  Conclusions

References

Index

628
630
634
642
643
644

647



This page intentionally left blank



List of contributors

Steven Almond Research Scholar, Wellington, New Zealand

Md Mezbaul Bahar Global Centre for Environmental Remediation, University of
Newcastle, Callaghan, NSW, Australia; crc for Contamination Assessment and
Remediation of the Environment (crtcCARE), Callaghan, NSW, Australia

Zahra Balador WSP, Tauranga, New Zealand; Research Scholar, Tauranga,
New Zealand

Cameron Beard School of Architecture and Built Environment, University of
Newcastle, NSW, Australia

Dawit Nega Bekele Global Centre for Environmental Remediation, University
of Newcastle, Callaghan, NSW, Australia; Douglas Partners Pty Ltd, QLD,
Australia

Sascha Bohnenberger-Fehr School of Design and Architecture, Swinburne
University of Technology, Melbourne, VIC, Australia

Andre Brown Wellington School of Architecture, Te Herenga Waka — Victoria
University of Wellington, Aotearoa New Zealand

Jane Burry School of Architecture and Civil Engineering, The University of
Adelaide, SA, Australia

Canhui Chen School of Design and Architecture, Swinburne University of
Technology, Melbourne, VIC, Australia

Fabricio Chicca Wellington School of Architecture, Te Herenga Waka — Victoria
University of Wellington, Aotearoa New Zealand

Stuart Gee School of Architecture, University of Liverpool, Liverpool,
United Kingdom

Morten Gjerde Department of Architecture & Planning, Norwegian University of
Science & Technology, Trondheim, Norway



XVi List of contributors

Anastasia Globa School of Architecture, Design and Planning, The University of
Sydney, Sydney, NSW, Australia

Phillip Gough School of Architecture, Design and Planning, The University of
Sydney, Sydney, NSW, Australia

Lauren Holly Hayes Research Scholar, First Light Studio, Wellington,
New Zealand

Rainer Hirth Department of Architecture, Coburg University of Applied Sciences
and Arts, Coburg, Germany

Ben Hyatt-Brown Research Scholar, Wellington, New Zealand

LM. Chethana S. Illankoon School of Built Environment, University of New
South Wales, NSW, Australia

Catherine lIorns Law School, Te Herenga Waka — Victoria University of
Wellington, Aotearoa New Zealand

Vanessa James Research Scholar, Wellington, New Zealand

Mehrnoush Latifi School of Design and Architecture, Swinburne University of
Technology, Melbourne, VIC, Australia

Anders Macht Department of Architecture, Coburg University of Applied
Sciences and Arts, Coburg, Germany

Christina Mackay Wellington School of Architecture, Te Herenga Waka —
Victoria University of Wellington, Aotearoa New Zealand

Jamie MacKee School of Architecture and Built Environment, University of
Newcastle, NSW, Australia

Guy Marriage Wellington School of Architecture, Te Herenga Waka — Victoria
University of Wellington, Aotearoa New Zealand

Judy Matthews School of Management, Queensland University of Technology,
Brisbane, QLD, Australia

Dermott McMeel Huri te Ao - School of Future Environments, AUT University,
Auckland, New Zealand

Adane Sewhunegn Molla School of Architecture and Built Environment,
University of Newcastle, NSW, Australia



List of contributors XVii

Olusegun Aanuoluwapo Oguntona Department of Built Environment, Walter
Sisulu University, Butterworth, South Africa

Ferdinand Oswald Te Pare - School of Architecture and Planning, Waipapa
Taumata Rau - The University of Auckland, Auckland, New Zealand

Natasha S. Perkins Wellington School of Architecture, Te Herenga Waka —
Victoria University of Wellington, Aotearoa New Zealand

Emina Kristina Petrovi¢ Wellington School of Architecture, Te Herenga Waka—
Victoria University of Wellington, Aotearoa New Zealand

Leticia Thurmann Prudente Architecture and Urban Planning Course at Centro
Universitario Serra dos Orgaos (UNIFESO), Teresopolis, Rio de Janeiro, Brazil

Dagmar Ingrid Elfriede Reinhardt School of Architecture, Design and Planning,
The University of Sydney, Sydney, NSW, Australia

Gergana Rusenova Knippershelbig, Stuttgart, Germany

John Stanislav Sadar School of Design and Architecture, Swinburne University
of Technology, Melbourne, VIC, Australia

Willy Sher School of Architecture and Built Environment, University of
Newcastle, NSW, Australia

Jonathon Sylvester Rubicon Chambers, Wellington, New Zealand

Waiching Tang School of Architecture and Built Environment, University of
Newcastle, NSW, Australia

Mark Taylor School of Design and Architecture, Swinburne University of
Technology, Melbourne, VIC, Australia

Caroline Ann Thomas Independent Researcher, Wellington School of Architecture,
Te Herenga Waka—Victoria University of Wellington, Aotearoa New Zealand

Josephine Vaughan School of Architecture and Built Environment, University of
Newcastle, NSW, Australia

Samantha Webb Independent Researcher, The Paradigm Room, Toowoomba,
QLD, Australia



This page intentionally left blank



Introduction

We live in an increasingly complex world where anthropogenic behaviour is lead-
ing to conditions that are hazardous, not only to ourselves but also to all other life
on the planet. Through our own actions, we have initiated the sixth great extinction
of animal and plant life. In that context, we can see that while most human activity
is conscious and deliberate, it is not always well informed. Indeed, sustainability
science has clearly revealed to us how short-sighted many anthropocentric activities
have been over time. Humans have become a dominating and polluting force on all
elements of the environment, including the land, the lakes, rivers and seas and the
very air we breathe. It is increasingly acknowledged that the way we are currently
living simply cannot continue. Unfortunately, many of the alternative solutions are
still being developed. We need to develop such alternatives and deploy those that
are suitable as widely as possible, with urgency. However, we must also proceed
with a critical perspective, as the prerequisite for this shift must be a well-informed
understanding of the problems and that sound research-based knowledge informs
the emergent solutions.

Our 28-chapter book offers a greater depth of insight on toxicity in the manufac-
ture, use and disposal of building materials. We propose that more knowledge is
needed when it comes to toxicity issues generally, but particularly around manufac-
ture and disposal. While the book is based on the current understanding of what
makes a material sustainable, we also call for an expansion of existing definitions
and for notions of sustainability to recognise toxicity impacts through the whole life
cycle of building materials. This links with stronger social and environmental sus-
tainability by considering the close relationship of human health and well-being
with that of other species and the planetary balance. While the current discussions
are about the toxicity of building materials, links can also be made more widely to
conversations about chemicals and other forms of pollution.

We propose that materials offer a powerful vehicle to drive the necessary
improvements and change the future course of history. Buildings have a consider-
able impact on the planet’s resources, not only in the way they are created and dis-
posed of but also in the ways they are used on a day-to-day basis, the way they are
maintained and how they change during their full lifetime. It is also understood that
the materials a building is made from will affect these outcomes, whether seen
through the lens of greenhouse gas emissions, energy use or waste generation.
However, while it is important to understand the operational, embodied and embed-
ded energy in buildings and their links to carbon emissions, it is also essential to
recognise a range of other impacts made by building materials. An exponential
increase in the extraction of excavated resources has brought us close to their
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depletion. Shortages of materials such as sand and gravel have been predicted and,
in some locations, we have seen the disappearance of entire islands. From a differ-
ent perspective, we have seen the emergence of large industries that place human
health and well-being low on the list of priorities. Toxicity that can arise with the
manufacture and disposal has the potential to directly impact the lives of employees
and those living close to the manufacturing facilities and disposal sites, even with
very long-lasting effects. We have also seen a long history of inadequate responses,
even when the dangers are clearly recognised. The slow response to addressing
indoor air quality, which directly impacts the health of the users, provides one such
example. Carbon footprints and energy use calculations can do little to describe
such impacts.

Therefore knowledge around the sustainability of building materials remains
incomplete. We urgently need to expand our understanding of the full effects that
use of these materials can lead to. This book presents one vital step in that direc-
tion. This book is for the students and academics with an interest in sustainability
and building materials, helping to deepen their knowledge around matters that are
not included in existing quantifying tools. It is our hope that it will spark new
research interests to help address existing gaps in knowledge. Architects and other
building specifiers will gain from this book a better understanding of how the mate-
rials they use can affect the future viability of the planet. Most importantly, by fore-
grounding toxic aspects of building materials, matters that are often swept under
the rug, we open up for discussion some of the uncomfortable truths that need to be
addressed here and now.

The chapters address the sustainability and toxicity of building materials from
several different research approaches, including case studies, applied and theoreti-
cal. The full lifespan of construction materials is considered, from their extraction
and manufacture, through to installation and the in-use phase, as well as the even-
tual dismantling and disposal. By throwing light on these issues, we hope that
greater understanding and awareness will lead to greater care around their use and
their disposal in the future. While many building and furnishing materials are safe
to use, in recent decades, some have had to be redesigned due to the recognition
that these contain harmful chemicals.

We understand that we are addressing a sizable gap in knowledge, and the book
can therefore be seen as a methodological sketch for examining toxicity issues
related to building materials. We must also acknowledge that the book is not a
homogeneous statement or methodology, and, in this light, some contradictions are
inevitable. For example, while several chapters discuss the UN’s Sustainable
Development Goals (SDGs) as a positive framework for understanding sustainable
aspirations, criticisms of the SDGs are also included. The same goes for the existing
green building assessments, which are used by some chapters as the aim to aspire
to, while noted as limited by others. We believe that these contractions belong in
the same book as they capture the practices of the current time, presenting a cross-
section of the current considerations in this area. Similarly, the discussions of the
disposal of building materials appear more limited than discussions of the toxicity
of other phases, and we believe that this is reflective of the lower level of scientific
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research in this area. This is why we are pleased to be able to include some emerg-
ing research on ecotoxicity of building materials once disposed. A number of the
43 contributors, despite being well-established academics and researchers in the
field, reported that they were learning new facts and becoming surprised by details
that emerged when they began looking at the manufacture and disposal sides more
closely. We hope that the research community will continue to build on the matters
discussed in this book. This is the only way to close existing gaps in knowledge
about how building materials can affect people and the environment.

The book contains five parts, working through the issues around building materi-
als. The first section, Contextualising the importance of evaluating toxic impacts,
opens by contextualising the importance of evaluating materials and systems
through examining a range of higher level considerations, including issues with
evolving definitions of toxicity (Chapter 1), limitations with regulations (Chapter 2)
and certification schemes (Chapter 3), then moves on to discuss the issues associ-
ated with greenwashing (Chapter 4) and a case study analyses the behaviour
(Chapter 5) and concludes with a historical review of improvements or deteriora-
tions the sustainability approaches over the recent decades (Chapter 6). This part
presents new interpretative propositions for consideration of the sustainability and
toxicity of building materials.

The second section, Sustainability and toxicity issues with natural and conven-
tional construction materials, is an in-depth look at some of the most common
building materials: timber (Chapter 7), timber processing (Chapter 8), bricks
(Chapter 9), concrete (Chapter 10) and metals (Chapter 11), analysing their use and
their material existence. From there, the discussion moves to the global issues from
intense material extraction and production (Chapter 12), followed by a discussion
of opportunities to almost forgotten uses of agricultural by-products (Chapter 13)
and earth in construction (Chapter 14). This part significantly expands on what is
commonly found in contemporary construction books, adding dimensions of toxic-
ity and impact on human and environmental health.

The third section, Sustainability and toxicity issues with synthetic and composite
materials, opens with an introduction to the family of polymers, plastics and coat-
ings in buildings and sets some of the important parameters when interpreting their
sustainability and toxicity (Chapter 15). This is followed by in-depth analysis
of specific examples: expanded polystyrene (Chapter 16), issues with build-ups of
environmentally persistent toxins indoors (Chapter 17) and the continuing use of
formaldehyde in composite wood products such as MDF (Chapter 18). This part
highlights a significant role current building practices have on global consumption
of synthetic chemicals, many of which are recognised for their adverse health and
energy impacts.

The fourth section, Sustainability and toxicity issues with systems and built
examples, looks specifically at case studies of the application of certain materials,
generally searching for nontoxic ways of making. It includes contemporary straw-
bale tiny house construction (Chapter 19), sustainable opportunities for kitchen join-
ery (Chapter 20), facade design for disassembly (Chapter 21), nontoxic application
of cypress pine (Chapter 22) and design of wall systems which combine formal and
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material innovation (Chapters 23 and 24). These show a range of innovative work
already underway using natural materials or better design approaches. Jointly, these
highlight that considerations of building materials are often impossible to separate
from the building systems that they help make.

The fifth section, Emerging considerations, is somewhat arbitrary title, because
many chapters throughout the book contain excellent emerging considerations and
insights. Within this context, we are using this part to signal four areas where more
research is certainly needed, and the four chapters included here are suggestive of
what is starting to trace outlines of what is still to come. This part opens with an
exploration of opportunities for using digital fabrication to create structures capable
of performing better on a range of parameters discussed throughout this book
(Chapter 25). This is followed by a report on the current demolition practices com-
pliant with some certification schemes (Chapter 26) and critically new insights on
the ecotoxicity of common building materials (Chapter 27). This part concludes
with an exciting review of digital technologies capable of facilitating easy knowl-
edge navigation, towards addressing a range of the issues discussed throughout this
book (Chapter 28).

Lastly, as the four editors of this large volume, we encourage you, the reader, to
think carefully about your own actions, both in creating the problem and working
towards a solution. We believe that the building industry can no longer continue to
build in ways that are manifestly unsustainable and knowingly toxic to ourselves
and many other species. Each one of us must be the change we need, and we hope
that the information presented in this book becomes inspiration for further action.
Our book opens up for further discussion on the subjects of toxicity and sustainabil-
ity, and we hope that others will contribute towards the research and continue
towards a healthier world for all to enjoy.

Emina Kristina Petrovi¢
Morten Gjerde

Fabricio Chicca

Guy Marriage
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The importance of recognising the
toxicity of building materials in
manufacture, use and disposal
stages for planetary sustainability
and restoration

Emina Kristina Petrovic
Wellington School of Architecture, Te Herenga Waka—Victoria University of Wellington,
Aotearoa New Zealand

In the last two centuries, human civilisation has progressed through industrialisa-
tion, modernisation and globalisation. These complex transformative forces have
reshaped every aspect of human making, and building materials are not an excep-
tion. In the excitement of innovation and progress, many consequences appear to
have been inadequately considered before the newly developed technologies
became normal. As a result, humanity is currently facing a real potential of a col-
lapse of a range of planetary systems. Yet in many areas, there is still a limited
understanding of how to improve things.

This chapter explains that building materials could be an important part of the
solution, and more specifically why better understanding of the toxicity of building
materials could be a critical aspect for sustainable transitions. For this, it is espe-
cially paramount to consider toxicity in the manufacture, use and disposal stages,
and the totality of possible adverse effects on human and environmental health.
This chapter outlines the core existing issues with extensive extraction of resources
from the planet and limited scientific knowledge on how harmful are such practices.
It ends by proposing that a more holistic vision of sustainability of building materi-
als should include a far greater understanding of their potential toxic effects.

1.1  We should use less of everything

Building materials present a high toll on planetary systems, because, as this section
shows, they make more than half of extracted resources, and the extraction rate has
been greatly accelerating in recent years.

Reports on global extraction patterns tend to group materials into biomass, fossil
fuels, metal ores and nonmetallic minerals (Krausmann et al., 2018; Oberle et al.,
2019; Plank et al., 2022; Schandl & Eisenmenger, 2006; Schandl et al., 2018). Some
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building materials are made from each of those, but it is possible to make a general
estimate of the total portion of materials extracted for construction. : In 2017 just
under half of the global extraction was for nonmetallic minerals which included sand,
gravel and clay, which are all primarily used for construction (Oberle et al., 2019).
Because building materials also fairly significantly feature in all other groups of
extracted materials, it is reasonable to estimate that, in 2017, building and construc-
tion contributed to well over half of extracted materials globally.

On the other hand, since the 1970s, the global extraction of resources for all uses
has tripled, nearing 100 gigatons extracted annually (Oberle et al., 2019). Material
extraction and processing are currently responsible for at least half of the global
greenhouse gas emissions, and more than 90% of biodiversity loss and water stress
(Oberle et al., 2019). Building materials play a significant contribution to this. The
rate of acceleration since 2000 is especially confronting, and some project that the
total global level of extraction might again double by 2050 (Krausmann et al., 2018).

The explanation for these striking trends is that since the 1970s the global
population has doubled, and the gross domestic product has increased fourfold
(Oberle et al., 2019). More recent acceleration is explained by the middle-income
countries, especially China, catching up with the high-income countries in terms of
material consumption (Plank et al., 2022). Nevertheless, the high-income countries
have had a history of high levels of extraction for a longer period, which means
that currently that is where there is already a strong stock of materials in use, creat-
ing a suitable setting for recycling and closing the loop type of strategies.

An analysis of material flows in 2010 noted that 37% of nonmetallic minerals
were downcycled into materials for backfilling during new construction, 77% of all
metal was recycled at the end of use, and even around 20% of biomass materials
come from recycling (Krausmann et al., 2017). Much of those recycling uses are
for construction.

Nevertheless, overall, increases in extraction of materials directly relate to
increases of waste. Of all materials extracted between 1900 and 2015, just over
one-quarter (27%) were still in use, in buildings, infrastructure and other objects,
while 72% were since returned to the environment as waste (Krausmann et al.,
2018). Therefore this significant problem of intense and increasing material extrac-
tion goes together with an intense and increasing problem of waste. Importantly,
both extraction and waste adversely impact planetary health.

Another aspect of this increase is the exponential growth in the development of syn-
thetic chemicals and the production of plastics and other products consuming those.
Based on the data from Binetti et al. (2008), CAS (2017, 2023), and Statista (2023),
Fig. 1.1 illustrates these increases and the comparability in their general patterns.

The solution to these issues is to decouple human development from these negative
impacts and learn how to achieve growth without the need to consume more of newly
extracted materials, with a reduced level of disposal, reliance on synthetic chemistry
and on fossil fuels. In recent years, a range of international organisations are proposing
and envisioning elements needed for such transitions (European Environment Agency
(EEA), 2019; International Energy Agency (IEA), 2022; Oberle et al., 2019). However,
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Figure 1.1 Comparison of the increase of number of invented synthetic substances on file and
global production volume of plastics. Both showing similar patterns of increase.

Source: Author’s chart based on data from Binetti et al. (2008); CAS (2017, 2023);
Statista (2023).

this is an aspiration impossible to achieve without an excellent understanding of the
totality of implications of human activities in terms of materials on the planetary sys-
tem. In order to support this process, it is essential to understand the totality of issues
associated with extraction, manufacture, use and disposal of building materials. And
this is especially important for building materials, because by making a true improve-
ment in this one group of materials, as it happens the largest, more than half of the
global material flows could be improved.

The first step is to bring our professional and educational awareness to the range
of issues with the sustainability and toxicity of building materials.

1.2 We should know more about toxicity

One of the issues with the high level of material extraction and consumption glob-
ally is that there is a limited understanding of just how harmful some of the com-
pounds currently in everyday use actually are. In fact, some report that currently
there are adequate health characterisations for only about 500 chemicals, and those
are mainly the more harmful ones (EEA, 2019). Of the about 100,000 common
industrial chemicals, about 10% are fairly well characterised for their hazards,
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another 20% have limited characterisation, while for the remaining majority of
about 70,000 chemicals there is ‘hardly any information on their hazards and expo-
sure’ (EEA, 2019). Other, older, estimates are similar (Binetti et al., 2008), showing
the slow progress in this area.

For some aspects of harmful impacts, limitations to what is scientifically known
are even greater. For example, just over 1% of industrial chemicals have data on
bioconcentration, while as little as 0.23% of those have been fully evaluated for
their biodegradation half-lives (Milieu Ltd, 2017). Similarly, although more than
1% of industrial chemicals are considered to have potential to be persistent organic
pollutants, these are still to be fully evaluated for this potential (Milieu Ltd, 2017).
There is a need for more of scientific knowledge on what is harmful.

Further to that, there are issues with how we are managing even those chemicals
where hazards are already known. For example, in 2007 European Union (EU) set up a
new approach on Registration, Evaluation, Authorisation and Restriction of Chemicals
(REACH) aimed at addressing existing gaps in knowledge, and currently this is argu-
ably the most progressive approach in the world. Unfortunately, REACH partially
restricts or bans only about 60 individual chemicals and some groups of chemicals
(Milieu Ltd, 2017). Yet, hazardousness is known in association with a staggering 60%
(by weight) of the 35,000 chemicals currently commonly consumed on the EU market
in volumes above 1 metric ton per year (Milieu Ltd, 2017). This means that even when
we have adequate scientific knowledge that certain chemicals are problematic, these
are not effectively regulated against. In 2020 an EEA report expressed the same view
when stating that ‘current measures are insufficient’ (EEA, 2019).

In an earlier work, the author completed an analysis of patterns with recognition
and removal of health risks from building materials (Petrovic¢ et al., 2017; Petrovié,
2014). This work showed that the process generally took about 20—40 years from
the initial studies of the adverse health impacts to some clearer regulatory action.
Unfortunately, even for the most recognised risks it was impossible to find an
example of a full success. As discussed in section 1.3.1.1, lead is still used in manu-
facture despite being one of the most documented hazardous materials, and we are
still learning about its impacts on health. Further to that, new substances, like nano-
particles, entered manufacture even when from the start concerns of their possible
adverse effects were evident. (Nanoparticles were anticipated to impact the human
body in a similar way to microparticles, such as asbestos (Donaldson & Poland,
2012; Sanchez et al., 2009).)

Nevertheless, in recent years, some progress has been made in at least starting to
set the ambitions and goals to make improvements in this space. In 2020 the
European Commission has adopted a Chemical Strategy for Sustainability which is
part of the EU’s zero pollution ambition, as part of the European Green Deal
(European Commission, 2020). In 2022 the UN Environmental Assembly commit-
ted to create an international legally binding agreement to end plastic pollution by
2024, and the hope is that this agreement will address the full life cycle of plastics,
including production, design and disposal (IEA, 2022). Initiatives like these have a
potential to stimulate acceleration in addressing the existing gaps in knowledge,
and limited implementation strategies.



The importance of recognising the toxicity of building materials 7

What this review shows is that currently the whole world is working with a siz-
able gap in knowledge when it comes to scientific understanding of the toxicity of
various chemicals. As a consequence, all reputable and formalised records on harm-
fulness should be considered as conservative and reasonably likely to underestimate
toxicity to people and the environment.

1.2.1 Limitations of existing building materials knowledge

Unfortunately, this overarching issue with limited scientific understanding filters
into other existing knowledge systems. For example, conceptually, life cycle assess-
ments (LCA) is a ground-breaking holistic way of quantifying the totality of
impacts of materials and products on the planetary systems (Ghose et al., 2020;
Simonen, 2014). However, LCA can only be based on the existing scientific knowl-
edge, and when it comes to toxicity, that means working with a sizable gap in
knowledge. This gap in knowledge inevitably translates into LCA outcomes that
will need revising as more knowledge emerges. In addition, even the information
which is already available through the LCA is not extensively used: one study
found that even when the LCA of whole buildings is calculated, human toxicity
aspect was reported for only 3 out of 105 buildings (Dong et al., 2021). The same
study found that climate change and energy depletion were the two categories
which were given greatest attention, while other categories were often overlooked
(Dong et al., 2021). This might be reflective of the greater availability of informa-
tion about energy and climate impacts, but nevertheless, it adds to the argument
that more knowledge on toxicity is needed for the LCA and other similar systems
to become more accurate in this area, and better balanced overall. For that, built
environment professionals should be more familiar with the information discussed
in this book.

1.3 Improving definitions of toxicity

Potentially, the issue with limited knowledge about the harmfulness of industrial
chemicals comes from the way toxicity and related harmfulness issues have been
historically considered. Toxicology started to develop from the trial and error
efforts of the hunter-gatherer to source foods safe to eat (Hayes, 2020). By the 16th
century some physicians observed toxicology as a paradox: ‘The right dose differ-
entiates a poison and a remedy’ (Hayes, 2020), and complex discussions followed
considering if some poisons are more ‘universal’ than others (Hedesan, 2017).
Conceptually, these discussions were important to shift the thinking away from the
simplifications that things can be classed as toxic/nontoxic, because the actual
impacts and boundaries are often much more complex (Hayes, 2020). While toxi-
cology as a science developed from this core concept which emphasises the impor-
tance of the dose, more recently this approach has been criticised as failing to
recognise a range of other harmful effects (Langston, 2010).
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The only toxic response which is very easy to directly measure and demonstrate
is acute toxicity, whereas an exposure leads to a swift lethal response in the study
animals. Such exposure is clearly toxic. However, at a lower dose the same sub-
stance might not lead to an equally lethal response (Philp, 2001). This is why the
theory of no observed adverse effect level (NOAEL) was developed and to a large
extent still dominates toxicology (Mow et al., 2020). The NOAEL approach can be
defined as the highest dose without a demonstrably harmful effect on the well-
being of an animal (Mow et al., 2020). Human civilisation has a long history of
using the NOAEL approach when evaluating the risks and managing the use of sub-
stances which are known to be toxic in high doses.

However, since the rise of synthetic chemicals during the first half of the 20th
century, scientific understanding has been developed to capture and describe a
range of adverse effects more complex than acute toxicity and the NOAEL
approach. It is much harder to establish thresholds for low-level exposures, and this
is even more challenging for chronic or long-term exposures (Philp, 2001). Delayed
responses and cumulative effects also took time to be recognised because these
often resulted in less obvious toxicity, not harming organs directly. Late 20th cen-
tury science struggled to fully describe the more complex issues with carcinogene-
sis, endocrine disruptors, harm to the unborn child, but also multigenerational
impacts which intensify with distance (Langston, 2010). Adding to the list, we are
increasingly aware that some toxic substances remain in the environment as
environmentally persistent toxicants (Stockholm Convention, 2023).

All of these complexities with the definitions of toxicity itself contribute to chal-
lenges when trying to act in this area.

1.3.1 Examples of historical issues with recognition of toxic impacts

Currently, there are many historical examples of toxicological understanding of the
growing harmfulness while the substances are already in manufacture and in use.
Two short stories about lead (Pb) and vinyl chloride present useful examples.

1.3.1.1 Lead

Despite being recognised as a toxic since the start of metallurgy (Lesser, 1988; Riva
et al., 2012), in 1907 US Dutch Boy Lead White paint displayed Pb as 90% of its
content, and leaded petrol was introduced in the 1920s (Warren, 2000). This was pos-
sible because the NOAEL paradigm dominated, and lower levels of exposure to Pb
did not have easily observable symptoms (Warren, 2000). However, in 1943 research
work of Byers and Lord suggested that Pb poisoning is not reversible, but rather that
it can affect children’s behaviour and intellect for 10 years or more (Silbergeld,
1997). More recently, new understanding has emerged of the ‘decelerating’ response
to Pb toxicity, which means that there is no safe level of exposure to Pb (Lanphear &
Birnbaum, 2017). During the 1970s a range of regulations against Pb were intro-
duced, and new regulations continue to be introduced — however, Pb is still being
used in recent years in manufacture is a staggering over 10 million metric tons
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globally (Statista, 2023). Among a range of other adverse impacts, it is now known
that Pb is an environmentally persistent pollutant and the heritage of its use will be
with us for a long time to come especially at those impactful low levels.

1.3.1.2 Vinyl chloride

Vinyl chloride is the monomer of the polyvinyl chloride (PVC) (Chapter 15). In 1930
vinyl chloride was studied for its toxicity from single exposure on guinea pigs (Patty
et al., 1930). When tested in high doses, it led to deaths of guinea pigs, but the study
found no clear organ damage at lower doses (Patty et al., 1930). Therefore the
researchers recommended considering vinyl chloride as a possible surgical anaes-
thetic, and it was since explored for such applications (Oster & Carr, 1947). The
approach taken by the 1930 study clearly exemplifies the NOEAL approach and
focus on acute toxicity. However, since then vinyl chloride has been recognised as
carcinogenic (Group A), it can cause autoimmune response and is suspected of caus-
ing genetic defects (PubChem, 2023). None of these were tested in the initial study.
Rather, the carcinogenicity of vinyl chloride was recognised in response to health
issues seen in the workers involved with PVC manufacture (IARC, 2012).

1.3.2 Other poorly recognised adverse impacts

Endocrine disruptors have had a history of even slower recognition, with early regu-
lations against them introduced early in the 21st century. Endocrine disruptors fur-
ther violate the traditional toxicological definitions of harmfulness, because rather
than being dose dependent, they might have greater effects at lower doses, and
depend on the timing, age, and what the endocrine system is doing at the time of
exposure (Langston, 2010). There is still much of emerging science in this area,
although environmental exposure investigations already show that we have exam-
ples of species in one region struggling to express male features, while in another
region the same struggle is with female features — both contributing to decreasing
fertility rates in a range of species including our own (Langston, 2010).

Within this context perhaps it comes as no surprise that the first documented
case of asthma dates from the mid-19th century acceleration of industrialisation in
Britain (Spengler & Chen, 2000). A British physician who observed the case as a
possible unusual disease, took another 10 years to find seven additional cases to
confirm this assumption (Spengler & Chen, 2000). Yet, in 2004 a multidisciplinary
literature review established that the increasing incidents of asthma and allergy
throughout the developed world since around 1970 are probably due to environmen-
tal changes, because the period was not long enough for changes through genetic
evolution (Sundell, 2004). Supporting this, in 1990 it was reported that 20% of the
population suffered from an allergic disease (Spengler & Chen, 2000), while this
doubled to 40% by the report from 2015 (Rueter et al., 2015). Conditions like
asthma and allergies might be related to the increases of particle matter in the air,
but changes of the chemical composition of those particles would be also contribut-
ing, because these are increasingly human-made in origin.
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Taken together, human manufacture nowadays uses a range of synthetic chemi-
cals and other known hazards, and the full impact of those is impossible to antici-
pate. While we are recognising biodiversity loss as an issue, we should also
continue working on understanding better the evolution of the health of those spe-
cies still remaining, including our own. Toxicology is evolving, but the belief in the
simplicity of NOAEL approach is still ingrained in the existing structures, and it
will continue to require consistent effort to push against those assumptions.
Unfortunately, that means that the simple binary of toxic/nontoxic will remain out
of reach, and we should actively embrace more complex understanding of the
impacts on human and environmental health.

The issues with the history of focus on acute toxicity and the NOAEL approach
contribute to delays in the recognition of the toxicity of various compounds.
Further to that, it is possible that similar assumptions underlay the slow rate of
change after the issues are formally recognised — after all, often enough there are
no directly observable adverse effects from using problem substances in manufac-
ture. However, it is essential to fully move away from this model in order to
achieve a holistically better approach to building materials which are supportive of
human and environmental health.

1.4 Expanding understanding of what should be protected

The narratives used to justify and stimulate decreases in toxicity have been continu-
ally evolving. In the battle for the recognition of toxicity of Pb, emerging understand-
ing that children were more impacted was an early catalyst for some action early in
the 20th century (Rabin, 1989; Warren, 2000). Rachel Carson’s Silent Spring (1962)
proposed an argument against the world without bees and pollination, with a potential
of leading to starvation. In the 1980s Sick Building Syndrome was a popular term,
specifically coined to elect a strong emotional reaction and therefore a chance of
action (Sundell, 2004; World Health Organisation, 1983). Each of these narratives
presented opportunities for biases and blind spots. To decrease the toxic impact of Pb
on children, paints for children emerged, and generally the level of Pb in paints
started to drop, but the practice of using Pb in manufacture continued, and with it,
exposures of the workers and the exposed outdoor environments (Warren, 2000).
Carson’s book made a decisive contribution to the banning of dichloro-diphenyl-
trichloroethane, while conversations about the possibility that other chemicals might
also be harmful still continued on a case-by-case basis. Public discussions of Sick
Building Syndrome led to greater improvements of ventilation standards than removal
of the problem chemicals in the materials found in the buildings (Petrovi¢, 2014),
which are also still reviewed on a case-by-case basis.

In order to step outside of similar shortcomings, it is now important to more pro-
actively consider the interconnectedness of a range of parameters. Many of the che-
micals which are harmful for humans are also harmful for animals, but currently
less information is available on the toxicity on animals and plants. While ventilation
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could effectively improve indoor air quality, some of the fumes expelled that way
are already part of atmospheric chemistry (Gopikrishnan & Kuttippurath, 2021),
and there is no scientific clarity what these additional loads might do in the atmo-
sphere. With ventilation, we seem to have been assuming that outside and out-of-
sight meant that the toxicity problems were gone and solved. But climate change is
clearly demonstrating that expelling combustion gases did not solve the problem of
their harmfulness — rather, it shifted the issue from harming those running the com-
bustion process, to eventually harming the atmosphere. Therefore it is essential to
move away from the single focus approaches to toxicity, and human health as the
main motivators for change, and consider issues more holistically.

There are other inequalities. The health of all humans appears not to be treated
as equal. Currently, more attention seems to be given to the consumers and users,
those that have more of a choice, than the workers making the same products, or
installing these, who often have more limited employment choices. Further to that,
manufacture and issues associated with manufacture are more visibly discussed
than the issues with extraction and disposal. The environmental harm of the large
mines or the role of forestry slash in flooding appear to be still fairly invisible.
Even more invisible appear to be accidents involving toxic synthetic chemicals, yet,
they continue to happen at a high environmental cost of all living things (The
Guardian, 2023). It is essential to bring all of these issues into consideration when
selecting the building materials responsible for generating them. Because, these are
all aspects of the externalised costs of human and environmental harm which are
currently not adequately understood nor effectively factored into the purchase price
of materials and goods. To remedy that, we need to consider more carefully all that
goes into the materials, their manufacture, use and disposal.

1.5 Conclusion

This chapter introduced some of the core weaknesses in the way the sustainability
and toxicity of building materials in their manufacture, use and disposal are cur-
rently discussed. The level of extraction of materials is accelerating at an unprece-
dented pace, which is increasing the importance of rethinking what can be done
differently, better. It is paramount to move to a culture of using less and keeping
building materials in use for much longer. It is important to disregard availability of
relatively cheap and easy to access building materials and treat each and every bit
of the materials we use as precious. In reality, each bit of the materials we use has
already had a very real impact on the planetary system, it is our responsibility to
use these with economy and respect, and continue using and reusing these for a
long time. We should use all materials to their fullest possible extent, reuse and
keep reusing in the magnificence of their preciousness.

The extensive material extraction also reminds us that atmospheric disbalances
associated with climate change are not the only aspect of planetary needs that need
urgent addressing: we also need solutions for the biodiversity loss throughout a
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range of aquatic and terrestrial ecosystems. Due to the extensive use of synthetic
and environmentally persistent substances, we might be experiencing chemical dis-
balances throughout a range of planetary scales, which are currently impossible to
fully quantify using existing scientific knowledge. This means that addressing cli-
mate change is not enough. Rather, it is essential to equally consider all possible
adverse impacts, which are outcomes of anthropocentric activities, and start fixing
these by proactively rethinking our practices.

For this to be truly possible it is essential for the built environment professionals
to become more familiar with the issues related to the sustainability and toxicity of
building materials in their manufacture, use and disposal. It is important to know
what we are changing and why. But also, it is important to develop effective strate-
gies to drive new knowledge generation.

As this chapter shows, by paying more attention to toxicity, together with other
impacts, building materials can help us restore health across species, the natural
environment and throughout the planetary system. It is important to consider these
as interconnected, and work through unified approaches that simultaneously provide
a range of improvements. This can also help us restore a deeper relationship with
nature and with indigenous knowledge, all along furthering our science. Building
materials can also help address the inequities in contemporary society by ending
the toxic manufacturing and installing jobs, and eliminating buildings and homes
that are substandard for the health of their users. In times, when it is easier to see
problems than solutions, this sets a vision of one desirable trajectory.
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