


“As the impact of climate change progresses, relatively likely and foreseeable 
events, such as production shocks in the food systems as a result of disease, 
weather-related yield loss, infrastructure failures due to physical or digital issues, 
need to be better modelled and understood. This new understanding of risk, as 
a dynamic topography where sub-acute and acute trends and events may come 
together rapidly and at large scales requires new analytical foundations. The 
model, ERRE, presented in this book offers the foundation to simulate and query 
how these shocks may occur, and may cascade through the global social and 
financial systems. These insights are key to building the physical, community, 
and financial resilience that must be at the heart of humanity’s efforts in the 21st 
century.”

Molly Jahn, Professor at University of Wisconsin-Madison, USA

“Nearly 50 years have passed since the publication of the first world model, the 
famous report to the Club of Rome titled ‘The Limits to Growth.’ Today, we 
see a remarkable return of interest in this subject and one result is this book by 
Pasqualino and Jones that extensively reviews the earlier work and includes the 
description of an improved world model called ERRE. We badly need formal 
models to understand a world that’s becoming way too complex for our intuition 
to grasp. This book is a considerable step forward in the right direction.”

Ugo Bardi, Professor at University of Florence, Italy

“Roberto Pasqualino and Aled Jones have produced a hugely ambitious and 
timely piece of work. In its time, the original ‘Limits to Growth’ was hugely 
influential, and as we lurch towards a climate emergency, this thoughtful and 
thorough approach to modelling the world deserves to have as much impact, not 
least in its challenge to the dominant reductive economic thought.”

Nick Silver, Chairman, Climate Bonds Initiative, UK

“The Anthropocene demands a fresh approach to analysing the real risks to 
humanity of a destabilising Earth System. This book is a big step towards meeting 
that challenge, exploring the shocks, feedbacks, tipping points and other 
disruptive surprises that might lie ahead.”

Will Steffen, Emeritus Professor at the Australian National University, Australia

“The importance of modelling is not being right, it’s about helping us think more 
correctly. The Club of Rome’s 1970s modelling, revisited in this book, was meant 
to explore highly uncertain long term futures to help us think more correctly 
about ecological limits. This book continues that tradition, along the way 
exploring the limits of modelling as well as the benefits of non-linear dynamics in 
understanding the dramatic environmental choices facing us.”

Michael Mainelli, Executive Chairman, Z/Yen Group
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This book presents a new system dynamics model (the ERRE model), a novel 
stock and flow consistent global impact assessment model designed by the authors 
to address the financial risks emerging from the interaction between economic 
growth and environmental limits under the presence of shocks.

Building on the World3–03 Limits to Growth model, the ERRE links the 
financial system with the energy, agriculture, and climate systems through the 
real economy, by means of feedback loops, time lags and non-linear rationally 
bounded decision making. Prices and their interaction with growth, inflation, 
and interest rates are assumed to be the main driver of economic failure while 
reaching planetary limits. The model allows for the stress-testing of fat-tail 
extreme risk scenarios, such as climate shocks, energy transition, monetary 
policies, and carbon taxes. Risks are addressed via scenario analyses, compared 
to real available data, and assessed in terms of the economic theory that lies 
behind. The book outlines the case for a government-led system change within 
this decade, where the market alone cannot lead to sustainable prosperity.

This book will be of great interest to scholars of climate change; behavioural, 
ecological, and evolutionary economics; green finance; and sustainable 
development.

Roberto Pasqualino is Visiting Researcher of the Global Sustainability Institute 
at Anglia Ruskin University, UK. Roberto’s research interest is in feedback 
modelling of industrial policies for the analysis of financial risk and sustainability. 
This involves the nexus between food security, energy transition, and those 
environmental and economic shocks that have the potential to disrupt systems 
in a complex world.

Aled Wynne Jones is the inaugural Director of the Global Sustainability Institute 
(GSI) at Anglia Ruskin University, UK.

Resources, Financial Risk and 
the Dynamics of Growth



http://taylorandfrancis.com


Resources, Financial Risk and 
the Dynamics of Growth
Systems and Global Society

Roberto Pasqualino and  
Aled Wynne Jones



First published 2020
by Routledge
2 Park Square, Milton Park, Abingdon, Oxon OX14 4RN

and by Routledge
52 Vanderbilt Avenue, New York, NY 10017

Routledge is an imprint of the Taylor & Francis Group, an informa business

© 2020 Roberto Pasqualino and Aled Wynne Jones

The right of Roberto Pasqualino and Aled Wynne Jones to be identified 
as authors of this work has been asserted by them in accordance with 
sections 77 and 78 of the Copyright, Designs and Patents Act 1988.

All rights reserved. No part of this book may be reprinted or reproduced 
or utilised in any form or by any electronic, mechanical, or other means, 
now known or hereafter invented, including photocopying and recording, 
or in any information storage or retrieval system, without permission in 
writing from the publishers.

Trademark notice: Product or corporate names may be trademarks or 
registered trademarks, and are used only for identification and explanation 
without intent to infringe.

British Library Cataloguing- in- Publication Data 
A catalogue record for this book is available from the British Library

Library of Congress Cataloging- in- Publication Data 
A catalog record for this book has been requested

ISBN: 978-1-138-18735-1 (hbk)
ISBN: 978-1-315-64318-2 (ebk)

DOI: 10.4324/9781315643182

 

    
    

http://dx.doi.org/10.4324/9781315643182


To Elisabetta
Among those who change the world for the better
To Vaughan and Lewis
Parts of society’s next generation



http://taylorandfrancis.com


List of figures� x
List of tables� xiv
List of equations� xvi
Acknowledgements� xvii
Foreword� xxii
Preface� xxiv

PART I
World models and limits� 1

1	 The first formal world models� 3

2	 A calibration analysis of World3-03� 47

3	 Welcome to the real world!� 64

PART II
Economic Risk, Resources and Environment  
(ERRE) model� 129

4	 Economic thinking and system modelling� 131

5	 System structure and theory� 177

6	 Data, statistics, and scenario analysis� 218

7	 Conclusion� 268

Index� 284

Contents



	1.1	 Standard run of World3–03 model� 6
	1.2	 Normalised values of World3 (Meadows et al. 1972) and trend 

on historical time series� 7
	1.3	 Definition of databases in system modelling� 10
	1.4	 Focus of system dynamics modelling� 12
	1.5	 Feedback loop to explain desired system behaviours� 13
	1.6	 Stock and flows within the feedback structure� 16
	1.7	 An example of stock and flow structure of agriculture and 

climate interaction� 17
	1.8	 Top-down view on the World3–03 model� 20
	1.9	 Major feedback loops and accumulation processes in  

the World3–03� 22
	1.10	 Production and investment function in the World3–03� 26
	1.11	 Allocation of industrial investments in agriculture and impact 

on food production� 28
	1.12	 Non-linear impact of food and services change on the  

life expectancy� 29
	1.13	 Negative effect of industrial output growth on food output and 

sensitivity� 31
	1.14	 Non-linear impact of industrial output per capita on life 

expectancy via crowding� 32
	1.15	 Balancing feedback loop of resource availability on industrial 

capital growth, and adaptive technology effect� 34
	1.16	 Limits to Growth non-linear relationships controlling feedback 

loops in the agricultural sector� 35
	1.17	 Non-linear impact of persistent pollution on land fertility� 37
	1.18	 Negative impact of persistent pollution on life expectancy� 38
	1.19	 Non-linear effects of technology scenarios on the reduction of 

the industrial output� 40
	1.20	 Standard run scenario of the World3–03 showing collapse of 

human society due to conservative assumption on resource limits� 42
	1.21	 Scenario 2 of World3–03 showing the world collapsing due to 

exponential accumulation of persistent pollutants in  
the atmosphere� 42

Figures



Figures xi

	1.22	 Scenario 6 of the World3–03; adaptive technology scenario as 
the closest representation of an expected future of the world as 
depicted in the Limits to Growth� 43

	2.1	 Sensitivity parameterisation of allocation of investments to 
services for the World3–03-Edited calibration� 52

	2.2	 Sensitivity parameterisation of effects of land productivity on 
the land erosion for the World3–03-Edited calibration� 53

	2.3	 Estimate of the food production loss for processing� 54
	2.4	 Calibration of the World3–03-Edited model� 58
	3.1	 McKelvey diagram used for geological exploration to assess 

economic availability of mineral resources� 83
	3.2	 Hubbert peak model theory� 84
	3.3	 Historical peak in production of coal production in the UK� 87
	3.4	 Coal production by global regions from 1980 to 2015� 90
	3.5	 Real global prices of crude oil, coal, and natural gas from  

1970 to 2016� 91
	3.6	 Global price of crops (maize, rice, wheat), fertilizers, and  

crude oil from 1990 to 2016� 93
	3.7	 Correlation between CO2 concentration and global average 

temperature� 95
	3.8	 Population projections by region over time� 100
	3.9	 Number of nuclear reactors in operation and electricity  

capacity of those reactors� 102
	3.10	 Reinforcing feedback loops from market forces generating 

technological path dependency� 108
	3.11	 Power load of electric energy during winter and summer in a 

developed country� 111
	3.12	 Costs comparison between sources of energy� 112
	5.1	 Interactions among the five basic economic sectors of World3� 181
	5.2	 Physical flows in the energy transition and the economy model� 183
	5.3	 ERRE model sector overview� 185
	5.4	 ERRE model architecture� 187
	5.5	 Hierarchical network view of the ERRE model� 188
	5.6	 Reinforcing feedback loops in the financial dimension of 

savings deposits� 191
	5.7	 Distribution of government debt between households and 

financial sector� 192
	5.8	 Production function in the business sector of ERRE� 201
	5.9	 Production function in the agriculture sector� 203
	5.10	 Utility function in the household sector� 204
	5.11	 Reinforcing feedback loop from cash availability to interest  

rate in the private sector� 212
	5.12	 Balancing feedback loops counterbalancing interest rate  

within firm� 213
	5.13	 From resource constraints to financial risk feedback  

loop structure� 214



xii Figures

	6.1	 Population growth as input to the model� 226
	6.2	 Exogenous money creation from central bank� 226
	6.3	 Exogenous government deficit and government debt as  

input for money creation� 226
	6.4	 Technology change for every sector in the model� 227
	6.5	 Energy intensity of new capital and goods for the  

household sector� 228
	6.6	 Forest land comparison between historical and simulated  

behaviour� 233
	6.7	 Selected variables in the base run of the ERRE model� 235
	6.8	 ST Scenario 1 – Input: Fossil fuel production shock� 237
	6.9	 ST Scenario 1 – Output: Impact of fossil fuel production shock 

on selected variables� 239
	6.10	 ST Scenario 2 – Input: Agricultural capacity shock� 240
	6.11	 ST Scenario 2 – Output: Impact of agricultural capacity shock 

on selected variables� 241
	6.12	 Decision tree for uncertain extreme risk analysis of long-term 

scenarios� 243
	6.13	 LT Scenario 1 – Input: Impact of climate on food production 

and hot house effect� 244
	6.14	 LT Scenario 1 – Output: Impact of climate on food system and 

Real GDP� 246
	6.15	 LT Scenario 2 – Input: High risk scenarios of climate impact on food� 247
	6.16	 LT Scenario 2 – Output: High risk scenario of climate impact on food� 248
	6.17	 LT Scenario 3 – Input: Resource availability initial condition� 249
	6.18	 LT Scenario 3 – Output (1/3): Impact of resource depletion on 

economic activity and energy transition� 250
	6.19	 LT Scenario 3 – Output (2/3): Impact of resource depletion on 

energy prices and market shares� 251
	6.20	 LT Scenario 3 – Output (3/3): Impact of resource depletion on 

carbon emissions and temperature anomaly� 251
	6.21	 LT Scenario 4 – Input: Green technology productivity 

exponential growth� 253
	6.22	 LT Scenario 4 – Output (1/3): Impact of green technology 

growth on selected variables� 255
	6.23	 LT Scenario 4 – Output (2/3): Impact of green technology 

growth on employment, market shares, and prices� 256
	6.24	 LT Scenario 4 – Output (3/3): Impact of green technology 

growth on temperature anomaly� 256
	6.25	 LT Scenario 5 – Input: Carbon tax on fossil fuels� 258
	6.26	 LT Scenario 5 – Output (1/4): Impact of 2030 carbon tax on 

selected variables� 259
	6.27	 LT Scenario 5 – Output (2/4): Impact of 2030 carbon tax on 

selected variables� 260



Figures  xiii

	6.28	 LT Scenario 5 – Output (3/4): Impact of 2020 carbon tax on 
selected variables� 261

	6.29	 LT Scenario 5 – Output (4/4): Impact of 2020 carbon tax on 
selected variables� 262

	6.30	 LT Scenario 6 – Input: Combined effects of green growth and 
carbon tax� 263

	6.31	 LT Scenario 6 – Output (1/2): impact of combined effects of 
green growth and carbon tax on selected variables� 264

	6.32	 LT Scenario 6 – Output (2/2): impact of combined effects of 
green growth and carbon tax on selected variables� 265



	1.1	 Exponential growth at 3.6% per year over 20 years; the 
calculation is 1.036Years� 22

	1.2	 Exponential growth of a doubling economy every 20 years 
becomes 1024 bigger in two centuries; the calculation is 2Year/20� 22

	1.3	 World3 parameters that quantify the impact of natural 
constraints on economic growth� 40

	2.1	 Metadata comparison between historical data and  
World3 variables� 49

	2.2	 Parameters and variable additions between World3–03 and 
World3–03-Edited� 50

	2.3	 List of the 16 parameters used in the calibration and sub-group 
division according to their role in the model� 56

	2.4	 Values of parameters to differentiate between ‘without limits’ 
and ‘with limits’ scenarios� 57

	2.5	 Result of the calibration process in relation and parameter 
variation between calibrated runs and Scenario 2 of World3� 58

	3.1	 Share of energy consumption by sector and technology� 109
	5.1	 Balance sheet matrix of the closed system economy� 194
	5.2	 Summary of financial flows in the model� 196
	5.3	 Type of output that each productive sector supplies to every 

other sector� 205
	5.4	 Supply chain equilibrium system of equation� 206
	6.1	 Time series used to calibrate the ERRE model� 221
	6.2	 Accounting for time in Vensim software� 223
	6.3	 Exponents on production functions� 224
	6.4	 Sensitivities of key parameters for model calibration� 229
	6.5	 Statistical comparison of model output to real data� 231
	6.6	 ST Scenario 1 – Input parameter: Fossil fuel production shock� 238
	6.7	 ST Scenario 2 Input parameters: Agricultural capacity shock� 240
	6.8	 LT Scenario 1 – Input switches: Impact of climate on food 

production and hot house effect� 245
	6.9	 LT Scenario 2 – Input switch: High risk scenarios of climate 

impact on food� 247

Tables



Tables  xv

	6.10	 LT Scenario 3 – Input parameter: Resource availability initial 
condition� 250

	6.11	 LT Scenario 4 – Input parameter: Green technology 
productivity exponential growth� 253

	6.12	 LT Scenario 5 – Input parameters: Carbon tax on fossil fuels� 258
	6.13	 LT Scenario 6 – Input parameter: Combined effects of green 

growth and carbon tax� 263
	7.1	 Skill set to develop and update the ERRE model� 274



	3.1	 Net present value� 107
	4.1	 Damage function and production in DICE� 147
	5.1	 Cobb-Douglas production function� 198
	5.2	 Marginal productivity in Cobb-Douglas production function� 199
	5.3	 Constant elasticity of substitution production function� 199
	5.4	 Leontief production function� 200
	5.5	 Effective capital in ERRE� 202
	5.6	 Effective labour in ERRE� 202
	5.7	 Second level CES production function in ERRE� 202
	5.8	 Effective agricultural land� 203
	5.9	 Second level CES production function in agriculture� 203
	5.10	 Utility function in households� 204
	5.11	 Relation between costs and price� 205
	5.12	 Cobb-Douglas condition of exponents� 207
	5.13	 Value share of energy in capital� 207
	5.14	 Value share of capital� 207
	5.15	 Value share of energy� 207
	5.16	 Value share of labour� 207
	5.17	 Unit cost of energy� 207
	5.18	 Unit cost of labour� 207
	5.19	 Unit cost of capital� 208
	5.20	 Amount of capital production to balance agriculture stock� 208
	5.21	 Capital charge rate formulation� 210
	5.22	 Discount rate in the capital charge rate formulation� 210
	5.23	 Nominal interest rate� 211
	5.24	 Interest rate with risk premium� 211

Equations



We would like to thank the Peter Dawe Foundation and the Economic and 
Social Research Council (ESRC), as part of the Centre for the Understanding of 
Sustainable Prosperity (CUSP) grant (ESRC grant no: ES/M010163/1), for the 
funding that has supported this work.

From the time this book was conceived until the time it was completed, lots of 
events and people impacted its evolution who should be acknowledged.

First we would like to acknowledge all those who influenced the outcome of 
this work, both in quality and content.

We would like to thank the CUSP community and team of scientists in all 
their MAPSS themes (meanings and moral framings, arts and culture, politi-
cal and organisational dimensions, social and psychological understandings, and 
systems analysis). It is much more what we gained from your work than what we 
gave back to you, and we hope this book will support your work going forward 
beyond CUSP. Particular thanks goes to the systems analysis team, involving 
Sarah Hafner, Andrew Jackson, Simon Mair, Ben Gallant, Craig Rye, Angela 
Druckman, Martin Sers, and Peter Victor, whose many conversations helped to 
shape the role of system dynamics in the economic community. Particular thanks 
go to Linda Gessner, who ensured that the CUSP message was widely shared, 
and to Ian Christie, who every Friday for the four years managed to provide the 
updates on the whole world of sustainability. Lastly, of course, Professor Tim Jack-
son who led the CUSP team and provided the inspiration to explore a future of 
sustainable prosperity as well as keeping a tight hold on that ‘thin red line’ that 
provided a link across all who have engaged with CUSP.

We would like to thank all those who worked in the Global Resource Obser-
vatory project that initiated the work proposed in this book. In particular, Irene 
Monasterolo for her energy and her ability to create networks and the passion 
she brought to the role. Davide Natalini and Efundem Agboraw for sharing their 
experience as well as the journey through a PhD. Julie-Anne Hogbin for her pas-
sion in managing the project. Tracey Zalk and Alexander Phillips in providing 
help with data. The advisory group composed of Catherine Cameron, Nick Sil-
ver, and Victor Anderson, who helped in shaping the important questions to be 
tackled, and the wider steering committee of the project. We would like to thank 
Peter Dawe, who kept supporting and believing in the success of this project (and 
continues to do so!).

Acknowledgements



xviii Acknowledgements

We would like to acknowledge the wider Global Sustainability Institute team, 
a place where the project could be shaped. Initially started by Aled, in addition 
to sharing an amazing culture for collaboration and passion for sustainability, the 
team demonstrates an openness for interdisciplinary work and a passion for the 
activism. In particular, Roberto would like to thank Rosie Robison, who helped 
in structuring a PhD thesis out of this work, Chris Foulds, who supported him 
with the greatest mentorships over his early career position stage. Felicity Clarke 
for her passion for sustainability and role in keeping the team together. List-
ing the all GSI members is a difficult task, and we would love to list all people 
involved in here but there have been many over the years!

We would like to thank the team of professionals at Exoshock who helped to 
gather knowledge and understanding from the real world, and supported with 
additional feedback and model reviews, with the final aim to influence decision 
making in the real world. These include Barry McGovern, Ketan Bhimani who 
helped simplify the model communication to meet the needs of the real world, 
James Butterfill who helped reviewing some energy structures to improve the sce-
narios included in this book, Keith Eubanks who worked alongside Roberto and 
showed the secrets of system modelling for professional environments. Keith’s 
review of the work performed was detailed and invaluable for directing amend-
ments and improvements in the model. Some of these, and many more depend-
ent on his advice, and lessons learnt from his experience, helped out to improve 
greatly the model we see here today. We would like to thank Faraz Helmi, who 
helped to complete a database from public available sources. We would like to 
thank Andrei Korolev, and the interesting insights on the functioning of the 
financial system. In addition, Michael Mainelli, who linked in to the real world 
in many ways.

Secondly, we would like to acknowledge all those people whose work was not 
directly linked to the content of this book, but without whom this work could 
have never been achieved. Three of them are among the true initiators of this 
work even if we never had the fortune to meet them in person. These are Pro-
fessor Jay Forrester (1918–2016) and Professor Donella Meadows (1941–2001), 
whose rigorous approach, wisdom, and impressive achievements in life shaped 
the results of this work. We are also grateful to Aurelio Peccei (1908–1984), 
tremendous source of inspiration for the sustainability movement, and initiator 
of the Club of Rome.

We would like to particularly acknowledge Professor Jorgen Randers and 
Ulrich Golüke, who partially shaped the way for us, and provided important 
insights and feedback on earlier versions of the ERRE model. We are grateful 
to Professor Dennis Meadows for providing feedback on our 2015 paper, sharing 
invaluable wisdom, direction for further development, and an unpublished work 
written by Donella Meadows. This last has been integrated in the core text in 
Chapter 3 of this book to provide insights on the financial system and pathways 
towards sustainability.

We would like to acknowledge David and Laura Peterson, Tom Fiddaman, 
and Larry Yeager from Ventana Systems Inc., who provided wisdom, training, a 
library of models, and technical support on the software side that allowed this 



Acknowledgements  xix

work to be possible. In particular, Roberto would never be grateful enough to 
both David and Laura for the one week of stories and anecdotes in relation to 
the early years of the system dynamics community. Conversations about the style 
of modelling, and the provision of a technology that could allow that have been 
extremely useful. We are profoundly grateful to Tom Fiddaman for his availability 
in providing advice during the system dynamics conferences and during a train-
ing at Ventana. In particular, without his online library (metasd.org), inclusive of 
a version of the models World3–03 and the Energy Transition and the Economy 
models, this work could have never even been started. To all the team, we believe 
your wisdom and passion over the years has affected this work greatly, and we 
hope we will be able to carry some of it through our careers in the future.

We would like to thank the Italian chapter of system dynamics, in particular, 
Stefano Armenia, Ugo Bardi, Edoardo Mollona, Alberto Stanislao Atzori, for 
sharing their experience with us, and the members of the UK chapter of system 
dynamics, including John Morecroft and Kim Warren, for providing informal 
advice at the beginning of this project. We are grateful to Matteo Pedercini and 
Pål Davidsen, who provided training on the modelling of social planning and 
nations using system dynamics at the University of Bergen. We also would like 
to thank the system dynamics society in general for their constant support and 
maintenance of the community over the years. In particular, we are particularly 
grateful to John Sterman for his passion for excellence, and terrific contribution 
to the community over the last 40 years.

We would like to thank the international community of those linked to the 
Institute for Manufacturing at Cambridge University, and their passion to link 
manufacturing and sustainability. In particular, Steve Evans for his advice who 
indirectly affected some assumptions placed in this model, Catherine Tilley for 
the enthusiasm and passion for applying sustainability in business practices, 
Maria Holgado and Dai Morgan for their energy in managing the Peak District 
Program.

People who have to be acknowledged for their help include some who are 
not among us anymore. This includes Professor Anthony Janetos (1954–2019), 
director of the Pardee Centre for the Study of Longer Range Futures at Boston 
University, who provided feedback on some initial versions of the agriculture 
sector of the ERRE model.

This work is the culmination of six years’ of Roberto’s research, which includes 
his PhD and subsequent research fellowship with CUSP. Roberto’s detailed pas-
sion for systems modelling and dedication to delivering such a complex and all 
encompassing (and massive!) ERRE model should not be underestimated and I 
(Aled) would like to thank him for this attention to detail over those years.

As this is the culmination of Roberto’s PhD and fellowship he would like to 
add some more personal acknowledgements here.

I (Roberto) would like to express my gratitude to:

•	 Aled, for the trust, wisdom, resources allocated, and patience to respond to 
my questions and doubts over these years. I have been learning a lot from 
him, both by writing this book and absorbing his careful amendments to all 

http://metasd.org


xx  Acknowledgements

my work, as well as by immersing myself in the sustainability life through 
the Global Sustainability Institute, which he created and sustained. I would 
never be grateful enough for his inspiration for delivering sustainability at 
the global scale, as well as creating and letting it to grow at his feet.

•	 Professor Paolo Taticchi, who introduced me to MBA schools to teach sus-
tainability and global dynamics to his students, and supported me over the 
years both as academic reference point and a link to the business world.

•	 Flavio Tonelli, Professor of Engineering for Sustainability at the University 
of Genoa who first introduced me to the problem of sustainability from an 
engineering perspective, and opened my way towards the Limits to Growth, 
as well as providing advice over the years.

•	 Marco Raberto, Professor of Finance at the University of Genoa, for shar-
ing his experience in agent based modelling of the financial system, so that 
I could take the best decisions I could in the modelling of the ERRE.

•	 Giovanni Gambardella, who first introduced me to the world of entrepre-
neurship, and taught me how not to give up in the face of any challenge.

I would also love to thank all the people who supported me in my day to day life 
over the writing and development of this project, and which simple conversa-
tions helped me to find the energy for dealing with the challenge of global scale 
sustainability. In particular, I would like to express my gratitude to:

•	 Maribel Calvó Martinez and Zachariah Mark Iskander, who shared their life 
with mine, supporting with active energy, passion for environmental and 
social change, and fun. I would also like to thank Mariusz Baniak as a source 
of motivation to achieve impressive results, and Thea Marcellia Sletten for 
sharing insights from her work at the Ministry of Environment.

•	 Christian Steinruecken and Aleksandra Kulesza for their passion for chang-
ing the world for the better, the positive energy I could gain from you, and 
the nice touch in sustaining the society around you.

•	 Heidi Serra for the practical insights and ideas on food security from a bio-
technology research perspective, and the politics of the food industry.

•	 Natalia Ferreira De Castro for leading by example in choosing a better world 
of a simple life, and providing insights through her work in human rights in 
international organisations.

•	 Stefania Ferrucci for the positive attitude towards improving the state of the 
world in every place she goes, and focus on those who are in need.

•	 Martina Kunz for sharing a PhD journey alongside mine, always ready to 
discuss ideas and futures on how we can make a difference in this world.

•	 Angel Garcia, who showed me feedback thinking to improve the connection 
with other people and society as a whole.

•	 Giacomo Caroli for sharing experience from the mechanical engineering 
world in support of my research, and doing that alongside cultivating his 
vegetable garden every day.



Acknowledgements  xxi

•	 Luca Occhi for sharing thoughts on the state of global pollution from the 
perspective of a material scientist.

•	 Matteo Milite for his energy in dealing with migration challenges from Afri-
can countries to Europe, which is a problem we should all be taking care of.

Finally, I would like to thank my family for never being upset with me for the 
time I have been taking from them over these past years, thus reducing my car-
bon footprint in international travels. Thanks Maria Carmela, Giuseppe, Marco, 
Sara, Salvatore, Raffaella, and Ruggero.

Last but not the least, I would like to thank Elisabetta Sciacca, my beloved 
partner. She kept supporting me in the last months of writing, and provided some 
of her expertise by writing the R code necessary to produce all the images that 
are presented in Chapter 6 of this book (in just a few hours of effort!). She also 
opened my way to a dimension of spirituality and set the path towards new hori-
zons to be reached together.

Thank you all. Let’s go save the world.



Fifty years ago I fortunately chose to attend a physics colloquium at MIT and met 
a small team of researchers under the leadership of Jay W. Forrester. Two years 
later, as part of this team, we published The Limits to Growth. This study for the 
Club of Rome changed the world, by raising awareness about the physical limita-
tions of planet Earth.

Economics, most other academic disciplines, and most governments up until 
that point did not consider nature, and – more specifically – the world’s natural 
resources, as an integral part of the human enterprise. The world was still seen 
as very big, with little impact on the dynamics of society. The Limits to Growth 
sought to explore, and showed, that conventional economic growth would tend 
to expand the human ecological footprint so rapidly that it would overshoot the 
ability of the planet to supply the resources needed or overload land and oceans 
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some point. While there have been huge improvements in how industry works – 
we no longer have black soot billowing out of industrial chimneys in the middle 
of New York – there is still a long way to go.

And there are signs of progress in other areas. In this book – for example – we 
see a new global model that can explore a different set of scenarios to those pre-
sented in Limits. In my book 2052 I presented a forecast for global developments 
towards the middle of this century. It is a slightly more optimistic educated guess 
than the darkest scenarios of Limits. The risks are all still there, but some of the 
trends are bending in the right direction. In this book some of those risks are 
explored through a new model and a new set of scenarios – and with a time hori-
zon all the way to the end of this century. Importantly, it explores the approach to 

Foreword



Foreword  xxiii

those limits and risks and helps us understand how society might respond, either 
proactively or reactively.

I am optimistic a better world can be created. However, we need to actually 
plan that better world. If we don’t actively manage the risks we will see shocks in 
our economic and financial system. Some of these shocks might be large enough 
to create a paradigm shift in human history.

Finally, it is important to stress that these models do not forecast the future. 
They test different possible outcomes based on a set of assumptions and the likely 
impact of a set of policies or processes that govern society. The idea is that these 
scenarios can then inform society on how to change those policies and processes 
to avoid some of the worst outcomes.

How did The Limits to Growth change the world? It opened up space for dis-
cussing these challenges. It created an argument for setting up international 
governmental processes to manage environmental challenges. It inspired, and 
continues to inspire, generations of sustainability champions. But more impor-
tantly it annoyed a lot of people.

So, as I did in 2052 I offer a final word of encouragement – in particular to the 
younger of the authors as he sets out on his journey into this world of modelling 
and advocacy. Hope for the unlikely! Work for the unlikely! And be bold.

Jorgen Randers
Professor Emeritus

Climate strategy
Department of Law and Governance

BI Norwegian Business School
Oslo



Models and decisions

You can think of the world as an imaginary box. The simple action of associating 
a non-existent box with the world within the mind might be considered of little 
use to the scientific community or policy makers. However, such an action rep-
resents the beginning of a journey to understanding global systems through the 
creation of a mental model of the entire world.

By definition, a model is a simplified, reductionist representation of reality. Our 
mind cannot give attention to everything surrounding us. A model can capture 
some particular details of the observed environment allowing people to interact 
with it. These representations are models of the reality in the mind, or better, 
mental models.

For example, let us say that one child would like to move a box full of toys from 
a position A to B. The box is heavy enough that the child cannot lift it up, but 
light enough they can drag it on the ground. They would not need to know every 
single detail of the toy box to achieve their desire of moving the box. Details 
such as the exact number of toys in the box, their colours, who manufactured 
them, would not help in dealing with the issue they are facing. Intuitively, the 
child would make a calculation of the relative mass and volume of themselves 
and the ones of the box. By simply touching and approaching the box physically, 
they would make some tests to adjust the initial calculations to the ones neces-
sary to perform the action correctly. Then, they would push (or pull) the box 
from A to B. The child created a mental representation of themselves interacting 
with the box and the ground in relation to the purpose of the action. They gave 
some attributes to every participant (nothing detailed), applied some testing thus 
improving the initial mental model, used such a model to decide what to do and 
how to do it, and performed the action. The mental model was in the mind of the 
child for the full duration the action was taken. Once the action was completed, 
the mental model vanished, dragging the child’s attention to something different 
(for example the toys in the box).

Mental models are a part of being human. They can be created, evolve, and 
get discarded at the speed of thought without even realising we are using them. 
The main purpose of a mental model is supporting us in taking decisions which 
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drive our actions that interfere with the dynamics of our environment. Whereas 
decisions can be taken without any support from mental models – i.e. the reason 
why the child wants to move the box can be completely irrational – we often face 
situations where the cost of failure can be prohibitive in comparison to what we 
believe is acceptable. Our feelings alone do not help much in turning such a situ-
ation towards the desired path.

Our world is a dynamic system and we are part of it. As individuals we keep evolv-
ing and interacting with the elements of the environment that surround us. The food 
we eat, the air we breathe, the people we socialise with are all elements of our envi-
ronment and we are part of theirs. As groups we also keep evolving and interact with 
elements of world ecosystems as well as with other groups of people. As a society we 
organise ourselves in many different ways with the final aim of satisfying each other’s 
needs both locally and internationally. We extract resources to produce goods and 
warm houses up, use land and its nutrients to produce the food we eat, use science to 
innovate our society towards a more desirable future, and so on.

Both as individuals and as a society we are part of wider systems. A ‘system’ can 
be defined as a set of interconnected elements (both living and non) that interact 
one to another over time towards a purpose. A mutual relationship (both direct 
and indirect) among two elements of a system is referred to as a ‘feedback.’ At the 
individual level, examples of feedback may include tasting food (direct feedback 
from food to our brain through our sense), or a teacher providing corrections to 
a student based on their homework. At the societal level, we can consider the 
population of a nation that votes for its preferred political representatives, or a 
government that goes into war (the feedback would be less direct here, for exam-
ple involving first a lack of resources, then a persistent financial and economic 
crisis, and then a decision to engage into war with someone else). Feedbacks are 
our means for adaptation to our environment and the foundation for learning. 
Thus they form the basis for the experience we cumulate in our lifetime that 
drives the actions we take in particular situations.

Modelling is an activity we all do when facing a new situation that requires our 
attention and input. If we focus on a particular real system, there exist an infinite 
number of mental models that can help us understanding it. When we feel com-
fortable with a particular mental model of reality we take an action and interact 
with it. The reality, in most cases, feeds back to us in one way or another, showing 
if the mental model was mostly wrong (the feedback of the reality is something 
we were not expecting with potential negative consequences) or mostly right 
(somehow the consequences of our actions were expected and have a positive 
outcome). In the first case we would reject the model, and in the second we 
would accept it, aggregating it to previous ones to develop a deeper understand-
ing of what we believe is surrounding us and how we can live with it. Because 
we mostly learn through feedback from the environment we can perceive, we are 
naturally forced to learn mostly from our past experiences, and have trouble in 
solving situations we have never faced before.

One of the most successful outcomes of our global society is the way we were 
able to accumulate and spread knowledge and information over space and time. 
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Nowadays our mental models are mostly formed through education, personal 
relationships, and as an outcome of the exposure to daily events and informa-
tion from media, while filtered from the lens of the mental model that we cur-
rently own. When we face a new challenging situation we would normally look 
for advice among the people who know more than us about that specific prob-
lem. When people cannot be reached directly, information tends to be gath-
ered through literature, consulting reports available within the extremely large 
amount of knowledge we have created and deposited, or, at last resort, interacting 
with the environment by mean of tests and experiments with tools. This is also 
the way we manage risk of failure, increasing our likelihood of success to reach 
the desired results within the available time. Still feedback from reality remains 
the key for learning, helping us to deal with similar situations in the future. It is 
worth noting that despite the individual modelling activity being carried out at a 
minimum level in relation to the problems we face, we are still all modellers who 
accept and reject information within our set of beliefs and mental architectures.

All models are questionable. As such they must be continuously tested in com-
parison to the reality they aim at representing, and should be effectively shared 
among communities to both influence their mental models (learning), and being 
influenced by those. Most important, because our environment is dynamic (it 
changes over time), it is fundamental to innovate models of the past because 
they might not be suitable for the problems of the present and the future. The 
most common ways to share and influence each other’s mental models is through 
simple conversation and communication. Words, diagrams, pictures are all tools 
that can be used to rationalise concepts that can be shared and influence mental 
models of others as well as your own. They are useful ways to drag mental models 
out of the mind of people and welcome criticisms from others. In so doing it is 
possible to create a shared and agreed understanding of real-world systems among 
different communities, forming the basis for human institutions and a tiny cer-
tainty within our uncertain world.

Computer models are one of the ways to formalise the mental models in a 
format that is sharable among many. Computer models can also use calculation 
power to capture some characteristics of the reality that the mind finds difficult 
to catch. Characteristics of the reality that people can measure, interpret, or for-
mulate hypothesis on, in relation to their possible evolution over time. Computer 
models can be seen as extensions of mental models, and can play an important 
role in structuring a better society. By using computer models to drag mental 
models out of people’s mind, it is possible to create models built by the aggrega-
tion of the mental models of many, test and improve those over time, and use the 
models for pursuing some objective for the community.

The world and the society

Coming back to the box as a mental representation of the entire world, we might 
use it to start developing a computer model. As an empty box, the model is static 
(does not change over time) and does not capture any information about the 
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state and evolution of any system in the world. The practical use we can make of 
it is none. Higher success can be achieved by exploring what there is inside the 
box, some relations among such elements, and possibly their behaviour over time 
in particular conditions.

When opening the box, it is easy to list everything that comes into our mind 
that would be part of it. We can range from the atoms of hydrogen to entire 
oceans, from the consciousness of one person to the information captured in 
their DNA, from a tiny village in the countryside in Africa to the network of 
214 nations defining the geopolitics of our planet. Some of these aspects can 
be approached with certainty, others would be less clear since they are not yet 
understood by humanity or not scientifically attainable. Some elements can be 
listed, but it would be not feasible to define how they interact with other ele-
ments of the whole.

Two simple ways to differentiate systems of the world can be on the basis of 
the time they take to evolve and their scale of impact. While some ecosystems 
on Earth take thousands to millions of years to exhibit significant changes (for 
example, the time to form crude oil and coal in the ground, the time for Earth 
to absorb carbon dioxide (CO2), or the time for new forms of life to emerge), the 
time frame taken into account for people dealing with daily activities, businesses, 
and politics ranges from hours to a few decades. It takes less than two decades for 
a new born to be considered an adult; it takes a few years to receive an education 
and set up a career to have a role in society; it takes about two decades to spread 
technologies and products in society after they have been discovered for the first 
time; it takes about five years for a government to be responsible for managing 
nations in democratic societies; it takes months to a few years to substitute goods 
and appliances in your house; it takes generations to change culture in a society; 
it takes years to deal with conflicts and wars among nations; it takes days, or even 
hours to take decisions in the financial market to invest the next dollar profitably. 
But the leftovers of human passage on Earth can take hundreds to millions of 
years to be reabsorbed into the environment. Together as a dominant species on 
the planet we were able to become a planetary force strong enough to change the 
climate from the era of the Holocene (a period of relatively stable climate that 
started about 11,700 years ago) to the Anthropocene due to emissions generated 
from a massive economy founded on the paradigm of growth (this is considered 
to have started with the Industrial revolution in the 18th century).

Society itself can be thought of in many different ways as well. Culture, wealth, 
and religion are common ways to differentiate groups of people, one to another. 
From a global perspective, we can see the world divided in 214 countries cover-
ing different geographies and interacting one to another through the exchange 
of commodities and services (and people). It is also possible to see the world 
in terms of a financial district controlled by central banks, each with a differ-
ent currency, sometimes involving multiple countries (see Europe). Seen both 
as countries and a financial district the main philosophy unifying all of those is 
the interconnection and the ability of some to solve the problems of others in 
a gigantic supply-demand network of global communities driven by production, 



xxviii  Preface

trade within global markets, and the overall tendency to expand towards the next 
challenge. Based on the assumption of increased well-being for all, reduction in 
inequality among rich and poor, eradication of food insecurity and poverty in the 
long term, and the assurance of maximum employment levels for all, more and 
more power has been given to the financial system which was designed to address 
the disequilibrium of the world society and move towards growth. In so doing, 
the paradigm of economic growth became the strongest force dominating human 
development since James Watt invented the steam engine.

Despite this approach, which allowed for the widespread deployment of new 
technologies and modified the socio-economic environment to the point of 
being unrecognisable from just a few decades ago, all production still relies on the 
extraction and depletion of some natural ecosystem. In particular every material 
good we use uses minerals, every house needs energy for lighting and heating, 
every business needs energy for operating machines, every farm needs water, land 
and fertilizers to produce food, and so on. Each of these processes has the peculi-
arity of generating waste and pollutants as well as depleting the natural resources 
at a pace that leaves less time before reaching the limits of the planet. Such an 
approach is unsustainable and actions should be taken collectively and urgently 
if we are to avoid the worst impacts.

Governments have an extremely important role in the sustainability challenge. 
Despite technological change, the process of decision making and policy devel-
opment remains firmly based on a traditional humanistic approach. Although 
information is more easily available to decision makers in shorter time frames, and 
despite an increasing use of computerised algorithmic decision making, the final 
decision is based on the mental models of the decision makers informed through 
dialogue and feedback from the various elements of the society they aim at support-
ing. Based on the understanding and knowledge relative to the systems composed 
of businesses, citizens, and finance, it is clear that, in its current state, decision mak-
ers cannot effectively deal with important global trends which have the potential 
to negatively feedback on our society such as systemic crises, recessions, and con-
flicts. Such a global system needs to be reformed. A new mental model is needed.

Sustainability, resilience, and global models

Given a variety of systems in the world evolving with different time scales and 
affects, how can we define correctly the right granularity and content of a com-
puter model? It is the purpose of the model that determines its content. For exam-
ple, if we want to study the world from the angle of climate interaction with the 
oceans, the physical characteristics of a single person might not be relevant. The 
knowledge available to inform the model and the methodology adopted are also 
important constraints defining the format of the model and its capability to study 
some particular world dynamics. In turn its format and accessibility will deter-
mine whether it influences the mental models of decisions makers.

The models that are presented in this book look at the problems of sustain-
ability, systemic risk, and resilience based on current behaviour of human society 
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dealing with the resources of the finite planet in the context of major shocks. One 
of the earlier definitions of sustainable development was provided by the Brunt-
land report in 1987 as: “development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs.” Such a 
definition remains hard to interpret by policy makers and businesses when they 
make decisions, and unfortunately, the long term in the year 1987 has become 
the short term in the year 2020. In fact, the concept of resilience, the ability of 
an ecological system to absorb and react to perturbations and return to its normal 
state, became fundamental for a transition towards a more sustainable world.

Sustainability and resilience must be seen as multidisciplinary challenges 
involving different systems interconnected through mutual feedbacks. A system 
characterised by the presence of closed loop feedbacks takes the name of ‘complex 
system,’ indicating that the evolution of every component should not be consid-
ered in isolation but as outcome of its interactions with the other components. In 
the case of global scale models, we can consider those as ‘complex macro-systems’ 
involving knowledge coming from social, biological, political, environmental, 
and economic perspectives among others.

In Part I  of this book, we explore a revisit of the Limits to Growth model, 
presented in its last version (Meadows et al. 2003). As the analysis focuses on 
sustainability, the model is relatively small, with a focus on the dynamics of real 
output and population growth in a finite planet between the years 1900 and 2100 
(Chapter 1). A comparison of world limits with current global trends (Chapter 2) 
and current literature (Chapter 3) has also been performed. Part II of the book 
focuses on the development of a novel model named Economic Risk, Resources 
and Environment (ERRE). ERRE is a larger and more detailed model than the 
World3, that includes finance, energy, food, and climate systems. The aim is to 
tackle both political problems related to resource availability in the short time 
scale (one to five years), as well as stress-test long-term scenarios and risks emerg-
ing from the interaction between the dynamics of growth and global resources 
limits until the end of this century.

The ERRE model has been formulated based on the work of Professor Jay For-
rester in the 1970s and early 1980s. In particular, it is a formal update on the PhD 
Thesis of Professor John Sterman from the MIT School of Management, while 
integrating a food system based on the World3–03 land structure. During the 
modelling process, many updates based on current state of the art, in particular 
around the structure of financial flows and closed loop economic system, have 
been performed.

Part II of the book starts from a detailed review of the economic modelling 
literature, while comparing the system dynamics approach to other economic 
modelling methods (Chapter 4), and is followed with a general description of the 
ERRE model (Chapter 5). Chapter 6 provides a review of the dataset used to cali-
brate the model, and a statistical validation of the model output with the dataset. 
In addition, short-term shock scenarios are assessed, and long-term stress testing, 
to explore the dynamics of the world economy within the limits of the planet 
by the end of the century, is performed. The analysis is performed under deep 
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uncertain conditions, while engaging in the debate of uncertainty and fat-tail 
extreme scenario risk assessment. The ERRE model simulates from the year 2000 
to 2030 to capture short-term shock dynamics, and extend the simulation until 
the year 2100 to capture long-term risk fat-tail scenarios. Both Chapters 5 and 6 
are extended with supporting online material describing the structure and equa-
tions of the ERRE model in detail, and some key leverage behavioural tests per-
formed on the ERRE model, to address how its dynamics compare to economic 
literature. All these are accompanied with the entire model, at the https://doi.
org/10.25411/aru.10110710. The book concludes with our thoughts and propos-
als to engage in global system change both from a top-down approach to decision 
making, and from a bottom-up businesses and citizens’ perspectives (Chapter 7).

The models are presented in order to welcome criticism from the reader. We 
are interested in making our models transparent and accessible. We believe that 
through questioning the limited structures of the models presented here, a sys-
tem’s view on the current state of the world can be reached. Most important we 
encourage debate and feedback, which ultimately, improve the models as well as 
change our mental models. Please take your time to read this book and be open 
for changing your view on world systems.

https://doi.org/10.25411/aru.10110710
https://doi.org/10.25411/aru.10110710
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1  The first formal world models

“What we meant in 1972 in ‘the Limits to Growth’ and what is still true, is that 
there is simply no endless growth in a finite planet” (Meadows 2012). The need 
for developing a world model was recognised and actively encouraged by the 
Club of Rome (CoR) in 1970 (Club of Rome 1970). The CoR is an informal, 
multinational, non- political group of scientists, intellectuals, educators, and busi-
ness leaders sharing a common vision and concern for the future of humanity. It 
was formed in 1968 at the instigation of Aurelio Peccei, an Italian anti-fascist  
industrialist (Pauli 1987; Meadows et al. 1972). With the aim of engaging in 
the social problems generated by humankind and finding a way to create an eco-
nomic paradigm that could generate sufficiency for all in the indefinite long term, 
they gained global visibility after their first report entitled ‘The Limits to Growth’ 
was published in 1972 (Meadows et al. 1972).

After decades of prosperous global industrial and business activities and an 
unprecedented accumulation and spread of capital and technology worldwide, 
it became clear that such an orthodox approach was also causing problems 
that would require a different way of thinking from that used to generate such 
‘prosperity.’ They named such a concept the ‘problematique of mankind’ and 
referred to it as the “fragmentation of reality into closed and well- bounded 
problems which creates a new problems whose solution is clearly beyond the 
scope and the concepts we customarily employ” (Club of Rome 1970, p. 13). 
Today, the CoR has its headquarter in Winterthur, Switzerland, and involves 
more than 100 members ranging from heads of state, UN bureaucrats, high- 
level politicians and government officials, diplomats, scientists, economist and 
business leaders around the globe. They all share a common mission: “to act 
as a global catalyst for change through the identification and analysis of the 
crucial problems facing humanity and the communication of such problems to 
the most important public and private decision makers as well as the general 
public” (Weizsäcker 2014).

The first world computer model was driven by the need for a unifying integrated 
vision that could be shared among collaborating countries and economies that 
were getting bigger, more complex, more intelligent, at faster increasing rates, 
but were still based on resources extraction, unable to cope with (probably being 
the cause of) social and environmental problems, including overpopulation, 
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