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Abstract

This thesis is motivated by a fundamental conflict between different dimensions of sus-

tainable development, i.e. between climate change mitigation and development through

economic progress. This conflict is of special relevance for developing countries. On the

one hand fast economic development, connected to emitting greenhouse gases, could help

to improve their peoples’ living conditions substantially and increase their resistance to im-

pacts by climate change. On the other hand these countries are projected to be most severely

impacted by climate change and apply the least efficient production technologies. Hence,

limiting the amount of greenhouse gases that can be released to the atmosphere can nega-

tively influence their future (economic) development opportunities. This thesis investigates

how technology could help diminishing this conflict.

The central parts of this thesis investigate technology at different levels, which are the mi-

cro and the macro level, and in different roles, which are technological development, tech-

nological application and technological transfer. They reveal different relevant insights for

the role of technology in the context of climate change mitigation and development. First,

energy intensive manufacturing sectors hold key positions within economic development

processes, potentially providing development bottlenecks. Second, from a global perspec-

tive, an ongoing shift in production capacities towards less efficient production locations

is observable. This trend contributes to increasing energy consumption. Third, assessing

the influence of alternative technologies on GHG emissions is challenging in the absence of

complete system assessment tools (at the micro level) and sufficiently detailed data. Fourth,

for judging the impacts of alternative technologies, the total amount of applied processes,

as for instance welding processes, within an economy and the underlying economic net-

work need to be considered. Fifth, already existing efficient technologies could contribute

to reducing emissions significantly if they could be made more accessible.

Investigating sectoral structural change within economic development processes empiri-

cally to explore feasible pathways for developing countries, robust patterns are identified in

which energy intensive manufacturing sectors hold key positions. The results indicate that

a successful diversification of agricultural based economies towards more productive (high-

tech-) industrial and service sectors, as well as self-sustaining economic progress require

the accumulation of specific light manufacturing sectors, such as wood products, textile and

leather industries. The results suggest that leapfrogging energy intensive industrial states in

development processes is very difficult.

Large differences in production technologies across countries have been identified in the

literature. This thesis assesses how the recent economic performance of fast growing devel-

oping countries and shifts in the global production network have impacted global sectoral

energy consumption. Results show that for the majority of global sectors the production

shifts towards less efficient production locations. This delocalization contributes to increas-

ing sectoral energy consumption. In addition, for some sectors these developments are ac-
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companied by declining energy intensity improvement rates, indicating that delocalization

induces relevant second order effects.

This thesis assesses state of the art technology assessment tools, which are inter alia ap-

plied to analyze the overall impact of (newly developed) technological alternatives. Specif-

ically, this thesis investigates caveats related to the application of system boundaries within

process life cycle assessments (PLCA). The results shows that a definite judgment on the

magnitude of so called truncation errors, which potentially bias conclusions of PLCA, is

not possible. Truncation error estimations are sensitive to modeling choices. Hence, to-

tal estimated impacts associated to products and processes by PLCA are subject to some

uncertainty. An alternative assessment tool for assessing (innovative) technologies is pro-

posed. In contrast to currently applied technology assessment tools, which are designed to

judge on single processes, it allows to consider the network characteristics of global supply

chains and the total amount of processes present within an economy. This tool is developed

to depict possible overall impacts of the application of innovative technological alternatives

more precisely. Such a tool is important to adequately inform decision makers and enable

efficient technological progress.

Finally, this thesis investigates global emission mitigation potentials given by differences

in industrial production technologies across countries. It assesses to what extend global

emissions could be reduced, if more efficient technologies were made more accessible. An

optimization framework is applied that considers multiple production inputs, supply chains

and their interactions. The results revise mitigation potentials by better access to technology

upwards. Access to second-tier technologies could already reduce annual greenhouse gas

emission significantly.

This thesis reveals the multidimensionality of technology in the context of climate change

mitigation and development. It depicts large differences in specific dimensions of sectoral

production technologies, such as energy intensity, where inefficient technologies are ma-

jorly located in developing countries. This thesis shows the necessity to consider the highly

complex global economic network and multiple production inputs when judging on effi-

ciencies of technology (which can be challenging). It also reveals that differences in tech-

nologies are a mixed blessing, as these offer large mitigation potentials on the one hand, but

are inter alia responsible for emission increases by delocalization of production capacities

on the other hand. Considering the multi-dimensionality of technology in the global pro-

duction network, the sectoral development network, as well as different political goals can

help to facilitate the design of effective and targeted climate and development policies.



Zusammenfassung

Die vorliegende Arbeit ist durch einen Konflikt in unterschiedlichen Dimensionen von nach-

haltiger Entwicklung motiviert. Er wird durch die angestrebte Begrenzung der globalen

Klimaerwärmung und Entwicklungsziele (durch ökonomischen Fortschritt) hervorgerufen.

Dieses Konfliktfeld ist von besonderer Relevanz für Entwicklungsländer. Zum einen kann

ökonomischer Fortschritt, der mit der Emittierung von Treibhausgasen einhergeht, beson-

ders in diesen Ländern die Lebensgrundlage der Menschen verbessern und die Vulnerabil-

ität gegenüber Auswirkungen des Klimawandels verringern. Zum anderen wird projiziert,

dass diese Länder besonders stark durch den Klimawandel betroffen sein werden. Des Weit-

eren sind es Entwicklungsländer, welche die am wenigsten energieeffizienten Technologien

in der industriellen Produktion einsetzen. Eine Limitierung von Treibhausgasen, die emit-

tiert werden dürfen, kann daher besonders die ökonomische Entwicklung dieser Länder

negativ beeinflussen. Die vorliegende Arbeit untersucht, wie Technologie dazu beitragen

kann, diesen Konflikt abzuschwächen.

Die zentralen Kapitel der vorliegenden Arbeit untersuchen Technologie aus unter-

schiedlichen Perspektiven, welches die Mikro- und Makroperspektive sind. Des Weiteren

behandelt sie Technologie in unterschiedlichen Rollen, welches Technologieentwicklung,

Technologieanwendung und Technologietransfer sind. Die Hauptkapitel liefern wichtige

Erkenntnisse für die Rolle von Technologie im Spannungsfeld Klimawandelbekämpfung

und Entwicklung. Erstens, zeigen die Ergebnisse, dass energieintensive Sektoren der ve-

rarbeitenden Industrie Schlüsselpositionen in ökonomischen Entwicklungsprozessen ein-

nehmen, welche somit potentiell Entwicklungsflaschenhälse darstellen. Zweitens, weist

die vorliegende Arbeit eine Verschiebung von sektoralen Produktionskapazitäten hin zu

weniger effizienten Produktionsstandorten innerhalb der ersten Dekade des 21. Jahrhun-

derts nach, wodurch sich der sektorale Energiekonsum erhöht hat. Drittens, wird aufgezeigt,

dass die Beurteilung von technologischen Alternativen mit zurzeit verwendeten systemu-

nvollständigen Werkzeugen problematisch sein kann. Viertens, zeigt die vorliegende Ar-

beit, dass zu einer adäquaten Technologiebeurteilung, die gesamte Anzahl von betroffe-

nen Prozessen innerhalb einer Volkswirtschaft, sowie das zugrunde liegende ökonomis-

che Netzwerk berücksichtigt werden müssen. Fünftens, wird nachgewiesen, dass bereits

existierende effiziente Technologien zu relevanten Emissionseinsparpotentialen beitragen

können, wenn diese besser zugänglich gemacht werden könnten.

Diese Arbeit beginnt mit der empirischen Untersuchung des sektoralen Strukturwandels

innerhalb ökonomischer Entwicklungsprozesse, um gangbare Entwicklungspfade für En-

twicklungsländer zu identifizieren. Dabei wird ein robustes sektorales Entwicklungsnet-

zwerk identifiziert. Innerhalb dieses Netzwerkes nehmen Sektoren der verarbeitenden In-

dustrie Schlüsselpositionen ein. Die Ergebnisse deuten darauf hin, dass eine Entwicklung

hin zu einer Dienstleistungsgesellschaft, sowie nachhaltige ökonomische Entwicklung ohne

den Aufbau von Industriekapazitäten nicht möglich sind. Im Hinblick auf den globalen

Treibhausgasausstoss bedeutet dies ebenfalls, dass ein überspringen von energieintensiven

ökonomischen Strukturen nur schwer denkbar ist.
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Relevante Unterschiede in Produktionstechnologien zwischen Ländern wurden in der Lit-

eratur identifiziert. Die vorliegende Arbeit untersucht, wie jüngste Entwicklungen in schnell

wachsenden Entwicklungsländern und die Verschiebung des globalen ökonomischen Schw-

erpunktes die globalen, sektoralen Energieverbräuche beeinflusst haben. Die vorliegende

Arbeit weist für die meisten Sektoren nach, dass sich einhergehend mit dieser Verschiebung,

die durchschnittliche weltweite Produktionstechnologie (bezüglich Energieeffizienz) ver-

schlechtert hat. Dies bedeutet, dass sich globale Produktionsprozesse relativ zu weniger

effizienten Produktionsstandorten verlagert haben. Es lässt sich beobachten, dass sich in

diesem Zusammenhang für einige Sektoren auch der technologische Fortschritt verlangsamt

hat, was darauf hinweist, dass Produktionsverschiebungen relevante Effekte zweiter Ord-

nung haben.

Die vorliegende Arbeit untersucht Werkezuge zur Bewertung von Technologien (Life-

Cycle Assessment Tools). Diese werden unter anderem in der Technologieentwicklung

eingesetzt, weshalb sie einen Einfluss auf die Entwicklung von Energieintensitäten haben.

Im Speziellen wird das Ziehen von Systemgrenzen bei Process Life-Cycle Assessment

(PLCA) Werkzeugen untersucht, welches zu sogenannten Truncation Errors (Abschnei-

dungsfehlern) führt. Die Ergebnisse zeigen, dass eine definitive Grössenabschätzung dieser

Fehler nicht möglich ist, da zu viele einflussreiche Faktoren berücksichtigt werden müssen

und die Ergebnisse sensitiv gegenüber Faktorveränderungen sind. Damit sind PLCA Ergeb-

nisse immer mit einer Unsicherheitskomponente verbunden.

Innerhalb der Arbeit wird ein neuer Ansatz zur Technologiebewertung entwickelt. Dieser

erlaubt es (makro-)ökonomische Strukturen, sowie die gesamte Anzahl von Prozessen in-

nerhalb einer Volkswirtschaft, bei der Bewertung (innovativer) Technologien, zu berück-

sichtigen. Somit kann er mögliche Gesamtveränderungen abbilden. Das neue Verfahren ist

wichtig, um Entscheidungsträgern wertvolle Rückschlüsse zu erlauben.

Final untersucht die vorliegende Arbeit, wie stark der globale Einsatz effizienter Tech-

nologie in der Industrieproduktion die weltweiten Treibhausgasemissionen senken könnte.

Der innovative Ansatz wendet lineare Optimierungsalgorithmen auf Multi-Regionale Input-

Output Daten an und ermöglicht es weltweite Wertschöpfungsketten, ihre Interaktionen und

multiple Vorprodukte zu berücksichtigen. Die Ergebnisse zeigen, dass relevante Poten-

tiale zur Emissionsvermeidung bestehen und korrigieren bisherige Schätzungen nach oben.

Selbst der weltweite Einsatz von Standardproduktionstechnologien könnte eine wesentliche

Verringerung der globalen Emissionen bewirken.

Die Gesamtheit der vorliegenden Arbeit zeigt, dass im Konfliktfeld Begrenzung des glob-

alen Klimawandels und Entwicklung durch ökonomischen Fortschritt, Technologie multi-

dimensional ist. Innerhalb einzelner Dimensionen, wie der Energieintensität, können rel-

evante Unterschiede auftreten. Die Arbeit verdeutlicht die Notwendigkeit, das komplexe

globale ökonomische Netzwerk, sowie alle relevanten Vorketten bei der Beurteilung von

Technologie zu berücksichtigen. Es wird ebenfalls aufgezeigt, dass Unterschiede in Tech-

nologien ein zweischneidiges Schwert darstellen. Zum einen führen diese Unterschiede

zu relevanten Emissionsvermeidungspotentialen, zum anderen können solche Unterschiede

die Energienachfrage steigern, wenn sich Produktionkapazitäten verlagern. Werden die un-

terschiedlichen Dimensionen von Technologie, das globale Produktionsnetzwerk, das iden-

tifizierte sektorale Produktionsnetzwerk, sowie die unterschiedlichen politischen Ziele ver-

schiedener Länder besser berücksichtigt, kann dies dazu beitragen, (zukünftige) Klima- und

Entwicklungspolitik effektiver und zielgerichteter zu gestallten.



Acknowledgment

Everything that comes to an end has a beginning. My beginning in economics started before

doing a PhD in Berlin. While doing my bachelors- and masters degree in mathematics I

attended lectures in economics that represented my minor field of study. Especially lectures

of two professors caught my attention and made me curious. Therefore, I would like to thank

Prof. Stephan Klasen for his excellent lectures on development economics and growth and
development and Prof. Renate Ohr for her excellent lectures in macro economics. Both had

a significant influenced on my decision of doing a PhD in economics.

I would like to express my gratitude to Ottmar Edenhofer for his willingness to supervise

my thesis and regular feedback. I would also like to thank him for sharing deep insights

concerning life beyond economics.

Further, I would to thank like Jan C Minx for his willingness to act as the second referee

of my thesis.

A special thanks goes to my group leader Jan C Steckel for his supervision and his weekly

feedback. Without any doubt he had a great influence on my work during the PhD. Thanks

for the scientific struggles we had, for advise, collaboration, patience, care, strictness and

transforming a mathematician (hopefully) into an economist.

I would like to thank my co-authors for their contributions, fruitful collaboration and

discussions.

A special thanks goes to Isa Ottmers, Dorothe Ilkens and Erika Krieger-von Stephanie

for the support with the TU.

The MCC, where I spent most of the time of my thesis, is a special place, which is not

only reflected in its scientific reputation, but also in the daily work. I would like to thank

all colleges for providing a fruitful atmosphere and regular, unexpected scientific discus-

sions. I would also like to thank the administrative staff for excellent support. In partic-

ular I would like to thank: Nicolas Koch, Linus Mattauch, Jan Siegmeier, Michael Jakob,

Blanca Fernandez-Milan, Steffen Lohrey, Jérôme Hilaire, Leonie Wenz, Ira Dorband, Mia

Burger, Tom Schulze, Gregor Schwerhoff, Johanna Wehkamp, Kerstin Burghaus, Sabine

Fuss, Jenifer Garard, Marcel Dorsch, Barbora Sedova, Andri Brenner, Dominic Lenzi,

Thang Dao Nguyen and Christopher Bren d’Amour.

Those of you who are familiar with my working situation at MCC might have recognized

that one important colleague is missing. Dear Alex, thank you so much for sharing an

office, thoughts, joy, fear and becoming a friend. Thanks for all those intense discussion on

economics and beyond. Thanks for excellent theater suggestions.

I would like to thank Ira Dorband, Alexander Radebach, Michael Jakob and Jan C Steckel

for proof-reading (parts of) this thesis and valuable suggestions.

7



8

A special thanks goes to my family and wife’s family for their support and belief in me.

I would like to thank my parents Uta and Carsten for life-long support. I thank my parents

in law for reading the thesis.

I would also like to thank The Göttingen Group for regular weekends of great joy.

Finally, I would like to warmly thank my wife Kathrin for everything. You helped me so

much with my inner concerns, worries and fears! Thank you so much for ensuring sunshine

on rainy days!



Contents

Abstract 3

Zusammenfassung 5

Acknowledgment 7

1 Introduction 13

1.1 Motivation 14

1.2 Global Climate Change 16

1.3 The (historic) relationship between energy and development 18

1.3.1 Changes in energy consumption: quantity and quality 18

1.3.2 Economic development and energy consumption 19

1.3.3 Energy efficiency 20

1.3.4 Economical structural change 21

1.3.5 Human well-being and energy consumption 23

1.4 Drivers of global GHG emissions 24

1.4.1 The Kaya identity 24

1.4.2 Contributions of Kaya factors in the past with a focus on recent CI

development 25

1.4.3 Modifiability of Kaya factors 27

1.4.4 The role of CI and EI for ambitious climate change mitigation 28

1.5 Technology as a keystone to achieve climate goals 28

1.5.1 Research and development activities and the distribution of their

capacities 29

1.5.2 Tools supporting research and development activities 30

1.5.3 Differences in production technologies 31

1.5.4 Channels for - and diffusion of technology 32

1.5.5 Shifts in the global production network 33

1.6 Understanding the role of manufacturing sectors for sustainable development 34

1.6.1 The necessity of a strong binding agent 34

1.6.2 Institutions as strong binding agent 34

9



10 CONTENTS

1.6.3 One directional empirical evidence: good institutions are good for

the economy 35

1.6.4 Mutual influence and a special role of manufacturing 35

1.7 Objective, outline and research questions 36

2 Patterns of sectoral structural change 43

2.1 Introduction 45

2.2 Methods and Data 47

2.2.1 Data 48

2.2.2 Strength of Inter-Sectoral Connections 48

2.2.3 Statistical Significance of the Links 49

2.2.4 Community Structure of the Similarity Network 50

2.2.5 Directionality of Inter-Sectoral Connections 51

2.3 Results 53

2.3.1 General Network Structure 54

2.3.2 Communities and Bridges 56

2.3.3 The Sectoral Climbing Wall 58

2.3.4 Stability over Time 60

2.4 Discussion 61

3 The effect of delocalization 89

3.1 Introduction 91

3.2 Data and Methodology 92

3.2.1 Data 92

3.2.2 Factorizing sectoral energy intensity changes with Index Decompo-

sition Analysis 92

3.2.3 Calculating the effects on energy usage change: Log Mean Divisia

Index method 92

3.3 Results 93

3.3.1 Stylized facts and major trends 93

3.3.2 Decomposition 93

3.4 Discussion and Conclusion 96

4 Truncation error estimates in LCA 103

4.1 Introduction 107

4.2 Truncation errors in PLCA and their estimates 109

4.2.1 Truncation error 109

4.2.2 Factors influencing PLCA truncation errors and their estimates 110

4.2.3 Excursus Hybrid LCA for estimating truncation errors 117



CONTENTS 11

4.3 Analysis framework 118

4.3.1 Data 118

4.3.2 IO notations 119

4.3.3 IO matrix layer approach 120

4.3.4 Exclusion of sectors using the matrix approach 120

4.3.5 IO path approach 120

4.3.6 Defining scenarios 121

4.4 Results and Discussion 121

4.4.1 Different cut-off criteria and modeling frameworks 121

4.4.2 Disregarded sectors in PCLA 124

4.5 Impact and future research 125

5 CO2 reduction potentials of improved processes 131

5.1 Introduction 133

5.2 Process assessment using multi-regional-input-output data 134

5.2.1 Multi-regional-input-output data 134

5.2.2 Identification and implementation of processes 135

5.2.3 Mathematical foundation 135

5.3 Case studies: process innovation technologies in welding and turning 136

5.3.1 Longitudinal welding of large-diameter steel pipes 136

5.3.2 Machining with internally-cooled turning tools 137

5.4 Technology assessment using the MRIO approach 137

5.4.1 MRIO process replacement results for welding 138

5.4.2 MRIO results of the turning process 139

5.5 Technology assessment using (P)LCA 139

5.5.1 PLCA results of the welding alternatives 139

5.5.2 PLCA results of turning alternatives 140

5.6 Discussion and conclusion 140

6 Global mitigation potentials 145

6.1 Introduction 147

6.2 Methodological Framework and Data 149

6.3 Mathematical framework and underlying scenarios 150

6.3.1 Production functions and energy infrastructure 150

6.3.2 Scenario constraints 151

6.3.3 International transportation 151

6.3.4 Solving the minimization problem 152

6.3.5 Defining and implementing scenarios 152



12 CONTENTS

6.4 Results 152

6.5 Discussion 156

6.5.1 Technology induced feedbacks on GDP and price effects 156

6.5.2 Sector aggregation and homogeneity 157

6.5.3 Effects of and limits to technological adoption 158

6.6 Conclusion 159

7 Synthesis and Discussion 165

7.1 Synthesis 167

7.1.1 Patterns of structural change 168

7.1.2 Shifts in global production networks 168

7.1.3 Investigating assessment tools 169

7.1.4 Refining assessment tools 170

7.1.5 Reducing emissions with the technologies we have 171

7.2 The role of employment for developing countries 172

7.3 Discussion: Two conflicting narratives on the future of technology for cli-

mate change mitigation and development 173

7.3.1 How technology can serve as facilitator for climate change mitiga-

tion and development 173

7.3.2 How technology can hinder (economic) development 175

7.3.3 Striving for both, climate change mitigation and development 176

Statement of Contribution 183

Tools and Resources 185

Publication documentation 187



Chapter 1

Introduction

13



 

1.1. Motivation 
  
On September 9th, 2000, in the course of the 55th UN general assembly 189 member 
states of the United Nations adopted the Millennium Declaration, inter alia 
containing the Millennium Development Goals (MDGs). For the first time in 
history a global development agenda with precise global goals saw the light of the 
day, aiming at ambitious hunger and poverty reductions, key health improvements, 
progress on access to education and ensuring environmental sustainability.  
The MDGs are seen as being successful1 (The Guardian, 2015). Even if goals in 
single countries were not achieved, it has been recognized that the focus on specific 
goals that were given by the MDGs lead to significant improvements in living 
conditions (van Teijlingen et al., 2014). Nevertheless, the accounting methods have 
been heavily criticized for glossing over (Grefe, 2015). 
However, a large number of people still live in absolute poverty today; a large 
proportion of the global population have low life expectancy and little access to 
sanitary facilities or clean drinking water. Consequentially, as the successor of the 
MDGs the seventeen Sustainable Development Goals (SDGs) were adopted in 
2015 (United Nations, 2015a). In contrast to the MDGs, the SDGs have a broader 
focus and account more precisely for interactions of human development with the 
environment, which the MDGs were criticized for (Griggs et al., 2013). The SDGs 
set a major challenge for the 21st century aiming at improving and sustaining the 
living conditions for mankind, especially for those living in least developed 
countries, while considering planetary constraints (Rockström et al, 2009) and 
integrity of ecosystems. 
More than one year ago diplomatic success was achieved on one of the SDGs 
building blocks. Progress on goal number 13, climate action, was accomplished as 
the Paris agreement (United Nations, 2015b) was announced. On December 12th, 
2015, UN secretary-general Ban Ki-moon gave his closing remarks at the United 
Nations Framework Convention on Climate Change, Conference of the Parties 
(COP) 21 revealing personal thoughts on the agreement:  
 

“When historians look back on this day, they will say that global 
cooperation to secure a future safe from climate change took a dramatic 
new turn here in Paris. 
Today we can look into the eyes of our children and grandchildren, and 
finally, after so many years of discussion and delay, tell them that we have 
joined hands to bequeath a more habitable world to them and to future 
generations. We have an agreement. It is a good agreement. You should all 
be proud. Now we must stay united – and bring the same spirit to the crucial 
test of implementation.” (Ban, 2015). 

 
Preventing uncontrollable consequences resulting from climate change is 
doubtlessly one of the most important and severe challenges in the 21st century. 
With the Paris agreement, a statement and an ambitious goal is set, as it aims at 
stabilizing global warming well below 2°C by limiting global greenhouse gas 
(GHG) emissions (United Nations, 2015b). 
However, the road to Paris was stony and full of delay. For example, the COP 15 
in Copenhagen eventually failed, where an agreement initially seemed to be 
possible (Lynas, 2009). A preliminary draft paper for a possible climate negotiation 

                                                      
1 According to the Guardian, 3 of 8 goals have been achieved, 2 of 8 goals have been almost 
achieved. 
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stating a 50% reduction in global CO2 emissions in 2050 and a 80% reduction in 
CO2 emissions for developed countries was continuously weakened by Indian and 
Chinese diplomats taking out specific numbers (Lynas, 2009; Rapp, 2010). Finally 
Copenhagen ended with a non-binding document that was taken note of, the 
Copenhagen Accord (UNFCCC, 2009). 
In contrast to Copenhagen, the Paris Agreement is built upon a different 
architecture. It does not include a binding global emission reduction target. The 
agreement is based on Nationally Determined Contributions (NDCs), individual 
goals defined by each country (United Nations, 2015b). This procedure allows to 
design policies in accordance with national political priorities and capabilities. 
 
At first glance, in the light of climate change mitigation, the behavior of some 
developing countries that was documented in Copenhagen is striking. This holds 
specifically as these countries will be more adversely hit by global climate change, 
having less abilities to cope with the impacts and to adapt (United Nations, 2016) 
and less capabilities to mitigate (United Nations, 1992).  
In contrast to climate change mitigation, although acknowledging that climate 
change is a severe challenge, Indian and Chinese officials emphasized rapid 
economic development to reduce hunger, poverty, illiteracy, and disease as their 
and other developing countries top priority (UNFCCC, 2008; Xie, 2010).  
Recognizing that the largest developing countries impeded international climate 
negotiations in Copenhagen as reported by Lynas (2009) and Rapp (2010), while 
emphasizing the need for fast economic development indicates that there is a 
potential conflict within the SDGs, i.e. between climate change mitigation and 
development, that endangers the achievement of all SDGs simultaneously (United 
Nations, 2015a, 2015b).  
 
So far economic development as means to achieve several SDGs, has been closely 
connected to combusting fossil fuels and thus to emitting GHGs (IPCC, 2014). 
Hence, any increasing economic activity causes additional emissions and hence 
increase the likelihood for more serious climate change impacts. However, efficient 
technology, technological progress and diffusion of new technologies can help 
reducing the impacts associated with economic activities.   
 
Within this thesis I investigate how technology2, could help diminishing this 
conflict, i.e. make development and climate change mitigate more compatible. 
Hereby I consider side constraints. These are for instance the distribution of 
technology across the globe, the sectoral composition of economies within 
economic development processes, as well as assessment tools applied for 
technological innovation.  
 
To motivate and prepare for the central part of this thesis, in the remainder of the 
introduction I will elaborate on the origins of this conflict between climate change 
mitigation and development. In section 1.2 I will show that climate change is highly 
likely caused by anthropogenic burning of fossil fuels. In section 1.3 I will proceed 
with observations on the (historic) relationship between energy, i.e. using fossil 

                                                      
2 Within this thesis, the term technology depends on the available detail of underlying data. If  
applicable, technology refers to processes at the micro level, i.e. turning of steel pipes, with all their 
corresponding inputs. If Input-Output data is used, technology refers to economic sectors and their 
corresponding inputs (intensities). Hence, energy intensity, which is sometimes referred to as  
technology in the literature, is interpreted a sub-dimension of technology.    
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fuels, and development. I will explain the role of energy quality, which refers to the 
characteristics of the fuel being used for energy provision, and energy efficiency. 
Both are closely related to structural change, i.e. changes in the sectoral 
composition of economies. Thereafter, I will give facts on the connection between 
economic development and improvement of living conditions. 
In section 1.4 I will turn the perspective towards global annual CO2 emissions, 
whereby I will investigate options for political interventions. Section 1.4 also 
illustrates necessary global developments and highlights the recent changes in 
carbon intensities of specific energy systems and their implications for future 
energy intensity (EI) developments. 
In section 1.5 the aspect of differences in production technologies, which are related 
to energy efficiency, will be investigated. I will depict where and how new 
technologies are developed and how large the differences within (global) 
production technologies are. In addition the diffusion channels for efficient 
technology and delocalization of production capacities in a globalizing world are 
assessed.  
In section 1.6 I will examine different development hypotheses and finally touch 
the special role of manufacturing sectors within development processes. Finally, 
section 1.7 prepares the central chapters of this thesis and introduces the research 
questions in detail. 
 
1.2. Global Climate change 
 
The biosphere of planet Earth is univocally warming. Warming has been 
documented for the atmosphere, the oceans and since satellites became available, 
after 1950 also for the surface (IPCC, 2013a). Each of the last three decades has 
been the warmest ever measured (since 1850), with 1983-2012 being probably the 
warmest period of 30 years on the northern hemisphere for more than 1000 years 
(IPCC, 2013a).  
Since the beginning of temperature measurements (since 1850), the observed 
globally averaged combined temperature anomaly (based on combined surface 
temperatures of land and oceans) has risen by approximately 0.8 °C (IPCC, 2013a). 
Recently 2016 has been announced to be the hottest year ever recorded, with a 
global temperature of 1.1 °C above pre-industrial levels (Potter et al., 2017). The 
observed increases in temperature went hand in hand, among others, with changes 
in local rainfall, rising sea levels and melting of glaciers (IPCC, 2013a).  
 
At the same time GHG concentrations, e.g. CO2, methane or nitrous oxide, in the 
atmosphere rose and reached concentrations that are the highest for the last 800.000 
years (IPCC, 2013a). Greenhouse gases have been increasingly released into the 
atmosphere since the beginning of the industrial revolution by anthropogenic 
action. Currently the highest release rate for the last 66 million years has been 
observed (Zeebe et al., 2016). Especially, burning the fossil fuels coal, oil, gas or 
peat for energy production emitted GHG that was formerly stored underground. 
Concentration levels of CO2, CH4 and N2O in the atmosphere are more than 40%, 
150% and 20% higher than pre-industrial levels (IPCC, 2013a). These increases 
contributed significantly to a positive radiative forcing (which is the heat energy 
absorption) of the Earth which has led to the uptake of energy by the climate 
system, resulting in the observed global warming.  
Even though some uncertainty exists, due to the high complexity of the system 
Earth, the scientific evidence of global warming made the IPCC state that “it is 
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extreme likely that more than half of the observed increase in global average 
surface temperatures from 1951 to 2010 was caused by the anthropogenic increase 
in GHG concentrations and other anthropogenic forcing together. The best 
estimate of the human-induced contributions is similar to the observed warming 
over this period” (IPCC, 2013a, p.17).  
Greenhouse gases potencies to warm the atmosphere are given in global warming 
potential3 (GWP), a metric that considers radiative forcing and a particular time 
horizon, which is important as life times of different GHG in the atmosphere vary 
(IPCC, 2013a). 
Of all released GHG the increase in atmospheric CO2 is judged to have had the 
largest contribution to global warming. Compared to 1750, the total anthropogenic 
radiative forcing increased until 2011 by approximately4 2.29 W/m², wherefrom 
increasing CO2 levels are estimated to have contributed to more than 70% of total 
increases (IPCC, 2013a). During this time the CO2 concentration in the atmosphere 
increased from approximately 278 ppm to 391 ppm (IPCC, 2013a) and just recently 
locally exceeded 400 ppm for the first time (Le Quéré et al., 2016). The GWP of 
CO2 measured in CO2-equivalent (CO2eq)5 remains at almost 1 after 100 years 
(IPCC, 2013a).  
 
Presently total annual GHG emissions exceed 45 Gt of CO2eq6 (IPCC, 2014). In 
2013 more than 32 Gt of CO2 alone have been released because of anthropogenic 
fuel combustion (IEA, 2015). With the ongoing release of GHG emissions and 
rising concentrations in the atmosphere, the likelihood for significant climate 
change increases, including uncontrollable damages and activating planetary 
tipping points, as melting of the Antarctic ice shield or changing the Monsoonal 
circulation (IPCC, 2013a). Hence, limiting the chance for catastrophic impacts, 
associated with enormous costs means limiting the chance of global warming below 
a specific level. To achieve a climate stabilization below 2 °C of global warming 
with a sufficient high chance for success7, less than 1000 Gt of CO2 remain that can 
be emitted to the atmosphere8 (IPCC, 2014). Hence, the atmosphere serves as a 
limited disposal space. Consequently, given the current annual released GHG 
emissions, less than 30 years remain until the disposal space will be completely 
used, if warming stabilization below 2 °C is to be achieved. 
 
Rephrasing the challenge, global annual greenhouse gas emissions will have to be 
reduced drastically, even if key technologies such as carbon capture and storage 
(CCS) to remove a fraction of emission are available (IPCC, 2014; Kriegler et al., 

                                                      
3 In this case the global warming potential is based on pulse emissions considered over 100 years 
(IPCC, 2013a) 
4 This is the best estimate, estimates vary from 1.13  to 3.33  
5 According to the IPCC (2013a, p.1453): “The concentration of carbon dioxide that would cause 
the same radiative forcing as a given mixture of carbon dioxide and other forcing components.” The 
GWP number inter alia reflects the long time a CO2 molecule participates in the global carbon cycle 
(IPCC, 2013a) 
6 49± 4.5 Gt CO2 in 2010 according to (IPCC, 2014) 
7 A sufficiently high likelihood is given if the envisaged temperature level is more likely respected 
than not. In case of a 2 °C target, this means less than 990Gt CO2 emissions for the period 2011-
2100 (IPCC, 2014). Giving a definite number is not possible, as the system Earth is highly complex 
and has multiple interacting feedback loops (reductions in the snow cover reduce the albedo), carbon 
sinks (carbon uptake of the oceans) and possible also accelerating dynamics, i.e. melting permafrost 
soils that then release methane. 
8Since 2010 more than 150 Gt of CO2 have been released. Hence, the amount of CO2 emissions 
than can be emitted to the atmosphere is approximately 800 Gt.  
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2014). In consequence, if externalities of burning fossil fuels remain, implementing 
the Paris agreement implies the abdication of the exploitation of some fossil fuel 
reservoirs, as carbon stored underground exceeds the projected disposal space 
(IEA, 2013). This implies that eventually less energy from fossil fuels can be used 
and energy systems need to be fully decarbonized. To understand the implications 
by less available (fossil) energy, I would like to recapitulate the benefits from using 
fossil fuels in the past. 
 
1.3. The (historic) relationship between energy and development 
 
1.3.1. Changes in energy consumption: quantity and quality 
 
Before the industrial revolution almost all energy was consumed by the residential 
sector. The typical per capita energy consumption did not exceed 20 GJ per year 
(Gruebler, 2004). Wood, dung and peat as dominant energy carriers were collected 
almost exclusively for heating and cooking (Schäfer, 2005). 
Since these days a huge increase in energy consumption has taken place. From 1800 
to 2000 the world’s primary energy consumption increased by more than 21 times. 
In the same period the population grew by a factor of 6, which means that per capita 
primary energy consumption rose by more than threefold (Gruebler, 2004). Smil 
(2000) finds that the global average per capita energy consumption more than 
quadrupled in the 20th century. It rose from 14 GJ to 60 GJ, with highest annual 
average per capita consumption in the US, exceeding 300 GJ. Average per capita 
energy consumption is still growing, on average it grew from 1971-2010 by 1.39% 
per year (Csereklyei et al., 2016). 
But not only did the quantity grow, also the types of fuels within energy mixes 
changed. At the eve of industrial revolution most energy was provided by biomass. 
With increasing energy consumption a change towards fossil fuels occurred, where 
first solids dominated (Gruebler, 2004). In 1900 95% of total primary energy was 
provided by coal (Smil, 2000).9 The once dominating coal saw its peak in absolute 
terms soon after WWII, after which hydrocarbons became the most important 
source of energy (Smil, 2000).  
Newer developments mark the shift to grid supply of energy. First, gas increased 
its share in global energy supply and second, a continuously increasing share of 
fossil fuels is transformed into electricity. In 1900 only 2% of fossil fuels were 
converted into electricity, where in 2000 this share exceeded 30% (Gruebler, 2004; 
Smil, 2000). But what are the advantages of these changes in energy consumption 
and fuel type? 
 
These general trends in energy consumption of fuels have been described as the 
National Energy Ladder, which countries climb. Characteristic for this 
development are observed tendencies towards, first, more flexible fuels (Burke, 
2011). More flexibility is given as new energy carriers have a higher energy content 
per mass and are more easily transportable (Gruebler, 2004). Because of the energy 
content, more than 90% of global transportation energy is provided by refined 
liquids. Beyond the transportation sector, electricity has in many categories a 
superior flexibility as it allows for high precision and process control, e.g., when 
used in fabrication and does not need local (heavy) inventory such as thermal 

                                                      
9 It seems as data on biomass were not available for Smil’s paper. The IPCC (2014) indicates that  
coal was the dominant commercial primary energy source (45% of all primary energy), but biomass  
provided 50% of global total primary energy. 
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transformation generators. It is easily transportable as soon as a grid is installed, 
silent and allows for clean use (Gruebler, 2004). 
The flexibility of new energy forms is also reflected indirectly, as they allow for 
the development of new products, machines, equipment and processes. Hence, they 
provide a “rich soil” for further invention and developments (Schurr, 1984, p.415).  
 
Second, while climbing the Energy Ladder, the relative environmental quality of 
fuels increases (Gruebler, 2004). This is indicated as the hydrogen per carbon ratio 
declines, which means less smoke and less smoke associated with the place where 
energy is consumed (Gruebler, 2004). Additionally, Burke (2011) finds a robust 
inverted U-shape relationship between per capita income and carbon intensity, 
which is the emitted CO2 per unit of energy content of the consumed energy.  
 
Importantly, the increasing use of oil that replaced coal as the major energy supply 
was not because of coal scarcity and took place even though oil was more expensive 
(Gruebler, 2004). The quality of fuel, also in terms of positive economic 
externalities, as e.g. flexibility (Schurr, 1984) has been decisive for these 
developments. The same observation holds for electricity, as some energy is lost 
when transforming fossil fuels into electricity (Schurr, 1984). But what is the role 
of observed increases in the total level of energy consumption? 
 
1.3.2. Economic development and energy consumption 
 
The increasing consumption of energy and in specific energy per capita within the 
last 250 years has been accompanied by strong increases in per capita income and 
economic activities. Both are highly correlated and so far no strong decoupling 
trends exist, although some developed countries, i.e. Sweden, the US and England, 
have shown decoupling tendencies since the 1970s (Csereklyei et al., 2016; 
Csereklyei and Stern, 2015; Jakob et al., 2012). 
Explanations as to why economic development and energy consumption are 
interwoven are manifold. New energy resources allow for new synthetic material, 
new machines such as computers and new industries such as electronics, but energy 
also allows to equip workers with larger controllable power and facilitates the 
reorganization of labor (Schurr, 1984) . 
Where 300 years ago a farmer controlled few horses for ploughing, they are now 
equipped with several hundreds of horsepower when driving a tractor (Smil, 2000). 
From 1899 to 1973, the total installed mechanical power per worker in the US 
increased by more than 7 fold (Schurr, 1984), increasing productivity. In this 
respect, especially electricity is supposed to have boosted economic development 
as small, flexible electric motors allowed the restructuring of factories, where 
beforehand prime movers limited the layout of manufacturing chains.  
 
But there are also other explanations why economic development and energy 
consumption are interlinked. Within economic development, the build-up of (basic) 
infrastructure that needs large amounts of energy begins, which inter alia includes 
the construction of roads, railways and electricity grids (Schäfer, 2005; Steckel et 
al., 2013; Steinberger et al., 2010). Subsequently, this infrastructure is one factor 
that allows for major progress, as for instance by better transportation that enables 
economic progress (Hummels, 2007). Also other channels through which public 
infrastructure may affect growth, as for instance reliable electricity and energy 
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supply, have been identified, see Agénor and Moreno-Dodson (2006) for an 
overview. 
 
The factors above, such as flexibility, increased productivity and infrastructure 
serve as puzzle pieces explaining why there has not been successful economic 
development without significant increases in energy consumption and specifically 
without consuming fossil fuels.10 However, it is not clear whether increased energy 
consumption leads to economic growth or the other way around. 
 
Investigating the direction of this causality in a meta-study Ozturk (2010) identifies 
different results and reveals that no clear relation could be identified by the 
literature. Ozturk gives different explanations for this inconclusiveness as 
differences in underlying data, variables considered and the econometric model 
applied. But also different types of fuel being consumed simultaneously with 
different characteristics that are not considered in the analyses could be of 
importance. Even though no causality can be shown from the entire set of studies, 
doubtlessly, energy consumption plays an important role within development. 
Chontanawat et al. (2008) find that in general any causality (in either one or in both 
directions) is more prevalent for developed countries, this indicates that stable 
relationships establish as soon as economies enter continuous development 
dynamics.  
In contrast, when only investigating the causality of electricity consumption and 
economic growth there is a dominant positive significant causality from electricity 
consumption to economic growth (Ozturk, 2010). This somehow confirms the 
thoughts on the superior quality of electricity given by Schurr (1984).  
 
Hence, changes in the quality and the amount of fossil fuels consumed are closely 
linked to the historic economic development. Nevertheless, the amount of 
consumable energy grew even stronger.  
 
1.3.3. Energy efficiency 
 
The levels of energy consumption and economic development have not risen 
proportionally. This is (inter alia) because developments have been accompanied 
by large gains in energy efficiency, which is the ratio of value added per unit of 
(primary) energy.  
Efficiency improvement took place in different layers of energy usage. First, 
progress has been achieved in energy conversion. In 1900 thermal engines had 
efficiency rates of approximately 5%, hence only small proportions of primary 
energy could be transformed (Smil, 2000). These rates increased to 58% in 2000 
(Smil, 2000) and today even exceed 60% (Hofer and Höpner, 2011), this implies 
that the usable energy extracted from one unit of fossil fuel increased more than 
tenfold. 
Second, the grid efficiency for electricity has increased. Today, a significantly 
smaller fraction of usable energy is lost on its way from the place of conversion to 
the location of usage. Losses have been reduced by better transformation 
technology and higher transportation voltages (Smil, 2000). 

                                                      
10 Since the 19th century economic development is closely related to the use of fossil fuels 
(Csereklyei et al., 2016; Csereklyei and Stern, 2015; Schurr, 1984; Smil, 2000). Historic economic 
per capita levels before the 19th century never exceeded those of the UK at the mid of the 19th 
century, i.e. 2800 in international 1990 USD (Bolt and Van Zanden, 2014).  
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Third, many relevant industrial processes became increasingly more efficient. 
Exemplarily, the Haber-Bosch process for producing artificial fertilizer and iron 
smelting saw large efficiency gains within the last century, now being more than 
three times as energy efficient (Smil, 2000). 
Fourth, the introduction of various new products with a higher value added per 
energy has contributed to increased energy efficiency (Schurr, 1984).  
 
Although improvements are tremendous over the considered time horizon and have 
increased the magnitude of usable energy per unit fossil fuel, they occurred 
irregularly and follow specific patterns. Historically, energy intensity (EI) 
improvement rates, which is the rate of changes of the inverse of energy efficiency, 
tend to be smaller than economic growth rates (Schäfer, 2005). In the past decades 
(1971-2010), global average energy intensity improvement rates were between 
0.4% and 1.07%, but large variations between countries exist (Csereklyei et al., 
2016). Csereklyei et al. (2016) show that energy intensity improvements are highly 
correlated with economic growth rates. This suggests that technological progress is 
the main source for economic growth and energy efficiency (Jakob et al., 2012). 
Nevertheless, Csereklyei et al. (2016) also find that in the absence of economic 
growth energy intensity tends to increase, indicating that economic growth has 
favorable side effects in the view of climate change mitigation.  
 
Investigating the relation of energy intensity and per capita income developments, 
Schurr (1984) identifies an inverse U-shape relation for the US. This structure has 
also been confirmed by Smil (2000) for the UK and Canada. In addition a 
significant inverse U-shape relation has been identified for the relation of per capita 
income and per capita electricity consumption (Yoo and Lee, 2010).11 These 
observations indicate that the composition of economies changes while countries 
economically progress and has a relevant influence on energy consumption, which 
I will discuss in the next subsection. This is important as the energy intensity 
determines the energy consumption with its associated emissions. Nevertheless, 
there has been indication in the literature that structural change dynamics have a 
high value added for societies. 
 
All the efficiency improvements stated above had at least partial influence on 
energy- and electricity prices. From 1900 to 2000, the electricity prices in the US 
dropped by a factor of 200 (Smil, 2000). Also for other economies it has been 
shown that the cost share of energy declines over time (Csereklyei et al., 2016). 
These developments show that energy has not only been abundantly available, as 
due to developments, the technically exploitable reservoirs continuously increased 
(IEA, 2013; Smil, 2000), but in addition energy has been available at ever 
decreasing costs (Schurr, 1984).  
 
1.3.4. Economical structural change  
 
The history of energy consumption, economic development and efficiency gains 
cannot be told without also considering structural changes of the economy. With 
the invention of the steam engine a growing fraction of total energy consumption 
shifted to industrial- and service sectors. Hitherto, comparable shifts are also 
observable in terms of labor employment shares and value added (Herrendorf et al., 

                                                      
11 The authors estimate the peak point of per capita electricity consumption to be 61,379 $, in 2000 
 constant international dollars. Nevertheless, their peak point estimate is out of sample. 
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2014). With the beginning of industrialization, a decline in the agricultural share 
with increasing income, is seen for both labor and value added. In contrast, the 
industrial- and service shares are increasing, but at a different speed, i.e. a stronger 
increase in industry is observable. The industrial share eventually peaks and is 
followed by an increase in the growth rate of the service sector (Herrendorf et al., 
2014). In terms of labor employment and value added the evolution of the industrial 
share describes an inverse U-shape (Herrendorf et al., 2014). Hence, a developing 
economy shifts its balance point gradually from agriculture over to industry and 
then to services. 
This observation does not hold for consumption expenditure patterns. In this case, 
a peak of industrial goods cannot be observed. Rather consumption shares of 
industrial goods first increase and then stabilize at some level (Herrendorf et al., 
2014). Considering the observation that manufacturing goods have a much stronger 
tendency to fall in prices than services (Chang, 2011), which is caused by their 
faster productivity growth (Chang, 2011; Rodrik, 2015a; Schurr, 1984), implies that 
the quality and quantity of manufacturing goods consumed continuously increased.  
 
Nevertheless, the traditional view on structural change with only three components 
is quite limited as hundreds of product classes exists (Hidalgo et al., 2007). The 
detailed composition of an economy is supposed to have an influence on a country’s 
energy intensity (Schurr, 1984). For instance, the beginning of industrialization is 
supposed to be dominated by the buildup of energy intensive industries such as 
metal- and cement production that are also necessary for the installation of energy 
intensive infrastructure (Smil, 2000; Steckel et al., 2013).12  
 
Concentrating on more disaggregated data, new approaches to a better 
understanding of aggregated structural change were developed. Using high 
resolution export data Hidalgo, Hausmann and others (Hidalgo et al., 2007; Hidalgo 
and Hausmann, 2009) deployed a network based approach to identify pathways 
along which countries diversify their economic sectors. They argued that products 
manufactured in an economy represent locally available, underlying capabilities, 
e.g. skills, technologies, but also trust or institutional conditions. Adding new skills 
to the capability basket of a country hence enables the manufacturing of new 
products that are similar to those already existing (Hidalgo et al., 2007; Hidalgo 
and Hausmann, 2009). These similarity relations are reflected in their development 
network, the Product Space (Hidalgo et al., 2007). 
They find a core-periphery structure where less “complex goods” in terms of the 
amount of underlying capabilities (Hidalgo and Hausmann, 2009, p.10574) such as 
agricultural goods, minerals, ores, metals, wood products, oil, gas and fish products 
are located in the periphery. The core consists of chemicals, machinery, electronics 
and vehicles. An observation is that richer countries produce more output per 
worker and more complex products (Hausmann, 2007). Unfortunately, their 
approach does not consider production data and excludes service sectors and hence 
might miss relevant explanatory information that is relevant to comprehend 
development- as well as associated energy consumption patterns. Understanding 
both is highly relevant for making development and climate change mitigation 
more compatible. 
 

                                                      
12 Underlining the observed inverse U-shape of energy intensity and per capita income relations 
(Schurr, 1984; Smil, 2000). 
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Observing that all countries that developed, diversified successfully away from 
agricultural and traditional products, McMillan et al. (2014) highlight the role of 
labor shifts and labor productivity. The authors find huge differences in labor 
productivities of firms and plants within sectors, with especially large differences 
in developing countries. The structural transformation is hence important as it 
enables new and potentially fruitful opportunities of employment as sectors 
establish. If a country successfully supports shifts in labor towards more productive 
activities and potentially more complex goods (Hidalgo et al., 2007), it gains larger 
benefits from structural change and even higher growth rates (McMillan et al., 
2014).13  
 
Within the observed historic industrialization processes and structural change 
dynamics especially manufacturing sectors absorbed labor released from less 
productive agricultural activities (McMillan et al., 2014), enabling large 
productivity gains and fast economic development. 
In this respect, recent observations by Rodrik (2015a) give reason for concern. He 
finds that from 1950 onwards, the maximal share of manufacturing employment of 
economies continuously peaked at lower levels. In addition, the peak constantly 
occurred at lower per capita income. He observes that massive comparative 
advantage gains in East Asia have led to an absorption of manufacturing jobs from 
all over the world, making East Asia the only region where the previous two 
observations do not hold. The Asian development and current specialization makes 
it a lot more difficult for potential successors in Latin America and Sub-Saharan 
Africa to successfully develop own manufacturing capacities (Rodrik, 2015a).  
In addition, Rodrik (2015a) shows that ongoing technological development 
especially reduces the demand for low qualified labor in manufacturing industries. 
These developments have huge implications, as manufacturing based 
industrialization as an engine of economic development becomes less reliable and 
attractive for developing countries that have large shares of low qualified labor 
(McMillan et al., 2014). Nevertheless, it is not clear whether economic 
development without building-up manufacturing capacities is possible.  
 
1.3.5. Human well-being and energy consumption 
 
So far I have shown that economic development and energy consumption are 
deeply connected. But what are the implications for human well-being? 
To give a short first answer: This link matters a lot. To begin with, Smil observed 
a statistically high correlation between rising per capita use of energy and higher 
quality of health care, nutrition and housing (Smil, 2000). Other authors find that 
per capita energy consumption of less than 42 GJ is almost certainly associated with 
medium, low or very low HDI14 (Steckel et al., 2013). Nevertheless, it has been 
observed that since the 1970s the necessary energy levels for achieving high or very 
high HDI continuously decreased (Steinberger and Roberts, 2010) which is in line 
with observed energy efficiency gains.  
In this respect, economic development is supposed to be the major channel for 
lifting people out of poverty. Dollar and Kraay (2002) find that “growth is good for 
the poor”, i.e. that the average income of the poorest fifth of a society rises 

                                                      
13 The authors find an u-inverted relationship of the ratio agricultural to non-agricultural productivity 
(which is smaller than 1) and economy wide productivity, which indicates enormous productivity 
gains in later development stages in agriculture possible due to mechanization. 
14 New HDI calculation method 
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proportionally with average income. Their finding is similar to Roemer’s and 
Gugerty’s (1997) results which show that a gross domestic product (GDP) growth 
of 10% is associated with a proportional increase in income of the poorest 40% of 
a society. Hence, it is not astonishing that Chinas tremendous growth since the 
1980s has pulled hundreds of millions of people out of poverty (Ghosh, 2010). 
These findings imply that in principle economic growth, and hence consuming 
more (fossil fueled) energy in the light of fighting poverty and ensuring decent 
living conditions can be desirable. From this viewpoint, a climate stabilization 
target of 2 °C limits not only emissions, but can also limit economic development 
and associated improvements, especially for the poorest in developing countries 
(Jakob and Steckel, 2014; Rao et al., 2014). 
 
So far the relation of development and energy consumption has been discussed, but 
a global perspective, which is relevant for current and historic annual emission 
releases is missing. I will come up with this perspective, which is also important 
for identifying global solution approaches, in the next section.  

 
1.4. Drivers of global GHG emissions 
 
Section 1.3 has elaborated that global economic activities are closely related to CO2 
emission. Factors that influence emissions are among others the level of economic 
activity, the structural composition of an economy, the energy efficiency and the 
energy mix. To understand the urgency for political action and to identify access 
points for climate policy, section 1.4 investigates how driving factors influence 
global CO2 emissions in detail.  
 
1.4.1. The Kaya identity 
 
With the help of the ‘Kaya identity’ (IPCC, 2014; Kaya, 1989), annual (global) CO2 
emissions15 can be expressed as: 

 =  .        (1) 
 
Hereby  refers to the global population in year ,  denotes the global 
value added,  gives the total primary energy used and  refers to the total 
CO2 emissions in year .  
The identity, which is closely related to the IPAT identity by Ehrlich and Holdren 
(1971), can be criticized for simplicity for several reasons. For instance, resources 
used for combustion and their quality are non-homogeneous. Furthermore, the 
impact of an additional person is related to where the person lives (Ehrlich and 
Holdren, 1971).  
However, more importantly the simplified Kaya identity allows to identify, in 
principal, which factors can be modified for achieving climate change mitigation. 
Using the Kaya identity to express the challenge to meet the Paris goals with 
sufficient likelihood, not considering geo engineering (IPCC, 2013a), results in the 
following relation16: 
 

                                                      
15 The Kaya identity can also be applied to countries. Instead of primary energy, also final energy 
could be used. 
16 I assume that negative emissions are reflected in the variable CI 
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  .          (2)17 
   

1.4.2. Contributions of Kaya factors in the past with a focus on recent CI 
development 

 
From 1970-2010, global annual emission grew on average by 1.5% per year, with 
an acceleration in the first decade of the new millennium (IPCC, 2014). In contrast 
to these developments, there has been (uncertain) indication that annual emissions 
could have stagnated recently (Jackson et al., 2016). However, this finding still 
holds a component of uncertainty as China, the largest emitter of GHG emissions 
(IPCC, 2013b), has unreliable accounting systems and regularly corrected its 
numbers in the past (Korsbakken et al., 2016).  
The largest contributions to increasing emissions in the past decades have been 
made by economic growth per capita, followed by increases in population (IPCC, 
2014; Steckel et al., 2015). Both contributions led to annual CO2 emission increases 
of approximately 300 Mt per year (Steckel et al., 2015). 
In contrast, energy intensity improvements have constantly contributed to 
reductions in emissions which accounted for approximately 250 Mt per year 
(Steckel et al., 2015). In comparison to the other factors, carbon intensity shows a 
change in trends. From 1970 to the 1990s, its contribution was emission reducing, 
hence a decarbonizing of global energy systems was ongoing. Since then, an 
increase in the global carbon intensity has been observed that contributed to annual 
emission increases by approximately 50 Mt per year (for 2000-2010 (Steckel et al., 
2015)). The major driver behind this development has been an increasing use of 
coal as an energy source (IEA, 2016; Steckel et al., 2015).  
 

 
Figure 1 Coal’s share in global and national electricity production. Own illustration 
based on World Bank data (World Bank, 2016). 
 
More specifically, this trend seems to be driven by an increasing use of coal for 
electricity production, see Figure 1, which improves the energy quality of the 
underlying fossil fuel. Today more than 65% of global coal production is used for 
electrification, which is 20 percentage points higher than at the beginnings of the 

                                                      
17 Own formulation based on IPCC (2014) 
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1970s (IEA, 2016). At the global level, the coal share of electricity production has 
increased since the beginning of the 1990s by approximately 5 percentage points 
and by 10 percentage points since the 1970s (Figure 1). The major driver behind 
the global rise of coal since the 90s has been China, which today consumes more 
than 50% of the global coal production, an increase by more than 25 percentage 
points (IEA, 2016). In this period this development is not caused by an increasing 
carbon intensity in China, but due to an increase of China’s share in the global value 
added (Csereklyei et al., 2016). China’s extraordinary economic development 
explains more than 80% of the observed increases in the coal share of electricity 
production since 1996.18 Hence, China expanded its coal power capacities 
approximately proportionally to its economic growth, see Figure 1, 2 and fuels its 
economic success mainly with domestic coal production.19  

 
Figure 2 World GDP share of China vs. world coal share of electricity generation 
(1996-2014, each dot represents a year). Data from World Bank (2016) and Quandl 
(2017). 
 
Nevertheless, in addition to China’s development, other fast developing countries 
started to rely increasingly on coal for fueling their economic progress which is 
caused by low prices and the global availability of coal (Steckel et al., 2015). In 
addition coal is the primary energy carrier that receives most subsidies (Coady et 
al., 2015). The observed global availability is a result of ever decreasing 
transportation costs (Hummels, 2007), accompanied by increasing exporting 
capacities, mainly located in Australia and Indonesia (IEA, 2016).  
The observed trends in coal are in so far dangerous for ambitious climate change 
mitigation as energy infrastructure and power plants are strategic long-term 
investments that are used for decades and can create lock-in effects (Davis et al., 
2010; Unruh, 2000). Once these investments have been made, they increase the 
costs for (fast) switches to other technologies and thus have a long-term influence 
on GHG emissions (Davis et al., 2010). 
   
In contrast to recent developments and potential resulting lock-ins, Burke (2011), 
finds an inverse-U shape relationship between the carbon intensity of energy 

                                                      
18 Since then the mid 1990ties the coal share of electricity production in China stood approximately 
constant, see Figure 1 and (IEA, 2016), which is a necessary precondition for the analysis in Figure 
2.  
19 China’s coal imports never exceeded 10% (IEA, 2016). 
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production and per capita income. Hence, he predicts China to reduce its carbon 
intensity soon. However, the relation identified by Burke can be questioned, as coal 
increasingly changes its appearance, by which I mean that coal is increasingly 
consumed for electricity generation, changing its quality which is not considered in 
Burke’s analysis. 
 
Hence, although energy intensities are continuously improved, these trends are 
countervailed by economic growth and ongoing carbonization of global average 
energy systems. A significant reduction in global emissions, which will be 
necessary for achieving the Paris agreement is so far not in prospect, as especially 
coal is increasingly used for electricity generation. But what are necessary 
developments for achieving ambitious climate change mitigation? 
 
1.4.3. Modifiability of Kaya factors 
 
To stay below the cumulative 1000 Gt, a successful transition to a global low carbon 
economy, i.e. significantly reducing the global emissions, is essential and needs to 
start in the near future (Luderer et al., 2013). This is only possible if contributing 
factors can be reduced. The historic examples show that controlling population 
growth in this respect is hardly justifiable and can have severe influence on the 
gender ratios, the ratio of elderly people to younger and can hence have disruptive 
impacts on pension systems (Hesketh et al., 2005). It can also cause negative social 
and behavioral impacts, as it effects trust, risk-taking or willingness to compete 
(Cameron et al., 2013).  
At first glance, reducing the contribution of economic activity to achieve cuts in 
emissions, i.e. de-growth (Jackson, 2009, 2005) could seem to be a feasible 
solution. However, limiting growth can have severe implications for achieving 
progress on other SDGs (Rao et al., 2014). A proposed equalization of global per 
capita incomes to 15.000 USD (in 2002 USD) (Jackson, 2009) or equalizing current 
global income, resulting in approximately 10.000 USD (in 2002 USD) could ensure 
progress on SDGs (Jakob and Edenhofer, 2014). However, this would imply deep 
per capita income cuts in rich countries (Jakob and Edenhofer, 2014). In addition, 
as the strongest energy intensity improvements and economic developments 
happen to occur simultaneously (Csereklyei et al., 2016) and research capacities 
are located in developed countries (Dechezleprêtre et al., 2013, 2011), there is a 
high chance of limiting future technological progress in case of either equalizing 
alternatives (Jakob and Edenhofer, 2014). Nevertheless, to achieve ambitious 
climate change mitigation fast technological progress that only differs slightly in 
the cases of growth or stagnation (equalizing global per capita incomes), is needed 
in any case20 (Jakob and Edenhofer, 2014). Considering forecasted consumption 
losses and their value, limiting economic growth would imply enormous mitigation 
costs per ton CO2, exceeding costs of the expected most expensive mitigation 
technologies by an order of magnitude (Jakob and Edenhofer, 2014). 
Consequentially, energy intensity and carbon intensity remain as adjustable factors. 
Reductions in carbon intensity could be realized by decarbonizing the energy 
systems. Reductions in energy intensity can be achieved by faster technological 
progress or structural change (IPCC, 2014); opportunities, past developments and 
constraints for both factors will be investigated in the following subsections. The 

                                                      
20 Jakob and Edenhofer (2014) expect required annual carbon intensity improvement rates of 7% in 
case of continuing growth and 5.6% in case of keeping the global value added at its current level. 
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derived insights are important to understand the challenge of ambitious climate 
change mitigation as well as solution options.  
 
 
1.4.4. The role of CI and EI for ambitious climate change mitigation 
 
The submitted INDC pledges seem to be insufficient (Fawcett et al., 2015). A 
successful realization of the targets of the Paris agreement imposes relevant 
implications for the future development of the Kaya factors energy intensity and 
carbon intensity.  
The other two factors, global population and GDP per capita, are forecasted to 
grow. Estimates by the UN and scenarios considered in the IPCC predict a global 
population at the end of the century that is 1-2.4 times the size it was in 2010 (IPCC, 
2014). Global average GDP per capita estimates expect increases by a factor of 2.8-
9.5 for the same period (IPCC, 2014). Hence, to stay within the limitations of the 
Paris agreement these trends have to be overcompensated by developments in 
carbon- and energy intensity. 
 
Projections by the IPCC scenarios project a necessary annual global energy 
intensity improvement rate of 1.1-2% for the next 90 years to achieve ambitious 
climate mitigation. This implies that this rate has to approximately double 
compared to historic trends (IPCC, 2014). In addition carbon intensity needs to 
decline significantly (IPCC, 2014). As in the last decade carbon intensive coal has 
been increasingly used for energy supply (Steckel et al., 2015), a sudden reduction 
and movement towards zero appears to be unrealistic. Consequentially, more 
ambitious energy intensity improvements in the near future are needed to 
compensate for these developments.  
 
In addition, it has been acknowledged that Integrated Assessment Models (IAMs), 
which were used for forecasting factor pathways in the IPCC, project almost no 
energy consumption increases in developing countries for the most ambitious 
reduction scenarios as these develop economically (Steckel et al., 2013). This 
contradicts current observations in the energy development nexus (see section 1.3) 
and further increases the pressure for energy intensity improvements. It is an open 
question, whether energy intensive and carbon intensive development stages, i.e. 
building up industrial sectors and energy intensive infrastructure, could be 
leapfrogged (Goldemberg, 1998). If it was possible to develop without building-up 
energy intensive industries and to directly become a service economy, a relevant 
amount of future emissions could be mitigated. This would also reduce the drawn 
maximum pressure for energy intensity improvements. 
Summing up, ambitious improvements in energy intensity, are indispensable and 
the necessary improvement rates are likewise to exceed scenario projections given 
by the IPCC (IPCC, 2014).  
Energy intensity improvements are closely related to technology development and 
technology diffusion. Therefore, within the next section I will discuss factors that 
determine the development and diffusion of technology.  
 
1.5. Technology as a keystone to achieve climate goals 
 
The previous subsections considered energy intensity (energy efficiency) at the 
macroeconomic level. Energy intensity is commonly used as an efficiency measure 
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for the whole global economy, national economies and for economic sectors (e.g. 
Csereklyei et al., 2016; Löschel et al., 2015; Voigt et al., 2014) that needs to decline 
sharply for achieving ambitious climate change mitigation. However, it represents 
an indirect, composite measure, as it does not consider the economic structure and 
the high variation of single technologies that are applied in factories, which in total 
determine the energy intensity at the aggregated level.21  
 
To successfully achieve the enormous amount of projected emissions reductions, it 
is important to understand what drives the development of new technologies, where 
research takes place, how research is influenced and how knowledge diffuses.  
 
1.5.1. Research and development (R&D) activities and the distribution of 

their capacities. 
 
Measuring technology and the development of technology directly at the 
macroeconomic level is a difficult task. Hence, the literature focuses on indirect 
measures, such as changes in value added or the amount of patents registered (see 
Dechezleprêtre et al. (2011) and Javorcik (2004)). Investigating research activity, 
different supporting factors have been identified. Strengthening these could 
increase the overall rate of technological progress. In this respect, it has been shown 
that quality of intellectual property rights (Dechezleprêtre et al., 2013) and tax 
incentives for companies (Dechezleprêtre et al., 2016) have a positive impact on 
research activities. The latter is also shown to have large and significant spill-over 
effects, i.e. other companies might profit from an invention, which can make tax 
discounting on R&D socially desirable (Dechezleprêtre et al., 2016).  
Another channel identified with relevant influence is (international) research 
collaboration (Czarnitzki et al., 2007). It has also been observed that pricing 
(environmental) externalities can have positive effects on research activities. For 
instance, Calel and Dechezleprêtre (2013) find that the EU emission trading scheme 
(EU ETS) has increased low carbon technology innovation within the EU by about 
10% while not crowding out patenting of other technologies.  
Catalysts for technological development that work indirectly have also been 
identified. Hence, countries with a high ease of doing business score and a high 
quality of tertiary education systems tend to get larger benefits from own and 
foreign R&D activities (Coe et al., 2009).  
A further relevant factor for reallocating innovation that might be of interest for 
achieving ambitious climate change mitigation is energy prices. It has been shown 
that the share of innovations in climate friendly technologies of total innovations is 
highly correlated with the oil price (Dechezleprêtre et al., 2011). Hence, a tax 
instrument could artificially increase prices, and thus lead to intended reallocation 
of research activities. For governments, it might also be important to know that 
participating in environmental contracts, such as the Kyoto Protocol can support 
research activities (Dechezleprêtre et al., 2011). Although, these findings show how 
technological progress can be fostered, large differences in the distribution of 
research capacities exist. 
 
Technological innovation in general mainly takes place in developed countries 
(Peterson, 2008). The same holds for environmental friendly technologies, which 

                                                      
21 In principal, other production inputs in addition to energy are available in datasets (Timmer et al., 
2014) and could be used as efficiency measure. 
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are mainly deployed and developed in industrialized countries (Dechezleprêtre et 
al., 2011). Dechezleprêtre (2011) find that the top 12 research countries accounted 
for almost 90% of all new patents between 2000 and 2005 in environmentally 
friendly technologies. More specifically, Japan, the USA and Germany, as the 
largest innovators account for almost 60% of all patents. Remarkably, within the 
top 12, there are three developing countries, i.e. China, Brazil and Russia 
accounting for 12.1%. However, when considering high value innovation, their 
share drops to below 3%. The authors show that high value innovation is localized 
almost exclusively in industrialized countries (Dechezleprêtre et al., 2011). These 
observations indicate that second tier technologies could be more feasible for 
developing countries and that fostering technological progress through the channels 
identified in the subsection before might be feasible for a limited set of economies. 
Nevertheless, they are relevant for successfully achieve ambitious climate change 
mitigation. 
 
1.5.2. Tools supporting research and development activities 
 
R&D itself takes place in single companies, research institutes and universities. 
Innovation and specifically product innovation is often based on research strategies 
and regularly requires endurance.  
Both are already reflected in Thomas Alfa Edison famous quote that “genius is one 
percent inspiration and ninety nine percent perspiration” (Weitzman, 1998, p.334). 
During his development of a practical electric light bulb, one of the most important 
innovations was the carbon filament. For identifying an organic substance that 
would deliver the necessary properties, Edison’s research staff tested more than 
6000 different organic materials (Weitzman, 1998).  
Today research innovation and product design in industries is supported by the use 
of large databases that contain inter alia specific knowledge on materials, 
manufactured products and processes. These datasets not only allow to consider the 
direct product or process, but also the associated production chains. For instance, 
environmental impacts by production or processing are contained in databases such 
as GaBi (PE International, 2015). These allow engineers and innovators to easily 
conclude on properties, associate impacts, life cycle balances or energy- and 
material consumption. Such databases and their corresponding software tools 
provide relevant information and feedback to the applicant. In this sense, 
innovation is still often a recombination and hybridization of existing ideas, 
materials or products (Weitzman, 1998) that are increasingly stored in databases, 
hence materials can be virtually replaced. Consequentially, these databases, their 
associate software and the obtained results influence the technological progress.  
Crucially, these tools have characteristic shortcomings. First, they are designed for 
single process- and product innovation and do not allow for the evaluation of the 
total economic impact of an innovation (British Standards - ISO 14040, 2006; 
British Standards - ISO 14044, 2006; Finnveden et al., 2009). Second, they suffer 
from specific truncation errors, as associated process- and production chains cannot 
be traced arbitrarily far (Lenzen, 2000; Suh et al., 2004). These shortcomings can 
potentially prevent the most efficient technological solutions and therefore hinder 
innovation efficiency. Hence, understanding these limitations is necessary for 
realizing optimal technological progress rates. 
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1.5.3. Differences in production technologies 
 
When investigating production technologies around the globe, large differences in 
the efficiencies of applied technologies can be identified. For instance, when 
exploring energy intensity variations using the World Input-Output database 
(WIOD) (Timmer et al., 2015), differences between countries of an order of 
magnitude become visible for some sectors, see Figure 3. This supports the findings 
of Voigt et al. (2014) that developing countries have less efficient production 
technologies in terms of energy intensity, which in particular holds for 
construction-, industry- and power sectors. Conversely, this implies that large 
potentials for efficiency gains exists, if efficient technologies could be adopted 
(Saygin et al., 2011; Voigt et al., 2014).  
Generally, higher energy intensity does not mean that only inefficient technologies 
are applied. It has been recognized that within developing countries old and modern 
technologies live in coexistence and both “airplane and mule fulfill essential 
economic functions” (Hirschman, 1988), p.126). However, average differences are 
large and suggest that an energy efficiency paradox22 could exist (Kim and Kim, 
2012). This is a situation where cost effective technologies are only gradually 
diffused (Jaffe and Stavins, 1994). But if these technologies are cost efficient, how 
could they be diffused more efficiently? 
 

 
Figure 3 Energy intensities across countries for different sectors based on the 
WIOD database (2009) (Timmer et al., 2015). WIOD considers 41 regions, from 
which the residual region Rest of the World has been excluded for this, own 
visualization. For a full list of Annex 1 countries, please see UNFCCC (2017)  
 

 
                                                      

22 This term refers to a situation, where energy intensity improvement are not realized, although they are  
cost efficient. 
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1.5.4. Channels for - and diffusion of technology 
 
Given the large differences in production technologies and research activities, the 
challenge of global climate change mitigation might also be seen as a challenge of 
diffusing technology. Different channels for technology diffusion have been 
identified.  
 
For instance, opportunities to improve local production technologies (in developing 
countries) are induced by official development assistance, loans at market rates, 
commercial sale of equipment and knowledge (Peterson, 2008). Also licensing for 
production (Dechezleprêtre et al., 2013) and movement of qualified labor have been 
recognized as channels for technological transmission (Hoekman et al., 2005).  
Indirectly, technology transfer can be fostered by an emission trading system with 
a clean development mechanism (Peterson, 2008) or trade openness 
(Dechezleprêtre et al., 2013). 
 
Also foreign direct investments (FDI) can induce positive effects (Peterson, 2008), 
as a foreign company that invests might already apply better technologies abroad 
and has an economic interest in transferring superior technology.  
Investigating FDI, Javorcik (2004) analyses how technology spillovers work in 
detail. In principle, when (shares of) companies are bought or become joint ventures 
productivity gains could be induced by i) backward linkages, i.e. upstream suppliers 
are requested to apply other standards, technology or prices, ii) horizontally, i.e. 
when better technologies are applied, local companies face more intense 
competition and need to become more efficient to survive, or by iii) forward 
linkages, i.e. the supply of more advanced goods to domestic firms that learn 
directly from them (Javorcik, 2004). For Lithuania, Javorcik (2004) finds 
empirically robust evidence on backward linkages, but not for horizontal or forward 
linkages. She additionally shows that productivity is affected positively, if 
ownership stays partially domestic (Javorcik, 2004). This observation could imply 
that trust, language and knowledge of local law and behavior are catalysts for 
unfolding technological benefits.  
 
The literature shows that (environmentally friendly) technologies are mostly 
exchanged between OECD countries which account for 77% of total patent 
exchanges (Dechezleprêtre et al., 2011). Nevertheless, the total amount of 
technology exchanges (measured as share of patents that are registered in more than 
one country) is quite small, which especially holds for Japanese patents, which is 
the world leader for climate change mitigation technology research in number of 
patents (Dechezleprêtre et al., 2011). 
Dechezleprêtre et al. (2013, 2011) point out that the observed technological 
differences between industrialized and developing countries might result from 
insufficient absorptive capacities in the latter. In this vein, it has been asked whether 
a transfer of technology between developing countries could be more feasible 
(Dechezleprêtre et al., 2011). 
Dechezleprêtre el al. (2013) show that lax patent rights have a relevant negative 
impact on diffusion, this is possible because research organizations that had initial 
investments have no further incentive as they experience monetary losses. The 
authors identify similar effects for restrictions on FDI and trade, but with lower 
impact. Interestingly, they find that local technological capabilities tend to have a 
negatively impact on the import of technology. An explanation for this could be 
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that rather than paying for technology imports to get more efficient, internal 
capacities are used (Dechezleprêtre et al., 2013). Importantly for this thesis, it has 
been indicated that climate change technologies do not behave differently from 
other technologies concerning trade, FDI or intellectual property rights 
(Dechezleprêtre et al., 2013). 
 
Using a kind of gravity model for estimating the diffusion of innovation, Peri 
(2005) shows that regional borders within countries, country borders, language 
borders, differences in specialization of regions and the distance between the origin 
of technology and the place where it is applied have a significant negative influence 
on technology transfer. He finds that only 20% of the knowledge produced in a 
region flows to other regions.  
There is indication that barriers of technology adaption do not only influence 
production technologies but also average economic growth (Parente and Prescott, 
1994). In the same vein differences in production technologies are highly relevant 
for differences in aggregate productivity (Acemoglu et al., 2007). Hence, adopting 
better technologies could also positively impact overall productivity in addition to 
reducing emissions. 
 
1.5.5. Shifts in the global production network 
 
Changes in the composite Kaya factor global energy intensity do not only depend 
on changes in production technologies and structural change, they are also subject 
to the relative shares of the technologies applied that can change dynamically, such 
as with the economic rise of China and India (Voigt et al., 2014). Given the ever 
decreasing transportation costs, reducing tariffs (Cristea et al., 2013; Hummels, 
2007), shrinking barriers for financial flows and decreasing communication costs 
(Baldwin and Martin, 1999), it has never been so easy to shift production capacities 
around the globe and adapt global production networks to constraints. If shares of 
global sectors are shifting between countries with different production technologies 
the aggregated global energy intensity is (potentially) changing.23 For instance 
differences in environmental regulations (Jakob et al., 2014) could cause sectoral 
shifts towards less regulated and hence more energy intensive production locations. 
In addition, other factors could drive delocalization, such as labor costs (Krugman 
and Venables, 1995), shifts in labor force towards more productive activities that 
relocate less productive sectors to other countries (McMillan et al., 2014) or 
subsidies by states (Rodrik, 2013a).  
 
As indicated by Rodrik (2015a), Asia has become increasingly competitive in 
manufacturing, hence absorbing manufacturing capacities from other economies, 
in an (overall) deindustrializing world. In addition, Asian economies experienced 
fast growth within the last decades (IPCC, 2014) and hence increased their shares 
in global value added. Both dynamics are responsible for generating a global shift.  
Using highly aggregated data, as e.g. global energy intensity, delocalization trends 
and their impacts are difficult to identify. For the first time, new advanced 
decomposition techniques, building on MRIO data can identify the influence of 
delocalization on global energy intensity and usage at aggregated economic level 
(Löschel et al., 2015; Voigt et al., 2014). A detailed understanding of impacts of 
delocalization at a more disaggregated, sectoral level is still missing. However, 

                                                      
23 This also holds for global carbon intensity. 
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such knowledge will be important to fully understand the future role of technology 
for climate change mitigation and development. 
 
1.6 Understanding the role of manufacturing sectors for sustainable 
development 
 
At the end of this thesis I will use two narratives along which I discuss the possible 
future role of efficient technology in the context of climate change mitigation and 
self-sustaining development. Beforehand, it is in my view important to ascertain a 
better understanding of why manufacturing sectors seem to hold prominent 
positions in development processes. This will be relevant also with regard to 
chapter 2. Therefore, I conduct a brief literature excursus and discuss relevant 
puzzle pieces that are related to the special role of manufacturing. These fragments 
consider, amongst other factors, the presence of specific capabilities in countries, 
the quality of institutions and their interaction with manufacturing sectors. At the 
end of this thesis, combining these hypotheses, while considering my own results, 
will allow analyzing how efficient technology can facilitate low carbon 
development or impede economic progress in developing countries. 
 
1.6.1 The necessity of a strong binding agent 
 
Already in the 1950s Hirschman (1958) hypothesized that multiple interacting 
causes of economic development exist. These factors are on the one hand direct 
economic factors, such as entrepreneurial abilities or the ability to accumulate 
capital. On the other hand indirect factors exist, such as minimum standards in law, 
public order and public administration. In his view, all necessary ingredients for 
successful development are already present - also in developing countries - but need 
to be in correct arrangement for releasing ongoing economic development. As soon 
as economic development has started, it is likely to sustain itself (Hirschman, 
1958).24 A learning by doing process takes place that strengthens existing- and 
continuously reveals additional abilities (Hirschman, 1958).  
Hirschman observed that developing countries often miss cooperative components, 
necessary confidence and automation for investment decisions, which hinder 
development. Hence, to force the gathering of first practical experiences and to 
arrange abilities in a productive way, a strong binding agent ensuring cooperation 
and confidence in investments is needed (Hirschman, 1958). So what could be a 
feasible binding agent? 
 
1.6.2 Institutions as strong binding agent 
 
North and Weingast (1989) acknowledge institutions and their capacities to be 
possibly the needed strong binding agent Hirschman described. The authors 
highlight the importance of England’s institutionally secured property rights, 
wealth protection and confiscatory elimination as outcomes of the glorious 
revolution. These forced the government to act and behave in a trustworthy manner, 
thus increasing the willingness of private investors to lend money to the 
government (North and Weingast, 1989). The artificially created trust and 
credibility laid the foundations for a first modern public finance system (North and 

                                                      
24 Hirschman’s ideas do not consider a possible middle-income trap (Eichengreen et al., 2013) or  
the possible necessity of building-up industrial (manufacturing) capacities to sustain growth 
(McMillan et al., 2014; Rodrik, 2015b). 

34 Chapter 1 Introduction



 

Weingast, 1989). Subsequently, the accumulated financial skills and experiences 
for state financing were also adopted by the private sector (North and Weingast, 
1989), a first learning by doing in the sense of Hirschman. Both the private and the 
public finance systems have been important factors for of England’s economic 
performance (North and Weingast, 1989). So is there evidence that institutions are 
of importance?  
 
1.6.3 One directional empirical evidence: good25 institutions are good for the 
economy  
 
Empirical evidence on North’s and Weingast’s candidate for Hirschman’s strong 
binding agent is given by Acemoglu, Johnson and Robinson (2001), who 
(indirectly) show that institutional quality has a relevant influence on economic 
performance. Investigating the effect of mortality rates among European settlers in 
the past on 1995 per capita GDP in countries, they find a highly significant, 
negative relationship. Their explanation goes as follows: as a consequence of a high 
death toll, fewer European settlers were attracted. Hence, in these colonies 
extractive institutions were installed because of economic considerations by 
governments in home countries (Acemoglu et al., 2001). In contrast, colonies with 
lower mortality rates that attracted more European settlers had a higher chance to 
set up non-extractive institutions. This is because settlers tried to duplicate 
institutions from their home countries with a focus on private property protection 
and checks against the government (Acemoglu et al., 2001). Institutions that were 
introduced within the process of colonialization have directly influenced today’s 
institutional quality (Acemoglu et al., 2001).  
In this respect, also considering the ever changing composition of an economy, for 
long-lasting economic success, periodic, conscious key political reforms that match 
economic requirements are essential (Cox et al., 2015). As reforms are costly, they 
are most feasible when appropriate wealth is generated, i.e. when the corresponding 
economy is sufficiently complex (Cox et al., 2015). 
 
1.6.4 Mutual influence and a special role of manufacturing 
 
Although empirical evidence has so far only been given for one-directional 
causality, North (1990) hypothesizes that the relationship is basically bi-directional. 
Hence, institutions and entrepreneurship i) mutually influence each other, ii) both 
need to be trained (and evolve) to increase the economic performance (e.g. learning 
by doing) and iii) if both are not modified, they end up in a (stable) equilibrium 
state (North, 1990). This indicates that non-development is a stable state that can 
only be overcome by initial (significant) changes in institutions or the economic 
structure. So how can this state be overcome and development dynamics be 
released? First, institutional changes are costly (Cox et al., 2015). Second, specific 
improvements in governance alone, such as in South American states, do not 
guarantee economic progress (Rodrik, 2013b). Could, therefore, a prime initiative 
for self-sustaining development be provided by changes in the economy? 
The ideas of Hirschman and North are extended by Rodrik (2013a), who 
acknowledges structural change to be an additional important factor. As the case of 
China shows, improvements in governance do not have to occur before a first phase 
of rapid economic growth (Rodrik, 2013b). Even though, institutional quality and 
human capital are highly correlated with income levels across countries, at least 

                                                      
25 Good in this case refers to non-extractive. 
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some manufacturing capacities, given a sufficient level of property rights and 
stability, can be established independently of political reforms (Rodrik, 2013b, 
2013a). In this respect, building up a manufacturing base can be a fundamental 
game changer for societies as it enables access to the training of economic and 
institutional abilities, and increases welfare generation that might allow costly key 
political reforms (Cox et al., 2015).  
 
Beyond this, having an igniter function, manufacturing sectors are of extraordinary 
indirect importance for economies as they have a high average degree in forward- 
and backward linkages (Hirschman, 1958). This means that they are greatly 
stimulating for other economic activities, making them a catalyst for further 
economic progress. Conversely, a decline in manufacturing can have severe 
impacts on the economy and labor employment, see Acemoglu et al. (2016). As 
discussed in 1.3.4, manufacturing sectors have been of extraordinary importance in 
historic industrialization processes as they absorbed large shares of labor from the 
agricultural sector and enabled large productivity gains.  
 
1.7. Objective, outline and research questions  
 
Achieving the SDGs in specific climate change mitigation and (economic) 
development at the same time is a major challenge of the 21st century. This is 
because economic development and greenhouse gas emissions are (currently) 
positively related and no global decoupling trends exist. If both goals could be 
successfully fulfilled, hundreds of millions of people could be lifted out of poverty 
and gain access to basic infrastructural needs, while keeping global warming well 
below 2°C.  
 
This thesis investigates technology at different levels (micro and macro) and 
assesses its role for achieving both climate change mitigation and development. It 
considers the multi-dimensionality of technology and reflects economic needs of 
developing countries. The research of the central parts of my thesis refers to the 
following questions: 
 
i. How can technologies be adequately assessed at different levels? 

 
ii. How can technology assessment tools be designed to consider 

macroeconomic interrelations to adequately reflect the challenge of climate 
change mitigation? 
  

iii. How do recent global economic dynamics, such as the rise of Asian 
economies, influence global production technologies? 
 

iv. Can energy intensive industrial states be bypassed within economic 
development? 

 
v. What is the role of manufacturing sectors for development? 

 
vi. How can (existing) technologies help to reduce the impact of countries’ 

development and economic activities on climate change mitigation? 
 

These questions are addressed in the central chapters 2-6. 
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Chapter 2 explores the fundamental structures of economic structural change. It 
investigates feasible development pathways, i.e. sequences of economic sectors 
along which countries have successfully developed. It also investigates how these 
developments influence economy-wide per capita income. Chapter 2 shows why 
changing the sectoral composition is a necessity within development processes. It 
gives evidence why leapfrogging (Davis et al., 2010; Goldemberg, 1998) energy 
intensive industrial states seems to be infeasible and hence low energy development 
appears to be unrealistic. A cross-country correlation analysis is used that 
investigates i) how similar economic sectors are and ii) which pathways contribute 
to support economic development. The findings of chapter 2 allow for target-
oriented development strategies. 

 
Chapter 3 investigates how shifts in global sector production have influenced the 
corresponding energy use first decade of the new millennium. It specifically 
assesses if some industries were prone for shifting production shares to countries 
with less efficient technologies. Those shifts can contribute to increases in overall 
energy usage and, depending on the energy infrastructure, higher emissions. For 
the analysis an extended Logarithmic Mean Divisia Index decomposition is applied 
that takes the perspective of global sectors. 

 
Chapter 4 explores the nature of process life-cycle assessments (PLCA) that are 
widely applied for comparing technological alternatives. PLCA is used in the 
development of technologies and hence influence energy- and carbon intensity (CI) 
developments. The chapter addresses a well-known problem related to PLCA, as it 
investigates truncation errors and their estimations. Truncation errors are in so far 
relevant as important shares of, e.g. environmental impacts might be neglected from 
a study and hence influence overall technology judgements. 

 
Chapter 5 proposes a new analytical tool for evaluating (alternative) production 
technologies. In contrast to PLCA analyses, which are designed to detect 
environmental impacts associated with a single process or products, the new 
methodology allows to depict the impact of the economy-wide application of 
innovative technologies. For the first time economic networks and the total amounts 
of processes that are applied in an economy can be considered. 

 
Chapter 6 explores differences in global production technologies and investigates 
thereby given CO2 emission reduction potentials achievable by having better access 
to efficient technologies, globally. In contrast to existing approaches in the 
literature, where only sectoral energy intensities are considered a new methodology 
for MRIO tables based on linear optimization is proposed that allows the 
consideration of economic network characteristics, multiple inputs and necessary 
constraints.    

 
Subsequently, given the insights from the papers I will conclude this thesis with a 
synthesis. I will give an outlook on the future role of industrialization for climate 
and development combining results in the literature with own findings.  
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Abstract

Decomposing growth processes has been identified as a key requirement for an improved understanding

of mechanisms of structural change. This paper conducts a sectorally disaggregated, empirical analysis

of structural change. We develop a network of inter-sector similarities on the basis of value-added data

derived from multi-regional input-output tables. The similarity of sectors across countries serves as an

expression of near-term sectoral composition and related changes in overall GDP. After filtering insiginificant

inter-sectoral links by applying a Monte-Carlo-based bootstrap approach the resulting sectoral network

shows to be highly modular. Next to clearly identifyable communities, which largely resemble agricultural,

industry and resource extraction sectors, we can identify certain directed “bridging sectors” – mainly light

manufacturing sectors. We also show that the probability of sectoral shifts and their relation to overall GDP

per capita are negatively related, suggesting that the bridges effectively are bottlenecks in the transition

from the agricultural to the industrialized stage.

Keywords: Structural change, Sectoral composition, Similarity network, Product space, Multi-regional

input-output data

JEL: O11, O14, C38, C55

1. Introduction

Based on seminal work by Kuznets (1973) there is a rich literature on structural change in the analyses

of economic growth. Analyses usually build on aggregated sectors of the economy, i.e. agriculture,

manufacturing and service sectors. While patterns of sectoral structural change in the form of increasing

shares of manufacturing and service sectors in growing economies have remained largely robust over time and

across countries, little is known about more disaggregated patterns of structural change (Herrendorf et al.,
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and Climate Change, Torgauer Straße 12-15, 10829 Berlin, Germany. Phone: +49-30-3385537-216. Fax: +49-30-3385537-102.
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(Hauke Ward), jan.steckel@mcc-berlin.net (Jan Christoph Steckel)
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2014). That is, how exactly the transformation from agricultural to manufacturing to service sectors takes

place and whether it is also subject to specific and stable patterns is not known. This paper contributes to

this question empirically by identifying robust patterns of sectoral change based on a disaggregated data set

covering 57 sectors for all countries aggregated to 134 regions. Applying instruments from complex network

theory our results replicate the general broad pattern of agriculture, industry and service sectors identified

in the literature. More importantly, we can identify specific sectors (e.g. wood products, manufacturing not

else classified) that are important in the structural transformation, particularly from an agricultural based

towards a capital-intense manufacturing and services based economy, which we call “bridges”. Finally, we

find the group of resource extraction sectors to be largely separated from the rest of the network indicating

their rather ambiguous role for growth and development.

Industrialization processes in particular are recognized to play a key role for development, which is

supported by most recent patterns of economic growth: Growth by Asian countries in the last decades

has largely been built on increasing shares of their manufacturing sectors. While for countries that have

built sufficient manufacturing capacities unconditional convergence can be observed (Rodrik, 2013), in other

regions, such Latin America and Sub-Saharan African countries, a pre-mature deindustrialization is feared

to limit future growth opportunities (Rodrik, 2015). At the same time, McMillan et al. (2014) identify

structural change towards increasing shares of manufacturing sectors to be an important driver of future

economic growth of todays poor countries.

The literature basically distinguishes between two drivers for structural change (for a detailed review,

see Herrendorf et al. (2014)): non-homothetic preferences and differences in sectoral productivities. High

differences in sectoral productivities, however, do not necessarily lead to structural change. Lack of

infrastructure, for example, can impede labor to be available in more productive manufacturing sectors

(Gollin et al., 2014).

This raises a more general question how non-tradable inputs and societal capabilities1 like infrastructure

interact with structural change and industrialization processes. Various strands of the literature have

identified positive spillovers of industrialization on societal development as they induce technological (Lall,

1992) and social capabilities (Fagerberg and Srholec, 2016). Some authors have argued that increasing

complexity in a more general way holds implications for institutional change and economic performance

(North, 1990; Murphy et al., 1989). Empirically, (Imbs and Wacziarg, 2003) find that with increasing

affluence, economies become more diversified, but specialize again when they get richer. In a recent paper,

Zeira and Zoabi (2015) find that this result could be due to higher elasticities of substitution among modern

sectors than between traditional and modern sectors.

1In this study, “capabilities” shall be used in a rather broad sense by comprising all non-tradable assets that serve economic

activity, sometimes referred to as “intangible capital”. Inter alia these may comprise physical infrastructures, accessible

technologies, (natural) resource endowments, institutions.
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Recent conceptual efforts empirically show the complexity of national exports to be predictive for

economic growth (Hidalgo et al., 2007; Hidalgo and Hausmann, 2009) and can be used to assess the

capabilities that are available in a particular economy. However, it is essential to assume that international

trade serves as an appropriate proxy for such assets in order to adhere to Hidalgo et al.’s argumentation

based on revealed comparative advantage (RCA, cf. Balassa (1965)). To determine the (relative) levels of

capabilities, however, we argue that what countries are actually producing should matter more than their

specific comparative advantages.

This paper will hence provide an analysis of robust patterns of structural change using disaggregated

sectoral production data. It aims to refine our understanding of structural change on a more disaggregated

level and hence contribute to the understanding of the role of economic sectors for economic development.

The analysis is based on value-added data deduced from global multi-regional input-output (MRIO) tables.

Such tables provide a fairly detailed picture of the worldwide ensemble of national economies and their

interactions, even though they are more aggregated on the sectoral dimension than export data, typically

some tens to a few hundreds of sectors. Methodologically, we build on similarity networks as introduced by

Hidalgo et al. (2007) and applied in a number of recent publications, e.g., on knowledge diffusion (Bahar

et al., 2014), evolutionary economics of industries (Neffke et al., 2011) and growth acceleration processes

(Kali et al., 2013).

The remainder of the paper is structured as follows: Section 2 elaborates on the method and data.

Section 3 presents results and reports on their statistical robustness across time. Section 4 discusses the

implications for the understanding of economic development at the sectoral level. The Appendix features

additional figures, detailed analyses and extensive robustness checks.

2. Method and Data

In order to identify patterns of disaggregated structural change we build on the concept of the “product

space” (Hidalgo et al., 2007; Hidalgo and Hausmann, 2009). The core idea is to assess the similarity of a

large set of products on the basis of their relative export strength across national economies. Hence, in our

analysis, two sectors that are relatively strong in the same group of regions and relatively weak in another

group are considered positively related. Positive relations can be seen as more probable transitional paths

of structural change: being strong in one of them carries a high likelihood to be or to become strong in the

other one, too.

This section is structured as follows: after describing the data in Section 2.1, Section 2.2 elaborates on

how to robustly measure the empirical inter-sectoral relations. In Section 2.3 we provide a significance test on

these relations that allows filtering for the irrelevant ones among them. The entirety of all significant relations

can be viewed as a network of sectors, where the sectors are the network’s nodes and the relations are the
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network’s links. This is a perspective that allows to further distill the massive intersectoral similarity matrix

towards a deterministic and empirical set of sectoral communities (Section 2.4). Ultimately, we address the

question of preferred sectoral balance shifts in growth processes and express these shifts as inter-sectoral

link directionality (Section 2.5).

2.1. Data

Recently, global MRIO datasets with considerably increased sectoral and regional resolution have been

published (Tukker and Dietzenbacher, 2013). From MRIO tables value-added V (r, s) of sector s in region r

can be deduced by subtracting respective input I(r, s) from output O(r, s): V (r, s) = O(r, s)−I(r, s). In this

paper, we deduce all required quantities, primarily the intra-regional sectoral shares V̂ (r, s) = V (r,s)∑
s′ V (r,s′)

(i.e., an intra-regional normalization of sectoral value-added from data on sectoral inputs and outputs in

US dollars from the Global Trade Analysis Project (GTAP) 8.1 Data Base (Narayanan et al., 2012) for the

latest avaible year, 2007. We choose this dataset because it offers – compared to alternative datasets as

the Eora database (Lenzen et al., 2013) or the World Input-Output Database (Timmer et al., 2012) – the

highest sectoral resolution (57 sectors, see Appendix, Table A1 for details) that is homogeneous across its

134 regions. The regions of the GTAP 8.1 Data Base are representative for our purposes because they are

well-distributed across the four income groups as defined by the World Bank (World Bank, 2006). Please

refer to the Appendix, Section A.1 for a detailed derivation of O(r, s) and I(r, s) from MRIO tables in

general and from the GTAP 8.1 Data Base in particular.

2.2. Strength of Inter-Sectoral Connections

The core of our analysis is to estimate the associations between all possible pairs of sectors. We thus

consider two sectors s1 and s2 strongly connected, i.e., “similar” if their value-added shares within the

national economies, V̂ (r, s1) and V̂ (r, s2), correlate cross-regionally. As the measure of association we choose

the linear cross-correlation of the rank order, the Spearman correlation coefficient), P (s1, s2), of sectors s1

and s2, calculated across all regions, r.

P (s1, s2) =

∑
r[(�V̂ (r, s1)� − 〈�V̂ (r′, s1)�〉r′) · (�V̂ (r, s2)� − 〈�V̂ (r′, s2)�〉r′)]√

[
∑

r(�V̂ (r, s1)� − 〈�V̂ (r′, s1)�〉r′)2] · [
∑

r(�V̂ (r, s2)� − 〈�V̂ (r′, s2)�〉r′)2]
(1)

with 〈·〉� =
∑

�〈·〉/
∑

� 1, is based on rank-ordered, (�·�), intra-regional sectoral shares of value-added

V̂ (r, s). The ensemble of the correlation values of all sectoral pairs s1 and s2 may be regarded as an

association matrix, P , where the correlation coefficient P (s1, s2) forms the matrix element at row s1 and

column s2. This matrix is (i) square, (ii) symmetric (by definition),

P (s1, s2) = P (s2, s1) ∀s1, s2, (2)
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reflecting the symmetry of the arguments of the correlation coefficient, and (iii) its elements may take values

from the interval between −1 and +1.

This cross-sectional approach implicitly assumes the given set of countries to be statistically representa-

tive in terms of their developmental stages. The data used in this article show a sufficiently good distribution

of the country set regarding per capita income (see Section 2.1). We further validate this assumption using

data across time in a final step (see Section 3.4).2

2.3. Statistical Significance of the Links

We assess the significance of the obtained association values by applying a nonparametric, Monte

Carlo-based bootstrapping technique (Efron, 1979). For every pair of sectors s1 and s2, we shuffle the

elements of vectors V̂ (r, s1) and V̂ (r, s2) independently and re-calculate their Spearman correlation. By

doing this sufficiently often3, we get the randomized distribution of correlation coefficients from which we

take the upper and lower quantiles P+
α (s1, s2) and P−

α (s1, s2) that correspond to a given significance level,

α, such that the fraction of α of the randomized values lie outside the two-sided quantile-based interval.

These quantiles are considered as critical values beyond which we reject the null hypothesis of uncorrelated

vectors V̂ (r, s1) and V̂ (r, s2), i.e., P (s1, s2) = 0 while having preserved the (internal) distribution of the

vectors’ elements, at significance level α.

Empirical association values within the interval of critical values (i.e., values for which we cannot reject

the null hypothesis) are considered insignificant and are excluded from further analysis, yielding the filtered

association matrix P ∗
α at significance level α:

P ∗
α(s1, s2) =

⎧⎪⎨
⎪⎩
0, if P (s1, s2) ∈ [P−

α (s1, s2), P
+
α (s1, s2)]

P (s1, s2), else

(3)

that inherits the properties of matrix P , in particular its symmetry (cf. Equation 2).

In general, the critical values depend on the particular pair of sectors. For the Spearman correlation

coefficient, however, the sample size (i.e., the number of regions), is the only determining quantity of the

critical values. Since it remains constant in this study we get:

P+
α (s1, s2) = −P−

α (s1, s2) = Πα ∀s1, s2. (4)

2The reason why we do not use available time series datasets for the main analysis is because they feature lower regional

and/or sectoral resolutions. However, in a final step we will check the validity of our conclusions from this cross-country-based

approach by using (lower-resolved) time series datasets (see Section 3.4).
3We will base the bootstrap on 107 randomized samples which leads to a sufficiently smooth bootstrap distribution.
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2.4. Community Structure of the Similarity Network

The filtered association matrix, P ∗
α, i.e., the similarity matrix of sectors, comprises all pairwise sector-

to-sector relations. Originating from empirical data, the similarity structure – as a whole, i.e., beyond

single inter-sectoral relations – is expected to be neither fully regular nor purely random. Instead it can be

expected to carry valuable information. We are thus interested whether the collection of all inter-sectoral

relations contains some kind of group structure. The economic intuition behind this is that there are groups

of sectors that share underlying capabilities to a larger degree than others. In terms of structural change

the hypothesis reads as: once a country has sufficiently build up a bridgehead sector of a certain community

it more and more easily acquire strength in other sectors of the same group.

Computationally, we approach this problem by interpreting P ∗
α as the adjacency matrix of a network

where the sectors form the nodes and their respective pairwise correlation coefficients form weighted,

undirected links (with insignificant links set to zero weight, cf. Equation 3). This perspective – considering

the (classical) correlation matrix as a network – opens the opulent toolkit of complex network theory, which

enables us distilling structural information from the large number of inter-sectoral associations.

Network communities are groups of nodes that have stronger intra-group than inter-group connections.

The literature has proposed a large variety of community detection algorithms that yield typically (but

not necessarily and never totally) consistent community sets. In this article we will apply the community

detection algorithm that is based on edge betweenness centrality (Girvan and Newman, 2002) which is

capable of taking the weights of the links, P ∗
α, into account. Edge betweenness centrality is a measure

that quantifies in how many (network topological) node-to-node shortest paths a chosen link is included.

Shortest paths in our sectoral similarity network may relate to actual transitional states during a growing

economy under structural change. The main idea of this community detection algorithm is that inter-

community links are identifiable by their higher relevance for the shortest paths between randomly chosen

nodes. Taking these more important links away would split the network and are thus considered to connect

different communities.4

The algorithm leads to a hierarchical clustering of nodes (Kaufman and Rousseeuw, 1990), indicating

how close – in network-topological terms – two sectors are. The closer they are, the more probable they

belong to the same community, and vice versa. This sequence is typically depicted as a so-called dendrogram.

Such a tree-like diagram with the nodes (here: the sectors) forming the leaves and the branches structure

indicating which nodes are closer in terms of intrinsic communities. The dendrogram is can be read as a

series of merges: Beginning at the leaves, i.e., with each node being its own community and then – step

4In the words of the algorithm’s creators: “If a network contains communities or groups that are only loosely connected by

a few inter-group edges, then all shortest paths between different communities must go along one of these few edges. Thus,

the edges connecting communities will have high edge betweenness. By removing these edges, we separate groups from one

another and so reveal the underlying community structure of the graph.” (Girvan and Newman, 2002)
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by step towards the root – the nodes merge into larger and larger communities. Each step of this sequence

corresponds to an endogenous community set, i.e., initially there are as many communities as nodes and

then – going along the series of merges – the number of communities decreases by one per merge. After the

last step, at the root, one single community remains: the trivial community of all present nodes forming a

single community.

Given this hierarchy, i.e., this ensemble of community sets, a criterion is needed to select the most

informative community set of the network (which will – typically – not be the trivial communities at either

end of the dendrogram). Out of the different available measures that measure how good inter- and intra-

community connectivity information is captured by a chosen community set, we restrict the analysis to the

widely used value of modularity (Newman, 2004), m, which compares the frequency of intra- and inter-

community links:

m =
1∑

s1,s2
P ∗
α(s1, s2)

∑
s1,s2

[
P ∗
α(s1, s2)−

∑
s1
P ∗
α(s1, s2)

∑
s1
P ∗
α(s1, s2)∑

s1,s2
P ∗
α(s1, s2)

]
δ(cs1 , cs2). (5)

where δ(cs1 , cs2) is 1 if sector s1 and s2 belong to the same community and 0 otherwise. Modularity takes

values between 0 and +1 where higher values indicate a stronger division of the network, i.e., a stronger

intra- than inter-community connectivity structure of the network’s nodes and 0 expressing total randomness.

Newman (2004) considers values above 0.3 to signify good divisions of the network.

By evaluating the modularity value at each step of the hierarchical clustering sequence allows us to spot

those steps, i.e., those community sets that yield maximal modularity values. These are supposed to be the

most informative ones from all those given by the hierarchical clustering dendrogram.

2.5. Directionality of Inter-Sectoral Connections

Building on the methodology described in Sections 2.2 to 2.4 we now have constructed the link-weighted

similarity network of sectors and derived its endogenous communities. This network expresses to what

extent two sectors are close in terms of capabilities. The stronger two sectors are connected, the closer

they are, the more likely they belong the same community and the larger the overlap between underlying

capabilities. These inter-sectoral relationships are symmetric: If sector s1 is strongly connected to sector

s2 the reverse is also true. This is due to the symmetry of the correlation coefficient with respect to its

arguments (cf. Equation 2). Accordingly, our similarity network, which is defined by the adjacency matrix

P ∗
α, remains undirected.

Beyond the plain inter-sectoral similarity and in the light of structural change we are interested in shifts

of the inter-sectoral balance during growth processes. One might thus ask which one of the two sectors

adjacent to a chosen link becomes relatively stronger when the overall national economy gets larger.
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We assess this tendency by cross-sectionally5,6 evaluating the Spearman cross-correlation coefficient

D(s1, s2) of sectors s1 and s2 between the logarithmic bi-sectoral strength ratio L(r, s1, s2) = log V̂ (r,s2)

V̂ (r,s1)
and

logarithmic GDP per capita G(r) = log
∑

s′ V (r,s′)
C(r) where C(r) is the total population of region r taken from

the GTAP 8.1 Data Base:

D(s1, s2) =

∑
r

[
(L(r, s1, s2)− 〈L(r, s1, s2)〉r′) · (G(r)− 〈G(r′)〉r′)

]
√[∑

r(L(r, s1, s2)− 〈L(r, s1, s2)〉r′)2
] · [∑r(G(r)− 〈G(r′)〉r′)2]

. (6)

The intuition behind this choice is as follows: positive values of D(s1, s2) indicate that the sectoral

balance tilts towards sector s2 when national GDP per capita increases. This does not necessarily mean

that sector s2 is growing in absolute or relative terms but just that the share of sector s2 is getting larger

in relation to the share of sector s1. As D is based on correlation the reverse also holds (to be clear: not

implying any causality): A sectoral balance tilting from s1 towards s2 goes along with increasing GDP per

capita, when D is positive.

We note that this specification in terms of the logarithmic bi-sectoral strength ratio leads to an

anti-symmetry of D with respect to its arguments:

D(s1, s2) = −D(s2, s1) ∀s1, s2. (7)

Analogous to the link weights, P , we perform a significance test that leads to a two-sided significance

interval bounded by D+
β (s1, s2) and D−

β (s1, s2), which then leads to a filtered link attribute, D∗
β , at a

chosen significance level, β. This complementary link attribute, D∗
β , induces directionality as follows: If

a directionality value is significantly positive for a given sectoral pair, i.e., D(s1, s2) ≥ D+
β (s1, s2), the

corresponding significant, yet undirected link P ∗
α(s1, s2) = P ∗

α(s2, s1) between those two sectors is reduced

into an uni-directed one in two steps. First, the undirected link is split into two opposing directed links,

namely P ∗
α(s1, s2) and P ∗

α(s2, s1). Second, the directed link pointing from s2 to s1, which carries the negative

value D(s2, s1), is dropped, i.e., P
∗
α(s2, s1) := 0. This leaves one directed link, P ∗

α(s1, s2), that points from

sector s1 to sector s2 and, thus, towards a (statistically and significant) positive average effect on the overall

GDP per capita when the mutual sectoral balance is altered in favor of sector s2. In the case of a significant

link (in terms of P ), which exhibits no significant directionality information (D), the undirected link remains

unchanged, thus expressing the absence of a significant impact on the overall GDP per capita by a changing

5Again, we emphasize that this cross-sectional approach implicitly assumes the given set of countries to be statistically

representative in terms of their developmental stages.
6In fact, for robustness reasons we consider only those regions where the two sectors are sufficiently large, i.e., V (r, si) >

0.05/
∑

s 1 ∀iε{1, 2}. This leads to different sample sizes for each sectoral pair, which induces different significance thresholds.

The (adaptive) bootstrapping approach (cf. Section 2.3) accounts for this.
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Figure 1: Empirical distribution of inter-sectoral similarity values. Probability density of P (cf. the lower triangle

of Figure 2, same specifications) estimated using Gaussian smoothing with a kernel bandwidth half of those following Scott’s

rule (Scott, 1992). Dashed lines show the critical values for five different significance levels (cf. Section 2.3). Table 1 provides

numerical values of the link densities ρ+α and ρ−α (i.e., the cumulative probability densities of P (s1, s2) above and below the

interval of critical values, respectively).

sectoral balance7. More formally speaking, this leads to a double-filtered adjacency matrix, P ∗
α,β , based on

the significance of the link strength attribute, P , at level α and the link directionality attribute, D, at level

β:

P ∗
α,β(s1, s2) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

0, if P (s1, s2) ∈ [P−
α (s1, s2), P

+
α (s1, s2)]

or if D(s1, s2) < D+
β (s1, s2)

P (s1, s2), else.

(8)

3. Results

Applying our method to input-output data from the GTAP 8.1 Data Base results in a correlation matrix

with a skewed distribution of inter-sectoral similarities P shown in Figure 1. Table 1 gives an overview

of changing link density at different significance levels. We will constrain the following discussion to the

network instance at significance level α = 0.01. However, we have shown that this is a reasonable choice

7We strengthen that our approach measures a correlation, i.e., its sign expresses the direction of the relationship, while its

absolute value is a coeffient of determination. The latter should not be confused with the size of the GDP change when the

sectoral balance is altered. The size of that effect would result from a regression of a certain model instead that remains subject

of future work.
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α Πα ρ+α ρ−α

unfiltered 0.000 0.581 0.419

0.100 0.143 0.318 0.163

0.050 0.170 0.282 0.142

0.010 0.222 0.217 0.095

0.005 0.242 0.195 0.084

0.001 0.282 0.164 0.060

Table 1: Network characteristics at different significance levels. Each row corresponds to a given significance level α

and shows the associated critical value (Πα), the positive and negative link density (ρ+α and ρ−α ). The first row refers to the

case where we do not check for the significance of P (s1, s2) and consider the fully connected network. Appendix, Figure A5

presents all of these quantities for the entire range of threshold value Π. Appendix, Figures A6 to A10 show the similarity

matrices and the thereof deduced hierarchical clustering structures for all of above listed significance levels.

(see Appendix, Section A.4.1), and that other choices do not significantly alter our findings (see Appendix,

Section A.4.2).

3.1. General Network Structure

Figure 2 shows the correlation matrix P ∗
α for α = 0.01. (Appendix, Figures A6 to A9 show the

corresponding pictures at α ∈ {0.10, 0.05, 0.005, 0.001}, respectively.) The main diagonal elements are 1

by definition (zero-lag auto-correlation), resulting in (trivial) sectoral self-links, that are disregarded in the

rest of the article.

This matrix induces an undirected, link-weighted network that exhibits a link density – i.e., the number

of present links with respect to the maximal possible number of links – of ρα = 0.312 at a significance level

of α = 0.01 (i.e., Πα = 0.222). At this level we would have expected 1% of the links to be present for the

case of the null hypothesis of entirely uncorrelated sectors. However, the empirical link density of 31.2%

(21.7% positively weighted, 9.5% negatively weighted) indicates that the vast majority of significant links do

not arise by chance, but instead incorporate valuable information. We note that the network fragments into

two separated components at this significance level. Components are groups of nodes that are not connected

at all to each other. Clearly, a stricter significance filter will lead to a lower link density and, hence, an

increasing number of network components. In the case of α = 0.01 the “water” sector has no significant

connection to any other sector and is therefore disconnected from the rest of the network, which in turn

forms the so-called giant component.

The dendrogram to the left of Figure 2 depicts the result of the quantitative detection of the community

structure based on the positively weighted significant links while respecting the link weights P ∗
α(s1, s2)

(cf. Section 2.4). Cutting the dendrogram at the value of maximal modularity, m = 0.443 (cf. Appendix,
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Figure A4) which indicates a rather good division, i.e., a high degree of endogenous hierarchical information,

of the network (Newman, 2004). This division of the giant component consists of four disjoint communities of

different size: two dominant ones and two smaller ones. These communities become apparent as a remarkable

block diagonal structure when re-ordering the rows and columns of the correlation matrix accordingly. The

communities are also prominent when the filtered network is embedded in a two-dimensional plane where

all links representing negative associations (i.e., P ∗
α(s1, s2) < −Πα < 0) have been omitted (see Figure 3).

These negative links express that it is highly unlikely that countries are strong in these sectors at the same

time. Consistent with our intuition that underlying capabilities shape the community structure virtually all

significantly negative links – except two: B connect sectors of different communities (see Figure 4).8

3.2. Communities and Bridges

The first major community consists of nearly all agricultural and food sectors including the agriculture-

related extractivion sectors “forestry” and “fishing”, plus the textile-related industries. This community is

opposed by the group of heavy and light manufacturing sectors plus the service sectors. The two smaller

communities are formed by (i) fossil fuel extraction sectors (“oil”, “coal” and “gas”) plus mineral and metal

extraction, and (ii) transport sectors (land, water, air) plus the “electricity” and the “wool, silk-worm

cocoons” sector. Notably, the extractive resource industries community is rather separated from the other

sectors, highlighting their ambiguous role in development processes (van der Ploeg, 2011). We emphasize

that the strong agreement of the exogenously given sectoral grouping (indicated by the nodes’ colors) and the

network’s communities is non-trivial as the applied algorithms are agnostic about any sectoral classification

scheme.

The hierarchical clustering algorithm assigns every sector to exactly one community, but the members of

the larger two communities clearly take different positions within their communities. The “wood products”

sector, for example, is peripheral to the (mainly) agricultural community and has comparably strong

links with the nodes of both major communities, which results in a bridge-like position between the

two groups. The same is true for the “coal” sector, which connects the two larger communities to the

resource community. We further observe that some sectors play a more prominent role with respect to inter-

community connections; they are somehow situated in between and serve as bridges between communities

(find a detailed list in Appendix, Table A3). Therefore, engaging in an advanced community without having

built those bridges seems difficult. We come back to this point in more detail in the discussion.

8The two exceptions are: “bovine cattle, sheep and goats, horses”–“wood products” and “dwellings”–“petroleum, coal

products”.
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Figure 4: Overview of negative inter-sectoral links. The significant (α = 0.01), negatively weighted links of the similarity

network of sectors (same specifications as in Figure 2). They refer to the elements in the upper triangle matrix of Figure 2

that are of red color. The placement is circular for each of the four main communities. The only two intra-community links of

negative weight are emphasized in width. The coloring of the nodes is kept fixed from that of Figure 3.

3.3. The Sectoral Climbing Wall

Finally, we tested our intuition on how the sectoral shares of countries evolve on the similarity network

during growth processes. Having put the directionality information onto the links (as described in

Section 2.5), we observe that all inter-community links point from the community containing the mainly

agricultural and low-tech sectors to the community with the high-tech sectors (cf. Appendix, Table A3).

In particular, the links adjacent to the bridging sectors entirely point from the low-tech community to the

high-tech industries (cf. Figures 2, 3 and Appendix, Figures A2 and A3). Hence, shifts of the sectoral

balance in this direction imply increases in national GDP per capita.

As a last observation we note that stronger links, in terms of P , tend to have lower values of D

(cf. Figure 5). That is, the more probable a shift from one sector to another (i.e., high P ) the weaker

the relation to an increased GDP per capita that results from that shift (i.e., low D). In Figure 3 this

appears as two dominant types of inter-sectoral links: first, thin, undirected, green links that express a

strong coexistence (high P ) of the two adjacent sectors but also an absent relation between inter-sectoral

balance shifts and GDP per capita (low D), and, second, thicker, directed, red links that express the smaller

likelihood of coexistence (low P ) at a strong relation between inter-sectoral balance shifts and GDP per

capita (high D). The correlation value between the two link attributes P and D across double-significant

58 Chapter 2 Patterns of sectoral structural change



Figure 5: Double-significant links on the P -D-plane. The inlay shows all links with D ≥ 0 (we omit the identical

information at D < 0, cf. Equation 7), where double-significant links (i.e., P ∗
α,β �= 0) are denoted by dots and insignificant links

by crosses. The main plot shows only those links that are significant in both attributes and are of P > 0, i.e., those that are

listed in Appendix, Table A3. Links that connect sectors from tho different endogenous communities (cf. Appendix, Figure A4)

are highlighted as stars (cf. also Appendix, Table A3), while intra-community links appear as dots.

links is ρ = −0.18 (2-tailed p-value: 0.045). This implies that there is no paradise pathway for growth and

structural change where probable (high P ) and impactful (high D) sectoral shift go hand in hand.

The classical ladder models (Rosenstein-Rodan, 1943; Rostow, 1959) suggest a shift away from agricul-

tural sectors, via light and heavy industries, towards the service sectors. Our results confirm this long-

standing insight. However, in light of the similarity network we could now speak of a climbing wall (formed

by sectors) where multiple routes are conceivable instead of a unique and linear sequence (as implied by a

one-dimensional ladder). These routes are constrained by specific (sectoral) bottlenecks, though.9 It is a

promising prospect yet beyond scope of this paper to set-up a sectoral growth model on the basis of this

empirical link structure.

9Note that the presented findings are robust when including less significant and, therefore, lower-weighted links in the

analysis or when we apply another well-established algorithm for the detection of the hierarchical clustering of nodes (e.g., the

“fast and greedy” algorithm, (Clauset et al., 2004)).
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3.4. Stability over Time

In addition to our cross-sectional analysis for the 2007 data (cf. Section 2.2 and footnote 2) we now verify

the temporal stability our results. Using the Eora MRIO database (Lenzen et al., 2013) that offers annual

data on a set of 26 sectors across 189 regions, we repeat the former analysis (except for the directionality

analysis) for each year from 1990 to 2011 independently and obtain a sequence of similarity networks of the

sectors, which can be considered an evolving sectoral network. We then assess the temporal stability of this

evolving similarity network from two angles, the evolving link weights directly and – induced by those – the

evolving community structure.

First, regarding the evolving weighted adjacency matrix, P ∗
α(t, s1, s2) at time t, we find a rather stable

picture (see Appendix, Figure A11). In the following we will quantify the variability. For this purpose, we

define the maximum of the absolute intertemporal link weight variation across time t at significance level α,

ΔP abs
α (s1, s2) = max

t
{|P ∗

α(t, s1, s2)− 〈P ∗
α(t

′, s1, s2)〉t′ |}, , (9)

evaluated for all links whose weights surpass the positive time-independent significance threshold Π+
α = 0.187

(i.e., α = 0.01) for at least one timestep. This measure captures how strong the link weights are fluctuating

across time. Its maximum, max(s1,s2)(ΔP abs
0.01(s1, s2)) = 0.403, occurs for the link between “fishing”

and “re-export and re-import” (cf. Appendix, Figure A12B). More than 90% of all evaluated links show

ΔP abs
0.01(s1, s2) < 0.242.

To measure how severe these absolute fluctuations are with respect to the individual link strength we

normalize the absolute variation by the corresponding intertemporal average. Thus, we define the maximum

of the relative intertemporal link weight variation across time t at significance level α,

ΔP rel
α (s1, s2) = max

t

{∣∣∣∣P ∗
α(t, s1, s2)− 〈P ∗

α(t
′, s1, s2)〉t′

〈P ∗
α(t

′, s1, s2)〉t′
∣∣∣∣
}
, (10)

evaluated for all links whose weights are above the time-independent significance threshold at all times. Its

maximum, max(s1,s2)(ΔP rel
0.01(s1, s2)) = 0.726, occurs for the link between “fishing” and “recycling” (see

Appendix, Figure A12D). More than 90% (80%) of the links whose weights surpass the time-independent

significance threshold for at least one timestep show ΔP rel
0.01(s1, s2) < 2.658(1.480). On average, across all

links that are significant at least once, the relative fluctuation is mean(s1,s2)(ΔP rel
0.01) = 0.728, thus, it is

never more than 73% of the actual link strength. We further observe that the largest variations are mainly

induced by trends across time. From a robustness point of view we find that the variations remain close to

the presented values when (i) we allow for less significant links, i.e., higher values of α, or (ii) choosing a

time-dependent significance threshold by fixing the link density in time. Thus, the intertemporal fluctuations

of link weights – neither the maximal nor the average ones, neither in absolute nor in relative terms – do

not exceed acceptable levels.
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Second, regarding the sectoral communities, we also find a reasonable agreement across the years. Fixing

the number of desired communities at any value between 5 and 7, where the highest modularity values occur,

and quantitatively comparing the detected community sets for year-year pairs, shows that successive years

typically lead to similar results. The coincidence is strong even at bigger temporal distances. Therefore, we

conclude that the previously found results are sufficiently robust. More details on both, the stability on the

level of individual links and the level of nodal communities, can be found in the Appendix, Section A.5.

As a last indication, we embed the evolving network on the two-dimensional plane using the same

algorithm as in Figure 3 and let the nodes dynamically re-arrange positions determined by the evolving edge

weights P ∗
α(t, s1, s2) (see Appendix, Section A.5.3 for video). The overall picture remains the same over the

entire time frame, substantiating our results that are solely based on 2007 data. Furthermore, although

the sectoral aggregation scheme differs between the GTAP 8.1 Data Base and the Eora MRIO database,

the agreement between the two networks is striking (cf. Figure 3 and video): An agricultural domain is

connected, via light manufacturing sectors, to the advanced technological and services sectors; in addition

there forms a resource extraction cluster that is barely connected to the other communities.

4. Discussion

In this paper we have identified robust patterns of sectorally disaggregated structural change. To our best

knowledge we are the first to apply the similarity network technique to value-added data from MRIO tables.

While we generally find several distinct communities that can largely be categorized under the agricultural,

manufacturing and service sectors, developing from an agriculture-dominated economy towards increasing

shares of (advanced) manufacturing and, eventually, services seems to require engagement in very particular

sectors first, most of which can be classified as light manufacturing (cf. Figure 3). We identify those sectors

to serve as “bridges” that link different communities10, which holds important implications for the general

understanding of structural change. The probability of sectoral shifts and the relation of such a shift to

GDP per capita are negatively related.

Our results are complementary to previous literature (Hausmann and Rodrik, 2003) that has identified

countries with similar factor endowments to specialize in different products using highly disaggregated export

data. Rather, while products can be different, the underlying capabilities are likely the same, which explains

the robust depiction of bridges when looking at the more aggregated sectoral value added data. In this

respect, one might challenge a number of the links – i.e., pairwise correlation coefficients – as spurious

regarding possible transitivities and/or common drivers within the network of causal interactions. We

emphasize that any conditioning of these correlations would already carry (implicit) assumptions on (here)

10Such an observation might also be discussed within the frameworks of “structural holes” (Burt, 1995) or “weak ties”

(Granovetter, 1973), two concepts that emphasize the role of mediating nodes for spreading on a network.
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unobserved characteristics (e.g., think of climatic or geographical factors, or consumption preferences).

Furthermore, we acknowledge that new bridges could emerge in the future, e.g., regarding a transition

towards service economies or the invention of new processes and products. These new bridges could arise

from at least two sources: Either by a changing link structure, i.e., weakening and strengthening inter-

sectoral connections, or by internal specialization of existing and/or the emergence of completely new (types

of) sectors. We are nevertheless confident that our findings are robust because they are stable in cross-

sectional analyses over time (despite massive globalization of the world economy during the period studied)

in different available datasets and with different aggregations (for sectors and regions).

Based on our findings and following Hidalgo et al. (2007), we hypothesize that “capabilities” understood

as a broader set of societal and/or firm-level skills, or to put in the words of Rodrik (2007, p. 103): the

“[acquisition of] mastery over a broad range of activities” necessary to further foster economic development

and growth are developed in selected “bridging” sectors. Hences, capabilities necessary to building up

competitive high-tech industry sectors and engagement in the insurance and banking sectors crystallize

exactly there. This mechanism resembles backward linkages reminiscent of Hirschman (1958), however not

limited to the firm level, but extend to a broader set of factors and capabilities that are relevant for economic

development and growth at the level of the entire economy. Once acquired capabilities, which could also

be understood as manifestations of knowledge in a society, can be further combined and act as important

drivers of future growth (analogous to Weitzman (1998)).

While in the existing literature differences in sectoral productivities are usually taken as given and remain

largely unexplained (Herrendorf et al., 2014) in the light of our results, we argue that productivity changes

are endogenous with structural changes in the economy. The development of certain sectors fosters the

development of specific factors that, in turn, increase the productivity of the entire economy. This relates

to the literature in various ways. First, broader societal skills that are developed when building up bridging

sectors could explain large differences in productivity between agricultural and other sectors (particularly

in developing countries), which do not lead to the reallocation of labor to more productive manufacturing

sectors (Gollin et al., 2014). Second, the existence of specific ”bridging” sectors could also explain why

structural change does not always enhance growth (McMillan et al., 2014) and offers an explanation for

unconditional convergence of (and in) manufacturing sectors, but not the entire economy as described by

(Rodrik, 2013).Third, once capabilities are sufficiently in place, institutional and other factors that could

hinder the realization of allocating labor and capital where it can be used most productively are overcome,

which could also offer an explanation for countries to specialize in certain sectors when they reach high

development levels after having previously diversified their portfolios (Imbs and Wacziarg, 2003). These

interpretations require further empirical testing and analytical modeling.

In terms of developmental strategies, identifying robust bridges for development that connect intrinsic

clusters with potential positive externalities by “crossing them” has implications for policy options. Building
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on a long-standing debate (for a review, see Pack and Saggi (2006)), our results could support directing

industrial policy towards specific sectors during certain stages of development. However, rather than simply

supporting clustering (to foster Marshallian externalities) for any given set of industries where a country

has a comparative advantage, it seems highly important to support sectors that have the ability to bridge

differences between communities. In addition, targeted sectors or industries should be sufficiently “close”

to the current structure of a given economy. However, while having the ability to identify bridging sectors

could ease the identification of potential sectors and/or industries as policy targets, it does not help with

estimating the amount of potential spillovers to (i) other sectors and (ii) other societal capabilities.

Further research is needed what determines the link between capabilities and “bridging” sectors and

the causal interrelation, most likely captured in exogenous data. We expect very different combinations of

drivers to be responsible for the observed structure of the inter-sectoral network.
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Herrendorf, B., Rogerson, R., and Valentinyi, Á., 2014. Growth and Structural Transformation, in: Aghion, P. and Durlauf, S.

(Eds.), Handbook of Economic Growth, Volume 2. Elsevier, Amsterdam, pp. 855–941.

Hidalgo, C. A. and Hausmann, R., 2009. The building blocks of economic complexity. Proceedings of the National Academy

of Sciences 106(26), 10570–10575.

Hidalgo, C. A., Klinger, B., Barabási, A.-L., and Hausmann, R., 2007. The Product Space Conditions the Development of

Nations. Science 317(5837), 482–487.

Hirschman, A., 1958. The Strategy of Economic Development. Number 10 in Yale Studies in Economics, Yale University Press,

New Haven, CT, USA.

Hubert, L. and Arabie, P., 1985. Comparing Partitions. Journal of Classification 2(1), 193–218.

Imbs, J. and Wacziarg, R., 2003. Stages of Diversification. American Economic Review 93(1), 63–86.

Kali, R., Reyes, J., McGee, J., and Shirrell, S., 2013. Growth networks. Journal of Development Economics 101, 216–227.

Kamada, T. and Kawai, S., 1989. An algorithm for drawing general undirected graphs. Information Processing Letters 31(1),

7–15.

Kaufman, L. and Rousseeuw, P. J., 1990. Finding groups in data: An introduction to cluster analysis. Wiley Series in

Probability and Mathematical Statistics. Applied Probability and Statistics, Wiley, New York, NY, USA.

Kuznets, S., 1973. Modern economic growth: findings and reflections. American Economic Review 63(3), 247–258.

Lall, S., 1992. Technological capabilities and industrialization. World Development 20(2), 165–186.

Lenzen, M., Moran, D., Kanemoto, K., and Geschke, A., 2013. Building Eora: A multi-region input-output database at high

country and sector resolution. Economic Systems Research 25(1), 20–49. Database version: 199.82, accessed: July 27, 2015.
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Appendix

A.1. Derivation of Regional Sectoral Value-Added

Our analysis is based on regional sectoral value-added V (r, s). As stated in the main text the

value-added V (r, s) of sector s in region r is the difference of respective output O(r, s) and input I(r, s):

V (r, s) = O(r, s)− I(r, s). In this section we give background information on how to obtain the latter two

quantities from MRIO tables

A.1.1. General Derivation from MRIO Data

Let Z(r, s, r′, s′) denote the inter-industrial flow from sector s in region r to sector s′ in region r′, and

Y (r, s, r′) the flow from sector s in region r into the final demand of region r′. These two flow matrices are

the actual MRIO table. Then regional sectoral output O(r, s) is obtained as

O(r, s) =
∑
r′

∑
s′

Z(r, s, r′, s′) +
∑
r′

Y (r, s, r′) (A1)

and the regional sectoral input I(r, s) as

I(r, s) =
∑
r′

∑
s′

Z(r′, s′, r, s). (A2)

A.1.2. Specific Derivation from the GTAP 8.1 Data Base

From the GTAP 8.1 Data Base the inter-industry flow matrix and the final demand flow matrix are

obtained from the following quantities (all quantities at market prices and in 2007 US $):

VDFM (s1, s2, r) Domestic purchases in region r of sector s1 by sector s2

VDPM (s, r) Domestic purchases in region r of sector s by households

VDGM (s, r) Domestic purchases in region r of sector s by government

VXMD(s, r) Non-margin exports of sector s in region r

VST (s, r) Margin exports of sector s in region r

VIFM (s, r) Import purchases in region r by sector s.

While we could think of deriving the regional sectoral outputs O(r, s) and the regional sectoral inputs

I(r, s) directly from those quantities, the margin exports VST (s, r) – that are non-zero only for the three

transportation sectors (cf. Table A1) and that deliver into the international transportation pool – need a

particular treatment as they do not contain information on their use. They affect the input as well as the

output matrix in a non-trivial manner (Peters et al., 2011). This is why we have to construct the entire

MRIO table first and then reduce it to the input, I(r, s), and output, O(r, s), matrices. The construction of

an MRIO table from the above listed quantities in turn requires certain assumptions (Peters et al., 2011).
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A.2. Supplementary Figures and Tables

GRAINS AND CROPS

PDR Paddy rice

WHT Wheat

GRO Cereal grains nec

V F Vegetables, fruit, nuts

OSD Oil seeds

C B Sugar cane, sugar beet

PFB Plant-based fibers

OCR Crops nec

PCR Processed rice

LIVESTOCK AND MEAT PRODUCTS

CTL Bovine cattle, sheep and goats, horses

OAP Animal products nec

RMK Raw milk

WOL Wool, silk-worm cocoons

CMT Bovine meat products

OMT Meat products nec

PROCESSED FOOD

VOL Vegetable oils and fats

MIL Dairy products

SGR Sugar

OFD Food products nec

B T Beverages and tobacco products

UTILITIES AND CONSTRUCTION

ELY Electricity

GDT Gas manufacture, distribution

WTR Water

CNS Construction

TRANSPORT AND COMMUNICATION

TRD Trade

OTP Transport nec

WTP Water transport

ATP Air transport

COM Communication

MINING AND EXTRACTION

FRS Forestry

FSH Fishing

COA Coal

OIL Oil

GAS Gas

OMN Minerals nec

TEXTILE AND WEARING APPAREL

TEX Textiles

WAP Wearing apparel

LIGHT MANUFACTURING

LEA Leather products

LUM Wood products

PPP Paper products, publishing

FMP Metal products

MVH Motor vehicles and parts

OTN Transport equipment nec

OMF Manufactures nec

HEAVY MANUFACTURING

P C Petroleum, coal products

NMM Mineral products nec

I S Ferrous metals

NFM Metals nec

ELE Electronic equipment

OME Machinery and equipment nec

CRP Chemical, rubber, plastic products

OTHER SERVICES

OFI Financial services nec

ISR Insurance

OBS Business services nec

ROS Recreational and other services

OSG Public Admin., Def., Edu., Health

DWE Dwellings

Table A1: Sectors and corresponding sector groups as listed in the GTAP 8.1 Data Base. Based on the GSC2

classification, which is a hybrid from the ISIC and CSC classifications; with sector name abbreviations preceding the full

sector names; “nec”: not else classified. The coloring was done by the authors to allow for easier identification in all figures

showing sectoral results. Green: agriculture, red: infrastructure, brown: extraction, yellow: light manufacturing, blue: heavy

manufacturing, purple: services.
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1 Agriculture

4 Food & Beverages

2 Fishing

3 Mining and Quarrying

5 Textiles and Wearing Apparel

6 Wood and Paper

8 Metal Products

11 Other Manufacturing

12 Recycling

7 Petroleum, Chemical and Non-Metallic Mineral

Products

9 Electrical and Machinery

10 Transport Equipment

13 Electricity, Gas and Water

14 Construction

15 Maintenance and Repair

16 Wholesale Trade

17 Retail Trade

18 Hotels and Restraurants

19 Transport

20 Post and Telecommunications

21 Financial Intermediation and Business Activities

22 Public Administration

23 Education, Health and Other Services

24 Private Households

25 Others

26 Re-export & Re-import

Table A2: Sectors as listed in the Eora MRIO database. With sector numbers preceding the full sector names. The

coloring was done by the authors, following the spirit in Table A1.

Table A3: Double-significant links. All links that are significant in both at-

tributes link strength P (α > 0.01) and link directionality D (β > 0.01), sorted

by decreasing link strength P . The third column (�) flags those links that con-

nect sectors from two different endogenous communities (cf. Section 3.2).

P D � from sector to sector

0.713 0.308 Cereal grains nec → Oil seeds

0.671 0.282 Wearing apparel → Textiles

0.656 0.271 Transport equipment nec → Machinery and equipment nec

0.590 0.382 Vegetables, fruit, nuts → Animal products nec

0.569 0.384 Crops nec → Sugar cane, sugar beet

0.550 0.281 Vegetables, fruit, nuts → Crops nec

0.547 0.462 Manufactures nec → Chemical, rubber, plastic products

0.544 0.238 Paper products, publishing → Machinery and equipment nec

0.540 0.357 Ferrous metals → Machinery and equipment nec

0.536 0.336 Cereal grains nec → Forestry

0.523 0.384 Public Admin., Def., Edu., Health → Business services nec

0.501 0.417 Cereal grains nec → Sugar cane, sugar beet

0.500 0.467 Crops nec → Vegetable oils and fats

0.492 0.400 Paddy rice → Sugar cane, sugar beet

0.485 0.333 Cereal grains nec → Bovine cattle, sheep and goats, horses

0.471 0.474 � Raw milk → Dairy products

0.471 0.489 Manufactures nec → Machinery and equipment nec

0.470 0.371 Fishing → Food products nec

0.467 0.565 Communication → Business services nec
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Table A3: (continued)

P D � from sector to sector

0.466 0.417 � Wood products → Paper products, publishing

0.465 0.292 Cereal grains nec → Animal products nec

0.463 0.469 Crops nec → Wearing apparel

0.459 0.270 Manufactures nec → Paper products, publishing

0.457 0.431 � Raw milk → Wheat

0.450 0.513 Crops nec → Sugar

0.446 0.329 Vegetables, fruit, nuts → Forestry

0.436 0.417 Manufactures nec → Metal products

0.431 0.617 Cereal grains nec → Food products nec

0.431 0.332 Cereal grains nec → Fishing

0.428 0.343 � Bovine meat products → Dairy products

0.423 0.407 Crops nec → Beverages and tobacco products

0.417 0.293 Fishing → Beverages and tobacco products

0.404 0.416 Public Admin., Def., Edu., Health → Machinery and equipment nec

0.404 0.559 Cereal grains nec → Beverages and tobacco products

0.393 0.449 Crops nec → Food products nec

0.389 0.607 Vegetables, fruit, nuts → Beverages and tobacco products

0.383 0.585 Crops nec → Leather products

0.379 0.322 Forestry → Food products nec

0.377 0.309 Transport equipment nec → Business services nec

0.373 0.338 Insurance → Business services nec

0.371 0.389 Animal products nec → Wearing apparel

0.370 0.571 Cereal grains nec → Bovine meat products

0.368 0.363 Communication → Paper products, publishing

0.366 0.327 Forestry → Vegetable oils and fats

0.361 0.400 Recreational and other services → Business services nec

0.360 0.416 Oil seeds → Sugar

0.358 0.441 Forestry → Sugar

0.356 0.303 Mineral products nec → Ferrous metals

0.349 0.274 Financial services nec → Chemical, rubber, plastic products

0.349 0.373 � Metals nec → Ferrous metals

0.348 0.368 Public Admin., Def., Edu., Health → Chemical, rubber, plastic products

0.346 0.357 Oil seeds → Food products nec

0.346 0.526 Animal products nec → Leather products

0.338 0.242 Recreational and other services → Paper products, publishing

0.337 0.415 Wheat → Dairy products

0.336 0.351 Bovine cattle, sheep and goats, horses → Trade

0.332 0.500 � Wood products → Metal products

0.332 0.440 Mineral products nec → Metal products

0.331 0.549 Mineral products nec → Machinery and equipment nec

0.331 0.386 Cereal grains nec → Raw milk
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Table A3: (continued)

P D � from sector to sector

0.330 0.726 Cereal grains nec → Meat products nec

0.330 0.407 Manufactures nec → Business services nec

0.330 0.369 Mineral products nec → Motor vehicles and parts

0.330 0.551 Cereal grains nec → Sugar

0.322 0.293 Oil seeds → Beverages and tobacco products

0.321 0.600 Cereal grains nec → Vegetable oils and fats

0.320 0.479 Paddy rice → Wearing apparel

0.320 0.491 � Wood products → Chemical, rubber, plastic products

0.319 0.270 Forestry → Beverages and tobacco products

0.318 0.571 Vegetables, fruit, nuts → Vegetable oils and fats

0.316 0.435 Paddy rice → Trade

0.311 0.485 � Raw milk → Electricity

0.309 0.600 Vegetables, fruit, nuts → Trade

0.307 0.295 Communication → Public Admin., Def., Edu., Health

0.302 0.384 Animal products nec → Sugar

0.302 0.352 Oil seeds → Wearing apparel

0.301 0.280 Financial services nec → Business services nec

0.300 0.513 Processed rice → Sugar

0.295 0.515 Mineral products nec → Chemical, rubber, plastic products

0.288 0.601 Forestry → Wood products

0.287 0.328 Communication → Ferrous metals

0.286 0.356 Construction → Metal products

0.285 0.396 Bovine meat products → Wood products

0.285 0.337 Animal products nec → Vegetable oils and fats

0.283 0.311 Financial services nec → Machinery and equipment nec

0.283 0.527 Vegetables, fruit, nuts → Sugar

0.280 0.569 Vegetables, fruit, nuts → Wearing apparel

0.280 0.462 Crops nec → Textiles

0.279 0.374 Wheat → Construction

0.277 0.352 Fishing → Wearing apparel

0.277 0.395 Dairy products → Paper products, publishing

0.277 0.471 Construction → Business services nec

0.276 0.557 Oil seeds → Wood products

0.276 0.462 Crops nec → Meat products nec

0.272 0.275 Insurance → Chemical, rubber, plastic products

0.270 0.338 � Vegetable oils and fats → Manufactures nec

0.268 0.627 Vegetables, fruit, nuts → Food products nec

0.268 0.288 Mineral products nec → Electronic equipment

0.267 0.421 Oil seeds → Bovine meat products

0.263 0.302 � Beverages and tobacco products → Dairy products

0.262 0.560 Oil seeds → Meat products nec
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Table A3: (continued)

P D � from sector to sector

0.257 0.491 Communication → Machinery and equipment nec

0.255 0.335 Wearing apparel → Wood products

0.255 0.284 Dwellings → Recreational and other services

0.254 0.497 Oil seeds → Leather products

0.250 0.725 � Cereal grains nec → Dairy products

0.250 0.386 � Wood products → Motor vehicles and parts

0.246 0.431 � Wearing apparel → Manufactures nec

0.243 0.343 � Textiles → Manufactures nec

0.241 0.337 Insurance → Machinery and equipment nec

0.236 0.306 Fishing → Trade

0.236 0.354 � Electricity → Ferrous metals

0.234 0.397 � Raw milk → Transport nec

0.234 0.311 � Meat products nec → Construction

0.234 0.428 � Bovine meat products → Communication

0.232 0.294 Recreational and other services → Metal products

0.231 0.441 Wheat → Petroleum, coal products

0.230 0.468 Vegetables, fruit, nuts → Raw milk

0.230 0.400 � Sugar → Dairy products

0.228 0.390 Dwellings → Insurance

0.227 0.593 � Sugar → Paper products, publishing

0.226 0.471 Construction → Machinery and equipment nec

0.225 0.315 Oil seeds → Trade

0.224 0.574 Vegetables, fruit, nuts → Bovine meat products

A.3. Detailed Analysis of the Community Structure at α = 0.01

The hierarchical clustering dendrogram (cf. Figure 2) allows for a more detailed analysis of the community

structure than only at the point of maximal modularity. At each merge/split of the dendrogram, the

corresponding community set can be evaluated regarding its information content (cf. Section 2.4). In

Figure A4 we show the modularity values of all induced community sets (within the giant component,

i.e. without counting the disconnected “water” node that forms its own community).

While there is no information (m = 0.000) by choosing one community, i.e. the entire giant component as

one group, the first split into who communities massively increases the modularity value (m = 0.423, leftmost

starred diamond). These two communities are formed by the two major communities that are discussed

in the main text (cf. Section 3.2) where the smaller two groups around the (i) fossil resource extraction

and (ii) the transport sectors are members of the heavy manufacturing and services sectors community.

As described in the main text, there is an information gain when the latter two subsets separate from
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Figure A4: Modularity at different cuts of the hierarchical clustering dendrogram. Modularity m of the weighted

similarity network of sectors against the number of communities within the giant component, i.e., not considering the

disconnected node (“water”) that forms another component/community. The modularity is calculated for each set of

communities as given by the hierarchical clustering that is expressed in the dendrogram within Figure 2. Stars indicate

the community sets discussed in the main text and in the Appendix. The inlay shows the entire data range, while the main

plot focuses on the range of highest modularity values.

that major community. At that point a maximum of information is obtained (m = 0.443, middle starred

diamond). After the next two (“dwellings”, “wheat”) to the third next split (“textiles”) the modularity

decreases to a local minimum (m = 0.436, rightmost starred diamond). This drop expresses the crucial role

of the sector “textiles” as it forms one of the bridges from the mainly agricultural to the “manufactures, not

else classified” sector and, thus, towards the light and heavy manufacturing sectors community.

A.4. Dependence of the Results on the Network Threshold and the Significance Level

In the main text we focussed on results and conclusions taken at a single significance level α. This section

provides background information on why we chose α = 0.01 for fixing the threshold Πα in the main text.

Recall that this allowed us to omit less reliably estimated inter-sectoral association values P (s1, s2) from the

networks analysis (cf. Section 2.3). We further show that our main conclusions are not altered in essence

when we had chosen other reasonable significance levels.
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A.4.1. Network Characteristics across the Entire Range of Threshold Values

To address the question what significance level is appropriate for neglecting statistically unreliable

inter-sectoral associations we now evaluate a number of key characteristics of the resulting networks at

various threshold values Πα and, thus, significance levels α (cf. Equation 3) across the entire possible range

(cf. Figure A5) – from the unfiltered case, Πα = 0.000, to Πα = 0.793, above which there are no more links

that can be considered significant and analyzed.

We start with one of the simplest network measures: the link density ρα, i.e., the number of present

links compared to the number of possible links given the fixed number of network nodes.11 As we have

links weights −1 ≤ P (s1, s2) ≤ +1, we may separate the total link density into one of positively weighted

links, ρ+α , and one of negatively weighted links, ρ−α , (see Figure A5A). For increasing threshold Πα all three

link densities decrease (rather smoothly) monotonically. At any threshold value the positive link density is

larger than the negative link density. All of these observations are direct consequences of the distribution of

the link weights (cf. Figure 1). We conclude that this very low-order network statistic does not emphasize

any particular threshold value for being a particular point of interest.

Before we thus turn to more elaborate network measures, we emphasize that we will disregard negatively

weighted links in the following and run all analyses on positively weighted links only (as in the main text).

We do this because – conceptually – many network measures are not (yet) well-defined for negative link

weights and – empirically – we have shown that the negatively weighted links complement the picture from

the positively weighted links well (cf. Figures 3 and 4).

As discussed in Section 2.4 it is informative to look for inherent community structures of the nodes

determined by the present links. As links get less and less in number for more stringent threshold values,

we expect the community structure also to be affected. We thus repeat the following steps for each network

that results from the filtering procedure at a gradually increasing threshold value. Firstly, we perform the

hierarchical clustering analysis leading to a hierarchical series of community sets of sectors. Secondly, we

compute the modularity value for each of these community sets. Thirdly, we identify the community set that

maximizes the modularity value and consider this value as the maximal modularity value of the network.

We do this twice, first for the giant component only and then for the entire network (see Figure A5B).12

For smaller threshold values (Π � 0.37) the two maximal modularities are steadily slightly increasing

(first in parallel and then slightly diverging due to the ongoing fragmentation of the network, i.e., the

11In this article we only consider the unweighted form of the link density measure, i.e., the plain number of links irrespective

of their weight. There exists a weighted version of the link density measure that sums the weights instead of purely counting

links. This weighted version could then be interpreted as some average correlation strength, which does not lead us further,

though.
12In case we have a fragmented network, i.e., a network consisting of multiple components, i.e., groups of nodes that are not

connected to each other, we separately choose for every (disjoint) component the modularity-maximizing community set, merge

all these sets and evaluate the overall modularity value of the entire (fragmented) network given the (merged) community set.
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Figure A5: Dependence of global network characteristics on the threshold Πα and significance level α. Panel A

shows the total, ρ, the positive, ρ+, and the negative, ρ−, link density of the resulting networks at different threshold values. The

link densities may take values between 0 (no nodes are connected) and 1 (all possible connections of nodes are present). Solely

based on the positively weighted links above the range of different threshold values, panel B shows the maximal modularity,

mmax, of the entire network12 as well as of the giant component, and panel C shows the optimal number of communities (i.e.,

the set that yields the maximal modularity value) as well as the number of disconnected network components (that has an

upper bound given by the total number of nodes in the network). Note that all three panels share the same x-axis (threshold

value Π, see on the top of panel A), that can be bijectively mapped into a significance level α (see on the bottom of panel C,

cf. Section 2.3), from which we highlight some selected values.
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formation of more and more components). This suggests that omitting weaker links leads to an enhanced

crystallization of structural information in the remaining network, i.e., less and less noise. At Π ∼ 0.37 the

giant component’s maximal modularity drops massively because the link between the “leather products”

sector and the “wood products” sector is filtered away. This causes the giant component to collapse into

two halfs. At and above this point the network is (i) heavily fragmented, limiting the information content

of those network instances and (ii) getting more and more sparsely connected, increasing the sensitivity

of shortest-path based network measures on single links. Both effects render analyses beyond this point

fruitless. Below this point the second main observation – besides the previously mentioned general upward

trend – is a stronger volatility of both measures for Π � 0.22.

In order to verify whether this is a sign of unreliable community detection, i.e., fluctuating community sets

for (Πα-)close-by networks that differ only by some links being absent/present, we further plotted the number

of communities of the respective optimal set that obtains the maximal modularity value (see Figure A5C).

Indeed, for smaller threshold values (Π � 0.22) the optimal number of communities is rather unstable and

fluctuates, which can be regarded as an expression of volatile community diagnostics stemming from the

strong influence of poorly estimated (low-weighted) links that might be considered as noise. Beyond this

point, the number of optimal communities stabilizes and remains on a globally low level between four and

eight communities, which corresponds well to our discussion and observations from the analysis at fixed

significance level α = 0.01 (cf. Section A.3). For larger threshold values (Π � 0.33) the number of optimal

communities takes off from this level, primarily driven by the ongoing fragmentation of the network and

expressed by the monotonically increasing number of network components (shown in the same panel) that

is a lower bound for the number of communities by definition.

Concludingly, we can reasonably focus our interest on the range where the two disturbing effects are

minimized at the same time: on the one hand the effect of less reliable links (minimized for Π � 0.22)

and on the other hand the influence of disconnectedness (minimized for Π � 0.33). Within this range

(0.22 ≤ Π ≤ 0.33) we had chosen the least stringent threshold value (at α = 0.01, i.e., Πα = 0.222) as

the focal point of our analyses in the main text. Complementarily, the next subsection shows the results of

the same analyses for five other threshold values (as indicated by the significance levels highlighted at the

bottom of Figure A5).

A.4.2. Networks at Selected Significance Levels

In the following we show and analyze the association matrices and corresponding community sets of

sectors for five selected significance levels: at two more stringent significance levels within the previously

discussed range of threshold values (α = 0.005 and α = 0.001), at two less stringent significance levels

that are situated in the “noisy” regime but commonly investigated (α = 0.050 and α = 0.100) and at the

unfiltered case (“α = 1.000”) where all inter-sectoral associations are fed into the subsequent analyses.
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Figures A6 to A9 show the corresponding matrices and dendrograms at α = {0.10, 0.05, 0.005, 0.001},
respectively. Figure A10 presents the unfiltered case.

α = 0.100: The network is connected, i.e., consists of one community. (The “water” sector is the first to

leave in terms of the hierarchical clustering structure, though.) The modularity jumps at 8 and is maximal

at 13 communities. Compared to the community structure from the main text (at α = 0.01) we observe

(i) a very strong overall agreement, (ii) a fragmentation of the resources community, (iii) the “coal” sector

to peripherally join the high-tech and services sectors community and (iv) the “electricity”, the “dairy

products”, the “wool, silk-worm cocoons” and the “transport nec” sectors being peripheral to the mainly

agricultural sectors community.

α = 0.050: The “water” sector is detached. The giant component’s modularity jumps at 5 and is maximal

at 6 to 8 communities. Compared to the community structure from the main text we observe (i) a very

strong agreement, (ii) the “wheat” sector to switch to the mainly agricultural sectors community.

α = 0.005: The “water” sector is detached. The giant component’s modularity jumps at 2 and is

maximal at 4 communities. Compared to the community structure from the main text we observe (i) an

extremely strong agreement, (ii) the “coal”, the “minerals nec” and the “metals nec” sectors being members

of the mainly agricultural sectors community instead, (iii) a purely transport sectors community, handing

the “wool, silk-worm cocoons” and the “electricity” sector to the mainly agricultural sectors community.

α = 0.001: The network now fragments into three components, where the “water transport” and the

“air transport” sector form another component besides the previously detached “water” sector. The giant

component’s modularity jumps at 2 and is maximal at 5 communities. Compared to the community structure

from the main text we observe (i) a strong agreement, (ii) the “coal” sector forming a subcommunity together

with the “electricity”, the “wheat”, the “dairy products”, the “transport nec” and the “wool, silk-worm

cocoons” sector that is peripheral to the mainly agricultural sectors community, (iii) the ground resources

community splits apart and while the “minerals nec” and the “metals nec” sector join the mainly advanced

manufacturing and services sectors community, the “gas”, the “oil” and the “gas manufacture, distribution”

sectors join the mainly agricultural sectors community.

Unfiltered (“α = 1.000”): The network is fully connected (by definition). The modularity jumps at 7

and is maximal at 11 communities. Compared to the community structure from the main text we observe

(i) a good agreement, (ii) the “coal”, the “metals nec”, the “wheat” and the “gas manufacture, distribution”

sectors peripherally participating in the advanced manufacturing and services sector community, (iii) the

“paper products, publishing” sector forming an own subcommunity of the mainly agricultural sectors

community, (iv) the “electricity”, the “transport nec”, the “dairy products” and the “wool, silk-worm

cocoons” sectors grouping peripherally to the mainly agricultural sectors community and (v) some sectors

that behave ambiguously across other significance levels forming one- to two-sectors communities (the

“dwellings”, the “minerals nec” and the “air transport”, the “oil”, the “water”, the “gas” and the “water
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transport” sectors).

Concludingly, we find a very good agreement between the network structures at other threshold values,

i.e., other significance levels and the network from the main text. This holds for more stringent filtering,

but also for more dense networks, i.e., for those at lower threshold values. Even from the totally unfiltered

network (that per se contains a number of unreliably estimated links) the extractable structural information

confirms the results from main text.

The main picture of two major communities, one being mainly agricultural and another consisting of

advanced manufacturing and services sectors, is preserved all over the here selected instances. Though,

there is a group of sectors that are peripheral to the two main communities and that belong to different

communities at different significance levels.

Taken together, these observations show that there is no severe sensitivity of our results to the chosen

threshold value and we consider our results from the main text as robust in this respect.
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Figure A6: Similarity matrix of sectors and its induced community structure at α = 0.1. Same specifications as in

Figure 2, but at significance level α = 0.1.

A-15

80 Chapter 2 Patterns of sectoral structural change



•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••

Water
Oil
Gas manufacture, distribution
Gas
Air transport
Water transport
Metals nec
Minerals nec
Dwellings
Coal
Construction
Mineral products nec
Recreational and other services
Paper products, publishing
Insurance
Manufactures nec
Ferrous metals
Public Administration, Defense, Education, Health
Financial services nec
Communication
Petroleum, coal products
Metal products
Chemical, rubber, plastic products
Motor vehicles and parts
Transport equipment nec
Electronic equipment
Business services nec
Machinery and equipment nec
Wheat
Wool, silk-worm cocoons
Transport nec
Electricity
Trade
Dairy products
Textiles
Raw milk
Paddy rice
Bovine cattle, sheep and goats, horses
Bovine meat products
Wood products
Meat products nec
Leather products
Fishing
Wearing apparel
Animal products nec
Beverages and tobacco products
Sugar
Cereal grains nec
Vegetables, fruit, nuts
Oil seeds
Sugar cane, sugar beet
Plant-based fibers
Crops nec
Forestry
Vegetable oils and fats
Food products nec
Processed rice

1.0 0.8 0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0

Figure A7: Similarity matrix of sectors and its induced community structure at α = 0.05. Same specifications as

in Figure 2, but at significance level α = 0.05.
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Figure A8: Similarity matrix of sectors and its induced community structure at α = 0.005. Same specifications as

in Figure 2, but at significance level α = 0.005.
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Figure A9: Similarity matrix of sectors and its induced community structure at α = 0.001. Same specifications as

in Figure 2, but at significance level α = 0.001.
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Figure A10: Similarity matrix of sectors and its induced community structure, unfiltered. Same specifications as

in Figure 2, but without any significance filter applied.
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A.5. Stability of the Results across Time

Having performed a cross-sectional analysis for the 2007 data, we now assess the temporal stability of

our results. Based on the Eora MRIO database (Lenzen et al., 2013) that offers annual data on a set of 26

sectors across 189 regions, we repeat the former analysis (except for the directionality analysis) for each year

from 1990 to 2011 independently and obtain a sequence of similarity networks of the sectors, which can be

considered an evolving sectoral network. We assess the temporal stability of this evolving similarity network

from two different angles in the following two subsections. The last subsection presents a video showing the

evolving similarity network.

A.5.1. Temporal Stability of the Inter-Sectoral Connections

While we concentrated on the distribution of the evolving link strengths in the main text, we now want to

study the evolution of all intersectoral links, i.e., sectoral pairs individually. However, we restrict ourselves

to the analysis of the evolving association values, P (t, s1, s2), which now become time-dependent as the

intra-regional sectoral shares of value-added, V̂ (t, r, s), are now dependent on the time, t. As there is a

large number of 325 (unordered) pairs of the 26 sectors, we group these nodal pairs/links according to the

exogenously given sectoral groups (as indicated in Table A2) to which the two nodes of a link belong to

(see Figure A11).

While the majority of links does not fluctuate strongly across time, there is a small number of exceptions.

They appear either as long-term trends or as temporary peaks/drops. There is a tendency that these,

less stable links are adjacent to a sector either from the “utilities and construction”, the “transport and

communication” or the “other services” group. Among those, the most strongly fluctuating links connect

to the “mining and extraction” or the “light manufacturing” group. In order to better grasp these shifts,

we now quantify the individual link’s stability.

In Figure A12 we see that the intertemporal standard deviation (panel C, maximum: 0.209, 90th

percentile: 0.095) as well as the maximal deviation across time (panel B, from Equation 9, maximum:

0.403, 90th percentile: 0.229) of evolving link weights is rather low for the broad majority of links. Even

when rescaling each link variation with the corresponding intertemporal average, the resulting fluctuation

strengths (panel D, from Equation 10, see main text for numbers) are small. Still, there are some notable

exceptions, which are mostly adjacent to the “fishing”, the “private household” and the “re-export and

re-import” sector. However, regarding our main results (a strong endogenous network hierarchy inducing

communities that are connected by certain bridging sectors), these rather particular exceptions do not

alter our conclusions. It remains subject to future research to investigate the causes of the intertemporal

variability of the link weights.
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Figure A11: Evolution of all pair-wise sectoral associations from 1990 to 2011. Each tile includes the group of

links that mediates between the two sector groups (cf. Table A2) as given by row and column of a chosen tile, respectively.

Hence, intra-group wise links are shown in the tiles along the diagonal, while inter-group wise links are shown in the tiles off

the diagonal. Each line represents the evolution of a link over time, P (t, s1, s2) (from 1990 to 2011). The grey-shaded area

represents the 80th percentile range of all link weights at each point in time, respectively, such that 20% of the links are outside

this interval for each point in time. The lines are bicolorly dashed according to the two sector groups the corresponding link

connects.
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Figure A12: Parameters of the intertemporal variation of links. Rows and columns of each subplot matrix refer to

the 26 sectors of the Eora MRIO database (following the order of the sectors as given in Table A2), and color-coded matrix

elements thus refer to single links. For clarity, the upper triangle part of each subplot shows the quantities only for the strongest

20% of links (in terms of the intertemporal average), while the lower triangle gives the entire information of the underlying

(generically symmetric) matrices. (A) The intertemporal arithmetic average of link weights. (B) The maximal deviation of

link weight evolutions from the corresponding intertemporal average ΔP abs
α , as defined in Equation 9. (C) The intertemporal

standard deviation of link weight evolutions around the corresponding intertemporal average. (D) Fluctuation strength ΔP rel
α ,

as defined in Equation 10.
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A.5.2. Temporal Stability of the Sectoral Community Sets

Beyond a stability analysis on the level of individual links, we evaluate to what extent the evolving

community structures that result from the evolving overall link (weight) structures are robust across time.

There are two complementary approaches to this. While one can compare the entire hierarchical clustering,

in form of their corresponding dendrograms, we choose to compare the induced community sets at a

fixed number of communities since they are of main interest in our discussion. For the comparison of

community sets numerous approaches have been proposed. To ensure the robustness of our findings, we

apply three different algorithms: the “variation of information” algorithm (Meilă, 2007), the “split join

distance” algorithm (van Dongen, 2000) and the “adjusted Rand index” algorithm (Hubert and Arabie,

1985).

As shown on the the three tiles on the main diagonal of Figure A13, we find a strong qualitative agreement

of the intertemporal community comparison matrices among the three comparison algorithms. This is also

reflected by the strong correlations between the different measures (cf. tiles on the lower triangle, coefficient

of determination of two chosen measures across all pairs of years is R2 > 0.94) and the rather small residuals

from an ordinary least squares fit of two measures (cf. tiles on the upper triangle), respectively. Without

loss of generality we can thus restrict the discussion to one of the intertemporal community set comparisons,

say the “variation of information” algorithm (matrix on the upper left).

We observe block diagonal patterns in the intertemporal plane expressing certain time windows of

rather stable community sets. However, higher deviations occur when comparing years of different time

windows. Given that the first two measures are bounded/normalized between 0 (maximum concordance)

and 1 (maximum deviation), and the third measure between -1 (maximum deviation) and +1 (maximum

concordance), we consider maximum values of around 0.4 for the former two measures, and minimum values

of around 0.2 for the latter measure as reasonably small.

We repeated these analyses for different numbers of communities (from 5 to 7, cf. Section 2.4) chosen

from the hierarchical clustering and came to the same conclusions.

A.5.3. Video of the Evolution of the Similarity Network

As a last perspective on the temporal stability of our findings, we embed the evolving similarity network

on a two-dimensional plane (as in Figure 3) and let the nodes dynamically re-arrange their positions according

to evolving edge weights as time lapses (see video, shot by the use of the python igraph package (Csárdi

and Nepusz, 2006) and Gephi (Bastian et al., 2009)). To allow for a better comparison of the picture of

the evolving network from the time-dependent but sectorally lower resolved dataset (provided by the Eora

project) and the static dataset (provided by the GTAP), we here merged the “fishing” sector with the

“agriculture” sector. Further, we only show links that are among the 20% strongest ones at least for 50% of

the timesteps. At the very beginning we place the nodes manually to enable the reader a better look onto
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Figure A13: A two-layer comparison of the intertemporal variation of the community sets. First, the coherence

of community sets across time is checked. Second, three different concepts to check the coherence of the evolving community

sets is compared. The tiles on the main diagonal show the intertemporal comparison matrices for each of the three concepts,

respectively. The tiles on the lower triangle show the pairwise comparison of two of the concepts, respectively. Within each

of these tiles each scatter point’s position is given by the year-year pair value of the two different concepts, respectively. The

tiles on the upper triangle show the residuals when an ordinary least squares linear fit is subtracted from the scatter cloud of

the chosen concept-concept pair. The parameters for the underlying hierarchical clustering are the same as in the main text

(cf. Section 3). For all comparisons we chose the clustering that yields five communities.
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the sector names. After having activated the force directed embedding (Kamada and Kawai, 1989), we let

the time window slide across the years.

The evolution of the network as depicted in the video shows a remarkable stability as time passes, which

confirms the indications from the previous subsections and all of our conclusions from the static analysis

(that was performed at higher sectoral resolution).

Despite the different sectoral aggregation schemes of the static (cf. Table A1) and the time series

(cf. Table A2) dataset the overall picture is mainly preserved. The similarity network is hierarchical, forming

well-separated communities where the agriculture related sectors connect to light manufacturing industries,

which in turn connect to heavy manufacturing and service sectors while the mining and extraction sectors

take a peripheral position. We note that the video shows a previously not discussed bridge formed by the

“petroleum, chemical and non metallic mineral products”, which is due to the very strong aggregation in the

Eora MRIO database (combining ISIC Rev. 3 sub-sectors as diverse as “coke, refined petroleum products and

nuclear fuel”, “chemicals and chemical products”, “rubber and plastics products” and “other non-metallic

mineral products”). The same is true for the agriculture-related sectors in the Eora MRIO database, which

are merged into two sectors (“agriculture” and “food & beverages”) instead of 20 different ones in the

GTAP 8.1 Data Base. Thus, we can state a high degree of consistency with respect to the results from our

static analysis presented in the main text as well as a high degree of intertemporal stability.
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Sectoral production technologies differ largely across countries, sodo sectoral energy intensities. Hence, shifts in pro-
duction locations within global sectors, possibly caused by environmental regulations, are likely to have an impact
on aggregated energy usage and emissions. Applying a Logarithmic Mean Divisia Index decomposition we decom-
pose changes of sectoral energy use from2001–2011 into three effects: (sectoral) value added, energy efficiency and
delocalization, which in this paper is conceived as a structural effect within sectors, between regions. Our results
show that although economic activity and technological progress dominate global energy use developments, for
most sectors a delocalization towards less efficient production places is ongoing. It contributes to annual increases
in energy use in the range of 1–6%. Especially, manufacturing sectors, which are among themost energy consuming
sectors, reveal significant increases in energy usage due to delocalization since 2004. This development is accompa-
nied by declining energy intensity improvement rates, indicating that delocalization induces second order effects.
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1. Introduction

In order to achieve ambitious climate change mitigation targets as
formulated in the Paris Agreement (UNFCCC, 2015), emission reduc-
tions will be necessary across all sectors of the global economy. While
a first best climate policy, i.e. putting a uniform, global price on carbon
would ensure that improvement potentials in economic sectors are re-
alized in the most cost-efficient way (Weitzman, 2014), it is rather un-
likely to unfold in the near future (Cramton et al., 2017; Edenhofer et al.,
2015; MacKay et al., 2015).

Differing ambition levels of unilateral climate policies are feared to
induce competitiveness1 losses for implementing regions (Branger
and Quirion, 2014, 2015; Carbone and Rivers, 2017) and carbon leakage
(see e.g., Jakob et al., 2014) through different channels (Carbone and
Rivers, 2017; Dechezleprêtre and Sato, 2017). Inter alia, energy- and
emission intensive trade exposed industries (EITE) (Carbone and
Rivers, 2017), such as steel or aluminum could see large increases in rel-
ative production prices (Alexeeva-Talebi et al., 2012; Böhringer et al.,

2012), and hence re- or delocalize to regions that have less ambitious
regulations and less efficient production technologies in place. Thus, a
higher price of emission-intensive goods in one region could inter alia
lead to increased imports from non-regulated regions (Markusen,
1975; Siebert 1979), an effect that potentially supports pollution havens
(Cole et al., 2006; Dietzenbacher and Mukhopadhyay, 2007; Eskeland
and Harrison, 2003).

As no natural counterfactual to policies exists, and effects, which are
difficult to isolate, are likely heterogeneous across countries, it is diffi-
cult to explicitly evaluate policy impacts (Dechezleprêtre and Sato,
2017). Reviewing the Computable General Equilibrium (CGE) model-
ling literature on impacts of unilateral climate policy, Carbone and
Rivers (2017) find evidence for resulting negative effects on output, ex-
ports and employment as well as carbon leakage. Nevertheless, it has
been argued that depending on the rate of technological spillover and
the additional technological development caused by environmental
regulations, the effects of (carbon) leakage could be more than offset
(Gerlagh and Kuik, 2014). Literature also acknowledged that depending
on relocation barriers, domestic effects might be more relevant than ef-
fects between countries (Dechezleprêtre and Sato, 2017). For instance,
theUS clean air act had no impact on the cement industry, i.e. relocation
of production capacities, but contributed to large health benefits
(Dechezleprêtre and Sato, 2017). In the same vein, the introduction of
EU ETS has not led to measurable effects for the overall economy
(Dechezleprêtre and Sato, 2017). In specific cases, environmental
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legislation can also increase firm profits, as Branger and Quirion (2015)
show for the European cement industry. Nevertheless, considering the
findings of Carbone and Rivers (2017), it is conceivable that unilateral
climate policy can negatively affect EITE-sectors and hence be relevant
for delocalization of production capacities.

Thus far, delocalization effects have mainly been explored at aggre-
gated economic level. Voigt et al. (2014) and Löschel et al. (2015)
have decomposed the structural component of energy intensity changes
into a between- and awithin-country structural effect. Both studies show
that while a shift towards a less energy intensive economic structure is
at work in most countries, the delocalization of production (between-
country structural effect) partly compensates for this development. Al-
though drivers of changes in emissions have been investigated at sec-
toral level, see e.g. Branger and Quirion (2015), and predictions have
been made using CGE modelling (Carbone and Rivers, 2017), an empir-
ical investigation of sector-specific delocalization effects is currently
missing.

In this study we aim to close this gap. We apply an advanced Loga-
rithmic Mean Divisa Index (LMDI) decomposition methodology (Ang
andWang, 2015) todecompose energy use into value added, technolog-
ical progress2 and delocalization along sectoral lines of the economy.
Our analysis is based on data from the Global Trade Analysis Project
(GTAP), for the years 2001, 2004, 2007 and 2011 (Dimaranan, 2006;
Narayanan et al., 2015) (details in Section 2), which allows to track
changes over time. We consider 57 different sectors and up to 140 re-
gions, which we transfer into a multi-regional input-output table
(Andrew and Peters, 2013). We are interested in how delocalization
effected the energy consumption of global sectors. Here, we understand
delocalization as a relative shift of production capacities between coun-
tries for single sectors. We assume that if production technologies in
two country were different and a relative shift in production capacities
occurred, the global average technology and consequently the sectoral
energy consumption changed. Our analysis uses these changes and
gives indirect evidence when and in which sectors delocalization
occurred.

We find that the increases of value added have consistently driven
energy use at the sectoral level, while technological change has contin-
uously led to decreases in energy use in the decade 2001–2011.We find
evidence for ongoing sectoral delocalization. For most sectors, delocali-
zation increases sectoral energy use by 1–6% per year. Delocalization ef-
fects have increased sharply in manufacturing industries that consume
N50% of the global energy after 2004. Subsequently, technological prog-
ress rates within manufacturing sectors have declined (2007–2011).

The remainder of our paper is structured as follows. Section 2 intro-
duces the data and the methodological foundations of the decomposi-
tion analysis. Section 3 provides the results for different sectoral
aggregation levels. Section 4 discusses the results and concludes.

2. Data and methodology

This section develops a framework that allows identifying delocali-
zation between countries at sectoral level. In contrast to former studies,
which have focused on energy intensity in countries or regions, we con-
sider sectoral value added and its distribution, which is decisive consid-
ering total energy use-driven GHG emissions. We decompose sectoral
energy intensity changes into delocalization and technology compo-
nents, envisaging the delocalization component as being the structural
effect within sectors and between countries.

2.1. Data

For our analysis we use the Global Trade Analysis Project (GTAP)
Data Base. The GTAP Data Base can be converted into a multi-regional
input-output table (Peters et al., 2011), which allows to calculate
sectoral value-added. In contrast to other multi-regional input-output
datasets, such as Eora (Lenzen et al., 2013) and WIOD (Timmer et al.,
2015), there are no annual releases of the GTAP Data Base. However, it
does provide relatively high sectoral and regional resolutions (homoge-
neous across regions) (Tukker andDietzenbacher, 2013),which are cru-
cial for investigating delocalization effects, along with data on energy
use. Table 1 shows the specifications of the different GTAP Data Base re-
leases used in this analysis. The four years of data available generate
three time windows for our analysis: 2001 to 2004, 2004 to 2007 and
2007 to 2011. Wherever the regional resolution differs within a time
window, the higher resolved version is aggregated into the lower re-
solved one (see Appendix). Each separate year in GTAP is the reference
year for themonetary value (Aguiar et al., 2016). Hence, we apply price
deflator factors provided by the Worldbank (2017) to adjust all mone-
tary values to 2011 USD.

2.2. Factorizing sectoral energy intensity changes with index decomposition
analysis

In order to analyze the impact of delocalization on sectoral energy
usage trends, we take the perspective of global production sectors,
adapting and modifying the decomposition methodology by Ang and
Wang (2015). Let S denote the set of considered sectors and R the set
of considered regions in a dataset. With EUs

t we denote energy usage
in the global sector s∈ S at time t; EUs, r

t refers to the energy usage of sec-
tor s in region r ∈ R at time t. With Ys

t we denote the value-added of the
global sector s at time t, while Ys, r

t refers to the value-added of sector
s in region r at time t. EUs

t can thus be decomposed in the followingway:

EUt
s ¼

X
r

Yt
s;r

Yt
s

� EU
t
s;r

Yt
s;r

� Yt
s

¼
X
r

Lts;r � Tt
s;r � Yt

s:
ð1Þ

The first component of the right side of Eq. (1), Lts;r ¼
Yt
s;r

Yt
s
is the share

of the global value-added of sector s that is created in region r at time t.
This factor is novel to energy usage decomposition studies as it analyses
the effect of shifts in the location of productionwithin a global sector on
energy usage. In the followingwe call factor L the localization factor, the
change in localization will be denoted as delocalization. The second

term Tt
s;r ¼

EUt
s;r

Yt
s;r

is the sectoral energy intensity of sector s in region r at

time t. We call this term T the technology factor. The third term Y refers
to the economic size of the global sector, as it considers total value
added.

2.3. Calculating the effects on energy usage change: Log Mean Divisia Index
method

The factorization of energy use, as in Eq. (1), represents a static per-
spective at a given point in time. Our approach aims to derive the

2 Weuse the energy intensity improvement rate to approximate technological progress.
We use energy use per value added (VAD). Production chains are increasingly globalizing
and fragmenting (Baldwin andMartin, 1999; Koopman et al., 2014; Timmer et al., 2014). It
is hence important to adequately measure the contribution of single production steps. In
contrast to output, VAD allows to reflect the significance and efficiency of a production
step, i.e. how much additional value is generated from the inputs.

Table 1
Overview of different GTAP versions used for each year, including their respective num-
bers of sectors and regions.

Year 2001 2004 2007 2011

GTAP data base version 6 9
Documentation Dimaranan (2006) Narayanan et al. (2015)
Number of regions 87 140
Number of sectors 57
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temporal variation of sectoral value added, energy efficiency develop-
ments and production locations. To comply with this dynamic
approach, we apply the additive Logarithmic Mean Divisia Index
method (LMDI) to Eq. (1) (Ang and Wang, 2015).

We use the logarithmic weight function according to Ang andWang
(2015):

‘ x; yð Þ ¼ x−yð Þ= ln
x
y

� �
ð2Þ

We obtain - analogously to Ang andWang (2015) and Ang (2015) -
the global changes in energy usagewhich are assigned to the factors L, T
and V between two points in time t0 and t1:

Δt0 ;t1EUs Lð Þ ¼ ∑r‘ EUt1
s;r ; EU

t0
s;r

� �
� ln

Lt1s;r
Lt0s;r

 !
ð3Þ

Δt0 ;t1EUs Tð Þ ¼ ∑r‘ EUt1
s;r ; EU

t0
s;r

� �
� ln

Tt1
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Tt0
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 !
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Δt0 ;t1EUs Yð Þ ¼ ∑r‘ EUt1
s;r ; EU

t0
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� ln

Yt1
s

Yt0
s

 !
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The total of these three contributions give the overall absolute
change in energy use of the global sector s between time t0 and t1

Δt0 ;t1EUs ¼ EUt1
s −EUt0

s ¼ Δt0 ;t1EUs Lð Þ þ Δt0 ;t1EUs Tð Þ þ Δt0 ;t1EUs Yð Þ ð6Þ

Outcomes of Eqs. (3) to (5) can be positive or negative. The following
results are possible:

i) Δt0, t1EUs(L) b 0 means that delocalization contributed to a de-
crease in global energy usage, i.e. a shift towards more efficient
regions, while

ii) Δt0, t1EUs(L) N 0 shows that the delocalization factor between t0
and t1 contributed to increases in global energy usage, i.e. a
shift towards less efficient regions.

iii) Δt0, t1EUs(T) b 0means that the technology factor contributed to a
decrease in global energy usage, i.e. the global sector became
more energy efficient, while

iv) Δt0, t1EUs(T) N 0 shows that the technology factor between t0 and
t1 contributed to increases in global energy usage.

v) Δt0, t1EUs(Y) b 0 means that sectoral decline contributed to a de-
crease in global energy usage, while

vi) Δt0, t1EUs(Y) N 0 means that sectoral growth lead to increases in
energy usage.

To avoid misinterpretation, it is important to note that the relative
delocalization effect described by a change in the localization factor L
is not equivalent to the usual meaning of delocalization. In fact, the
data used in this paper do not allow the tracking of displacement of sin-
gle organizations at micro level. What we observe are changes in the
proportion of regional production of the global sector s and its relation-
ship to the sectoral energy usage. Put another way, the localization fac-
tor indicates whether production shares of a sector s has moved,
between t0 and t1, to more (or less) energy-intensive countries.

3. Results

In this section we first introduce selected stylized facts and major
trends.We then continuewith detailed results of our sectoral decompo-
sition, which was introduced in detail in Section 2.

3.1. Stylized facts and major trends

Looking at aggregated energy use patterns across the globe, we ob-
serve a major shift of regional weights, see Fig. 1. Aggregated energy
consumption between 2001 and 2011 almost doubled in East Asia, re-
placing North America as theworld's largest energy consuming region.3

In fast growing developing countries energy consumption has
grown disproportionally in every macro sector,4 see Fig. 2. When
assessing the proportion of regional consumption by macro sector, the
share of consumption in “Heavy-”, and “Light Manufacturing”, “Utilities
and Construction”, “Transport and Communication” “Textiles and
Wearing Apparel” and “Processed Food” in Asia has significantly in-
creased. For all other macro sectors, shares remain relatively constant.
In contrast, EU25 and North American countries have demonstrated
declining energy usage shares in some macro sectors.

Looking at growth in sectoral energy consumption, “Heavy
Manufacturing”, “Utilities and Construction” and “Transport and Com-
munication”, which are together responsible for almost 90% of global
energy consumption, grew by 28%, 44.5% and 32.5% respectively, for
the period 2001–2011. These values compare to a total growth rate of
31.9% across all sectors. The only sectors to witness a slight energy use
reduction in this time period are “Textile and Wearing Apparel” and
“Lifestock and Meat Products”, which are the macro sectors with the
lowest energy usage. The energy use in the remaining macro sectors
has increased.

3.2. Decomposition

In order to understand the energy consumption patterns observed,
we apply the decomposition technique described in Section 2. Results
are summarized in Fig. 3.

For all macro sectors, growth in the sectoral value added factor con-
tributed to increases in energy usage. On average, its effect on energy
use was 3–7% per year. The largest average contributions (10–15%)
were observed in the “Heavy Manufacturing” and “Extraction” sectors.
The increase in the latter could be a side effect of increases in the former,
as extracted resources are relevant inputs for “HeavyManufacturing”. In
contrast, technological improvements have constantly led to decreasing
energy consumption, almost equating to the increases fromvalue added
contributions. For the entire period, delocalization has shown to have
smaller impacts (b5%). Only one sector, “Grains and Crops”, saw de-
creases in energy consumption due to delocalization. In contrast, two
of the three most important energy consumingmacro sectors, “Utilities
and Construction” and “Transport and Communication” witnessed a
growth in delocalization-driven energy use. As both macro sectors
largely reflect infrastructure, the observed delocalization could be
driven by large (necessary) investments to build-up and improve infra-
structure in China, India and other Asian economies (Schäfer, 2005;
Steckel et al., 2013; Steinberger et al., 2010), which is already provided
in OECD countries.

Investigating delocalization formacro sectors inmore detail, i.e. con-
sidering all periods separately, reveals a different picture, see Fig. 4.

“Utilities and Construction”, “Other services” and “Transport and
Communication” are the only sectors that had a one-directional contri-
bution and hence confirm the aggregated results when looking at
separate periods. Nevertheless, the former two reveal a decreasing delo-
calization rate. For all other sectors, there are significant variations in
contributions of delocalization, with five sectors experiencing a reverse
in the trend. The positive effect of delocalization on energy intensities of
“Livestock andMeat Products” and “Extraction” in 2001–2004 reversed

3 See Appendix Table A3 for an overview of regions and countries.
4 Note that we separate between aggregated “macro” sectors and “micro” sectors that

are further disaggregated. Table A2 gives a full list of sectors and how they are aggregated
into “macro” sectors.
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in the subsequent periods. The opposite is true for “Heavy Manufactur-
ing”, “Light Manufacturing” and “Textiles andWearing Apparel”, which
recently (after 2004)witnessed relevant relative production shift to less
energy efficient production locations.5 Such effects have been indicated
by observed structural changes in economies (Voigt et al., 2014) and the
decline in US manufacturing (Acemoglu et al., 2016). They might be
inter alia related to an increasing competitiveness of Asian economies
in manufacturing sectors (McMillan et al., 2014; Rodrik, 2015).

Assessing contributions of change in technology at a more detailed
level by increasing the temporal resolution, see Fig. 5, shows a rather
constant cross-sectoral contribution of energy efficiency improvements
to the decrease in energy use.

Even though some variance exists, only “Utilities and Construction”,
“Textiles and Wearing Apparel”, “Grains and Crops” and “Processed
Food” have a single period of positive contributions to energy consump-
tion through changing technology. They are the only macro sectors that
have seen a change in trend. Some sectors have experienced constantly
decreasing improvement rates, i.e. “Extraction” and “Other services”. A
recent decline in the improvement rate of N8 percentage points in
“Heavy Manufacturing” is particular interesting in this respect as it is
the largest energy consuming macro sector (~50% of world energy con-
sumption). Note that in addition to this trend the delocalization factor
for the same sector contributes to increases in energy intensities since
2004 (see also Fig. 4).

As the macroeconomic sectors consist of multiple, non-
homogeneous sectors, with contrasting shares of energy consumption,
see Fig. 2 and Table A3, a more detailed investigation is indispensable
to understand observed developments at the macro sectoral level. In-
vestigating the most relevant macro sector “Heavy Manufacturing” in
more detail, see Table 2, we find substantial internal heterogeneity

across the effects. While the dominant sector “Petroleum and Coal
Products” has shown very little changes due to delocalization,6

all other sectors except for “Mineral Products nec”'s first period, i.e.
“Chemical, Rubber and Plastics”, “Ferrous Metals”, “Metals nec”,
“Machinery and Equipment” and “Electronic Equipment” demonstrate
continuous and relevant increases in energy consumption due to delo-
calization. The contributions of “Ferrous Metals” and “Machinery and
Equipment” have exceeded 4% for the entire period. For all cases, except
for “Mineral Products nec” and “Electronic Equipment” in 2001–2004,
delocalization-driven energy use increases are outweighed by technol-
ogy effects. Observed reductions in energy intensity improvements
also hold for all “Heavy Manufacturing” subsectors. Large reductions
are identified for “Petroleum and Coal Products”, “Ferrous Metals”,
“Metals nec” and “Machinery and Equipment nec”. Please see the
Discussion for potential reasons.

Also for other macro sectors, delocalization is relevant at the
sub level. For the second and third most energy consuming macro
sectors, i.e. “Utilities and Construction” and “Transportation and
Communications”, the subsectors “Electricity”, “Construction”, “Water”
and “Communication” show continuously increasing energy consump-
tion due to delocalization.

Taken together, subsectors of the three highest energy consuming
macro sectors, showing continuously positive delocalization effects,
accounted for approximately 280 Exajoules in 2011. That corresponds
to N40% of global annual energy use and illustrates that delocalization
is a relevant issue. In total, we observe that over the period 23 out of
57 GTAP sectors have constantly contributed to growing energy con-
sumption due to delocalization. Seven sectors have constantly contrib-
uted to increases N3%: “Ferrous metals”, “Machinery and Equipment”,
“Construction”, “Communication”, “Motor Vehicles and Parts”,
“Dwellings” and “Transport Equipment”. In contrast, only two sectors

5 The energy-intensive trade-exposed sectors (EITE) include glass, steel, metals, pulp
and paper, aluminum and chemicals (ACEEE, 2017). Hence, EITE sectors subsets part of
“Heavy Manufacturing” and “Light Manufacturing”.

6 This sector is dependent on local endowments, thus finding little influence of delocal-
ization makes perfect sense.

Fig. 1. Primary energy usage of different world regions in Exajoules for 2001–2011.
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have demonstrated a constant decrease in their energy consumption
due to delocalization: “Oil seeds” and “Sugar”, possibly because of delo-
calization towards more productive regions, i.e. Brazil in case of “Oil
seeds” (Bustos et al., 2016). The more detailed decomposition of micro

sectors (see Table 2) confirms that changes in sectoral value added
have primarily contributed to increasing energy use.

The contrary is true for technology development. Both findings are
in line with observations at aggregated sectoral level. Remarkably, the

Year 2001 2004 2007 2011
Total Energy Use [EJ] 511.4 581.3 628.5 674.3
Heavy Manufacturing 259.3 292.8 310.1 331.9
U�li�es and Construc�on 127.4 147.6 167.1 184.1
Transport and Communica�on 67.9 80.5 86.4 90.2
Other Services 19.7 20.8 22.4 23.4
Light Manufacturing 11.6 11.7 12.5 12.9
Extrac�on 11.5 12.7 14.2 15.5
Processed Food 4.6 5.4 5.5 5.9
Grains and Crops 4.5 5.0 5.3 5.6
Tex�le and Wearing Apparel 2.6 2.7 2.7 2.6
Livestock and Meat Products 2.5 2.1 2.2 2.3

Fig. 2. Total energy use in EJ (circles, left axis) and regional shares (bars, right axis) per region and sector for 2001, 2004, 2007 and 2011, respectively (RoW=Rest of theWorld, MENA=
Middle East and Northern Africa, NA=North America, EU-25= European Union of 25members, see Table A4 in the Appendix for more detail). Table shows sectoral energy use in EJ for
different years.

Fig. 3. Average annual contributions to changes in energy usage of macro sectors by the technology, delocalization and sectoral value added factors for the period 2001–2011.
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contribution of value added significantly declined in 2007–2011 com-
pared to 2004–2007 for almost all sectors. This is possibly because of
the global crisis in 2008, see the Discussion for more detail.

4. Discussion and conclusion

In this paper, we investigate the role of delocalization on annual
changes in sectoral energy use for the period 2001–2011. Within this
decade global energy use increased by one third, and sectoral energy
use patterns have shifted significantly between regions. Our results,
using a LMDI decomposition along sectoral lines, show that increases
in (sectoral) value added have continuously been the dominating factor
and boosted overall energy use. This effect is partly counterbalanced by
technological improvements, which have, however, decelerated over
time, at least for most energy intensive sectors. Although delocalization
does not show a clear cross-sectoral trend, in most sectors it has in-
creased energy consumption within the range of 1–6% per annum.
This holds especially for sectors with high overall energy consumption.

Manufacturing sectors show a strong increase in production
shares in more energy-intensive regions since 2004. More specifically,

“Ferrous metals”, “Machinery and Equipment”, “Construction”, “Com-
munication”, “Motor Vehicle and Parts”, “Dwellings” and “Transport
Equipment” have experienced constant annual delocalization-driven
increases of energy use by N3% per annum for the entire period
(2001−2011). It is important to note that those manufacturing sectors
are among themostflexible in terms of production location in the global
economy (McMillan et al., 2014; Rodrik, 2015). Production can hence
adjust relatively easily to changes in political or economic framework
conditions. This could imply that an increasing segregation of climate
policy across the world might well accelerate the delocalization of
energy-intensive sectors from regulated towards non-regulated
regions, leading to overall increasing energy demand and hence
emissions. At least, our results give no indication that a stronger delocal-
ization trend, which could be caused by environmental regulation,
increases energy intensity improvement rates, as theoretically laid out
by Gerlagh and Kuik (2014) and Grubb et al. (2002).

It is important to note that from a global perspective it seems as
technological improvement rates in some manufacturing sectors also
slowdown in subsequence of delocalization, see Table 2. This coincides
with technological research capacities and abilities to adopt efficient

Fig. 4. Delocalization effects at macro level. Annual percentage changes in energy intensities of macro sectors caused by delocalization. Effects for macro sectors are derived by summing
the effects of micro sectors.

Fig. 5. Annual percentage changes in sectoral energy intensities of macro sectors related to changes in the technology factor.
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technologies being (currently) mainly located in industrialized coun-
tries (Dechezleprêtre et al., 2011, 2013). Delocalization might hence in-
duce second order effects that impede achieving ambitious climate

change mitigation as future energy intensity progress rates are
negatively impacted. Our small sample does not allow to investigate
this hypothesis statistically. In addition, other explanations need to be

Table 2
Annual relative changes in energyuse inpercent, decomposed to the relativedelocalization, energy efficiency and sectoral value added factors. Sorting ofmacro sectors and internal sorting
of subsectors follows the share of energy consumption (see Table A3 in the Appendix).

Factor Delocalization Technology Value added

Year 2001–2004 2004–2007 2007–2011 2001–2004 2004–2007 2007–2011 2001–2004 2004–2007 2007–2011

Heavy manufacturing −4.1 1.8 1.7 −13.8 −15.8 −7.1 22.0 15.9 7.2
P_C −5.9 0.9 1.0 −17.9 −18.6 −7.8 27.4 19.0 8.0
CRP 0.4 3.3 2.8 −2.9 −6.3 −4.9 6.3 6.2 5.0
I_S 4.9 5.3 4.0 −9.9 −9.1 −4.5 12.7 8.8 5.5
NMM −3.1 6.0 5.3 14.9 −10.5 −8.2 0.7 8.8 5.3
NFM 5.5 4.0 1.0 −13.5 −13.5 −5.8 10.3 11.1 6.9
OME 4.9 5.9 5.2 −6.2 −11.1 −4.4 8.1 7.4 3.3
ELE 4.0 1.8 2.9 17.6 −4.0 −3.3 −4.4 4.0 2.7

Utilities and construction 1.9 1.0 0.2 2.1 −2.9 −0.3 1.3 6.3 2.6
ELY 1.9 0.8 0.2 3.1 −2.4 −0.3 0.5 6.0 2.8
GDT 0.4 2.3 −2.4 −16.9 −11.1 4.3 14.8 13.1 −1.3
CNS 3.2 4.7 3.9 3.8 −7.3 −7.1 10.4 8.6 2.0
WTR 5.0 5.9 1.9 −8.7 −7.7 −2.8 5.0 7.7 3.7

Transport and communication 2.0 1.0 0.2 −0.8 −3.5 −2.8 5.0 4.9 3.6
OTP 1.5 1.3 −0.1 −0.9 −3.5 −2.5 6.1 4.7 3.7
ATP 2.7 0.1 0.0 −1.5 −2.5 −1.5 2.2 3.7 1.5
TRD −1.2 1.6 1.3 3.1 −4.7 −3.9 1.1 5.6 3.6
WTP 8.6 −0.1 0.6 −4.6 −3.9 −4.7 9.8 8.1 6.8
CMN 3.0 5.1 4.4 −7.0 −6.1 −5.8 10.1 6.7 3.8

Other services 2.2 2.9 2.1 −9.0 −5.4 −4.3 8.3 5.2 3.2
OSG 1.3 2.8 2.3 −6.8 −5.3 −4.9 13.6 5.1 3.8
ROS 1.7 1.4 1.7 −11.5 −4.3 −4.0 −3.4 4.7 3.1
OBS 4.0 3.9 2.0 −8.2 −6.1 −3.4 9.3 5.6 2.0
OFI 6.0 2.8 1.6 −16.8 −5.6 −3.3 12.0 6.0 3.4
ISR 1.5 6.7 4.2 −17.5 −6.5 −4.4 7.4 4.5 3.0
DWE 11.2 5.3 3.7 0 −8.3 −1.1 26.1 3.8 3.2

Light manufacturing −0.8 4.4 4.1 −2.5 −8.0 −6.0 3.8 5.7 2.7
PPP −2.1 3.6 3.1 0.8 −6.9 −7.4 2.4 4.6 2.6
FMP −1.8 6.5 6.5 −7.9 −8.8 −4.6 7.1 6.6 2.1
MVH 4.2 3.4 3.9 −10.6 −4.1 −4.7 7.3 6.9 2.5
LUM 5.9 6.4 2.6 −7.4 −16.9 −2.2 1.5 4.9 0.8
OMF −7.6 3.7 4.9 8.0 −7.1 −6.8 2.0 8.4 5.2
OTN 3.3 3.9 5.3 −8.8 −4.2 −5.2 6.0 7.1 3.8
LEA −4.3 4.1 3.1 8.0 −10.9 −11.1 3.7 6.6 4.7

Extraction 4.3 −0.1 −1.8 −18.6 −11.1 −5.3 17.9 15.0 9.4
OIL 0.5 −0.8 0.3 −34.4 −15.8 −8.4 30.6 17.4 8.3
GAS 6.0 −3.2 −10.0 −12.4 −9.1 7.2 12.1 13.2 4.7
OMN 0.0 1.6 0.9 −6.5 −5.8 −7.9 18.1 16.5 10.7
FSH 0.6 −2.7 −2.3 −2.1 −7.1 −6.5 −4.3 10.0 10.8
COA 27.4 3.9 −0.2 −16.5 −13.4 −9.9 11.4 13.5 15.1
FRS 3.3 2.6 −2.4 −4.0 −8.5 −2.4 3.0 10.5 5.9

Processed food 0.0 3.6 2.4 3.4 −9.6 −5.3 2.8 7.1 4.7
OFD 0.2 3.5 2.7 −0.2 −8.8 −4.9 6.6 6.0 4.4
B_T −4.3 5.2 2.8 19.7 −8.8 −7.2 −1.9 5.5 4.5
MIL 6.7 4.8 2.6 0.3 −13.2 −4.0 9.1 8.8 3.4
SGR −5.9 −2.1 −2.4 −3.0 −6.0 −2.8 −7.7 10.6 5.9
VOL 6.5 −0.6 1.8 −0.2 −13.5 −6.8 −6.9 15.5 10.2

Grains and crops −3.1 1.1 −0.8 5.0 −8.8 −6.7 1.9 9.2 9.0
V_F 0 0.6 −1.4 1.2 −7.6 −6.2 2.3 9.3 7.5
OCR −2.5 0.0 −1.7 2.3 −8.1 −4.2 2.2 3.8 4.9
WHT −13.4 2.5 1.9 15.1 −10.6 −6.5 −1.0 11.4 9.3
GRO −0.8 3.2 −1.4 5.9 −11.6 −7.4 5.0 16.5 10.2
PCR −12.9 4.5 0.4 0.5 −9.7 −5.6 −7.3 12.8 11.6
OSD −1.5 −0.2 −1.7 7.6 −9.5 −7.7 16.5 9.3 11.3
PFB −0.3 0.9 1.8 11.0 −8.5 −12.5 −3.4 6.9 12.7
PDR 5.9 0.2 −1.9 5.6 −7.2 −8.2 1.2 6.5 14.0
C_B 0.2 1.6 0.2 3.9 −9.8 −7.5 1.0 9.9 14.7

Textile and wearing apparel −1.9 3.9 3.7 4.2 −9.3 −9.8 −1.1 5.9 4.5
TEX −2.7 3.9 3.8 1.7 −8.9 −9.3 −1.1 5.9 4.8
WAP 1.1 4.0 3.5 13.7 −10.1 −11.2 −1.0 6.0 3.8

Livestock and meat products 3.5 0.1 −1.4 −9.4 −9.7 −4.6 1.0 10.2 7.2
OAP 2.8 −1.9 −1.1 −11.9 −8.2 −5.7 −0.1 11.0 8.1
RMK 8.7 −1.3 −1.9 −17.2 −8.6 −3.9 3.0 9.4 7.0
OMT −1.7 −0.6 0.1 −6.1 −12.0 −2.9 −0.1 10.9 3.5
CTL 3.0 −0.3 −4.0 −8.4 −9.0 −5.6 2.7 8.2 10.5
CMT 4.3 5.3 −0.6 −3.0 −11.3 −3.7 1.8 9.8 5.3
WOL 7.8 1.3 0.5 19.5 −11.9 −7.9 −10.5 16.1 13.8
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considered. Thus the global economic crises in 2008/2009,7 which ma-
jorly hit OECD economies (China for instance experienced only small
impacts on GDP growth rates (The World Bank, 2017) and led to de-
clines in oil prices (Nasdaq, 2017) could have had relevant influence
on the observed decline in energy intensity improvement rates
(Csereklyei et al., 2016; Dechezleprêtre et al., 2011).

The applied approach allows to identify the pure sectoral relative
delocalization effects within single sectors,8. However, our analysis
does not allow to give an ex-post explanation for the effects observed.9

Nevertheless, multiple theoretical explanations and channels have been
identified (Dechezleprêtre and Sato, 2017). An approximate under-
standing of potential policy impacts and their dynamics can currently
only be gained by the application and evaluation of CGE models
(Carbone and Rivers, 2017).

Considering the ambitious climate mitigation targets laid down in
the Paris Agreement it is important to understand how the impacts asso-
ciated to observed delocalization can be alleviated. Targeting emissions
in specific economic sectors across all countries (or at least a relevant
set of countries, e.g. within the G20) might be an effective and feasible
second best option for climate policy as long as no global approach ex-
ists. Negotiations on specific targets or regulations could be faster and
implementation easier compared to economy wide approaches
(Ahman et al., 2016; den Elzen et al., 2008; Kuik et al., 2008; Schmidt
et al., 2008). Such mitigation strategies might be particularly feasible
for manufacturing sectors, which are both prone to delocalization, re-
sponsible for a large share of energy consumption and show large effi-
ciency variations across countries (Kim and Kim, 2012; Saygin et al.,
2011). Given that manufacturing sectors also imply significant energy
consumption in their supply chains, targeting selected energy intensive
sectors might imply significant reductions in both, energy consumption
and emissions in upstream sectors (Ward et al., 2017).

How to organize and incentivize intra-sectoral technology transfer is
open to debate. Targeted development assistance and foreign direct in-
vestments could foster technological progress in developing countries
(Javorcik, 2004; Peterson, 2008). One additional possibility would be
tomake entire sectors (e.g., in the form of industry associations) eligible
for climate finance, for instance to enforce sector wide efficiency stan-
dards (Saygin et al., 2011) or targeted technological access (United
Nations, 1992). Nevertheless, intellectual property rights in developing
countries that have been identified as a major obstacle to technological
progress and diffusion of efficient technologies will have to improve
(Dechezleprêtre et al., 2013).

Carbon tariffs are frequently proposed to tackle delocalization
resulting from environmental regulation, more specifically emission
leakage (Böhringer et al., 2012). Our results do not necessarily support
this claim. They donot allow to disentanglewhether observeddelocaliza-
tion is caused by existing differences in environmental regulation (Jakob
et al., 2014), differences in productivity as described by Rodrik (2015),
ongoing fragmentation and specialization in global supply networks
(Timmer et al., 2014) or differing regional growth dynamics leading to
relative shifts in the production network (Voigt et al., 2014). Further, it
is unclear whether delocalizing sectors are primarily producing for ex-
port or for domestic demand (Jakob et al., 2013). It is hence questionable
whether carbon tariffs would trigger technological improvements in
countries using inefficient technologies and thus abate impacts by delo-
calization. Future research could focus on trade patterns of delocalizing
sectors along the lines of the sectoral decomposition we propose.

7 Note that according to Fig. 1, theMiddle East, Southern and East Asia saw significant in-
creases in energy consumption for 2007–2011, while North America and the EU25 saw de-
clines. The increases overcompensated the declines. Nevertheless, in subsequence of the
global economic crisis, the growth rate of energy consumption declined (The annual growth
rate for 2007–2011 is ~5.5% compared to 8.2% (2004–2007) and 13.6% (2001–2004)).

8 This also implies that we can depict the real sectoral energy intensity progress rate as
delocalization effects can be segregated.

9 Inter alia no policy counterfactual exists and hence effects cannot be disentangled to
their origin.
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Appendix A
In GTAP, raw energy data are categorized according to three criteria. The
first is the energy source or service: GTAP accounts for coal, gas, oil, elec-
tricity, petroleum and coal products and gas distribution. In the second,
the origin is considered (domestic or imported). The third characteristic
accounts for the type of final consumption where the energy is used
(households, government use, company use). For the analysis carried
out in this paper, only companies are used as they use energy in industrial
production. Before energy data canbeused in the decomposition analysis,
the data has to be adapted to the input-output framework.
Single flows in GTAP raw energy use data consider the year t, sector s,
region r, energy source e and origin o (domestic/import), so that each
one can be written as Es, r, t, e, o. First, values for imported and domestic
energy for each energy source are totaled for each region and sector.
As energy flows are given in tons of oil equivalent (toe), they have to be
transformed into Joules (J), the unit used by the International System
and used in preference to indicate energy intensity (J/$). Since the calo-
rific value depends on the fuel considered, the transformation is carried
out by applying energy-source dependent conversion coefficients CCe as
displayed in Table A1.

Table A1
Conversion coefficients for different energy commodities (Lee, 2008).

Energy commodity Conversion coefficient (MJ/toe)

Coal 41,868
Crude oil 41,868
Natural gas 41,868
Electricity 41,868
Petroleum products 44,500
Gas products (mainly LPG) 47,310

In the next step, the energy use for different energy sources is
aggregated, since this differentiation is not relevant for our analysis.
As a result, three 140 × 57 matrices (for 2011, 2007and 2004) and one
87 × 57 matrix (2001) emerge:

Es;r;t ¼ ∑e ∑o Es;r;t;e;o � CCe
� � ð11Þ

As regions considered in GTAP versions 6 and 9 vary, it is necessary to
harmonize the regional dimension. Regions that are available in
GTAP 9 which are not separately covered in GTAP 6 are treated in a
special way. Such regions are aggregated to the corresponding “X”
(“rest of”) region they geographically belong to, please see the corre-
sponding GTAP manuals (Dimaranan, 2006; Narayanan et al., 2015).
The Rest of the World (XTW) region was disregarded as it included
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different regions in the two versions. For this reason, we consider
86 regions instead of 87 that are available in GTAP 6 when analyzing
development from 2001 to 2004.
The data contains regional sectors that have negative value added. Using
those negative values would lead to negative energy intensities. For
computational consistency we set all entries to zero (in both years for
a decomposition analysis) if they exhibited negative value ex ante.

Table A2
Sectors and macro sectors as from GTAP Data Base.

Sector Macro sector

Abbreviation Name Abbreviation Name

PDR Paddy rice GrainsCrops Grains and crops
WHT Wheat GrainsCrops Grains and crops
GRO Cereal grains nec GrainsCrops Grains and crops
V_F Vegetables, fruit, nuts GrainsCrops Grains and crops
OSD Oil seeds GrainsCrops Grains and crops
C_B Sugar cane, sugar beet GrainsCrops Grains and crops
PFB Plant-based fibers GrainsCrops Grains and crops
OCR Crops nec GrainsCrops Grains and crops
CTL Bovine cattle, sheep

and goats, horses
MeatLstk Livestock and meat products

OAP Animal products nec MeatLstk Livestock and meat products
RMK Raw milk MeatLstk Livestock and meat products
WOL Wool, silk-worm

cocoons
MeatLstk Livestock and meat products

FRS Forestry Extraction Mining and extraction
FSH Fishing Extraction Mining and extraction
COA Coal Extraction Mining and extraction
OIL Oil Extraction Mining and extraction
GAS Gas Extraction Mining and extraction
OMN Minerals nec Extraction Mining and Extraction
CMT Bovine meat products MeatLstk Livestock and meat products
OMT Meat products nec MeatLstk Livestock and meat products
VOL Vegetable oils and fats ProcFood Processed food
MIL Dairy products ProcFood Processed food
PCR Processed rice GrainsCrops Grains and crops
SGR Sugar ProcFood Processed food
OFD Food products nec ProcFood Processed food
B_T Beverages and tobacco

products
ProcFood Processed food

TEX Textiles TextWapp Textile and wearing apparel
WAP Wearing apparel TextWapp Textile and wearing apparel
LEA Leather products LightMnfc Light manufacturing
LUM Wood products LightMnfc Light manufacturing
PPP Paper products,

publishing
LightMnfc Light manufacturing

P_C Petroleum, coal
products

HeavyMnfc Heavy manufacturing

CRP Chemical, rubber,
plastic products

HeavyMnfc Heavy manufacturing

NMM Mineral products nec HeavyMnfc Heavy manufacturing
I_S Ferrous metals HeavyMnfc Heavy manufacturing
NFM Metals nec HeavyMnfc Heavy manufacturing
FMP Metal products LightMnfc Light manufacturing
MVH Motor vehicles and

parts
LightMnfc Light manufacturing

OTN Transport equipment
nec

LightMnfc Light manufacturing

ELE Electronic equipment HeavyMnfc Heavy manufacturing
OME Machinery and

equipment nec
HeavyMnfc Heavy manufacturing

OMF Manufactures nec LightMnfc Light manufacturing
ELY Electricity Util_Cons Utilities and construction
GDT Gasmanufacture,

distribution
Util_Cons Utilities and construction

WTR Water Util_Cons Utilities and construction
CNS Construction Util_Cons Utilities and construction
TRD Trade TransComm Transport and communication
OTP Transport nec TransComm Transport and communication
WTP Water transport TransComm Transport and communication
ATP Air transport TransComm Transport and communication
CMN Communication TransComm Transport and communication
OFI Financial services nec OthServices Other services
ISR Insurance OthServices Other services
OBS Business services nec OthServices Other services

Table A2 (continued)

Sector Macro sector

Abbreviation Name Abbreviation Name

ROS Recreational and other
services

OthServices Other services

OSG Public Adm., Defense,
Education, Health

OthServices Other services

DWE Dwellings OthServices Other services

Table A3
Sectoral annual energy use in Exajoules.

Year 2001 2004 2007 2011

Total 511.4 581.3 628.5 674.3

Heavy manufacturing 259.3 292.8 310.1 331.9
P_C 192.5 213.4 222.8 233.4
CRP 36.1 40.3 44.2 49.3
I_S 11.4 14.0 16.2 19.3
NMM 10.2 14.0 15.9 17.4
NFM 5.1 5.4 5.7 6.2
OME 3.0 3.6 3.8 4.5
ELE 1.0 1.6 1.7 1.8

Utilities and construction 127.4 147.6 167.1 184.1
ELY 118.6 138.1 156.2 173.0
GDT 5.5 5.3 6.0 6.1
CNS 1.7 2.6 3.1 2.9
WTR 1.5 1.5 1.8 2.1

Transport and communication 67.9 80.5 86.4 90.2
OTP 38.4 46.3 49.8 52.0
ATP 13.7 15.1 15.7 15.7
TRD 9.4 10.4 11.1 11.6
WTP 5.5 7.8 8.7 9.7
CMN 0.8 1.0 1.1 1.3

Other services 19.7 20.8 22.4 23.4
OSG 9.2 11.5 12.3 12.9
ROS 4.7 2.9 3.0 3.1
OBS 4.3 5.0 5.5 5.7
OFI 1.0 1.1 1.2 1.2
ISR 0.4 0.3 0.4 0.4
DWE 0.0 0.0 0.0 0.0

Light manufacturing 11.6 11.7 12.5 12.9
PPP 5.2 5.4 5.6 5.2
FMP 2.2 2.0 2.3 2.6
MVH 1.2 1.2 1.5 1.6
LUM 1.2 1.2 1.0 1.1
OMF 1.0 1.1 1.2 1.4
OTN 0.5 0.5 0.6 0.7
LEA 0.2 0.3 0.3 0.2

Extraction 11.5 12.7 14.2 15.5
OIL 4.5 4.2 4.3 4.3
GAS 2.2 2.5 2.6 2.8
OMN 1.9 2.6 3.6 4.1
FSH 1.2 1.0 1.0 1.1
COA 1.2 1.9 2.2 2.6
FRS 0.4 0.5 0.5 0.5

Processed food 4.6 5.4 5.5 5.9
OFD 2.3 2.8 2.8 3.1
B_T 0.9 1.2 1.3 1.3
MIL 0.5 0.8 0.8 0.9
SGR 0.5 0.2 0.3 0.3
VOL 0.3 0.3 0.3 0.4

Grains and crops 4.5 5.0 5.3 5.6
V_F 1.4 1.6 1.7 1.7
OCR 0.8 0.9 0.8 0.7
WHT 0.6 0.6 0.7 0.8
GRO 0.4 0.6 0.7 0.8
PCR 0.3 0.1 0.2 0.2
OSD 0.3 0.5 0.5 0.5
PFB 0.3 0.3 0.3 0.3
PDR 0.2 0.3 0.3 0.3
C_B 0.1 0.1 0.1 0.2

Textile and wearing apparel 2.6 2.7 2.7 2.6
TEX 2.1 1.9 2.0 1.9
WAP 0.5 0.8 0.8 0.6

Livestock and meat products 2.5 2.1 2.2 2.3
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Table A3 (continued)

Year 2001 2004 2007 2011

Total 511.4 581.3 628.5 674.3

OAP 0.8 0.6 0.6 0.6
RMK 0.4 0.3 0.3 0.4
OMT 0.4 0.3 0.3 0.3
CTL 0.4 0.4 0.3 0.4
CMT 0.4 0.4 0.5 0.5
WOL 0.0 0.1 0.1 0.1

Table A4
Overview of countries and regions used.

Country Region Country Region

China EastAsia Austria EU_25
Hong Kong EastAsia Belgium EU_25
Japan EastAsia Cyprus EU_25
Korea EastAsia Czech Republic EU_25
Mongolia EastAsia Denmark EU_25
Taiwan EastAsia Estonia EU_25
Rest of East Asia EastAsia Finland EU_25
Brunei Darassalam EastAsia France EU_25

Germany EU_25
Greece EU_25

Bahrain MENA Hungary EU_25
Iran Islamic Republic of MENA Ireland EU_25
Israel MENA Italy EU_25
Jordhan MENA Latvia EU_25
Kuwait MENA Lithuania EU_25
Oman MENA Luxembourg EU_25
Qatar MENA Malta EU_25
Saudi Arabia MENA Netherlands EU_25
Turkey MENA Poland EU_25
United Arab Emirates MENA Portugal EU_25
Rest of Western Asia MENA Slovakia EU_25
Egypt MENA Slovenia EU_25
Morocco MENA Spain EU_25
Tunisia MENA Sweden EU_25
Rest of North Africa MENA United Kingdom EU_25
Benin SSA Australia Oceania
Burkina Faso SSA New Zealand Oceania
Cameroon SSA Rest of Oceania Oceania
Cote d'Ivoire SSA
Ghana SSA Cambodia SEAsia
Guinea SSA Indonesia SEAsia
Nigeria SSA Lao People's Democratic Republ SEAsia
Senegal SSA Malaysia SEAsia
Togo SSA Philippines SEAsia
Rest of Western Africa SSA Singapore SEAsia
Central Africa SSA Thailand SEAsia
South Central Africa SSA Viet Nam SEAsia
Ethiopia SSA Rest of Southeast Asia SEAsia
Kenya SSA
Madagascar SSA Canada NAmerica
Malawi SSA United States of America NAmerica
Mauritius SSA Mexico NAmerica
Mozambique SSA Rest of North America NAmerica
Rwanda SSA
Tanzania SSA Bangladesh SouthAsia
Uganda SSA India SouthAsia
Zambia SSA Nepal SouthAsia
Zimbabwe SSA Pakistan SouthAsia
Rest of Eastern Africa SSA Sri Lanka SouthAsia
Botswana SSA Rest of South Asia SouthAsia
Namibia SSA
South Africa SSA
Rest of South African
Customs

SSA

Argentina LatinAmer Switzerland RestofWorld
Bolivia LatinAmer Norway RestofWorld
Brazil LatinAmer Rest of EFTA RestofWorld
Chile LatinAmer Albania RestofWorld
Colombia LatinAmer Bulgaria RestofWorld
Ecuador LatinAmer Belarus RestofWorld
Paraguay LatinAmer Croatia RestofWorld

Table A4 (continued)

Country Region Country Region

Peru LatinAmer Romania RestofWorld
Uruguay LatinAmer Russian Federation RestofWorld
Venezuela LatinAmer Ukraine RestofWorld
Rest of South America LatinAmer Rest of Eastern Europe RestofWorld
Costa Rica LatinAmer Rest of Europe RestofWorld
Guatemala LatinAmer Kazakhstan RestofWorld
Honduras LatinAmer Kyrgyztan RestofWorld
Nicaragua LatinAmer Rest of Former Soviet Union RestofWorld
Panama LatinAmer Armenia RestofWorld
El Salvador LatinAmer Azerbaijan RestofWorld
Rest of Central America LatinAmer Georgia RestofWorld
Dominican Republic LatinAmer Rest of the World RestofWorld
Jamaica LatinAmer
Puerto Rico LatinAmer
Trinidad and Tobago LatinAmer
Caribbean LatinAmer
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Abstract 

Process life cycle assessment (PLCA) is widely used to quantify environmental flows associated 

with the manufacturing of products and other processes. As PLCA always depends on defining a 

system boundary, its application involves truncation errors. Different methods of estimating 

truncation errors are proposed in the literature; most of these are based on artificially constructed 

system complete counterfactuals. In this article we review the literature on truncation errors and 

their estimates and systematically explore factors that influence truncation error estimates. We 

classify estimation approaches, together with underlying factors influencing estimation results 

according to where in the estimation procedure they occur. By contrasting different PLCA 

truncation error modeling frameworks using the same underlying Input-Output (IO)-dataset and 

varying cut-off criteria we show that modeling choices can significantly influence estimates for 

PLCA truncation errors. In addition, we find that differences in IO- and process inventory 

databases, such as missing service sector activities, can significantly affect estimates of PLCA 

truncation errors. Our results expose the challenges related to explicit statements on the magnitude 

of PLCA truncation errors. They also indicate that increasing the strictness of cut-off criteria in 

PLCA has only limited influence on the resulting truncation errors. We conclude that applying an 

additional input-output life cycle assessment (IOLCA) or a path exchange hybrid life cycle 
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assessment (HLCA) to identify where significant contributions are located in upstream layers could 

significantly reduce PLCA truncation errors.   
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Introduction 

Quantifying environmental impacts of products and processes through the use of a life cycle 

assessment (LCA) has become standard procedure. Today it is widely applied in research and 

industry and encouraged by governments and NGOs (Guinée 2011). A range of LCA 

methodologies are available that utilize different types of data. These are LCA based process-level 

data (in the following referred to as process LCA or PLCA), LCAs which apply macro-economic 

input-output data (IOLCA) and methodologies which combine both datasets in so-called hybrid 

LCA (HLCA). The advantages and disadvantages of each different type of LCA are widely 

discussed in the literature (see Finnveden et al.  (2009) and Rowley et al. (Peters et al. 2010)). 

PLCA is one of the more frequently applied methodologies. This is possibly because of the high 

level of detail and availability of the underlying inventory data. These data are regularly distributed 

together with LCA software tools, making PLCA accessible and generally easy to use (Finnveden 

et al. 2009). PLCA refers to the iterative bottom-up approach demanded by the ISO norms 

investigating the environmental interventions related to a product or process by chasing upstream 

and downstream contributions (British Standards - ISO 14040 2006). Nonetheless, due to 

practicability, PLCA application requires a system boundary definition. According to the ISO 

norms, this boundary should be chosen such that the associated process chains are traced until, if 

possible, all inputs and outputs to the system are flows that have been directly drawn from the 

environment without human intervention (British Standards - ISO 14044 2006). This ideal 

condition is difficult to meet in practice, as the number of associated flows potentially grows 

exponentially and infinitely. Any system boundary definition not only determines the level of detail 

that is applied in the analyses, but also the stages, processes, and inputs and outputs that can be 

deleted if they are not expected to “significantly change the overall conclusion of the study” 

(British Standards - ISO 14044 2006; British Standards - ISO 14040 2006, p. 8). This means some 

process flows must be ignored by introducing (explicit) cut-off criteria (Suh et al. 2004), leading 

to truncation errors. As the complete system is unknown, applying qualitative cut-off criteria that 

only exclude relevant flows can be challenging (Suh et al. 2004). Put differently, unless 100% of 

the features of a system are already known, 95% cannot be calculated (Huang et al. 2009).  
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System complete alternative methodologies, based on input-output (IO) frameworks, have been 

used to construct modeling counterfactuals and estimate the magnitude of truncation errors 

occurring within a PLCA. In general, although modeling frameworks, as well as resulting estimates 

vary (Junnila 2006; Lenzen 2000; Norris 2002; Rowley, Lundie, and Peters 2009), studies suggest 

that truncation errors in PLCA can be significant in size. According to Lenzen (2000) they can be 

in the order of 50% of total impacts. Sectors for which relevant impact shares are contained in 

upstream production stages beyond the second or third layer, are especially prone to truncation 

errors, as these layers are rarely contained in PLCA studies (Lenzen and Treloar 2003).  

Approaches for estimating PLCA truncation errors, partially relying on IO data, are based on 

specific modeling assumptions. They use different methodologies and underlying datasets differ, 

inter alia, across sectoral resolution (Finnveden et al. 2009; Huang et al. 2009), sectors considered 

(Majeau-Bettez, Hawkins, and Stromman 2011), and the point in time in which data have arisen or 

impact categories considered (Finnveden et al. 2009; Suh et al. 2004). It has been shown that 

depending on the product or process investigated, specific modeling characteristics can lead to 

significant differences in results (Huang et al. 2009). Nevertheless, the scientific discourse lacks a 

systematic investigation into how far different modeling approaches influence PLCA truncation 

error estimates.   

In this article we initially provide a comprehensive review of the relevant literature. Based on this, 

we develop a classification scheme of existing truncation error estimation frameworks and a 

typology of factors influencing PLCA truncation error estimates. We then investigate in detail the 

impact of some of the most relevant factors discussed in the literature. We also implement different 

scenarios, or modeling set-ups. For example we vary cut-off criteria and modeling frameworks, 

and investigate the influence on PLCA truncation error estimates of service sectors ignored in 

process inventory databases (Majeau-Bettez, Hawkins, and Stromman 2011). We implement all 

scenarios using a single IO database for the USA covering more than 400 sectors.i For simplicity 

we only focus on investigating embodied CO2 emissions.  

Our results show that PLCA truncation error estimates crucially depend on modeling 

specifications, challenging explicit statements on the magnitudes of truncation errors made in the 

literature. Note that our results do not examine the quality of PLCA, IOLCA and HLCA techniques 

as assessment tools. We are primarily concerned with how modeling choices influence truncation 
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error estimates. An investigation of the overall quality of LCA analyses needs a different 

framework and an understanding of the influence of multiple factors identified in this article. In 

addition a precise estimate of the overall associated impact is needed, which is difficult to achieve.  

Truncation errors in PLCA and their estimates  

This section formally defines truncation errors in LCAs and reviews the literature on PLCA 

truncation errors and their estimates. It aims to identify and structure factors that are of relevance 

for these estimates. 

Truncation error 

We define a truncation error as the proportion of impact (investigated value) not covered by the 

system boundaries of the LCA. Truncation errors can occur when flows are knowingly ignored, 

that is, when their contributions and their upstream flow contributions are – often mistakenly – 

assumed not to affect the overall impact. They can also occur inadvertently when relevant data for 

the study are (unknowingly) missing and hence flows are disregarded.  

More formally, we define  as the measured impact, by which we mean the impact as given by a 

(P)LCA study of a process or product.  denotes the corresponding total (unknown) associated 

impact and  the estimated total associated impact, as for instance derived from a system 

complete alternative approach. The related truncation error corresponds to the proportion of the 

impact that is missing in the assessment as follows: 

    (1) 

The corresponding truncation error estimate (TEE) can be expressed as 

   (2) 

The quality of the estimate consequently depends on how well TI is approximated by EI. 

Nevertheless, a precise number cannot be given, as  cannot be completely known.  
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Factors influencing PLCA truncation errors and their estimates 

 

System Boundary 

 

The system boundary determines cut-off conditions for flows and associated impacts. It therefore 

directly influences . The same holds when the result of a PLCA analysis is approximated within 

an IO or hybrid framework, see for instance Norris (2002) and Lenzen (2000). A critical point is 

that the system boundary has to be drawn at the beginning of an LCA study, which is prior to data 

collection, without knowing the total system and often lacking a scientific basis. This leaves a lot 

of room for individual interpretation of a “significant contribution” (Suh et al. 2004).ii Suh et al. 

(2004) note that an accumulation of small, but disregarded flows could become relevant. Also, 

small mass or energy content, often used as proxies for the relevance of an impact, do not 

necessarily correspond to small impacts (Suh et al. 2004).  

 

Cut-off criteria 

No consensus on cut-off methodology across truncation error modeling literature exists; different 

modeling approaches exist in parallel, indicating that there is no distinct truncation procedure for 

flows in PLCA, that influences results (see table 1). Considering a specific share of the total 

footprint or accounting for all flows above a specific anticipated contribution share (British 

Standard Institute 2011) is difficult in the absence of complete system knowledge (Huang et al. 

2009).  

On the (system-complete) counterfactual side, multiple, different cut-off criteria have been utilized, 

leading to different results. These cut-off criteria are further explained at the end of this chapter. 

Data 

Missing or incomplete data is another important issue related to the estimation of  and . The 

choice of data inevitably (and unintentionally) influences truncation errors; only flows included in 

a database can be considered. For instance some regions are not represented in process databases 

(PE International 2015), which have also been criticized for ignoring specific service sectors and 

capital goods (Suh et al. 2004; Junnila 2006). More evidence is given by Majeau-Bettez et al. 

(2011) who identify explicit sectors contained in an IO dataset which are omitted from process 
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databases, such as government defense, non-defense government and finance services. 

Additionally, data contained in dissimilar process databases differ from each other (Finnveden et 

al. 2009; Zhang, Gibbemeyer, and Bakshi 2014). Hence the choice of data has an influence on 

PLCA results and consequently also on truncation error estimates (as indicated by Huang et al. 

(2009) by using different IO datasets).  

On the counterfactual side, all identified approaches are based (at least partially) on IO data, which 

differ from process inventory databases (see Introduction). IO and PLCA data show differences in 

the level of sectoral aggregation (Majeau-Bettez, Hawkins, and Stromman 2011; Suh et al. 2004; 

Junnila 2006; Rowley, Lundie, and Peters 2009; Lenzen 2000) and data contained (Majeau-Bettez, 

Hawkins, and Stromman 2011). Input-output data uses a monetary accounting system, whereas 

some PLCA studies account for physical flows (Bruckner et al. 2015). In contrast to process 

inventory data, IO tables typically assume proportionality between monetary and underlying 

physical flows (Rowley, Lundie, and Peters 2009) and do not consider the gate-to-grave component 

(Lenzen 2000). Consequently, they only consider impacts related to production.  

Many approaches to the estimation of truncation errors are based on IO datasets for a single region 

(Rowley, Lundie, and Peters 2009; Lenzen 2000). These yield a higher sectoral resolution than 

multi-regional IO datasets (Tukker and Dietzenbacher 2013), thus influencing the results (Su et al. 

2010). On the downside, they do not consider differences in inter-regional production technologies. 

As a wide range of IO data exists - constructed in different ways - specific characteristics regarding 

underlying sectors, regions and impact categories may differ considerably (Tukker and 

Dietzenbacher 2013). Sectoral aggregation schemes and underlying countries may also vary 

(Bruckner et al. 2015). Using a specific IO database therefore, has an impact on truncation error 

estimates (as MI and the approximated TI change), indicated by differences in IOLCA results when 

using multiple datasets (Ward et al. 2016; Steen-Olsen et al. 2015; Alexeeva-Talebi et al. 2012; 

Huang et al. 2009).  

The measured impact is also influenced and potentially falsified by approximating missing data. 

For example grains have been approximated by wheat due to unavailable data (Peters et al. 2010). 

In such a case, the resulting truncation error depends on the similarity of the substitute to the 

missing data. Data can also be supplied by applying matrix inversion techniques to partially 

compensate for the proportion of impact that has been cut off, or by adding an IO correction term 

Chapter 4 Truncation error estimates in LCA 111



(holds for HLCA). Both of these influence total measured impacts and can lead to overestimates 

(Suh and Huppes 2005; Rowley, Lundie, and Peters 2009).  

Sectors investigated 

Truncation error estimates also depend on the sector being investigated, as the related impacts vary 

in their distribution across different layers (Lenzen and Treloar 2003). For instance, it has been 

shown that for gas and oil production more than 80% of the carbon footprint associated with 

production is contained within the final production step and first upstream layer, whereas in the 

publishing sector, more than 50% of the carbon footprint is connected to higher layers (Huang et 

al. 2009). 

Impact investigated 

A variety of different impacts has been investigated. For instance energy footprints (Treloar 1997), 

emissions footprints (Peters et al. 2010), material footprints (Wiedmann et al. 2013), land use 

footprints (Bruckner et al. 2015), water footprints (Lenzen et al. 2013) and bad labor,  which also 

considers child labor (Simas et al. 2014) have been assessed. Each impact category has its own 

characteristic distribution of where relevant impacts are located. Impacts can be difficult or easy to 

cover by (P)LCA studies depending on this distribution, the supply chain length and structure. A 

potential truncation error is also dependent on the quality of data coverage. For an impact category, 

whose impact is insufficiently reported, the occurrence of truncation errors cannot be prevented. 

Network properties 

Other sources of truncation errors that have not yet been discussed in the literature might also be 

relevant. In particular, differences in network properties of IO data and process databases need to 

be investigated. Some literature, however, hints of such differences  (Mongelli, Suh, and Huppes 

2005; Norris 2002). These papers cite differences in the average numbers of network links and 

differences across other network properties. Typically, for IOLCA, first order upstream flows 

exceed 300 in number (Norris 2002); it can be expected that this number is much smaller for 

process inventory databases. A smaller number of direct upstream links implies that more activities 

are associated with higher process tiers. These characteristics can influence results when 

investigating (environmental) impacts, using either inventory data or IO data and applying similar 
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cut-off criteria. This is because the second or third layer are rarely contained in PLCA studies 

(Lenzen and Treloar 2003).  

Process databases are updated each time a new process is modeled. Consequently, their link density 

increases over time and converges towards the real density. In contrast, IO data is already system 

complete and it is likely that this conceptual difference influences corresponding results. To 

investigate the influence of incomplete link density (and also estimate their real density) the 

identified power law for self-organized networks (SON) (both, IO tables and complete process 

inventory database are in principle SON) could be utilized (Laurienti et al. 2011).  

Reference Systems 

In order to estimate the magnitude of a PLCA truncation error, an estimate of  is needed as well 

as an estimate of MI. Several approaches have been proposed using system complete data (Suh et 

al. 2004). Estimation frameworks have so far (partially) relied on IO data, in which two estimate 

classes can be identified (see table 1).  

 

Firstly there are approaches that compare PLCA results with results from system complete 

alternatives (HLCA or IOLCA) to conclude on computed truncation errors (“between system”) 

(Rowley, Lundie, and Peters 2009). For instance, the IOLCA approach has been used to estimate 

PLCA truncation errors for energy embodied in basic iron and steel products (estimates are in the 

order of 50%) (Lenzen and Dey 2000). By applying two different types of hybrid analyses, a 

process-based hybrid analysis and an IO-based hybrid analysis, PLCA truncation errors of the life-

cycle energy embodied in passive houses were estimated to be 69% and 77%, respectively 

(Crawford and Stephan 2013). 

Secondly there are approaches that investigate PLCA truncation errors solely within the alternative 

framework (“within system”). In this way, PLCA application is simulated within an IO framework. 

The results are then compared to total impacts, which are calculated by IOLCA for the same 

database (Lenzen 2000; Treloar 1997; Norris 2002). 

“Within-system” approaches can be sub-classified further. Firstly, a finite layer matrix approach, 

which we will refer to as “matrix layer approach”, was proposed by Lenzen (2000). This uses a 

power series calculation, where each series element corresponds to a complete layer of upstream 
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flows. For this approach it is crucial to assume that the (applied) truncation of flows in PLCA 

corresponds to the exclusion of all flows beyond a specific matrix layer  ( {0,1,2,3} is often 

quoted). Nonetheless, it is questionable whether PLCA flow cut-offs correspond to the practice of 

matrix layer approaches (Suh et al. 2004). Considering the ISO norms, a judgment on single flows 

is more appropriate, resulting in flows being cut off in different layers (British Standards - ISO 

14040 2006; British Standards - ISO 14044 2006).  

Secondly, path analyses (which we will refer to as “path approaches”) have been used to estimate 

PLCA truncation errors, see for instance Treloar (1997) and Norris (2002). In this way, single 

entries from IO tables are used to construct a branching and exponentially growing network of 

upstream supply flows. In this approach, single flows, that is branches, are traced and investigated. 

Different variations of this approach exist. For instance, flows can be ranked according to their 

environmental impact, or a specific number of top contributing flows can be considered (path 

approach 2.i) (Treloar 1997). Another variant initially ranks all flows and then considers all 

elements above a specific threshold (path approach 2.iii) ) (Treloar 1997). Norris (2002) considers 

a specific share of total contribution (90%, 95%, 99%) in each layer to select flows with sufficient 

contribution (path approach 2.ii)).  

All these approaches postulate that the total impact is known whereas, in practice, a PLCA 

applicant has no information on the total impact. Hence, by applying PLCA alone, the entirety of 

flows cannot be ranked, or the relevant flows located. In this paper we will implement a slightly 

modified path approach, which in our view better simulates PLCA application considering the ISO 

norms. This works as follows: if a branch is judged to be significant, its impact is considered and 

all its direct upstream branches are further investigated; if it is insignificant, it is excluded from the 

analysis, together with all its upstream flows.   

An overview of how different estimation frameworks utilize data is given in table 1.  
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Table 1: Schematic illustration of different approaches to estimate PLCA truncation errors with their 
corresponding data requirements.  

Approach Path 

approach 1 

Path approach 2 Matrix 

Layer 

approach 

IOLCA Hybrid LCA 

Within or 
between 
System 

Within Within Within Between Between 

Data used 
 

IO data IO data  IO data IO data IO + process data 

Characteristics Upstream 
paths are 
iteratively 
traced  

Paths are ranked 
according to their 
contribution. 
Different 
possibilities: i) a 
specific number 
of paths are 
considered, ii) a 
specific 
contribution in 
each layer is 
considered, 
iii) all paths 
above a specific 
threshold are 
considered 

Complete 
layers are 
considered 

IOLCA is 
performed. 
Results are 
compared to 
PLCA 
results. 

PLOCA and IO 
are combined. 
Results are 
compared to 
PLCA results. 
Different 
approaches exist. 

 

Varying cut-off criteria within single approaches 

Threshold schemata differ across path- and matrix-layer approaches, potentially impacting 

truncation error estimates. For the latter the maximal layer considered varies. For path approaches, 

absolute and relative thresholds may vary, as well as the specific number of flows that are 

considered. Generally, other (more) realistic cut-off procedures are conceivable for approximating 

PLCA within IOLCA. For instance, it is likely that real world LCA applicants add a random 

component when cutting off flows because of an individual judgment on the relevance of connected 

impacts (Suh et al. 2004) (please see the Supplementary Information (SI) for a modeling approach).  

Truncation error estimation results in the literature 

Multiple frameworks using different underlying datasets have been applied (see table 1) to estimate 

PLCA truncation errors (see table 2, which gives examples of different modeling approaches). The 

findings in the literature suggest a significant variance in magnitudes of truncation error estimates, 
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across modeling frameworks (see table 2) and across sectors (Lenzen 2000; Lee and Ma 2013). 

HLCA frameworks have also been applied; these are separately discussed in the next section. 

Table 2 Examples of different approaches used in literature to estimate PLCA truncation errors. 

Authors Lenzen (2000) Norris (2002) Treloar (1997) Rowley et al.(2009) 

Type of 
approach 

Matrix Layer 
approach for 
layers k={0,1,2,3} 

Path approach 2.ii); for 
each sector, input shares 
of {90%, 95%, 99%} are 
considered 

Path approach 2.iii) with 
absolute threshold value 
(0.00001 GJ/ $ 100 Aus) 

HLCA and IOLCA are 
compared to PLCA 

IO data used Australian 
national accounts, 
input-output table, 
1994-1995 

U.S. Department of 
Commerce’s Bureau of 
Economic Analysis 1992 

Australian national 
accounts, input-output 
table, 1986-1987 

Australian national 
accounts, input-output 
table, 1998-1999 

Estimated 
magnitude 

Even when k=3, 
truncation error of 
up to 50% can 
occur 

Truncation errors of 23% 
and 35% result from 
shares of 90% and 95%  

A truncation error of 
7.5% results (Australian 
building sector considered 
only) 

Truncation error 
(evaluated by HLCA) of 
3% to 55% for PLCA, 
depending on sector and 
impact category 

Further insights Truncation error 
magnitude varies 
across sectors 

A high degree of system 
completeness requires a 
huge volume of flows 

It is important to consider 
energy embodied in 
processes more than four 
stages upstream 

Some IOLCA impacts are 
significantly larger than 
HLCA and PLCA impacts 

 

Even though a substantial variation in results can be identified, an examination of how underlying 

modeling specifications, and the factors identified above, can influence truncation error estimates, 

using a single reference dataset, is missing. An overview of factors influencing truncation errors 

and the corresponding estimates is given in figure 1. Please note that the grey arrows indicate how 

different datasets are being used to provide an estimate. Our goal is to show that changing modeling 

specifications can cause a variation in truncation error estimates, using a single underlying dataset.
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Figure 1: Schematic illustration of factors influencing truncation errors (TEs) and truncation error estimates 
(TEEs). The left side (red) shows factors with direct influence on (unknown) truncation errors in PLCA and PLCA 
results. The right side (blue) represents factors influencing (system-complete) truncation error estimates. The grey 
arrows show how estimation approaches utilize different underlying datasets. The origin of an arrow indicates how the 
total impact has been approximated (either IOLCA or HLCA, which combines PLCA and IOLCA). The head of the 
arrow indicates how measured impact has been calculated (either using PLCA or an IO based counterfactual).  

 

Excursus Hybrid LCA for estimating truncation errors 

Both PLCA and IOLCA have short-comings. PLCA analysis misses the impact associated with 

higher layers (Lenzen and Treloar 2002; Crawford and Stephan 2013) that can significantly change 

the conclusion of (comparative) studies (Lenzen and Treloar 2003). System complete IOLCA lacks 

the extensive detail of process inventory databases, as well a gate-to-grave component (Suh and 

Huppes 2005; Lenzen 2000). Hence, literature judges the application of HLCA, combining the 

advantages of both approaches, to be superior (Wiedmann et al. 2011; Suh and Huppes 2005; 

Lenzen and Crawford 2009; Huang et al. 2009; Crawford and Stephan 2013; Rowley, Lundie, and 

Peters 2009; Guinée 2011). Different approaches for HLCA exist, inter-alia tiered-HLCA (Suh and 

Huppes 2005), the path exchange method (Lenzen and Crawford 2009) and the IO-based HLCA 

(Joshi 1999). 
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It has been shown that, depending on the type of hybrid LCA that is applied to the activity 

investigated, both IOLCA and PLCA can miss relevant impact shares if HLCA is assumed to be 

precise (Rowley, Lundie, and Peters 2009; Wiedmann et al. 2011; Crawford and Stephan 2013). It 

has also been revealed that IOLCA can overestimate specific impacts (Rowley, Lundie, and Peters 

2009); depending on the environmental indicator and sector considered, and assuming that HLCA 

results can serve as a reference, estimates for truncation errors for PLCA are in the range of 2% to 

77% (Rowley, Lundie, and Peters 2009; Wiedmann et al. 2011; Crawford and Stephan 2013). 

Corresponding estimates for IOLCA are in the range of -51% to 96% (Rowley, Lundie, and Peters 

2009; Crawford and Stephan 2013). 

Nevertheless, as one cannot compare HLCA to a better reference system (as it is partially consists 

of PLCA whose complete impact remains unknown), it is difficult to judge the quality of the 

estimate. In addition, if two HLCA approaches are applied, as in Wiedmann et al. (2011) and 

Crawford and Stephan (2013), it is impossible to judge which one is closer to the real unknown 

impact.  

Although it is highly likely that HLCA produces better results, we do not use it for our simulations, 

as a qualitative reference, to which results can be compared, is lacking. In addition, implementing 

HLCA within an IO framework, where the total impact is known, would result in an IOLCA.  

Analysis framework  

This section describes the framework used to investigate the influence of the most relevant 

modeling configurations of PLCA truncation error estimates in literature. We implement different 

estimation frameworks, vary threshold rules and disregard specific service sectors in scenarios. 

Finally, we contrast their results. When doing so, we do not aim to provide exact estimates; this is 

impossible as the total impact in the process inventory system remains unknown. Our goal is to 

assess whether there is relevant influence by modeling specifications. We avoid estimation errors 

linked to the comparison of two different systems, that is “between system”, by implementing 

scenarios and evaluating truncation error estimates within a single IO system (within system).   

Data  

In order to implement the different modeling frameworks we use the single region Open IO 

database for the US (Applied Sustainability Center, University of Arkansas. Sylvatica 2010), 

118 Chapter 4 Truncation error estimates in LCA



representing the US economy in 2002. The database has a resolution of 430 sectors and also 

provides data on different greenhouse gas releases. For demonstration purposes, only CO2 

emissions are considered in this article. As we use a single region IO table, exports and imports are 

not accounted for separately. It is assumed that other countries produce commodities with the same 

sectoral coefficients. 

Although IO databases with higher resolution exists, for instance the national Australian IO with 

1284 sectors (available at (IELab 2017)), we use the US database, as it fits our purposes perfectly. 

This is because it has been used by Majeau-Bettez et al. (2011), who precisely identified and named 

the sectors that are excluded from inventory databases. Hence, it allows us to easily exclude such 

sectors. Taking a different dataset, with varying sectors, would require us to approximate the 

sectors identified by Majeau-Bettez et al. (2011), potentially introducing additional errors. 

IO notations 

Standardized IO data consist of an inter-industry flow matrix  and a final demand vector 

. Entries of  reflect the total monetary value (in USD) of flows from sector  to sector 

 with  where  denotes the number of all sectors. Analogously,  

represents the sum of all monetary flows from sector  into final demand. 

By  we denote the total output vector, with entries , giving the total 

output of sector .  denotes the technology matrix, consisting of entries = , that 

describe the amount of each input  (in USD) that is required by sector  in order to produce one 

unit  of output (in USD).  

The Leontief inverse is calculated as  where  denotes the unity matrix. It accounts 

for all pre-products that have been used at some stage during the production process. Further,  

for holds, where each term of the power series refers to a complete 

upstream production tier.  

Additionally, we use data on released CO2 emissions. We let  denote the vector whose  

entries denote total emissions released by sector . Dividing  by total sectoral outputs  results 

in vector  whose entries reflect CO2 emissions associated with one USD of output of 

sector .  
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IO – Matrix layer approach  

 

When applying the matrix layer approach to estimate truncation errors, it has been assumed that 

the PLCA application can be approximated by a power series (Lenzen 2000), considering all 

elements up until a specific layer . The truncation error estimate of the matrix layer 

approach (TEE_MLA) for sector  results as: 

    (3) 

In order to adjust the strictness of the cut-off criterion, the number of the maximal layer  can be 

varied. 

 

Exclusion of sectors using the matrix approach 

To account for sectors frequently disregarded in PLCA analyses using the matrix approach we 

define   to be the set of sectors ignored in the analysis (Majeau-Bettez, Hawkins, and 

Stromman 2011). Please refer to the Supporting Information (SI) for further details.  is modified 

such that entries referring to are set to zero, resulting in matrix . The truncation error 

estimates then result in:  

.  (4) 

Although, literature indicates that specific capital goods are also ignored in process inventory 

databases (Suh et al. 2004; Junnila 2006), we decline to implement a corresponding scenario, as a 

precise list of sectors is missing. Hence, investigating their impact is left to future research. 

IO – Path approach 

The path approach, whose foundation has been described by Treloar (1997) and Norris (2002), 

investigates the environmental impact of a process/product by tracing single flows in a typically 

exponentially growing set of paths. This set of paths is often referred to as process tree in literature, 

as upstream flows branch increasingly. Each element (single path), is described by the equation 

 which refers to associated CO2 emissions in sector  of one unit of 

output in sector  with a corresponding production path

 (emissions have been released in sector ). We modify the approaches in the literature to get a 
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new procedure of tracing branches that is similar to tracing flows in PLCA. Cut-off criteria are 

defined accordingly, that is flows which are likely to have an insignificant contribution are deleted. 

Whether a flow with emissions  has a sufficiently significant contribution to the study is 

judged on the basis of a threshold  If  holds, all of  first order upstream flows 

are added to the set of flows that need to be investigated. Otherwise the flow is ignored, together 

with all of its upstream flows. This procedure is repeated until no flows remain to be investigated.   

Defining scenarios 

We use a modified IOLCA approach, see equation (4), to investigate how omitting service sectors 

influences truncation error estimates. With regard to varying threshold rules, we recall that 

approaches in the literature estimating truncation errors consider different cut-off criteria. When 

using the matrix layer approach, flows up to a specific layer are considered (Lenzen 2000). In the 

case of a path approach, (ordered) flows have so far been cut off using an absolute threshold 

(Treloar 1997) or a specific share of impacts within each layer (Norris 2002). To investigate the 

influence of the choice of modeling frameworks, we first implement relative thresholds for the path 

approach (each relative threshold corresponds to a specific absolute threshold by transformation), 

where flows below a specific share of contribution are disregarded. Secondly we use the matrix 

layer approach with varying maximal layer. A third path approach, using stochastic thresholding, 

is implemented in the SI.  

Results & Discussion 

This section presents and discusses results of the scenarios introduced above. It then continues with 

a discussion of the influence of various cut-off criteria and modeling frameworks on truncation 

error estimates. Finally it provides implications for further research.  

Different cut-off criteria and modeling frameworks  

In this subsection, different modeling frameworks are applied and compared, see figure 2. The 

matrix layer approach with varying maximal layers , and the process approach with 

changing relative thresholds  for each sector are implemented. Service sectors 

are included as they would impact all modeling approaches equally and their exclusion would not 

provide any additional relevant information.  
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We find that for the path approach, mean truncation error estimates are between 28% and 76% 

for different sector groups. Increasing the strictness of the threshold level from 2% to 0.5%, leads 

to reductions in mean truncation error estimates of less than ten percentage points for all sector 

groups. In comparison, results for the matrix layer approach show that significant reductions in 

mean truncation error estimates for aggregated sectors occur with increasing strictness of cut-off 

criteria. Mean truncation error estimates of 33% to 75% arise for all flows up to the first layer 

(that is ). In contrast, truncation error estimates of 7% to 28% result when . The 

smallest truncation error estimations for both modeling frameworks (matrix layer and path 

approach) are observable for agricultural and transportation sectors. 

The largest truncation errors are identified for textile and electronic manufacturing sectors. These 

results are consistent with the literature (Lenzen 2000). They reveal that the matrix layer approach 

is sensitive to an increase in the strictness of the cut-off criterion, whereas the path approach is 

not. This is because each approach incorporates flows differently. The matrix layer approach 

considers whole flow layers, independent of the size of individual flows, whereas the path 

approach considers single flows. The results become more distinct when investigating the 

distribution of truncation error estimates (figure 3).  
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Figure 2: Mean truncation error estimate (for a sector group) when applying different cut-off criteria. Left: 
Matrix layer approach with increasing maximum layers (k  {0,1,2,3}). Right: Increasing strictness of (relative) 
threshold ( {2%, 1%, 0.5%}).  

The distribution of truncation error estimates in the path approach, slowly shifts to the left when 

the relative threshold is reduced (figure 3). In contrast, when increasing the strictness of cut-off 

criteria for the matrix layer approach, the entire distribution quickly shifts to the left.   
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Figure 3: Relative distribution of truncation error estimates derived from the implemented path approach 
(left) and relative distribution of truncation error estimates derived from the matrix layer approach (right). 

The results imply that there is a tremendous decline in the contribution of single flows within 

higher flow layers. More importantly, the outcomes indicate that truncation errors of traditional 

PLCA applications, which iteratively trace flows, are barely reduced when the strictness of the 

cut-off criterion is increased. As a further reduction of the relative threshold imposes 

computational difficulties, we cannot give a threshold  that is sufficiently small to reduce 

truncation errors below a specific level.  

The implemented scenarios, using a single database, show that large differences in resulting 

truncation error estimates can be observed. This depends on the cut-off criterion, underlying 

framework, and strictness of thresholds chosen. Thus modeling specifications have a significant 

influence on estimating the PLCA truncation error. 

Disregarded sectors in PCLA  

Our results show that ignoring service sectors not covered by life-cycle inventory databases, as 

identified by Majeau-Bettez et al. (2011), causes median truncation error estimates of 3-13 % 

depending on the sector group being analyzed; results vary across different sectors. The largest 

truncation error estimates are located in manufacturing sectors (see figure 4), where median 

truncation error estimates exceed 10%. For a few specific sectors, such as fishing, electronic 

computer manufacturing, computer storage, broadcast and wireless communications equipment or 

analytical laboratory instruments, truncation error estimates can even exceed 20%. The results 
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therefore indicate that disregarding specific sectors can be relevant. The smallest median truncation 

error estimates occur in agricultural sectors, indicating that a high proportion of emissions are 

associated with tier zero activities. As the most important direct emissions in the agricultural 

sectors are greenhouse gases other than CO2 (Peters et al. 2010), analyzing different impact 

categories could even augment the outcome by further reducing the estimate. 

  

Figure 4: Influence on PLCA truncation error estimates through the disregard of service-related sectors that 
are typically omitted in process databases. Red bars correspond to median truncation error estimates of the 
corresponding sector group and blue boxes span from 1st to 3rd quartile. A detailed overview of aggregated sector 
groups and disregarded service sectors can be found in the Supporting Information.

Impact and future research 

Conventional PLCA arguably suffers from truncation errors (Suh et al. 2004; Lenzen 2000). 

Consequently total impacts assessed by PLCA (for example environmental impacts) associated 

with specific products and processes remain unknown. Reviewing the literature on truncation errors 

and their estimates, we find that the latter are influenced at three different levels: first when 

estimating the impact itself, either through the PLCA or by approximating the PLCA estimate;, 
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second when estimating the system complete counterfactual; and third when (possibly) concluding 

on two different systems, which is comparing IO or HLCA results with PLCA results. 

Our results show that large differences in estimates occur when investigating factors of these 

different levels. Estimates crucially depend on the chosen modeling framework and the applied 

cut-off criterion, even for a single database. Our results challenge explicit results and statements 

on the size of PLCA truncation errors given in the literature, as the influence of the modeling 

configurations has not been considered. In this respect the identified factors and the investigated 

scenarios indicate that estimating PLCA truncation errors correctly is not possible; there are too 

many interacting model factors at different levels that cannot simultaneously be accounted for. Our 

results hence stress the necessity to carefully consider the influence of the modeling framework on 

results in future assessments. 

The findings are important for PLCA applicants in multiple dimensions. Firstly, they suggest that 

not considering specific service sectors in process inventory databases can lead to relevant error-

prone results. Secondly, our results imply that the procedures for artificially curing the system 

incompleteness of PLCA, for example by including an IO correction term as in HLCA, cannot be 

precisely evaluated as knowledge of the complete truncation error would be necessary.  

Thirdly, the developed and implemented new variant of the path approach gives a (rough) 

indication of the magnitude of PLCA truncation errors. We find that mean truncation error 

estimates are likely to be in the range of 30% to 80%. These depend on the sector group 

investigated. Nevertheless, we cannot quantify the influence on results that is introduced by our 

modeling assumptions, for instance by using IO data.  

Fourthly, our results show that path approach truncation error estimations are relatively stable 

across different threshold levels. This indicates that truncation errors associated with pure PLCA 

can barely be reduced by increasing the strictness of the cut-off criterion. A feasible solution to 

reduce truncation errors in a targeted manner might be the application of a preceding IOLCA 

analysis (as an early-warning system) that orders the flows contributions as suggested by Treloar 

(1997). It could indicate where relevant contribution shares are hidden in the process tree. HLCA 

methodologies are widely judged to more precisely account for total (environmental) impacts. The 

application of HLCA, such as the path exchange method (Lenzen and Crawford 2009), could 

prevent severe truncation errors, while retaining the detail of PLCA.  
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Clearly our analysis alone could not consider all factors potentially influencing truncation errors 

estimates that have been identified in the literature and in this article. It remains unclear how they 

bias the results obtained. Hence, our results do not incorporate the full complexity necessary to 

adequately quantify PLCA truncation errors, which seems to be difficult to achieve. 

In the scenarios presented in the article we have evaluated the influence of some factors that are 

characteristic for different PLCA truncation error estimates in the literature. Future investigations 

need to assess the influence of other factors identified (for example differences in regional data 

considered or network properties). More research is also required to clarify how the different 

factors interact (for example, how do different network properties and varying cut-off criteria 

jointly influence truncation error estimates). Finally, the most relevant factors biasing PLCA 

truncation error estimates have to be identified in order to help reduce unknown truncation errors 

within PLCA applications. 
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a b s t r a c t

Evaluating innovative process technologies has become highly important within the last decades. As
standard tools different Life Cycle Assessment methods have been established, which are continuously
improved. While those are designed for evaluating single processes they run into difficulties when it
comes to assessing environmental impacts of process innovations at macroeconomic level. In this paper
we develop a multi-step evaluation framework building on multi regional inputeoutput data that allows
estimating macroeconomic impacts of new process technologies, considering the network characteristics
of the global economy.

Our procedure is as follows: i) we measure differences in material usage of process alternatives, ii) we
identify where the standard processes are located within economic networks and virtually replace those
by innovative process technologies, iii) we account for changes within economic systems and evaluate
impacts on emissions.

Within this paper we exemplarily apply the methodology to two recently developed innovative
technologies: longitudinal large diameter steel pipe welding and turning of high-temperature resistant
materials. While we find the macroeconomic impacts of very specific process innovations to be small, its
conclusions can significantly differ from traditional process based approaches. Furthermore, information
gained from the methodology provides relevant additional insights for decision makers extending the
picture gained from traditional process life cycle assessment.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The recent 5th Assessment Report by the Intergovernmental
Panel on Climate Change (IPCC, 2014a) highlights the urgency to act
on climate changemitigation if agreed global warming stabilization
targets were to be met. Assessing historical developments as well
as model based scenarios of possible transition pathways, the IPCC

underlines the importance of technological progress in order to
achieve ambitious goals.

Even though industrial sectors currently emit more than 30% of
global GHG emissions (IPCC, 2014b), their cumulated impacts are
estimated to be by far larger due to their influence on emissions
caused by related pre- and post-processes such as infrastructure,
transportation, material usage or electricity generation (IPCC,
2014b). A relevant share of technological innovations, is located
and implemented in industrial sectors (Saygin et al., 2011). In
practice those innovations take place at the micro level, where
single processes are improved.

Assessing potential macro-economic impacts of technological
innovations at process level occurs to be highly non-trivial due to
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complex interactions within production chains and markets forces.
In practice, conclusions are drawn at the micro level by applying
Life Cycle Assessment (LCA) methodologies that have become
standard for assessing single processes (innovations). Most prom-
inently Process LCA (PLCA), InputeOutput LCA (IOLCA) and com-
binations of both, Hybrid LCA (HLCA) are applied (Guin�ee, 2011;
Suh and Huppes, 2005). While using LCA approaches allows to
assess single processes, an overall macroeconomic estimation of
possible impacts is hardly possible, a research need commonly
identified in the literature (Egilmez et al., 2013).

Frequently used PLCA represents a standardized bottom-up
approach, where starting with the investigated process, upstream
and downstream stages are traced until a predefined system
boundary is reached (ISO 14044, 2006; Suh and Huppes, 2005).
Considered flows are used to quantify impacts on various indicators
including environmental impacts, human health or global warming
(Finkbeiner, 2012; Finkbeiner et al., 2006; Kl€opffer and Grahl,
2014). PLCA modeling shows to have a high level of detail and
many available impact indicators as detailed process databases are
available (Finnveden et al., 2009), which enables the calculation of
Use- and End-of-Life phase, but suffers from system incomplete-
ness (Suh et al., 2004). The resulting underestimation of impacts
related to the production of goods results in so called truncation
errors. Estimates on truncation errors vary (Junnila, 2006; Lenzen,
2000; Norris, 2002; Rowley et al., 2009), but suggest significant
influence. Furthermore, specific sectors are not (sufficiently)
considered (Junnila, 2006; Majeau-Bettez, 2011). It has been further
highlighted that PLCA has specific shortcomings when decompos-
ing supply chains at the macroeconomic level distinguishing con-
tributions of drivers, providing relevant information for politicians
(Feng et al., 2011; Kucukvar and Samadi, 2015; Kucukvar et al.,
2015; Wiedmann et al., 2010).

IOLCA utilizing input output data has been developed as an
alternative. Even though IOLCA is “system complete”, as an infinite
number of upstream production stages can be traced via a power
series, it has been criticized for aggregating economic sectors and
assuming homogeneity therein (Finnveden et al., 2009; Majeau-
Bettez, 2011; Suh et al., 2004), which can cause under- or over-
estimates of consumption based impacts associated to production
(Rowley et al., 2009). Furthermore, when using IOLCA it is hardly
possible to account adequately for the End-of-Life- and Use phase
(Suh and Huppes, 2005). However, IO databases consider sectors
that are neglected in PLCA databases (Majeau-Bettez, 2011).

Mainly single region IO systems are chosen for IOLCA applica-
tion as, depending on the underlying country, they have higher
sectoral resolution and more impact indicators (Finnveden et al.,
2009; Lenzen et al., 2013) than multi regional inputeoutput
(MRIO) databases. Exemplary the single region U.S. Bureau of
Economic Analysis IO table has been used for different IOLCA pur-
poses (Egilmez et al., 2014; Junnila, 2006; Majeau-Bettez, 2011).
However, in contrast to MRIOs (e.g. Tukker and Dietzenbacher
(2013)) single region IOs do not account for differences in sectoral
production characteristics across countries (Voigt et al., 2014), nor
is trade data accounted for, which holds relevant information for
e.g. embodied emissions calculations (Cristea et al., 2012; Davis and
Caldeira, 2010). In case of MRIO data, recently, new databases have
been published (Tukker and Dietzenbacher (2013)) and new con-
cepts aiming for highest possible detail and regular updates
(Lenzen et al., 2013) have been installed. There have been prom-
ising approaches to consider further indicators (Ewing et al., 2012;
Wiedmann et al., 2013).

Reducing possible weaknesses of IOLCA and PLCA, different
HLCA methodologies have been developed (Egilmez et al., 2014;
Finnveden et al., 2009; Lenzen and Crawford, 2009; Suh and
Huppes, 2005). They combine both alternatives, using the high

level of detail of PLCA, its End-of-Life- and Use phases impacts and
the system completeness of IOLCA. Generally, it is assumed that
HLCA causes smaller relative errors because errors related to ag-
gregation, homogeneity, neglecting of sectors, End-of-Life phase,
availability of impact categories or regional and sectoral resolution
are reduced (Egilmez et al., 2014; Guin�ee, 2011; Majeau-Bettez,
2011; Rowley et al., 2009).

In this paper we develop a framework based on MRIO data,
allowing to estimate overall environmental impacts related to
production when adapting technological innovations considering
the global economic network. Our analysis builds on the compar-
ison of a conventional (reference) process i.e. one that is currently
used in practice, with innovative alternatives. All processes are
evaluated based on their requirements for direct inputs, enabling
(P)LCA as well as evaluation within the developed MRIO-
framework. After identifying conventional processes within the
MRIO network, the impact of technological adaptation is assessed
by replacing those by innovative alternatives and adjusting flow
structures using third party data on related processes. The resulting
changes e under the assumption of fixed final demands within the
economic network e are then translated to specific assessment
criteria, e.g. CO2-emissions.

We exemplarily apply this methodology for two innovative
manufacturing processes: longitudinal welding of large diameter
steel pipes and turning of high-temperature resistant materials
with an internally-cooled turning tool. For each process, three
scenarios are conducted, in which reference processes are hypo-
thetically replaced by innovative processes in Germany, Europe and
across the globe, respectively. For demonstration purposes the
application of this paper solely investigates changes in CO2-
emissions.

Results show that our framework allows for conclusions on
overall emissions considering changes within the economic
network. We find that for longitudinal welding and internally
cooled turning processes innovative alternatives could contribute
to overall emissions reduction.

We contrast our analysis by established PLCA (performed with
GaBi process database (PE International, 2015)), IOLCA and HLCA,
hence allowing for a comparison of the micro (process) with the
macro (economy wide) perspective. We find that all methodologies
identify the innovative welding technology to be environmentally
beneficial, while in case of turning alternatives conclusions differ.

The paper is structured as follows: Section two describes the
methodological foundations and gives an overview of recent MRIO
databases. Section three introduces the considered process alter-
natives. In section four and five we give results for MRIO-based
assessment methodology and LCAs, respectively. Section six
concludes.

2. Process assessment using multi-regional-inputeoutput
data

This section describes the integration of process innovations
into MRIO data as an approach to assess their macroeconomic
impacts holistically.

2.1. Multi-regional-inputeoutput data

MRIO data approximates structures of the global production
networks. Depending on the dataset it considers a characteristic set
of r regions R ¼ r1;…; rrf g and s sectors S ¼ s1;…; ssf g, that reflect
all interactions throughout production allowing for an arbitrary
trace back of production steps (Miller and Blair, 2009). As each
dataset has individual R and S, as well as specific satellite data it
serves for specific application. The current most prominent MRIO
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datasets are the World InputeOutput Database (WIOD) (r ¼ 41,
s ¼ 35) (Dietzenbacher et al., 2013), a dataset with focus on the
European Union and its most important trading partners, EORA
(Lenzen et al., 2013), a dataset with high resolution, combining
available national IO data, thus having higher possible non-
homogeneous sectoral resolution (r ¼ 187, s dependent), the
OECD data based GRAM (Wiebe et al., 2012) (r ¼ 55, s ¼ 48) and
Exiobase (Tukker et al., 2013), a dataset available for 2000 and 2007
with comparably high sectoral resolution (r ¼ 48, s ¼ 163) and
many environmental satellite indicators (Wood et al., 2015).
Furthermore, the Global Trade Analysis Project (GTAP) (Narayanan
et al., 2012), a trade database, can be transferred to MRIO structure
(Andrew and Peters, 2013; Peters et al., 2011) resulting in an eco-
nomic network with 57 sectors and 140 regions in its latest version
(Narayanan et al., 2015), considering a wide range of developing
countries.

For our analysis we use GTAP 8.1 MRIO data primarily because it
holds a comparably high (homogeneous) sectoral resolution for
more than 130 countries. In contrast to (Peters et al., 2011), we use
quantities at agents' prices throughout the construction process.
This is done since relevant process data, transferred to monetary
values, consider taxation.

2.2. Identification and implementation of processes

Due to the network characteristics of the MRIO model, changing
any interaction of its sectors induces further adjustments in other
sectors caused by mutual interlinkages (“higher-order effects”). In
this study those changes result from the comparison of an inno-
vative technology to a defined reference process. One characteristic
of our approach is that total, static macroeconomic production
network structures are considered and hence kept when evaluating
changes, i.e. final demand is constant and delivery proportions are
kept equal. We aim to hypothetically analyze CO2 relevant effects of
process innovations taking into account full product chains.

Each case study needs to be framed by defining a reference- and
one or two innovative processes, where the reference process is a
process that is representative for currently used technology that is
to be replaced by the innovative process. Ideally, all process-
relevant inputs and differences between the process alternatives
(e.g. material, energy, human labor …) are known. Furthermore,
when implementing the technological exchange additional ques-
tions have to be answered, regarding a) the extent to which the
reference process is replaced and b) where the innovative process is
applied.

As a second step, the reference processes need to be identified
and located within the MRIO network. As the GTAP MRIO data
depict inter-sectoral flows in monetary units, physical units (e.g.
weight of the material or kWh of electricity) measured for the
processes need to be converted to monetary units (e.g. USD/year).
This is done by using representative average prices, including taxes
and subsidies (i.e. agent's price)1 for the corresponding year. To
assess the total scope of the process, its absolute share on the re-
gion's sectoral economic input- and output flows has to be esti-
mated (“How many times the process is applied annually in the
considered region?”). This step might involve many assumptions as
data might not be directly available and need to be estimated by
appropriateworkarounds. For integration in theMRIO network, the
inputs and processes then need to be assigned to the (usually highly
aggregated) MRIO sectors. This requires further assumptions about

the origin of the respective input streams since not every process
can be assigned unequivocally to one specific sector.

With the gained knowledge the reference processes can be
replaced by innovative alternatives. Assuming constant final de-
mands we obtain modifications in the interindustry matrix which
enable to calculate changes considering higher order effects in
subsequent steps that can be translated to CO2-emissions. The
procedure is given in mathematical detail in the next subsection,
exemplary applications are provided in Section 3.

2.3. Mathematical foundation

In the following we will provide the most relevant notation;
please see (Miller and Blair, 2009) for additional mathematical
details on MRIO modeling.

A MRIO dataset consists of an interindustry flow matrix, Z, ac-
counting for flows re-entering production processes and a final
demandmatrix, Y, accounting for flows that enter consumption. Z is
constructed in such a way that single entries reflect the sum of
monetary flows from a region ri, sector st to a region rj, sector sv,
where i; j2r and t, v2s, hence we denote those entries by Zjvit .
Analogously, single flows entering the final demand are denoted by
Yj
it , representing all monetary flows from region ri, sector st into

region's rj final demand.
By O, we denote the total output matrix, consisting of entries Oit

which are gained by Oit ¼
P
j

P
v
Zjvit þ

P
j

P
v
Yj
it.

Additionally, GTAP 8.1 provides satellite data on released CO2-
emissions. Let COtot

2 denote the vector of length n�M whose en-
tries COit

2 denote total emissions released by sector st in region ri.
Dividing those by total sectoral outputs results in a vector that we
denote by cotot2 , which entries coit2 reflect emissions associated to 1
USD of output.

With Awe denote the technology matrix that consists of entries
Ajv
it ¼ Zjvit =Ojv, reflecting necessary inputs to produce one USD of

sectoral output.
As an example a reference process is to be replaced in region rj,

sectorsv. With the knowledge on the sectoral share of the reference
process, it is possible to calculate the modified technology matrix,
which we denote by A*.

By dA we denote the matrix that transfers A (considering
reference processes) into A* and therefore reflects the technological
exchange. By definition the following relation holds:

A� A* ¼ dA:

To assess the macroeconomic impact of technological change,
considering interactions of production chainsweutilize the Leontief
inverses L ¼ ðI � AÞ�1. The Leontief inverse accounts for all inputs
that have been used for production, therefore the relation O ¼ LY
holds (Miller and Blair, 2009). Consequently change in all sectoral
outputs dO due to exchanged technology can be calculated by:

dO ¼ O� O* ¼ LY � L*Y ¼
�
ðI � AÞ�1 � �I � A*��1

�
Y :

This relation can be translated to changes in CO2-emissions:

dCO2 ¼ �O� O*�� cotot2 ¼
�
ðI � AÞ�1 � �I � A*��1

�
Y � cotot2 ;

whereby � denotes entry-wise multiplication.
Summing up, we can come up with a “recipe” for evaluating

macroeconomic effects of single process innovations. The proce-
dure is as follows:

1. Get Z, Y, O, cotot2 from MRIO
1 Depending on the availability of detailed data (taxes and subsidies), an

implementation in market prices would also be possible.
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2. Calculate A ¼ Z/O
3. Investigate the innovative process with all its inputs
4. Find data on the amount of processes that need to be replaced

within relevant sectors and calculate shares of relevant tech-
nologies as shares of sector and sectoral inputs

5. Derive the technology matrix for the innovative process A*(i,j)
6. Calculate L ¼ (I � A)�1 and L* ¼ (I � A*)�1

7. As final demand Y is assumed to be constant, calculate O ¼ LY
and O* ¼ L*Y

8. Multiply with CO2-intensities and get changes in carbon
emissions

Thecalculations for this studyare run inPython (PythonSoftware
Foundation., 2014). We do not consider potential changes in price-,
demand levels or substitutions, as their short-term influence is
probably rather low for the considered case studies.

3. Case studies: process innovation technologies in welding
and turning

This section introduces the processes alternatives for which
environmental assessments are performed: i) welding of large-
diameter steel pipes (Sproesser et al., 2015) (in the following
indicated by subscript w) and ii) turning of high temperature
resistant materials (Uhlmann et al., 2013) (indicated by subscript t).
Both processes are found in comparatively small and highly
specialized fields. In both cases it is an open question whether the
innovative processes (indicated by B) provides improvement in
environmental performance compared to the reference process
(indicated by A).

For the sake of comparability and data availability, only Carbon-
dioxide emissions are considered, although LCA can provide infor-
mation on further impacts. Subsequently, the results from the
developed MRIO framework are compared to results from LCA
analyses.

3.1. Longitudinal welding of large-diameter steel pipes

Longitudinally welded pipes are used in the oil and gas industry.
Pipeline manufacturing involves forming a metal plate into the
shape of a ring and subsequently joining both plate ends bywelding.
Due to their vast dimension andwall thickness high power welding
processes are applied. Among these, Submerged ArcWelding (SAW)
is themost prevalent technology for large diameter pipewelding, in
the following also referred to as process Aw. This ismostly because it

offers both high deposition rates andwelding speeds. In SAWan arc
is formed between the workpiece and a consumable electrode
beneath a cover of granulated material called welding flux. Usually
SAW is executed with multiple serial wires (multi-wire SAW) to
further increase cost efficiency and process performance. Multi-
wire SAW serves as the reference process for this study.

As representative components wall thickness of 25.4 mm (1
inch) and pipe outer diameter of 1016mm (40 inch) are assumed. In
Fig.1 the seam preparation and thewelding sequence for themulti-
wire SAW reference process (left side) are illustrated. Welding is
performed in three phases. First the two plate ends are tack welded
by Gas Metal Arc Welding which is followed by the first and second
multi-wire SAW filler passes.

Due to the product size and the process specific seam prepara-
tion multi-wire SAW consumes large amounts of material and en-
ergy. As an innovative approach Hybrid Laser Arc Welding (HLAW)
and high power Tandem Gas Metal Arc Welding (TGMAW) are
combined to reduce material as well as energy consumption,
denoted by process Bw. HLAW combines Laser Arc Welding (LAW)
and Gas Metal Arc Welding (GMAW). It has gained popularity
because it benefits from the advantages of both technologies (Ribic
et al., 2009). Additionally HLAW offers huge potentials for
increasing economic and environmental performance when
substituting or enhancing conventional arc processes (Chang et al.,
2014; Gook et al., 2014; Sproesser et al., 2015). However, the
maximum plate thickness for robust one pass welding is limited.
Therefore TGMAW is selected to complete the weld. In contrast to
the conventional single wire GMAW the tandem variant is able to
weld with much higher speeds and deposition rates that are
needed to compete with conventional processes like SAW (Lezzi
and Costa, 2013; Morehead, 2003; Thompson, 2008). Further-
more in contrast to SAW, TGMAW performs on smaller grooves and
has no need for removing slag or handling the welding flux. Weld
seam preparation (top) as well as the welding sequence (bottom)
are displayed in Fig. 1 (right side). First the root gap width of 14mm
is tack welded (HLAW tack weld). Subsequently theweld is finished
by two TGMAW filler passes.

Material, electricity, welding flux and shielding gas consump-
tion per meter weld seam are considered as main process inputs
for macroeconomic and microeconomic assessments. Material
demand is determined by groove volume according to the seam
preparation and steel density. Electricity consumption is calcu-
lated by the total power usage according to the used equipment
and welding speeds. Electricity demand of HLAW covers the Laser
and the GMAW power with wall-plug efficiencies of 30% and 80%

Fig. 1. Seam preparation and welding sequence of process Aw (SAW) and process Bw (HLAW). In Bw, significant savings in welding material and electricity consumption are achieved.
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as well as additional consumption for the cooling unit (Haelsig,
2014; IPG Phtotonics, 2015; Vollertsen et al., 2010). Electricity
consumption of TGMAW and multi-wire SAW is calculated by the
respective voltages and currents and the wall-plug efficiency of
80%. Shielding gas demand is obtained by the flow rate and
welding speed. Welding flux consumption is taken from literature
sources and material data sheets (ESAB GmbH, 2015; Müller and
Wolff, 1983). Needed inputs per meter weld seam are listed in
Table 1.

3.2. Machining with internally-cooled turning tools

As a second exemplary process, the machining of high temper-
ature resistant materials, e.g. titanium alloys or nickel-base alloys,
is considered. As very high cutting forces apply those processes are
energy-intense. Conventionally, titanium alloys are machined with
cemented tungsten carbide tools that are cooled with a cooling
lubricant by flood cooling, in the following also referred to as
process At, “wet machining”. Analogously, machining without any
external cooling lubricant is labeled as “dry machining” in the
following. 15e35% of the machine tool's total energy consumption
is spend on the provision of the external cooling lubricant to the
cutting zone where an even temperature level needs to be main-
tained (Klocke and Eisenblatter, 1997; Uhlmann et al., 2013). In the
following, mainly the turning process is considered, although the
technology is also applicable to other types of cutting processes.

The energy consumption that is caused by the cooling system
can be reduced by using cutting tools with integrated closed loop
cooling systems (“internally-cooled tool”, ICT). A new type of
turning tool has been developed to decrease thermal losses (Fig. 2).
A glycolewater mixture is used as coolant.

Turning experiments with and without the provision of cooling
lubricants in combination with the internally-cooled tool were

undertaken to investigate energy consumption and tool wear in
the respective process combinations (processes B1t and B2t). The
degree of efficiency with regard to the cooling method is deter-
mined by calculating the specific energy consumption of the tool
wear, the main spindle and the feed drives. The data is acquired by
combining the evo.T4 tool2 with a power measurement system.
This enables process-parallel data acquisition of energy flows and
the calculation of the process efficiency. The data is used to
determine the highest productivity considering minimized energy
consumption and tool wear. The evo.T4 tool has been produced by
selective laser melting to embed fluid and sensor channels into the
holder and to decrease the amount of tool material. A high per-
formance heat sink made of a copper alloy is used to cool the
insert. Turning experiments are carried out with the CNC lathe
TRAUB TNX 65, the internally cooled turning tool and the cooling
and control system. TiAl6V4 is chosen as workpiece material. The
experiments are undertaken with fixed cutting parameters to
measure the effect regarding tool wear and energy consumption.

When analyzing the energy consumption of the different cool-
ing methods, we observe dry machining without any cooling sys-
tem to imply the lowest energy consumption of 5.7 kWh. However,
the tool wear of the cutting insert is extremely high, caused by the
so-called diffusion wear which is typical for turning of high tem-
perature resistant materials. For this reason the dry-machining
process without internal cooling is not further considered in the
following case studies. In comparison to dry machining, turning
with the internally-cooled turning tool, process B1t, increases the
energy consumption slightly due to the cooling liquid pump and
chiller by 0.4 kWh (Fig. 3). The highest total energy consumption of
8.0 kWh is caused by flood cooling due to the high energy demand
of the cooling lubricant pumps and chiller, combined wet and
internally-cooled turning, process B2t. Cooling the insert internally
and externally limits the rise of temperature and thus decreases the
wash out effect of tool material due to the contact between tool and
workpiece material.

When analyzing the tool wear of the different cooling methods,
it becomes obvious that drymachining causes the highest tool wear
rates, while wet machining in combination with the internally-
cooled tool (process B2t) shows the lowest tool wear rates (see
Fig. 3).

2.2 kWh are used by pump, the cooling lubricant chiller and the
coolant circuit components in total when applying wet machining.
Comparing the process alternatives under those assumptions, dry
machining with the internally-cooled tool, process B1t, leads to the
lowest energy consumption. However, this approach does neither
consider the production process of further inputs such as cooling
liquids, nor higher-order stages of the production. Input factors per
reference unit are shown in Table 2.

4. Technology assessment using the MRIO approach

Based on the process data it is possible to investigate macro-
economic CO2-emission reduction potentials using the MRIO
framework. An additional simplification is made for the sake of
comprehensibility: Although GTAP 8.1 differentiates 134 regions,
we chose to aggregate the system to two regions (“considered re-
gion” and “rest of world”). This means that input streams can only
be either “domestic” or “imported”. In case of imported goods, no
further assumptions are made. Each process innovation is evalu-
ated in three scenarios, in which it is assumed that the innovative

Table 1
Resource input per [m] of welded pipe for welding processes Aw and Bw.

Process Aw

(SAW process)
Process Bw
(HLAW process)

Wire [g] 1096.28 211.29
Inert gas [ltr1 bar] 12.50 34.36
Electricity consumption [kWh] 2.94 1.02
Welding flux powder [kg] 1.32 0

Fig. 2. Architecture of Digital Mock Up (DMU) of prototypical evo.T4 tool holder with
integrated closed-loop cooling system. a) insert holder; b) micro cooling system; c)
cutting insert.

2 Nomenclature: Evo evolution, T tool system, C cooling system, 1/2/3/4/5:
technology readiness level (Evo.T4: machine tool is suitable for technology
demonstration).
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process completely replaces reference processes within i) Germany,
ii) Europe and iii) globally respectively.

4.1. MRIO process replacement results for welding

Investigating the welding processes, we regard the SAW process
as conventional reference process Aw. The innovative HLAW pro-
cess (process Bw) is characterized by significantly lower con-
sumption of electricity, wire and flux powder compared to Aw.
Otherwise, the inert gas consumption increases (see section 3.1,
Table 1).

For assessing the magnitude of possible effects on global CO2-
emissions reliable data on the overall scope of the process are
indispensable. Ideally, this includes information on the total
cumulated length of weld seam of longitudinal seam-welded large-
diameter pipes. We approximate data that are not directly available
in the following way. According to statistical data from German
Steel Tube Association (2014), 356,000 tons of large-diameter
steel pipes have been produced in Germany in 2013, of which
50% are assumed to be within the plate thickness range. Assuming
an average outer diameter of 1.02 m and an average plate thickness
of 0.02543 m, the cumulated weld seam length can thus be esti-
mated to be 571.2 km/year (steel density: 7.85 t/m3). The total
length is used for identifying and replacing the reference process in
the MRIO network. As functional unit we use 1 m of weld seem.

Since GTAP uses monetary flows, the prices for the process in-
puts were collected from manufacturer information, statistical
databases and surveys among established equipment suppliers
(ESAB GmbH, 2015; Statistisches Bundesamt, 2014a; The Linde
Group, 2015), results are shown in Table 3, all costs include taxes.

The process inputs are translated to monetary flows and then
scaled up to the German iron and steel industry sector. To inte-
grate the price data within the GTAP 8.1 database, which provides
data for 2007 given in USD 2004, data need to be transferred to
USD 2004. With the exception of electricity, historic price data are
not directly available, since costs given in Table 3 refer to specific
processes and base on supplier estimations that strongly depend
on purchase quantity, project size etc., we approximate 2004
prices by using German national inflation rates between 2004 and
2014 (World Bank, 2015) and the 2004 average EUR/USD-
exchange rate for currency conversion (European Central Bank,
2015). Thus the input differences of process alternatives can be
transferred and assigned to corresponding GTAP 8.1 sectors (see
Table 4).

The inputs are further distinguished in “imported” and “do-
mestic”. We allocate those inputs in accordance with the overall
sectoral import/export ratio. That means if 10 percent of fabricated
metal products (FMP) that flow into the “Iron & Steel” sector (I_S)
are produced domestically it is assumed that this ratio also holds
for each subproduct of the FMP sector such as wire or welding flux
powder.

By considering the input differences between process alterna-
tives and monetary values, the first order changes within the

Fig. 3. Energy consumption and tool wear for different cooling processes, own experiments and visualization.

Table 2
Needed inputs per reference unit and per [t] TiAl6V4 for implemented turning process.

Process At (wet machining) Process B1t (dry machining & internally-
cooled)

Process B2t (wet machining & internally-
cooled)

Per unit (0.6037 kg raw
material input)

Per t of input
(TiAl6V4)

Per unit (0.6037 kg raw
material input)

Per t of input
(TiAl6V4)

Per unit (0.6037 kg raw
material input)

Per t of input
(TiAl6V4)

Electricity [kWh] 2.0 3312.8 1.6 2584.0 2.2 3561.3
Cooling lubricant: emulsion [ml] 6.0 9938.5 e e 6.0 9938.5
Coolant: Glykosol [ml] e e 0.4 662.6 0.4 662.6
Machine tool: cutting insert

[insert unit ¼ 2.5 g]
1.0 1656.4 4.2 6907.3 0.4 579.7

Table 3
Price overview of inputs per reference unit for both welding processes. All prices are
normalized to 2004 USD. The numbers in brackets indicate the years of original price
data. With the exception of electricity, no historic data have been available.

Inputs Process Aw Process Bw

1 Wire (2014) [USD/kg] 2.636 2.636
2 Inert gas: corgon (A), CO2 (B), (2014) [USD/ltr1bar] 0.001 0.004
3 Electricity consumption (2007) [USD/kWh] 0.105 0.105
4 Welding flux powder (2014) [USD/kg] 2.109 e3 Based on trade data and own estimations.
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economic system can be calculated (Table 4), and be considered in
the MRIO-replacement framework to calculate A* (see Section 2).

The results show that overall impacts are small, which is not
surprising as a niche process innovationwithin the global economy
is considered. Nevertheless, the technology exchange can be held
accountable for measurable overall impacts: the CO2-emissions,
considering upstream layers decline by 1.5 kt (see Table 5). It can
therefore be concluded that savings due to electricity and wire
consumption outweigh higher demand for inert gases.

When extending the case study towards the European or global
pipe production a main obstacle is the availability of average global
price data. We approximate the European and global impact by
assuming that the relative size (share) of input changes within the
specific sectors remains constant. This assumption is not neces-
sarily realistic as the economic structure certainly varies between
countries, but it can provide plausible orders of magnitudes of the
results. More exact approaches would depend on the availability of
better data.

If the reference process was replaced by the innovative process
within Europe, a CO2-emission reduction of 24.5 kt/a could be
achieved and a reduction of 120.1 kt/a in case of global replacement
(Table 5). It is notable that the emission reductions increases more
than proportionally compared to cost reduction when technology
application is extended (134.4 Mio. USD compared to 302.3 Mio.
USD). This behavior can be caused by higher carbon intensities of
the electricity production in non-European countries.

4.2. MRIO results of the turning process

Processing TiAl6V4 is increasingly applied in aviation
manufacturing (MAKINO Machine Tools, 2014). We therefore focus
our study on turning processes on civil aviation sectors, where
turning technology for TiAl6V4 will hypothetically be replaced. As
some necessary data are not directly available, assumptions have to
be made.

For the turning process three alternatives are considered (see
section 3.2): the reference process At (wet machining) and the
innovative processes B1t and B2t that include an internally cooling
system with and without additional wet machining, respectively.

The input data on TiA16V4 turning are obtained from data
collected during production of the heat shield of a helicopter tur-
bine, which is used as functional unit for the following calculations.
The production of one reference unit requires 0.6037 kg of semi-
manufactured TiAl6V4 as well as electricity, chemicals and ma-
chine tools in the quantities shown in Table 2.

We use two approaches to estimate the total amount of turned
TiA16V4: Firstly, the import data of titanium pre-products and
secondly, the titanium content of the civil Airbus aircrafts which are
assumed to account for a significant share of the civil aviation
sector. Both approaches do not provide precise numbers, but
indicate the magnitude of total turned TiAl6V4.

The import approach builds on the assumption that most of the
titanium processed in the civil aviation sector is imported in semi-

manufactured form (plates, bars etc.) as Germany has no titanium
mining. In 2012, 6619.20 t of titanium pre-products have been im-
ported (Statistisches Bundesamt, 2014b). However, the statistics do
not provide information in which sectors the pre-products are
further processed. Since only the aviation sector is of interest, we
further assume that an estimated maximum of 50% of the imports
(3309.6 t) is further processed for civil aviation. Our estimated
maximal amount corresponds to about 10% of total titanium mass
processed by Airbus for delivered civil aircrafts in 2014 (underlying
assumption: 70%ofmaterialwaste during processing) (Airbus S.A.S.,
2014). As ahigh share ofAirbus production is not located inGermany
this number appears to be reasonable. The process inputs are
calculated based on unit prices given in Table 6. The electricity price
for industrial users is obtained from Statistisches Bundesamt
(2014a), other price data are derived from our experience values.
Analogously to the welding case study (Section 4.1) prices are
transferred to 2004 values and converted to USD to match the GTAP
8.1 MRIO database. After calculating the input differences provided
by different technologies and assigning them to the respective GTAP
sectors, see Table 7, the implementation is run.

Results for the environmental impacts of process innovation are
shown in Tables 8 and 9. When replacement takes place in Ger-
many only, global CO2-emissions decrease by 14.9 kt/year for pro-
cess B2t, but increase by 38.3 kt/year for process B1t. Therefore,
within the framework it can be concluded that only process B2t
leads to improvements in terms of cost efficiency and carbon
emissions, while process B1t increases both. This result is particu-
larly relevant since it cannot be derived directly from the data
shown in Table 7, as it considers changes in upstream supply chains,
as well as changes in the Leontief inverse.

Extending the regional scope to Europe (World), analogous to
Section 4.1, leads to a hypothetical reduction of CO2-emissions of
52.1 kt (169.7 kt) (Table 9) for process B2t and increases by 133.4 kt
and 431.8 kt for process B1t, respectively (Table 8).

5. Technology assessment using (P)LCA

In this section we evaluate results of PLCA studies for both
processes. The PLCA studies are carried out using the software tool
GaBi 6.0 (PE International, 2015), the system boundaries are chosen
as shown in Figs. 4 and 6.

As functional units 1 m of seam weld and turning of one heat
shield of a helicopter turbine are chosen. Within the PLCA only
cradle to gate impacts are modeled, for the sake of comparability, as
the End-of-Life- and Use phase cannot be modeled within MRIOs.
Furthermore results of IOLCA and HLCA are given.

5.1. PLCA results of the welding alternatives

LCA methods enable an alternative approach to investigate CO2-
emissions4 (IPCC, 2014a) of the welding processes Aw and Bw
(section 3.1). The assessment includes upstream processes which
are listed in Table SI 1 in the Appendix.

Fig. 4 shows the system boundary that is selected for PLCA
purposes for welding processes.

The inventory data of the inputs are identical to the data used in
the MRIO analysis (Table 1). The chemical composition of the flux
powder (Al2O3, CaO, MnO, MgO, CaF2, SiO2, TiO2) are taken from
product data sheets (Bavaria Schweisstechnik, 2015).

Table 4
Monetary changes in input flow into the iron and steel sector caused by exchanging
welding process Aw by Bw for Germany. The process and its inputs are assigned to
suitable sectors within GTAP 8.1; see full sector names in Appendix. All costs are in
2004 USD.

Direct input change in Mio. $ GTAP 8.1 sectors

Wire �1.332 FMP / I_S
Inert gas: corgon (A), CO2 (B) 0.07 CRP / I_S
Electricity consumption �0.115 ELY / I_S
Welding flux powder �1.584 FMP / I_S

4 Within LCA characterization, Global Warming Potentials (GWP) are used to
measure environmental burdens for a broad range of Greenhouse gases other than
CO2. Using GWPs of different GHGs, like CH4, N2O; their environmental impact can
be measured in CO2-equivalents, results are given in Appendix.
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Results show that CO2-emissions of the innovative process Bw
are 81% lower than for the reference process Aw due to significant
savings in material and electricity (see Table 10). The emission
impacts of both processes are mainly caused by the production of
steel wire and needed electricity: The steel wire accounts for about
40% of the total CO2-emissions in both processes; the electricity
consumption represents 56% and 30% of the total emissions in Bw
and Aw process, respectively. In the reference process the welding
flux powder consumption is significant as it accounts for about 30%
of the CO2-emissions. The impacts of inert gas and compressed air
production are comparatively small.

Considering other GHGs indicates that those are of minor rele-
vance (see Appendix Table SI 4), hence they are not further dis-
cussed here. Investigating IOLCA and HLCA results for GTAP 8.1 and
Exiobase1 , see Fig. 5, reveals that all alternatives judge the inno-
vative process to be preferable. Furthermore, Exiobase results
capture more CO2-emissions than GTAP. In all cases HLCA and
IOLCA results exceed those of PLCA, underlying that relevant
emission shares (up to 6 kg) could be missed due to system
incompleteness (truncation errors) or due to other reasons stated
in the introduction.

5.2. PLCA results of turning alternatives

Additionally, the three types of turning technologies are
assessed within PLCA,5 IOLCA and HLCA.

PLCA-results show that raw titanium clearly dominates the
environmental profile of all three processes, as 8.89 kg of CO2-
emissions are caused by titanium, compared to 1.24 kg of all other
inputs combined. However, since the titanium consumption is not
influenced by changing the turning technology, it is more mean-
ingful to focus on the varying input differences. It can then be
observed that the CO2-emissions of the processes are mostly driven
by the electricity needed, followed by the cutting insert production
(see Table 11), for CO2-equivalents see Table SI 3 in the Appendix.

Comparing PLCA CO2-emissions, it becomes evident that pro-
cess At performs best. Savings in electricity for IC dry machining
(B1t) compared to At are outweighed by a higher need for cutting
inserts. The process IC wet machining (B2t) reveals to have emis-
sions savings concerning the cutting insert, which is outweighed by
the emissions related to higher energy consumption, leading to
slightly increased overall emissions.

Comparing PLCA with HLCA and IOLCA results1 reveals that for
specifications in Fig. 7 B2t shows to have smallest impacts. In
contrast alternative B1t performs worst. Furthermore for all process
alternatives HLCA and IOLCA reveal significant higher emissions
per reference unit than PLCA. This could be caused by reasons
discussed in the introduction. If HLCA results are correct, truncation
errors caused by system incompleteness in PLCA could be up to
13 kg CO2 in case of B1t.

6. Discussion and conclusion

In this paper we develop a MRIO-based framework and exem-
plarily demonstrate how to assess overall environmental impacts of
innovative processes alternatives. We further give and compare
results with information derived from established LCA analysis at
the microeconomic level.

Our results demonstrate the value added of integrating process
innovations into global production networks. Conclusions at the
macroeconomic level are possible, which can especially help deci-
sion makers to understand the broader picture when considering

Table 6
Costs of input units (2014) for turning process. All prices are given in 2004 USD.
Numbers in brackets indicate the year of the original price data. With the exception
of electricity no historic data has been available.

Process At

(wet
machining)

Processes B1t & B2t

(internally-cooled,
dry
& wet machining)

Electricity (2007) [USD/kWh] 0.105 0.105
Cooling lubricant:

emulsion (2014)
[USD/ltr] 5.810 5.810

Coolant: Glykosol
(2014)

[USD/ltr] 2.324 2.324

Machine tool:
cutting
insert (2014)

[USD/insert
unit]

9.876 6.971

Table 7
Monetary flow differences caused by changes in the turning process for Germany.
The process and its inputs are assigned to suitable sectors within the GTAP 8.1
database; see full sector names in Appendix. All monetary values are given in USD
2004.

Direct input change in
Mio. $, At�B1t

Direct input change in
Mio. $, At�B2t

GTAP 8.1
sectors

Electricity �0.25 0.09 ELY / FMP
Cooling lubricant:

emulsion
�0.17 0 CRP / FMP

Coolant: Glykosol <0.01 <0.01 CRP / FMP
Machine tool:

cutting insert
95.48 �36.99 FMP / FMP

Table 8
Results for the turning process B1t for process implementation in Germany, Europe
and the World. All monetary units are in USD 2004.

Innovative
process
B1t applied

Germany Europe World

Global impact in Mio. USD 2004 þ218.0 þ843.8 þ1788.6
in % þ0.39$10�3 þ1.51$10�3 þ3.20$10�3

in kt CO2 þ38.3 þ133.4 þ431.8
in % þ0.17$10�3 þ0.59$10�3 þ1.89$10�3

Table 9
Results for the turning process B2t for process implementation in Germany, Europe
and the World. All monetary units are given in USD 2004.

Innovative
process
B2t applied

Germany Europe World

Global impact in Mio. USD 2004 �84.6 �327.8 �696.4
in % �0.15$10�3 �0.59$10�3 �1.24$10�3

in kt CO2 �14.9 �52.1 �169.7
in % �0.07$10�3 �0.23$10�3 �0.74$10�3

Table 5
Results if process Bw replaces reference process Aw in Germany, Europe and globally,
respectively. Results show carbon emissions reductions in kt (lower row) as well as
changes in costs USD 2004 (upper row).

Innovative
process Bw

applied in:

Germany Europe World

Global impact in Mio. USD 2004 �6.7 �134.4 �302.3
in % �0.01$10�3 �0.24$10�3 �0.54$10�3

in kt CO2 �1.5 �24.5 �120.1
in % �0.01$10�3 �0.11$10�3 �0.53$10�3

5 PLCA process inventory is shown in Table SI 2 in the Appendix.
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specific process innovations and allow to set priorities for pro-
moting new technologies.

Results among assessment methods differ, which is due to is-
sues discussed in the introduction. For the welding study all
methods suggest the innovative process to be environmentally
favorable. In the case of turning PLCA favors the reference process.
The MRIO upscaling framework considering the global production
network shows improvements by alternative B2t regarding global
emissions, which is in line with HLCA and IOLCA. The MRIO
framework results confirm that internally-cooled wet machining
(B2t) applied in the German aviation sector could decrease global
emissions by 14.9 kt.

When relying on LCA only, it is important to note that a solely
process-oriented view might fail to set the results into the context
of the total economy. By ignoring macroeconomic infrastructures,
the impact resulting from industrial dynamics are potentially
neglected (Finkbeiner et al., 2014; Lenzen, 2000). Even if the total
amount of processes was known, multiplying the PLCA/IOLCA/
HLCA impacts by the amount of processes would not reflect char-
acteristics of the economic network andmacroeconomic changes in
sectors. Here we would like to stress that a relevant change (rele-
vant size) in production technology causes changes in the interin-
dustry flow matrix and therefore necessarily affects the Leontief
inverse, which is used for IOLCA and HLCA calculation. In the same
vein a relevant technology adaptationwould change representative
processes contained in process databases as Ecoinvent or GaBi.

This issue becomes particularly evident when considering the
following calculation. GTAP IOLCA and the MRIO framework
consider the same underlying system making them comparable.
Multiplying GTAP IOLCA welding CO2-reductions by the total
amount of yearly welded seam results in reductions of 1.2 kt,
wherelse annual reductions are 25% higher by the MRIO frame-
work. Those differences will further increase, if more relevant
processes are investigated.

Even though all assessment alternatives aim to incorporate
the carbon emissions holistically, they differ significantly con-
cerning their system characteristics and underlying assumptions,
as discussed in the introduction. It is further important to
mention that methodologies used for our analysis need a large
set of specific assumptions (see Sections 3 and 4), due to a lack of

Fig. 4. System boundary selection for PLCA analyses for welding processes considered in this paper: Submerged Arc Welding (SAW, left) and Tandem Gas Metal Arc Welding
(TGMAW, right). For sake of comparability Use- and End-of-Life phase are excluded.

Fig. 5. CO2-emissions of IOLCA, PLCA and HLCA for welding processes alternatives.
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specific data. Changes in emissions should hence not be under-
stood as final values, but rather indicate magnitudes and di-
rections of possible impacts, which is even more important when
considering the high level of aggregation within IO databases.

As stated in the introduction we only investigate impacts on
CO2-emissions. For a holistic sustainability assessment a broad
range of sustainability dimensions needs to be considered
(Finnveden et al., 2009). For example, regarding the turning-
processes an internally-cooled system does not require the use of
cooling liquids, which are potentially toxic and hazardous for the
environment and human health and can thus contribute to im-
provements. Recent triple bottom line LCAs underlined the
importance of simultaneously evaluating multiple impact cate-
gories, considering social, economic and ecologic impacts, when
talking on sustainability issues (Onat et al., 2014). A triple bottom

line LCA comparing performances of economic sectors across
countries within MRIO models would be possible and can be done
by further research, but having the disadvantage that accounting
quality within regions varies. Further implications by homogeneity
assumption would need to be taken into account.

Nevertheless, considering all relevant factors is thus far not
possible in full detail relying on MRIO data, due to data availability
even though availability is increasing (Finnveden et al., 2009). This
underlines the necessity to consider process databases, when
bearing in mind the already discussed complementary weaknesses.

We conclude that with the developed MRIO framework it is
possible to quantify impacts at macroeconomic level holistically, as
changes in economic structures can be accounted for (changed
Leontief inverse) and therefore our methodology provides relevant
value added in addition to existing LCA methodologies. We believe

Fig. 6. System boundary selection for PLCA analyses for turning processes considered in this paper: wet machining (Process A, left), internally-cooled (IC) dry machining
(process B1t, right) and a combination of both, internally-cooled wet machining (process B2t, middle). For sake of comparability Use- and End-of-Life phase are excluded.

Table 10
PLCA results: CO2-emissions in kg for reference unit for different welding alternatives by using GaBi.

Process Shielding gas Electricity Compressed air Steel wire filler Flux powder Total

Bw (CO2-emissions) 0.0182 0.6052 0.0166 0.4282 0.0000 1.0682
Aw (CO2-emissions) 0.0096 1.7324 0.0000 2.2431 1.6886 5.6737

H. Ward et al. / Journal of Cleaner Production 163 (2017) 154e165 163

142 Chapter 5 CO2 reduction potentials of improved processes



that with future improvements in MRIO datasets the methodology
becomes more applicable, as resolution and impact factors will
increase.

Up to then HLCA will be indispensable in future assessment
making, minimizing errors caused by uncertainty, system boundary
issues (Suh et al., 2004) or detail availability (Guin�ee, 2011).
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by tide wave ocean, by Geothermal and Production of

electricity nec
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a b  s  t r a  c  t

The energy  intensities  of  the various  industrial  sectors differ considerably  across countries.

This  suggests a  potential for  emissions  reductions  through improved  accessibility to  effi-

cient  technologies. This  paper  estimates an  upper-bound  CO2 emission mitigation potential

that  could  theoretically be achieved  by improved  access to efficient  technologies  in indus-

trial  sectors.  We develop a linear optimization  framework that facilitates  the  exchange

of  sectoral  production  technologies based on  the  World  Input-Output  Database (WIOD),

assuming  perfect  substitutability  of  technologies  and  homogeneity  within  economic  sec-

tors,  while ignoring barriers to  technological adoption and  price  driven adjustments. We

consider  the  full global  supply chain network and multiple upstream  production  inputs

in  addition  to  energy  demand.  In  contrast to  existing  literature our  framework  allows  to

consider  supply chain effects of  technology replacements.  We use  our  model  to  calculate

emission  reduction  potentials for  varying levels of access to  technology.  If  best  practice

technologies  were  made available globally,  CO2 emissions  could  theoretically  be reduced

by  more than 10 gigatons  (Gt). In  fact,  even  second-tier  production  technologies would

create  significant global  reduction potentials.  We decompose sectoral emission  reductions

to  identify  contributions  by changes in energy  intensity, supply  chain effects  and  changes

in  carbon intensities. Excluding the latter, we  find  that considering supply  chain  effects

increases  total  mitigation potentials by 14%. The largest CO2 emission reduction potentials

are  found for  a small set of developing  countries.

© 2017  Elsevier  B.V. All  rights reserved.

1. Introduction

In  order to meet the goals of the Paris Agreement (United Nations, 2015), global greenhouse gas (GHG) emissions will

need to be reduced considerably (IPCC, 2014a). This can only be achieved if  today’s developing countries participate in this

overall effort (Jakob and Steckel, 2014; Paltsev et al., 2012) or  even, according to some, “leapfrog” the historic patterns of

energy use and GHG emissions of the industrialized world (Goldemberg, 1998). Yet, far from leapfrogging to a greener future,

developing countries are largely reproducing said  pattern (Jakob et al., 2014, 2012). Indeed, in recent years, the fast-growing

energy demand in developing countries (Saygin et al., 2011) has been increasingly met  with carbon-intensive coal (Steckel

∗ Corresponding author at: Mercator Research Institute on Global Commons and Climate Change, Torgauer Staße 12−15, 10829 Berlin, Germany.

E-mail  address: ward@mcc-berlin.net (H. Ward).
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0928-7655/© 2017 Elsevier B.V. All rights reserved.
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Fig. 1. Distribution of energy intensity of industrial sectors across the 40 regions represented in the World Input Output Database (WIOD 2009), excluding

the  residual region “Rest of the World”. Boxes represent 25th to 75th percentiles; red lines refer to medians; whiskers in each direction correspond to 1.5

times  the interquartile range; black boxplots represent non-Annex I regions of the UNFCCC; grey (blue) boxplots correspond to Appendix A regions; and

crosses  represent outliers (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

et al., 2015). The resulting lock-in effects in the energy infrastructure will impede long-term mitigation efforts (Davis et al.,

2010; Unruh, 2000).

Truth  be said, the global energy intensity1 has been steadily declining since the early 1970s (Csereklyei et al., 2016). Past

improvements have already been manifesting in lower annual GHG emission increases (IPCC, 2014b; Voigt et al., 2014). Some

countries have even managed to decouple their rise in the per capita GDP from an increase in the per capita energy demand

(Csereklyei et al., 2016). However, the pace of improvement will need to be accelerated even more, namely for three main

reasons: the ambitious mitigation goals of the Paris Agreement; the projected increase in global industrial energy use by 2050

(Saygin et al., 2011); and the ongoing carbonization of energy systems (IPCC, 2014a; Steckel et al., 2015). Consequentially, in

order to significantly deviate from business as usual scenarios that foresee energy supply related CO2 emissions to double

or even tripe until 2050 (IPCC, 2014b), next to reducing the carbon intensity of electricity generation energy intensity

improvements will need to be significantly accelerated, making it an important cornerstone in global mitigation efforts

(IPCC, 2014b).

One  important step in achieving energy intensity reductions is to understand the underlying drivers of energy intensity

improvements (Löschel et al., 2015). Although the global energy intensity has been continuously decreasing, significant

differences exist in  the energy intensities across sectors and economies (Csereklyei et al., 2016; Kim and Kim, 2012; Mulder

and de Groot, 2012; Voigt et al., 2014), as also shown in Fig. 1. This points to differences in the production technologies

of those sectors, and to considerable potential for climate change mitigation by focusing on those sectors exhibiting high

energy intensities.

The  diffusion of energy-efficient technologies from developed to developing countries is slow to take place, despite the

significant cost savings this would incur, sometimes referred to an energy efficiency paradox (Jaffe and Stavins, 1994; Kim

and Kim, 2012). The large reliance of developing countries on energy-inefficient production technologies offers considerable

potential to cut down global energy consumption and thus CO2 emissions.

Methods for estimating this potential have thus far focused on benchmarking the energy intensities in all industrial

sectors with the most efficient one, being the so-called best practice technology (BPT). Based on this method, the energy

consumption reduction potential is approximately 27% of the total global energy consumption (IEA, 2012; Saygin et al.,

2011).2,3

1 Understood as the energy intensity of the GDP, measured in joule per monetary output, whereby the carbon intensity of energy is measured in kilogram

of  CO2 emissions per joule.
2 This translates into approximately 32.5 exajoules
3 The same method was  applied by Kim and Kim (2012) when estimating the potential for the relative improvement of the carbon intensity of production

sectors.
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A serious limitation of these approaches is that these estimations do not take account of the energy, raw materials

(including  chemicals) and technology inputs that are required up- or downstream of the supply chain of a given production

sector (Schenker et al., 2014). In  this paper we argue that methods for estimating emission reduction potentials through

technology exchange that focus solely on sectoral energy or carbon intensities overlook important constraints-and that this

omission leads to missing out on relevant reduction potentials. Thus, to maximize emission (or energy) savings, the  exchange

of production technologies needs to consider the entire production network and the modification of multiple production

inputs.

Using the World Input-Output Database (WIOD), a multi-regional input-output (MRIO) database (Dietzenbacher et al.,

2013), for the year 2009, assuming sectoral homogeneity, disregarding barriers to technology transfer and price driven

effects,4 we demonstrate that many of the technologies that would be considered “best practice” in terms of energy intensity

do not have the highest emission mitigation potentials (due to their less efficient use of other upstream inputs). Our results

show that indirect effects in upstream production stages, achieved by changing input coefficients in downstream industries,

comprise substantial emission mitigation potentials that have not been considered thus far in  the  literature. We  also show

that significant CO2 emissions reductions can already be achieved when replacing the most inefficient industrial technologies

with moderately efficient production technologies.

This work contributes to the literature in  three ways: i) it  estimates a theoretical upper-bound CO2 emission reduction

potential that arises from improved distribution of efficient technologies; ii) it considers indirect effects resulting from

technology exchanges in upstream and downstream supply chains, iii) it  introduces an analytical tool for MRIO data, allowing

for simultaneous replacement of multiple technologies in an optimal manner.

2. Methodological framework and data

We propose a methodological framework that considers the supply chain effects of all industrial technology exchanges

taking place across the globe. We  use multi-regional input-output (MRIO) data that allow us to map  supply chains. We

apply linear optimization on data derived from an MRIO table with the goal to minimize global CO2 emissions in the global

production network while still satisfying the final demand in each region. We consider single production technologies that

are (potentially) exchanged and distributed across regions in  an optimal way. The linear optimization is designed in such a

way that the outcome results in an MRIO framework. To adequately consider emissions by international transportation, we

adopt the framework by Cristea et al. (2013).

The linear optimization framework we apply allows to simultaneously exchange multiple interacting sectoral

technologies.5 Our approach differs from standard analyses using computable general equilibrium (CGE) modeling, applied

regularly for evaluating comparable settings (e.g., Lu et al., 2010 and Schenker et al., 2014). Generally, CGE models use nested

production functions with constant elasticities of substitution (Koesler and Pothen, 2013; Löschel et  al., 2007), which are

solved by optimizing this nested production structure (see Zha and Zhou (2014), Schenker (2014) and Alexeeva-Talebi (2012)

for examples). Determining the (optimal) nested production structure (structure of elasticities), which has an influence on

the results, see Zha and Zhou (2014), can be challenging when considering large amounts of inputs, as it is the case for our

analysis. In addition, it is not clear in how far elasticities (and Armington elasticities (Armington, 1969)) would change, if

production technologies are exchanged or multiple technologies are applied. Concerning CGE modeling, already moderate

changes in elasticities can change the sign of resulting effects at sectoral level (Alexeeva-Talebi et al., 2012). Our approach

hence omits potential challenges related to the use of specific elasticities and their structures.6

However, using MRIO data in our context also needs to rely on specific assumptions (Lenzen, 2000; Steen-Olsen et al.,

2015; Suh et al., 2004). For example, it  requires assuming proportionality of monetary- and underlying physical flows. We

thus interpret technologies as depending on underlying physical flows (referring to the initial state of WIOD) and assume

homogeneity of sectoral output within economic sectors across countries. We make use of these assumptions for our analysis

in so far as we neglect potential price- and midterm market effects, by ensuring market equilibria at each stage of the global

supply chains. In other words, there is no sectoral overproduction and inputs to production are sufficiently provided. If

we allowed for changes in prices, we could not keep the initial ratio of monetary- to physical flows that represents the

underlying technologies.

To  prevent violating real world restrictions, such as distribution of fertile land or oil wells, we implement constraints. For

instance, we do not allow for changes in the regional energy infrastructure and reduce changes in local production structures

to a necessary minimum. A complete overview of side constraints is given in the subsequent section.

Using  WIOD for the year 2009 (Dietzenbacher et al., 2013; Timmer et al., 2015), which is its most recent release that

considers labor and energy data, we derive highly detailed local production technologies for each of the 41 regions’ 35

sectors. WIOD includes the EU27 countries (i.e., the European Union without Croatia) as well as major economies, including

most OECD countries (Australia, Canada, Japan, South Korea, Mexico, United States), newly industrializing economies (i.e.,

Brazil, China, Indonesia, India, Turkey, Taiwan and Russia), and an aggregated residual region referred to as the “Rest of

4 Such as rebound-, leakage or substitution effects
5 Supply chains in MRIO tables partially have circular dependencies, which we  can reproduce with our approach.
6 For a discussion how our approach could be transformed into a  CGE modeling structure also see the discussion part of this article.
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the World” (RoW). Additionally, WIOD provides highly detailed socio-economic satellite data on hours worked by persons

engaged (labor input), including their qualification level, as well as on greenhouse gas emissions. In a subsequent step,

standard procedures (Miller and Blair, 2009) allow to calculate the energy, commodity input and labor intensities. It is the

energy intensities that are then taken as an indicator of the sectoral production technologies of a region.

3.  Mathematical framework and underlying scenarios

This  section gives an overview of the methodology applied for enabling multiple simultaneous technology replacements

within a linear optimization framework. It  is structured as follows: i)  it discusses the production functions and energy

infrastructure, ii) it  introduces the constraints necessary to calculate minimal CO2 emissions; iii) it discusses how changing

transportation flows and related emissions are taken into account; iv)  it introduces the minimization problem. The Appendix

A provides full mathematical details.

3.1. Production functions and energy infrastructure

Our optimization framework applies Leontief production functions, derived for each regional sector, see Eq. (1), (for more

details, see (Miller and Blair, 2009)). WIOD data expresses information on regions (R) and sectors (S) in sets, which are  R ={
1, 2, . . .,  41

}
and S =

{
1, . . .,  35

}
.The set of sectors consists of agricultural sectors (s ∈ SAgr ⊂ S), of extraction sectors

(s ∈ SExt ⊂ S), of manufacturing sectors (s ∈ SMan ⊂ S), and of services sectors (s ∈ SSer ⊂ S). We  indicate parameters and values

derived  from datasets with a bar to distinguish them from (optimization) variables (those do not have a bar).

The  final demand matrix Y that consists of elements Y
r′
r,s,  which denote the aggregated monetary flow from regionr ∈  R,

sector s ∈ S into the final demand of regionr′ ∈  R. For the  inter-industry matrix Z , its elements are given by Z
r′,s′
r,s , denoting

the monetary flow from regionr, sector s to regionr′,  sector s′ ∈ S. WIOD accounts for five different types of final demand

(see the Supplementary Information (SI) for further details).

We  assume that the outputs of foreign and domestic production of one and the same sector are perfect substitutes for one

another. To derive sectoral production technologies (Leontief production functions), consisting of input intensities, for each

sector sand in each region r, total sectoral inputs of commodity s′,  being I
s′
r,s

(
= ∑

r′ Z
r,s
r′,s′

)
are  divided by  the correspond-

ing total sectoral output Or,s = ∑
r′
∑

s′ Z
r′,s′
r,s +∑

r′ . Thus, the production function is represented by  vector P
s′
r,s of sectors,

region r:

P
s
′

r,s =
{

I
s′
r,s

Or,s

}
, r  ∈  R, s, s

′ ∈  S (1).

Analogously, labor input and direct energy requirements are considered as additional production inputs. WIOD accounts

for labor input and distinguishes between three different levels of labor qualification (q).  By L
q

r,s we denote labor hours, with

qualification level q used as production input in sector s  of region r.  Hence, for each unit of output, LI
q

r,s = L
q
r,s ⁄Or,s needs to be

provided as input.

For  each regional sector the energy usage is given in WIOD, which we denote by Er,s;  analogously, energy commodities

consumed  in each region with corresponding CO2 emissions
(

Cr

)
are given. Those values allow considering energy use,

namely as a production input (energy intensity (EIr,s)), as well as the regional carbon intensity7 (CIr) of the regional energy

infrastructure:

EIr,s = Er,s

Or,s

r  ∈ R, s ∈  S (2)

CIr = Cr∑
sEr,s

, r  ∈ R, s ∈ S (3)

sectoral CO2 emissions by sector s, in region r, thus result in:

Cr,s = Or,s × EIr,s × CIr , r  ∈ R, s ∈ S (4)

7 As indicated by Eq. (2) we use the term carbon intensity for CO2 intensity of energy throughout this paper.
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3.2. Scenario constraints

In  order to approximate real world properties and ensure consistency in supply chains, when investigating CO2 emission

reduction potentials, we introduce specific constraints. Further, the set of all implemented constraints aims at  reducing

shifts in the regional production structure that cannot be entirely prevented when technologies are exchanged, also see

SI; it also aims at approximating an equilibrium. No  (or very few) constraints would result in extreme economic solutions.

For example, economies would experience huge changes in their GDP, large-scale unemployment or considerable export

and import imbalances. In the following, we describe the implemented constraints to find optimal solutions for modified

matrices, please see the Appendix A for more and mathematical detail.

Constraints:

i) The regional final demand is fixed for each commodity according to WIOD 2009 values.8

ii) We do not allow for changes in regional GDP, which is ensured by fixed regional import (Imp) and export values (Exp).

iii)  To consider the possibility of technological exchange, we build on the traditional MRIO notation by  defining the matrix

Q,  which allows to consider multiple production technologies in a single regional sector.9 Q ’s  entries Q r′
r,s account for the

amount of sector s  output in region r  being produced with the technology of region r′. Thus, Q in principle allows each

regional sector in each region to rely on a pool of 41 different technologies that exist within the 41 countries of the WIOD.

We  will partially limit the availability of technologies in the following. We  do not allow for technology exchanges within

service  sectors. To prevent an “indirect” exchange by way of production leakage, we further limit the export values of

services  to their original (WIOD 2009) values.

iv) The regional CIr is fixed and we do not allow for a technology exchange in the sectors “electricity, gas and water supply”.

v) The total amount of available energy in a region is further limited to the WIOD 2009 level.

vi)  We disable technological exchange for agricultural and extraction sectors, prohibit expansions and limit the regional

production of these sectors to the WIOD 2009 levels.

vii) We further consider limited labor stocks and no workers’ mobility across countries.

viii)  Sectors that do not provide the necessary data for calculating labor intensities as well as regions without reported labor

stocks  cannot expand their production or change their production technology. Furthermore, their production technology

is  excluded from transfer.10

ix) Some energy intensities appear to be extraordinarily small (see Fig. 1). We address this (potential) caveat by  i) ranking

sectoral energy intensities among regions (see Fig. S3 in the SI), and ii) allowing technology exchange or local production

expansion only for technologies that are less efficient than a specific percentile that guarantees to represent realistic

technologies. The introduced threshold allows for variation, leading to different scenarios (Section 3.5).

x) We ensure that the  amount of sectoral inflows equals the output multiplied with the technology.

xi) We prevent overproduction, in other words, sectoral outputs plus the available usable stocks (see SI) have to match the

corresponding demand (final consumption plus intermediate production).

3.3. International transportation

An  optimization at the global scale needs to consider that international transportation flows change, and so do related

emissions. Most MRIO tables consider different sectors that include international transportation. WIOD accounts for trans-

portation in its sectors “Inland Transport,” “Water Transport” and “Air Transport.” However, applying an optimization

algorithm  complicates the treatment of international transportation, as these sectors would be treated as simple com-

modities. Like all other sectors, they are  used as inputs to intermediate production or enter final demand.11

To more appropriately consider international transportation, we construct an international transportation framework

for WIOD by adapting results of (Cristea et al., 2013). These authors collected and provided detailed data on worldwide

transportation for the Global Trade Analysis Project (GTAP) database (partially aggregated sectors, GTAP 7 (Narayanan et al.,

2012)), considering transportation modes, weight of commodity and transportation distances. These data allow to calculate

average CO2 emissions for the transportation of commodity types (without services) considering value and travelled distance

of shipments. Thus, for each commodity, average transportation emissions can be expressed for the transportation of goods

worth USD 1, namely per km and considering different transportation modes.

We use GTAP 8 (for the year 2007) to adapt the data to WIOD (for the year 2007), which allows to construct a transportation

framework  considering emissions attributed to the transportation of non-service commodities for each USD per kilometer.

For simplicity, we fix the respective global average composition of transportation modes for each commodity (as identified

by Cristea et al., 2013) and use that composition to calculate the standard transportation unit of one USD*km. We  hence

8 Even when fixing global production it is possible that because of more efficient technologies labor stocks are not completely used.
9 This actually happens, see Table S4 in the SI.
10 Sectors related to this issue are listed in  the SI.
11 If only sectors contained in WIOD were used for transport modeling, the LP  would not be supplied with necessary information on distances and modes

of  transportation that apply when commodities are internationally traded.
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calculate sector-specific CO2 emissions per USD*km, considering transportation modes (see SI). This methodology generates

transportation data for the year 2007 applied on MRIO data of the year 2009. As  transportation-related emissions have

continuously dropped over the past decades (Hummels, 2007), the model derived for WIOD 2009 has the  tendency to

overestimate transport-related emissions per USD*km in 2009 and is thus suitable to provide a conservative estimate.

We approximate transportation distances pair by pair, calculating great-circle distances of the region’s capitals,12 whose

coordinates were computed by GeoHack (“GeoHack,” n.d.).

Combining  distances, commodity value and emissions per USD*km, transport-related emissions can thus be considered

in the optimization framework. Transport-related emissions result as the sum of all commodities, where the product of

commodity values in USD is multiplied with their calculated emissions per USD*km and the distance between the origin

and destination. When applying this transportation model to WIOD 2007, results reveal a total of 2.4  Gt of CO2 emissions

due to international transportation. This is close to the 2.5 Gt of total CO2 emissions by transportation sectors in WIOD 2007.

As transportation sectors in WIOD also consider domestic transportation,13 our approach hence ensures that CO2 emission

reduction potentials are not overestimated because of too low emissions by transportation. We  conclude that the derived

transportation model sufficiently matches our demand and can be applied within the  optimization, see the SI for information

on how average transportation distances changed within the  optimization.

3.4.  Solving the minimization problem

With all constraints introduced, we define the minimization problem of CO2 emissions as a Linear Program (LP) (Dantzig,

1963). It can be expressed as:

min

(∑
r  ∈  R

∑
r′ ∈  R

∑
s ∈  S

[(
Q r′

r,s × EIr′,s × CIr

)
+ Tr′

r,s

])
Hereby, Tr′

r,s denotes the total emissions related to the international transportation of commodities of sector s from regionr

to region r′, for Q according to Section 3.3.

The basic equations and the constraints we have formulated are linear. Our LP tries to minimize CO2 emissions that are

associated to production. Considering the constraints of 3.2

Please  see Appendix A  and SI for more detail and evidence why  an optimal solution exists.

3.5. Defining and implementing scenarios

We define scenarios based on specific technology thresholds—the level of technology efficiency made

accessible—resulting in different “common technology pools.” The technological efficiency is approximated by the

corresponding energy intensities, which we select to define different technology thresholds. First we rank sectoral

technologies across countries according to their energy intensities. Second we choose a specific global percentile �. Sectoral

technologies with energy intensities above � are made available for all  countries. Thus, they are allowed to replace —or

coexist with—existing or other technologies of the pool in the optimization framework. All technologies that are  more

efficient than � are only locally available, in other words, they can only be used by the region of origin since they are  not

part of the technology pool. We  implement a further restriction for these technologies as their production level cannot be

expanded. This is a necessary constraint that prevents efficient technology from being transferred indirectly via trade.

We implement three different thresholds and related scenarios. As an approximation of the best available technology,

we  choose the 15th percentile, which ensures excluding potential positive outliers (see Fig. 1). We intend to avoid that

technologies with extremely low energy intensities are made accessible, prohibiting extremal solutions. We further choose

a high threshold scenario with � = 85th, where only few technologies are made accessible, in order to investigate the effects

of a moderate improvement to the access to technologies. Finally, we choose � = 50th to be the reference scenario (“REF”),

where the median-efficient technology is made available.

4.  Results

In this section we evaluate the results of the different scenarios. We  further provide outcomes for a simple energy intensity

exchange to give an idea of how the consideration of supply chains and multiple inputs can influence results. Additionally,

we apply a decomposition to the results in order to exclude any relative shift in average carbon intensities (see SI).

The solutions of the optimization scenarios are  summarized in Table 1,  see Table S4 in the SI for exemplary information

on how applied technologies, sectoral inputs and the origin of inputs changed. They reveal that access to more efficient

industrial technologies combined with a partial reconfiguration of the economic flow network could hypothetically lead to

large reductions of global CO2 emissions. Depending on the underlying scenario, we find reductions ranging between 5.7

and 10.9 Gt (see Table 1).

12 For Australia, Sydney was taken; for RoW, Pretoria, South Africa.
13 Domestic transportation in WIOD accounts for approximately 1  Gt of CO2 emissions.
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Table  1
Total  CO2 emissions and reductions related to production for implemented scenarios. We  further show the WIOD 2009 emissions (first column) and

emissions  resulting from a simple exchange of energy intensities (last column). Note that for the optimization scenarios an artificial transportation model

is  applied, in addition to considered transportation sectors.

Scenario WIOD 2009 � = 15th �  = 50th
(REF) �  = 85th Simple EI exchange for �  =  50th

CO2 emissions in Gt 24.87 13.98 16.55 19.20 20.60

Absolute  reduction in Gt compared to WIOD 2009 N/A 10.89 8.32 5.67 4.27

Relative  reduction in% compared to WIOD 2009 N/A 43% 33% 23% 17%

Total  emissions related to transportation in Gt 1.5 2.6 2.7 2.6 1.5

Fig. 2. Average transportation distance for all goods in WIOD 2009 and for the optimization scenarios.

For � = 50th, emissions reductions of approximately 8.3  Gt compared to WIOD 2009 are realized. We contrast this result

with a scenario where supply chain effects and multiple inputs are not considered, in other words, a scenario where solely

energy intensities are exchanged (energy intensities worse than the 50th percentile are replaced by corresponding median

energy intensities). In this case, the CO2 emissions reductions are estimated to be 4.27 Gt—nearly 4 Gt less than the  reduction

achieved with the REF scenario (see Table 1 for the simple EI  exchange scenario).

The optimization considering the transportation model also influences the global transportation network, see Fig. 2,

which depicts the average transportation distance for transported goods. Especially energy intensivesectors and sectors that

reveal high relative transportation emissions are on average trasported on shorter distances, see SI 1.

The  optimized technology matrix14 Q̂ allows identifying which elements of the sectoral common technology pools were

selected by the algorithm most frequently. We compare their energy intensity with the best available energy intensity in

the common pool, i.e., the median energy intensity, their relative differences are depicted in Fig. 3. For some sectors, such as

“Coke, Refined Petroleum and Nuclear Fuel,” “Chemicals and Chemical Products” or “Basic Metals and Fabricated Metal,” the

best available technologies in terms of energy efficiency are implemented. In contrast, we observe that generally the most

efficient available technologies in terms of energy intensities remain unconsidered. They are hence not the most efficient

technologies in terms of CO2 emissions mitigation when considering the network characteristics of the economy.

Further,  investigating results shows that emissions reductions are unevenly distributed across sectors. For the REF sce-

nario, “Coke, Refined Petroleum and Nuclear Fuel” is the sector with the highest absolute CO2 emissions reduction, accounting

for total reductions of approximately 3.3 Gt (see Fig. 4). Other sectors with large emission reductions potentials are “Chem-

icals and Chemical Products,” “Rubber and Plastics” as well as different metal and minerals sectors. In  contrast, the sector

with the second largest emissions reductions is “Electricity, Gas and Water supply,” for which technology exchange has been

14 This is the solution of the optimization problem.
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Fig. 3. Relative differences in sectoral energy intensities between (mainly) implemented sectoral technologies for the REF scenario and the best available

technology  pool in terms of energy efficiency, in other words, the 50th energy intensity percentile. No differences occur if the most energy-efficient

technology  was primarily implemented.

Fig. 4. Total sectoral CO2 emissions changes for the REF scenario in Gt CO2 at the global scale.

disabled. These reductions result from reductions in demand by  downstream industries, caused by technology changes in

other sectors and relative delocalization changes in downstream production sectors.

We further assess in which countries the largest absolute emissions reductions are located (see Fig. 5). Highest reduction

potentials can be found predominately in China (4.6 Gt), India (1.23 Gt) and the United States (0.51 Gt), note that results are

partially influenced by  underlying energy infrastructure. Furthermore, substantial amounts of the resulting reductions are

located in the residual region RoW, accounting for more than 2.4  Gt. As the RoW has no accounted labor inputs, its industrial

technologies have been treated as described in Section 3; reductions are hence caused by changes in the  downstream

intermediate  demand. Highest relative reductions occur for India (81.8%) and China (74%). For both countries identified

magnitudes of hypothetical CO2 emissions reductions approximately match the magnitudes of differences in sectoral energy

intensities to most efficient countries as identified by Voigt et al. (2014).

The regional analysis indicates that the existing energy infrastructure has an influence on the optimization results, as

regions with high reductions have relatively high carbon intensities in their energy infrastructure. The algorithm considers

higher carbon intensities and thus strives to reduce the energy demand in such regions as much as possible within the given

constraints. These effects clearly limit results regarding the actual potential emissions reductions achieved by improved

upwards industrial technologies. In order to separate various effects, we  apply a factor decomposition, please see  the SI for

more detail.

We  identify three driving factors (Fig. 6) for emissions reductions: i) relative energy intensity changes related to technol-

ogy exchange and relative production shifts; ii) technology exchanges in downstream industries leading to lower demand

for intermediate commodities; and iii) changes in the relative composition of the energy infrastructure and related changes

in carbon intensity caused by shifts in production sites. We  find that for most sectors, observed relative reductions are
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Fig. 5. Resulting absolute and relative regional emissions changes in Gt (left axis, bars) of CO2 and %, respectively (right axis, squares), for the REF scenario.

We  show regions with changes larger than 0.1 Gt Note that countries’ absolute CO2 emissions reductions do not consider emissions from International

transport,  which are accounted for in a separate term (see (14)).

Fig. 6. Factor decomposition of resulting relative changes of CO2 emissions for the REF scenario. For global industrial sectors, relative reductions are

decomposed  into contributions of i) relative changes in carbon intensities (related to relative shifts in the energy infrastructure), ii) relative changes in

energy  intensities, and iii) changes in total outputs due to reduced demand in downstream industries following technology exchange. Changes in carbon

intensity  can be attributed to (relative) shifts in the production location, as this changes the relative composition of the underlying energy system.

mainly driven by reductions in average energy intensities. In contrast, some sectors, such as leather products, show increas-

ing energy intensities. This indicates that relevant reduction in other inputs more than countervail higher consumption

of energy per output. Changes in carbon intensities generally play a minor role; however, they are still relevant for some

energy-intensive industries (e.g., metal production). It  is important to note that these are not (directly) caused by access to

better technologies.

The  decomposition factor ”Change due to reduced demand by  downstream industries,” which accounts for indirect

changes in supply chains due to technology exchange, contributes to reducing emissions for all  sectors. Large effects are

identified for extraction, manufacturing, transportation equipment and wood products sectors.

Combining the information of the factor decomposition shown in Fig. 6 with total reductions shown in Fig. 4 allows

calculating the absolute reduction potential to be gained from technology exchange, excluding relative shifts in the energy

infrastructure. We  do this for the REF scenario (see Fig. 7). We find that the CO2 emissions reductions by global access to

mid-level technology could be as high as 5.9  Gt. These CO2 reductions still exceed reductions resulting from a simple energy

intensity exchange scenario (see Table 3) by approximately 1 Gt, underlining that considering multiple inputs and supply

chains is important and justifying the chosen framework.
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Fig. 7. Absolute sectoral CO2 emissions reductions, adjusted for relative changes in energy infrastructure (changes in carbon intensity) in Gt for the

REF  scenario, decomposed into direct energy intensity changes and changes in demand for intermediate goods by technology exchanges in downstream

industries.  Results are obtained by combining information from Fig. 6 and Fig. 4.

5. Discussion

In this paper we estimate an upper bound for CO2 emission mitigation potentials by improved access to efficient technolo-

gies. We develop a methodology that enables to simultaneously exchange multiple technologies in a framework considering

MRIO data. This type of analysis allows to consider multiple production inputs for each sector while ensuring consistency

in global production chains. It  also allows for optimal endogenous technology replacements without requiring to determine

beforehand which replacements take place. Furthermore, our framework tolerates the application of multiple technologies

in a single production sector.

Even though our approach − to the best of our knowledge − allows to go beyond the existing literature by allowing to

consider supply chain effects, it is also subject to various caveats. In this section we discuss how our results are potentially

biased by i) oppressing technology induced feedbacks on GDP, ii) the level of sectoral aggregation and sectoral heterogeneity,

and iii) effects of technological adaptation. We  further give explanations why  developing countries could fail to adopt efficient

technologies.

5.1. Technology induced feedbacks on GDP and price effects

The  optimization approach is subject to constraints in order to prevent extremal solutions. Unlike CGE modeling, our

approach cannot map  price effects. To compensate for this constraint, we artificially approximate market equilibria. This is

done by ensuring that demand equals supply and by assuming a proportionality between the monetary value of a flow and

the underlying quantity (Koesler and Pothen, 2013). It  is theoretically conceivable that an exchange of technology also leads

to changes in regional GDP, which can be positive for regions using more efficient technologies and negative for regions

exporting fossil fuels. To consider such increases (decreases) and hence larger (smaller) consumption within our model,

detailed knowledge on technology induced feedbacks on growth − or more specifically, induced feedbacks by the  exchange

of multiple technologies − would be necessary. Ignoring those effects is a caveat. We  justify our approach as changes in the

consumption structures would disable a comparison between resulting- and initial WIOD emissions, which is − however −
relevant for our paper. It  should be noted, though, that introducing price effects, e.g. by applying a CGE modeling approach

would likely reduce the observed reduction potentials, as reduced prices can be expected to lead to higher demand. However,

such a rebound is expected to be of rather minor relevance (Gillingham et al., 2016, 2013).

A representation of price effects could be achieved by using a CGE model. Even though the computational requirements

would  be large, a reshuffling of production technologies using a CGE model should be feasible. Single sectoral technology

exchanges that consider a subset of sectoral inputs has been done in the past (Böhringer and Rutherford, 2008). A first step

to implement our input output based approach in a CGE type of analysis, left to future research, could start from utilizing

some type of KLEM production structure that considers energy and non-energetic raw materials explicitly next to capital and

labor (such as in Koesler and Schymura, 2015). Assuming that elasticities of substitutions are zero would allow to consider

all sectoral commodity inputs, which could be stepwise added.
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Table  2
Impact of using aggregated sectors within the optimization on CO2 emissions (given in Gt). For different scenarios relevant sectors are depicted. For

Opt  50 aggregated, “Chemicals and Chemical Products, Rubber and Plastics” have been aggregated before the optimization, for the other two, these sectors

have  been aggregated after optimization. For more detail, see Fig. S12 in the SI.

Scenario WIOD 2009 OPT 50 OPT 50 aggregated

Total emissions 24.9 16.5 15.8

Total  sectoral emissions 24.9 15.1 14.7

“Coke,  Refined Petroleum and Nuclear Fuel” 1.05 0.36 0.32

“Chemicals  and Chemical Products” +  “Rubber and Plastics” 0.32 0.07 0.08

“Other  Non-Metallic Minerals” + “Basic Metals and Fabricated Metals” 0.43 0.08 0.07

5.1.1. Sector aggregation and homogeneity

By using WIOD we necessarily assume homogeneity of the sectoral outputs across regions, and use aggregated sectors.

Both are strong assumptions that likely have an  influence on our results (cf. Steen-Olsen et al., 2015 for a detailed discussion).

For a similar case, disaggregating specific energy intensive sectors of the GTAP MRIO (Andrew and Peters, 2013; Narayanan

et al., 2012), Alexeeva-Talebi et al. (2012) show that relevant heterogeneity within sectors across countries exists. However,

a priori it is not clear how more sectoral detail, either by better data or generated by a disaggregation algorithm, e.g. Wenz

et al., (2015), will impact results of our optimization, given that the quality of data is sufficient.15 On the one hand, more

disaggregation, i.e., a larger amount of sectors for which technologies can be exchanged, potentially increases the reduction

potential, which is observable for single sectors, see Fig. S12 in the SI. On the other hand, for sufficiently inhomogeneous

sectors,  a disaggregation could prevent that products with low energy intensities are  used to replace energy intensive

products, hence reducing reduction potentials.

To investigate how aggregation and homogeneity affect our results, we  disaggregate the four WIOD sectors “Coke, Refined

Petroleum and Nuclear Fuel” (“Fuels”), “Chemicals and Chemical Products” (“Chemicals”), “Basic Metals and Fabricated

Metal” (“Metals”), “Other Non-Metallic Minerals” (“Minerals”), which rank among the sectors revealing the highest reduction

potentials, using Exiobase 2.0 (Wood et al., 2015) that accounts for 163 sectors. We  assume that regional sums of subsectors

in Exiobase 2.0 (2007) and regional sectors in WIOD (2009) are  approximately proportional. Doing so, we can disaggregate

“Fuels” and “Chemicals” into three, “Minerals” into seven and “Metals” into thirteen subsectors. For the optimization (REF

scenario), we account how frequently regional technologies are applied. These frequency shares are multiplied with the

regional subsector shares of Exiobase 2.0. Fig. 8 shows global sub-sectoral shares before and after optimization. For “Fuels”

and “Chemicals” the sub-sectoral composition does not change significantly, which implies that using the higher sectoral

resolution for the optimization would not have influenced overall results significantly, see Figs. S10 and S11 in the SI for

further detail.

The  picture changes when looking at “Minerals” and “Metals”. While Exiobase 2.0 allows for a higher level of disaggre-

gation than “Fuels” and “Chemicals”, resulting disaggregated sectors also show higher variations in relative shares before

and after the optimization. To understand the implications for our overall results it  is therefore important to look more

into the details of sub-sectoral deviations. As consequence of the optimization for “Basic Metals and Fabricated Metal” the

sub-sectoral share of steel decreases, while the one of copper increases (see also two  middle bars in Fig. 9). This change can

be explained by the different sectoral compositions of the Dutch metal sector, which becomes the majorly applied technol-

ogy after optimization, to the Chinese one, which dominates prior to optimization (see Fig. 9). However, when comparing

energy intensities it should be noted that energy consumption for producing steel and copper is approximately comparable

(Norgate et al., 2007). We  hence do not expect a massive bias of overall results due to aggregation. In case of “Other Non-

Metallic Mineral” the global share of “Cement, Lime and Plaster” increases, while all other shares decrease. This − again −
can be explained by the change of the relative composition of global technology (see Fig. 9). As this sector is one of the most

energy- and CO2 intense industries (Alexeeva-Talebi et al., 2012), we conclude that the observed changes do not lead to an

overestimation of reduction potentials, rather the opposite might be true.

It would of course be desirable to run the entire analysis with an increased sectoral disaggregation. As  Exiobase 2.0 is not

compatible with the applied transportation model, understanding how heterogeneity and aggregation issues influence the

optimization results is hence not possible. In order to estimate the effect of (dis)aggregation on optimization results with

respect to total emissions we artificially merge WIOD sectors “Chemicals and Chemical Products” and “Rubber and Plastics”,

as well as “Basic Metals and Fabricated Metals” and “Other Non-Metallic Minerals”. We  then calculate corresponding (output-

weighted) energy intensities, input intensities and transportation emissions. The new MRIO (which now only has 33 instead

of 35 sectors) is used to re-run the  optimization described in Section 3. We find that emission reduction potentials increase

by 750 Mt  (a difference of 4.5%) compared to the original REF scenario, see Table 2, with small differences regarding the sign

for the two aggregated sectors under consideration.

15 Low data quality in energy-, commodity input-, or labor intensity possibly caused by insufficient (national) accounting can determine unrealistic

extremal  solutions. In this respect, it is an asset that WIOD accounts for largest and advanced economies with sufficient reporting capacities. In  addition

only  one region is being estimated (Steen-Olsen et al., 2015).
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Fig. 8. Subsector shares of the global sectors before and after the optimization (REF scenario). Colored nodes correspond to Exiobase 2.0 sectors. Note that

the  color coding is harmonized with Fig. 9  and Figs. S10, S11 in the SI.

In this example, emission reducing- and emission increasing effects occur in parallel. It  is hence hardly possible to − a priori

− say that aggregation will lead to large scale deviations of our results. We  emphasize that in both cases reduction potentials

in the supply chains play an important role that need to be regarded in any future estimates of mitigation potentials that

arise when replacing outdated, inefficient (production) technologies. Replicating our analysis with higher disaggregation

would however be an interesting field of future research.

5.1.2.  Effects of and limits to technological adoption

Our static approach neglects dynamic effects that might influence overall developments. For example, the adaptation

of new technologies in single sectors might lead to various spill-over effects on other sectors (Hirschman, 1958; Javorcik,

2004) and in turn lead to further efficiency gains. Results should hence be seen as indicative of an upper-bound reduction

potential, keeping the above-mentioned restrictions in mind. The question of whether countries with relevant reduction

potentials have the political, societal and technological capabilities or the necessary infrastructure to successfully adopt

advanced technologies (Arnold et al., 2016) is arguably open to debate. Indeed, many developing countries are not able to

do so, also identified as one explanation for the energy efficiency paradox mentioned before (Kim and Kim, 2012). Among

others, a possible explanation could be insufficient capacities to absorb new technologies and limited research and technol-

ogy development capacities in developing countries (Dechezleprêtre et al., 2013, 2011). For successful adaptation of more

efficient technologies also financing costs in developing countries, as observed for the energy sector, could hinder necessary

capital investments (Hirth and Steckel, 2016; Waissbein et al., 2013).
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Fig. 9. Relative composition of regional- and the global technology of WIOD sectors A) “Basic Metals and Fabricated Metals” and B) “Other Non-Metallic

Minerals”  disaggregated to corresponding EXIOBASE 2.0 sectors. The left side depict the initial state, the right side depicts technological composition after

optimization.  Bars in the middle directly compare global sectoral composition before and after optimization. For both cases the three most frequent applied

regional technologies are depicted with their corresponding share (white squares). Results for other sectors can be  found in the SI.

Considering the points discussed, a definite statement on the amount of total emissions reductions induced by techno-

logical exchange is always connected to constraints and subject to some uncertainty. Nevertheless, our results reveal the

importance to consider supply chain- and network effects, when investigating most efficient technologies.

6.  Conclusion

Our analysis suggests that the potential for mitigating climate change by  means of making more efficient production

technologies  available across the globe might be even larger than previously estimated, as supply chain effects have not

been considered thus far. The existing literature estimates that there is a potential to reduce current production-related

GHG  emissions by  25–27% by way of reducing industrial energy consumption (see also (IPCC, 2014b)). By contrast, our

results point to a CO2 emission reduction potential of 23–43%, depending on the efficiency level of technology that is made

available, see Table 1.  Our results underline the importance of considering multiple inputs and entire production networks

where cascading effects perpetuate. We  find that even second-tier, less-than-best technologies allow for substantial GHG

reduction potentials, even when controlling for changes in the energy infrastructure.

The largest CO2 emissions reductions occur in a limited set of regions and sectors. In particular developing countries as

well as the United States show large CO2 emission reduction potentials,16 indicating the use of rather inefficient technolo-

gies in some sectors. Given that supply chains are  interwoven, the unambiguous assigning of reductions to specific sectors

(or regions) is challenging. Future research could hence aim to identify which single-sector technology replacements in

16 This result is partially influenced by underlying carbon intensity the decomposition at country level (Fig. 6) is not possible, since global sectors are

considered.
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which regions might contribute the  most to exploiting the mitigation potentials. One promising avenue would be to com-

bine the approach presented in this paper considering multiple technology exchanges with more advanced structural path

decomposition analyses, e.g. Yang et al. (2015).

Our results hold some implications for climate policy. Given that the larger demand-side reduction potentials can be

expected to decrease the pressure for energy system transformation on the supply side, our results imply lower mitiga-

tion costs than previously assumed. Our results can help to identify key sectors − or in other words mitigation hotspots −
where sectoral mitigation efforts would be especially fruitful. Knowledge of those hotspots derived from this analysis could

support agreements that provide selected sectors in developing countries with tailor-made access to efficient technologies,

particularly when first-best, globally targeted climate policy (e.g., global carbon pricing) is not available. In addition, the pro-

vision of technology and cooperated technology development constitute alternative and potentially cheap tools to reducing

global GHG emissions (El-Sayed and Rubio, 2014; Fraunhofer ISI, 2015; Kriegler et al., 2014). In this sense, due to efficiency

consideration such knowledge would also allow to identify the sectors to be given priority in the distribution of funding in

international climate finance. Nevertheless, resulting reductions would be smaller, as our solution represents a cooperative

optimal solution that can only be achieved when multiple technologies are replaced simultaneously.

The newly estimated mitigation potentials arguably do not address the question of how the necessary technology

exchanges  might be implemented. As a reminder, technological innovation takes place mainly in developed countries,

whereas the highest mitigation potentials exist in developing economies (Peterson, 2008). Meeting this challenge will require

finding ways to overcome factors that are  responsible for the observed efficiency differences in production technologies in

addition to ensure that patent holders are compensated and that global competitiveness is maintained (Mowery and Oxley,

1995). In this respect, it  should be of interest that a high level of mitigation can already be achieved by  replacing the most

polluting technologies with moderately efficient technology, in other words, with technology that is not top-tier and less

than best practice.

Given  that differences in production technologies are highly relevant for productivity differences (Acemoglu et al., 2007),

there is a good chance that more efficient technologies, in terms of CO2 emissions reductions, will pay off in monetary

terms.  In this respect it  is important to consider that the costs incurred in overcoming the barriers of technology adoption

(Parente and Prescott, 1994) constitute, themselves, a lock-in barrier. In the future, research on climate change mitigation

through increased access to technology should attempt to better understand how technologies can be most successfully

transferred considering necessary preconditions and potential barriers, also accounting for coordinated action.17 In addition,

understanding how financial constraints can be overcome is of importance. If  international climate finance was used as

catalyst to create incentives for private capital to invest in efficient production technologies, this could probably realize

large leverage effects. Our research shows that investments do not need to be cutting-edge technologies, but state of the art

technology investments could be a huge step forward.
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Appendix A. Extended mathematical framework

i. The regional final demand is fixed for each commodity according to WIOD 2009 values.18 However, we allow for changes

in the production location, in other words, the place where final demand goods are produced:

∑
r
Y

r
′

r,s =
∑

r
Yr

′
r,s , r ’, r ∈ R and s  ∈  S. (6)

ii. We  do not allow for changes in regional GDP, which is ensured by fixed regional import (Imp) and export values (Exp).

In combination with Eq. (6), this guarantees the intended outcome:19

Expr = Expr r ∈  R (7)

17 It has been indicated for a simple technology exchange model (technology only depending on energy intensity) that uncoordinated unilateral providence

of  efficient technologies by developed countries might be countervailed by rebound and leakage effects (Stephan and Müller-Fürstenberger, 2015).
18 Even when fixing global production it is possible that because of more efficient technologies labor stocks are not completely used.
19 GDP C+I+G+Exp-Imp, where C refers to consumption, I  to investments and G to government spending. In our case, C+I+G refers to overall

consumption—which corresponds to the sum of entries of vector Y, respectively Y* which are fixed by Eq. (4). It suffices to simply keep the trade balance

fixed  in order to achieve a constant GDP.
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Impr = Impr r  ∈  R (8)

The idea behind these constraints is that we want to ensure comparability of WIOD 2009 data with the optimization

result.

iii.  To consider the possibility of technological exchange, we build on the traditional MRIO notation by defining the

matrix Q, which allows to consider multiple production technologies in a single regional sector.20 Q ’s entries Q r′
r,s account

for the amount of sector s output in region r  being produced with the technology of region r′. Thus, Q in principle allows

each regional sector in each region to rely on a pool of 41  different technologies that exist within the 41 countries of the

WIOD. We  will partially limit the availability of technologies in the following. The total sectoral output of a region for the

optimization problem will result as the sum of Q r′
r,s over r′:

Or,s =
∑

r′
Q r′

r,s, r ’, r  ∈ R and s, s′ ∈  S  (9)

We focus on efficiency gains from access to more efficient industrial technologies. As a consequence, we do not allow for

technology exchanges within service sectors, which are often country specific (military services). To prevent an “indirect”

exchange by way of production leakage, we further limit the export values of services to their original (WIOD 2009) values.

Thus, for a service sector s,

Q r
′

r,s = 0, for r  /=  r
′
, s ∈  SSer r ’, r  ∈  R (10)

and

Expr,s ≤  Expr,s s ∈ SSer r  ∈ R (11)

have to be fulfilled.

iv.  We  aim to assess CO2 emission reduction potentials by technology exchange without changing energy systems, as these

are slow to adopt (Davis et al., 2010; Unruh, 2000). Therefore, the regional CIr is fixed and we do not allow for a technology

exchange in the sectors “electricity, gas and water supply.”

v.  The total amount of available energy in a region is further limited to the WIOD 2009 level, preventing the expansion

of  emission-efficient energy production. This, in turn, limits the estimated emissions reductions and excludes even better

solutions.

vi. Localized natural endowments, such as fertile soil or  oil reservoirs, cannot be transferred. They influence local sectoral

production technologies, in other words, the Leontief coefficients of these sectors are influenced by  local endowments and

hide the “real” efficiency of technologies. As a consequence, we disable technological exchange for agricultural and extraction

sectors, prohibit expansions and limit the regional production of these sectors to the WIOD 2009 levels:

Or,s ≤ Or,s , s ∈ SAgr∪ SExtr , r ∈ R (12)

Qr′
r,s = 0, r /=  r′, r  , r′ ∈  R, s ∈  SAgr∪  SExtr (13)

vii.We further consider limited labor stocks and no workers’ mobility across countries. Labor use in the optimization is not

allowed to exceed available labor hours (stocks) L
q
r in any region r  and for any level of qualification q.

L
q

r ≥
∑

r′

∑
s
Q r

′
r,s × LI

q

r′ ,s r,  r
′ ∈ R, s ∈ S (14)

viii. Sectors that do not provide the  necessary data for calculating labor intensities as well as regions without reported labor

stocks cannot expand their production or change their production technology. Furthermore, their production technology is

excluded from transfer.21 This constraint is implemented in order to prevent extremal solutions.

ix. Analyzing WIOD’s sectoral energy intensities reveals significant regional differences (see Fig. 1). Some energy intensities

appear to be extraordinarily small. This might not  be due to highly efficient processes but to the data collection itself. We

address this (potential) caveat by i)  ranking sectoral energy intensities among regions (see Fig. 3 the SI), and ii) allowing

technology exchange or local production expansion only for technologies that are less efficient than a specific percentile that

guarantees to represent realistic technologies. The introduced threshold allows for variation, leading to different scenarios

(to be described in Section 3.5).

x. In order to secure consistency within the resulting optimized MRIO table, when technologies are exchanged, we ensure

a provision of sufficient inputs. In other words, we ensure that the amount of sectoral inflows equals the output multiplied

with the technology. For each sector s of region r, the following condition holds:∑
r′ Z

r
′
,s

′
r,s =

∑
r′ Q

r
′

r,s × P
s
′

r′ ,s , r, r
′ ∈  R, s, s

′ ∈  S  (15).

20 This actually happens, see Table S4 in the SI.
21 Sectors related to this issue are listed in  the SI.

Chapter 6 Global mitigation potentials 161



216 H. Ward et al. /  Resource and Energy Economics 49 (2017) 201–217

xi. We  prevent overproduction, in other words, sectoral outputs plus the available usable stocks Str,s (i.e., negative “changes

in inventories,” see SI) have to match the corresponding demand (final consumption plus intermediate production):∑
r′

∑
s′ Z

r
′
,s

′
r,s +

∑
r′ Y

r
′

r,s = Str,s + Or,s , r, r
′ ∈ R, s, s

′ ∈ S (16)

Thus, stocks Str,s are considered for Z and Y and are available without additional costs (same treatment as in WIOD  and

in (Koesler and Pothen, 2013)).

subject to (6) Optimization problem

min
(∑

r ∈ R

∑
r′ ∈ R

∑
s ∈ S

[(
Q r′

r,s × EIr′,s×;  CIr

)
+ Tr′

r,s

]
(5)

∑
r

Y
r′
r,s =

∑
r

Yr′
r,s subject to (6)

Expr = Expr (7)

Impr = Impr (8)

Expr,s ≤ Expr,s , s ∈ SSer (11)

Or,s ≤ Or,s , s ∈  SAgr∪  SExtr (12)

Q r
′

r,s = 0 , r /=  r
′
, s ∈ SAgr ∪ SExtr ∪  SSer (13)

L
q
r ≥

∑
r′

∑
s
Q r′

r,s × LI
q

r′,s (14)∑
r′

Zr′,s′
r,s =

∑
r′

Q r′
r,s × P

s′
r′,s (15)

∑
r′

∑
s′

Zr′,s′
r,s +

∑
r′

Yr′
r,s = Str,s + Or,s (16)

with r, r′ ∈ R and s,  s′ ∈ S
Linear  optimization problems are numerically solved by using the simplex algorithm (Dantzig, 1963). In  the case of our

particular problem, one feasible solution is given by the original setup (matrices Z and Y).  It follows that our solution space is

non-empty. Moreover, it  cannot be unbounded from below, since all variables are non-negative and have positive coefficients

in the objective function. Therefore it  has an optimal solution.

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in the online version, at

http://dx.doi.org/10.1016/j.reseneeco.2017.05.001.
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Within the Sustainable Development Goals (SDG) there are potentially conflicting 
targets. Economic development that enables improvements in human well-being 
and economic activities in general has so far been closely connected to the use of 
fossil fuels. As a consequence, greenhouse gases (GHG) are emitted to the 
atmosphere that contribute to positive radiative forcing and hence increase the 
likelihood for global climate change with severe consequences (IPCC, 2013). This 
discrepancy is of special relevance for developing countries, which strive for fast 
economic development by means of improving their people’s living conditions, 
while being projected to be most severely impacted by climate change in the future.  
 
This thesis argues that technology, specifically its distribution across countries, 
access to efficient technologies and technological progress at the micro level, play 
important roles for making emissions related to economic activities more 
compatible with the ambitious goals of the Paris agreement. Nevertheless, 
technology can be a mixed blessing. Within this chapter, two narratives are 
introduced that show how technology can increase the reconcilability of climate 
change mitigation and development, and how technology can restrain development 
in a globalizing world. To prepare for these two prospects, I will first synthesize 
the main results of the preceding chapters. Second, to put the results of the central 
part in a broader context and understand the observed special role of manufacturing 
sectors, I will make an excursus on the initial dynamics for continuous development 
described within the literature. Third, by interweaving this thesis’ findings, I will 
give two narratives on the future role of technology and will discuss how (political) 
incentives could be set to enable development in line with the ambitious climate 
mitigation goals. 
 
7.1 Synthesis 
 
The central chapters of this thesis investigate technology at different levels, which 
are the micro and the macro level, and technology in different roles, which are 
technological development, technological application and technological transfer. 
They reveal different relevant insights for the role of technology in the context of 
climate change mitigation and development. First, energy intensive manufacturing 
sectors hold key positions within economic development processes, potentially 
providing development bottlenecks. Second, from a global perspective, an ongoing 
shift in production capacities towards less efficient production locations is 
observable. This trend contributes to increasing energy consumption and is 
accompanied by decreasing technological progress rates for specific sectors. Third, 
assessing the influence of alternative technologies on GHG emissions is 
challenging in the absence of complete system assessment tools (at the micro level) 
and sufficiently detailed data. Fourth, for judging the impacts of alternative 
technologies, the total amount of applied processes, as for instance welding 
processes, within an economy and the underlying economic network need to be 
considered. Fifth, already existing efficient technologies could contribute to 
reducing emissions significantly if they could be made more accessible. 
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7.1.1 Patterns of structural change 
 
The first part of my thesis explores patterns of structural change empirically. It 
focuses on the question how economy can successfully develop and how this 
process interacts with the structural composition of economies. In the context of 
climate and development it is orientated along the following research questions: 
 
- What are feasible development pathways? 

 
- Can energy intensive industrial sectors be leapfrogged within development 

processes? 
 

- Are there specific development bottlenecks or development traps that need to 
be considered? 

 
The analysis uses multi-regional input-output (MRIO) data at a sectoral 
disaggregated level. The conditional probability of one sector coming into 
existence given that another one is already characteristic within the economic 
structure is calculated. These so called proximities are used to identify a network 
of economic sectors.  
The results reveal a highly modular sector network. The distinct network 
communities refer approximately to the aggregated sectors described in classical 
structural change (Herrendorf et al., 2014). A separated group consisting of all 
resource extraction sectors can be identified, revealing their ambiguous role for 
economic development (van der Ploeg, 2011).  
More importantly the detailed perspective allows to identify feasible build-up 
sequences of economic sectors. Within the network and within such sequences, 
manufacturing sectors hold key positions, highlighting their special role for 
development as described in section 1.6.  
Analyses on the probability of sectoral shifts and changes in GDP related to these 
sectors suggest that they represent development bottlenecks, i.e. they are essential 
for successful development and economic diversification.  
Hence, the two following key results can be derived: i) to achieve an economic state 
that is not based on agriculture, sufficient manufacturing capacities will eventually 
have to be built up; ii) considering the identified network, forgoing industrialization 
and leapfrogging energy intense industrial states seems to be infeasible.  

These results imply that developing countries will have to consume a specific share 
of the remaining emissions to develop successfully. They also indicate that since 
manufacturing sectors have these prominent positions, their build-up has a high 
value added for societies, i.e. some capabilities are acquired within industrialization 
processes, which are essential for further progress. Denying countries these 
capabilities could trap them economically.  
 
7.1.2 Shifts in global production networks 
 
The second part of my thesis concerns the large differences in global production 
technologies and the fast economic growth in developing countries, especially in 
South- and East Asia, in the recent decades. This context is relevant for climate 
change mitigation and development, as successful development in countries (that 
increases human well-being) with less efficient technologies, should cause dynamic 
shifts in global production activities and influence global sectoral energy use 
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patterns (which lead to higher GHG emissions). Therefore, this part of the thesis 
attempts to answer the following questions: 
 
- How do differences in sectoral production technologies across countries 

influence energy consumption when production capacities delocalize?  
 
- How relevant are such effects? 
 
- How do these effects differ across sectors? 

 
- Are there relevant side effects of production delocalization to countries with 

less efficient technologies? 
 
By applying a Logarithmic Mean Divisia Index Analysis (LMDI), changes in 
energy usage of global sectors within the first decade of the 21st century can be 
attributed to changes in energy intensities, economic growth and delocalization of 
production capacities. Although results display that economic growth has 
dominated developments in energy usage, partially countervailed by improvements 
in energy intensities, important information is gained by the decomposition 
analysis. First, for most sectors and points in time, delocalization contributed to 
increasing annual energy intensities in the range of 1-6%. This means that globally, 
production capacities have relocated to places where less efficient technologies are 
deployed, fostering the global energy consumption. Second, especially 
manufacturing sectors, which are among the most energy consuming sectors, reveal 
strong increases in energy usage due to delocalization since 2004. This indirectly 
confirms the special role of manufacturing sectors for development.  
Third, as a corollary of the developments in manufacturing sectors their energy 
intensity improvement rates declined.  
The observed declines in some sectoral energy intensity improvement rates 
coincide with literature findings depicted in the introductory section. Globally, 
capacities for research and adaptation of efficient technologies are localized in 
industrialized countries. Hence, a shift in sectoral production (possibly induced by 
fast growth) towards countries with fewer technological research- and adoption 
abilities has not only relevant first order, but also second order impacts. Both need 
to be taken into account, when trying to achieve climate change mitigation and 
development. 
 
7.1.3 Investigating assessment tools 
 
The third part of the thesis investigates state of the art assessment tools that are used 
to judge technological alternatives (at the micro level), they are also used in the 
development process of new technology. Hence, these tools influence which 
technologies are applied and thus the corresponding energy intensities, which is a 
relevant factor for GHG emissions. The third part contributes to answering the 
following questions: 
 
- How can technological alternatives be adequately judged? 
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- Are there relevant shortcomings connected to the application of such 
assessment tools? 
 

- How can these tools be refined? 
 
A special focus is given to the application of bottom-up (Process) Life-Cycle 
Assessment ((P)LCAs) tools, which are frequently applied to quantify single 
processes and products (e.g., associated GHG emissions). As has been identified in 
the literature their application, for practical reasons, excludes contributing flows. 
Consequentially, without refinements, truncation errors occur, which means the 
results of PLCA/LCA are incomplete and might be misleading.  
 
Although different truncation error estimation frameworks exist, a systematic 
investigation of factors that influence truncation errors and their estimates has been 
missing. This part of my thesis systematically reviews the literature, classifies 
relevant factors and investigates the influence of the most relevant factors by 
contrasting different modeling frameworks. 
 
The results reveal that truncation errors cannot be estimated explicitly. Hence, an 
unknown error component is associated to assessments of technology. The results 
indicate that even when the cut-off criteria strictness is increased by PLCA 
applicants, truncation errors can only barely be reduced. This shows that PLCA 
application alone might be insufficient to judge on technology. The findings also 
reveal that it is not easy to measure the influence of technologies and indicate the 
need for applying improved assessment tools. 
 
7.1.4 Refining assessment tools  
 
The fourth part of the thesis contributes to refining assessment tools that are applied 
to judge on processes and products. Also considering the third part of this thesis the 
fourth chapter deals with the following research questions: 
 
- How can assessment tools be refined to assess (environmental) impacts at the 

macroeconomic level?  
 

- What are corresponding impacts for the economic network? 
 

- How can the high level of details of processes at the micro level be adequately 
combined with data at the macro level? 

 
The fourth chapter contributes to the literature, as a new assessment tool is 
developed that innovatively allows the consideration of the total amount of 
processes within an economy. The approach utilizes data provided by national 
bureaus of statistics and companies, which are used to identify where processes that 
can adopt improved technologies are located within multi-regional input-output 
tables. Old technologies are virtually replaced within economic supply chains. Thus 
changes in inputs diffuse through the economic network, changing the quantity of 
inputs needed to produce a certain output. First results for virtually applying 
innovative technologies show that macroeconomic impacts of very specific 
processes are small. However, the results derived from the new assessment tool can 
differ significantly from PLCA/LCA. These results underline the necessity to 
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consider economic networks, changes therein, the potential relevant impact of 
truncation errors and the total amount of processes applied to determine economic 
wide impacts by exchanging production technologies.  
 
7.1.5 Reducing emissions with the technologies we have 
 
The observed large differences in sectoral production technology between 
countries, also motivate the focus of the fifth part of the thesis. Efficient 
technologies in terms of energy intensity are majorly observable in industrialized 
countries, while developing countries apply less efficient technologies. These 
differences are on the one hand responsible for increasing energy usage due to 
delocalization of production capacities, on the other hand they offer large potentials 
for emission reductions. This part of this thesis focuses on the following research 
questions: 
 
- How large are global emission reduction potentials if efficient existing  

industrial production technologies were more accessible? 
 
- How can the global production network be considered? 
 
- How large are emission reduction potentials given by moderately efficient  

technologies?  
 

To investigate this hypothetical experiment, a linear optimization framework for an 
input-output table is developed. In contrast to existing approaches in the literature, 
that only consider direct energy intensities, the optimization approach uses a 
network perspective, which reflects multiple production inputs and considers 
global supply chains. In addition, multiple technologies can be replaced 
simultaneously. Using the World Input-Output database (WIOD) (Dietzenbacher 
et al., 2013) and applying a transportation model, the following main insights can 
be derived. 
 
Given better access to efficient industrial production technologies, reduction 
potentials exists that exceed 40% of CO2 emissions related to global production. 
These potentials significantly surpass previous results for simple energy intensity 
exchanges in the literature, indicating that mitigation potentials are larger than 
estimated. Hence, the results show the necessity to consider total supply chains and 
multiple production inputs when investigating efficiencies of and impacts by 
technologies.  
The analysis shows that large reductions can already be achieved when second tier 
technologies were made available. The largest reduction potentials occur for a small 
specific set of economic sectors. The most significant reductions are achieved in a 
small particular set of developing countries, which includes China and India, and 
the United States. The results are shown to be comparatively stable, when applying 
robustness checks investigating the level of aggregation and heterogeneity within 
sectors. 
 
The results are highly politically relevant. First they indicate that potentials to 
reduce production-related GHG emissions might be larger than previously 
estimated. Second, given the large demand-side reduction potentials identified, the 
pressure for energy system transformation could be expected to decrease 
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significantly, reducing the overall costs associated to climate change mitigation. 
Third, the analysis allows to identify key sectors, where sectoral GHG mitigation 
efforts by better access to efficient technologies could be especially fruitful.   
 
7.2 The role of employment in manufacturing sectors for developing countries  
 
As the central parts of this thesis revealed, technology at the micro and macro level 
has multiple dimensions, such as different commodity inputs, energy intensity and 
labor demand. In addition, this thesis highlighted that for an adequate assessment 
of technology (global) production networks have to be considered.  
One dimension that is of relevance for developing countries is labor demand. The 
future impacts on the global labor market depend on the type and speed of 
technological progress, which have been investigated in “The race between man 
and machine” (Acemoglu and Restrepo, 2016). The authors describe two 
underlying dynamics, first, automation, which is progress that replaces humans by 
machines or robots, and second, progress that increases the demand for human 
labor, as new technologies create new complex tasks, in which humans have a 
comparative advantage. While the first dynamic reduces and the second increases 
labor demand, although both types of progress enhance productivity (Acemoglu 
and Restrepo, 2016), the final outcome for labor demand depends on the ratio of 
corresponding growth rates. 
As has been shown, access to more efficient technologies can allow the realization 
of relevant reduction potentials in GHG emissions and help to reduce the adverse 
impacts of delocalization. However, considering the central parts of this thesis, 
large efficiency gains in one dimension can be accompanied by (undesirable) 
changes in other dimensions (in terms of climate change mitigation or 
development). For instance, large energy intensity improvements can be 
countervailed by a decrease in labor demand. Hence, different dimensions have to 
be considered and potentially balanced. Depending on (political) interests, different 
outcomes are favored. Considering the ongoing globalization, changes in one part 
of the world can impact other economies (see the introduction). In this vein 
technological developments have given Asian economies large comparative 
advantages in manufacturing sectors (Rodrik, 2015). As a result, manufacturing 
shares of other countries have continuously peaked at lower income levels and with 
lower shares of economic value added and employment. Especially the demand for 
low skilled labor by manufacturing activities has declined more than proportionally 
(Rodrik, 2015), while energy intensities have decreased, see chapter 3. 
Given the role of manufacturing sectors as an entrance door to self-sustaining 
development, the observed developments and hence specific types of technological 
progress can be dangerous for developing countries future economic perspectives. 
A lower demand for low qualified labor reduces the attractiveness and feasibility 
of using manufacturing as starting point for self-sustaining development in 
developing countries. Important abilities for developing countries cannot be 
accumulated, relevant learning-by-doing activities for institutions and 
entrepreneurs are impeded. These changes have to be considered, when elaborating 
the future role of technology for climate change and development. 
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7.3 Discussion: Two conflicting narratives on the future of technology for 
climate change mitigation and development 
 
This thesis has investigated patterns of structural change, technological judgment, 
the multidimensionality of technology and large differences in production 
technologies across countries. It has revealed that an energy intensive production 
state within development processes could be hard to be leapfrogged as 
manufacturing sectors hold key positions within development dynamics. It has 
depicted large differences in specific dimensions of sectoral production 
technologies, such as energy intensity, where inefficient technologies are majorly 
located in developing countries. The thesis has shown the necessity to consider 
global economic networks and multiple production inputs when judging on 
efficiencies of technology (which can be challenging), at macro and at micro level. 
It has revealed that differences in technologies are a mixed blessing, as these offer 
large mitigation potentials on the one hand, but are responsible for emissions 
increases by delocalization of production capacities on the other hand. 
  
The future role of technology in the context of climate change mitigation and 
sustainable development largely depends on technological progress in multiple 
dimensions, political will, cooperation and the ability to adopt technologies, but 
also on whether technology (in manufacturing sectors) allows developing countries 
to proceed economically. Whether technology, especially in manufacturing sectors, 
can act as facilitator for climate change mitigation and sustainable development is 
not yet clear. 
I will present two different narratives on developments that might occur in the 21st 
century. The outcomes differ in the final welfare distribution and in the 
accumulation of industrial production capacities. They also allow to reflect the 
potential influence of different policies. 
 
7.3.1 How technology can serve as facilitator for climate change mitigation and 
development  

 
Considering the key results of the central parts of this thesis and the contexts given 
in the introduction, a wide horizon of expectation for the future role of technology 
can be spun. The different chapters of the thesis also give guidance to how optimal 
results in terms of climate change mitigation and development could look like. 
  
The sixth chapter has revealed that differences in production technologies offer 
large potentials for greenhouse gas mitigation. Thus, if more efficient sectoral 
production technologies were transferred successfully, inter alia to fast growing 
developing countries, considering the economic network, emissions could be 
reduced significantly, even if energy systems remain unchanged. As emission 
savings would not only occur for one year, but also for all consecutive years, a 
timely transfer of technologies would have largest overall impacts. 
In addition, future emission increases due to delocalization, as identified in chapter 
3, could be reduced. The total sum of reductions could buy a significant amount of 
time to successfully decarbonize energy systems. Furthermore, it could enable a 
larger number of countries to develop within a specific carbon budget and pass 
through the manufacturing development bottleneck, see chapter 2.  
Apart from reducing emissions, the successful adaption of more efficient 
(manufacturing) technologies can induce large productivity gains, and thus lead to 
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faster economic development. A more productive economy can in subsequence 
afford costly but necessary adjustments in institutions that can additionally benefit 
the economic performance itself.  
In addition, positive side effects of fast development in terms of emissions 
mitigation could occur.1 First, economies tend to have the largest energy efficiency 
gains when experiencing fast economic growth.2 Second, fast economic progress 
allows economies to progress towards less energy intensive states earlier, resulting 
in even higher energy intensity improvement rates.3 As (economically) advanced 
economies tend to have larger research capacities and abilities to adopt efficient 
technologies, further positive feedbacks could be induced. Applying, newly 
developed assessment tools, considering the complete economic network and 
preventing truncation errors (chapter 4 and 5), could allow to realize optimal 
technological progress in terms of climate change mitigation and development. 
Hence, the global technological improvement rate could be positively influenced, 
which could further increase energy intensity improvement rates (Dechezleprêtre 
et al., 2013, 2011). 
The positive effect of fast economic progress on accumulated GHG emissions is 
reflected in historic developments. Figure 1 depicts the necessary accumulated per 
capita CO2 emissions for a hypothetically infinitely long living citizen that were 
necessary to increase the GDP per capita from 1000 USD (in 1990 USD) to 15000 
USD (1990 USD). Clearly, countries that developed later, with fast economic 
progress, i.e. Japan, South Korea and China (which is still below 15000 USD in 
terms of GDP per capita) needed significantly less accumulated CO2 emissions per 
capita than early developing economies such as the UK or the US. The latecomers 
inter alia presumable profited from efficient technologies from other countries that 
had already progressed economically.4 A targeted access to efficient technologies 
could push the observed curves even further down.  

  

                                                           
1 If institutional and societal constraints are fulfilled. 
2 Please note that in the past economic growth rates exceeded energy intensity improvement rates, which  
implies that the overall energy consumption grew. 
3 However, so far no decoupling of energy consumption per capita and per capita income exist, although  
some rich countries start to show decoupling tendencies (Csereklyei et al., 2016). 
4 Please note that different factors, e.g. the applied technology, the growth rate, the sectoral composition  
or the carbon intensity, influenced the depicted development. An investigation of their influence is left to  
future research.   

174 Chapter 7 Synthesis and Discussion



 

 
Figure 1 Accumulated CO2 emission (pathways) in tons to reach a given level of 
per-capita income for different countries. The pathways show the accumulated CO2 
emissions that have been emitted while increasing the GDP per capita from average 
1000 USD to 15.000 USD (in 1990 USD), own visualization based on data from 
the Maddison project (Population and GDP per capita) (Bolt and Van Zanden, 
2014) and the Carbon Dioxide Information Analysis Center (national CO2 
emissions) (Boden et al., n.d.). As China has not reached the upper limit of per 
capita GDP, its current available maximum income in the database and 
accumulated emissions have been plotted (light green). The following years for 
countries have been considered: Sweden (1844-1981), UK (1819-1986), USA 
(1819-1968), China (1978- ), Japan (1889-1984), S. Korea (1952-2000). 
 
7.3.2 How technology can hinder (economic) development 
 
The application of efficient technology could limit the costs associated to climate 
change mitigation. Nevertheless, it is conceivable that specific efficient technology 
has negative (indirect) side effects or might be infeasible for developing countries.   
Within the challenge of achieving both climate change mitigation and enabling 
sustainable development, employment in manufacturing sectors could play a key 
role. 
The future impact of technological progress on labor markets crucially depends on 
the ratio of labor demand reducing - and labor demand increasing technological 
progress. Assuming that automatization in manufacturing sectors will dominate, in 
consequence of technological development, observed patterns of technological 
development are likely to continue (Rodrik, 2015).5 This would mean that the 

                                                           
5 Hence, manufacturing shares in value added and employment will continuously peak at lower shares  
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average manufacturing technology becomes more capital- and possibly human 
capital intensive, while continuously reducing the demand for low qualified labor.  
Inevitably, the development opportunities of developing countries, which have 
large amounts of low qualified labor, will be impeded. 
The outcome will be enhanced by the problems that developing countries face in 
adopting competitive production technologies. Building up manufacturing 
capacities would become less attractive and increasingly costly6 for developing and 
especially least developed countries. Hence, the door to economic development and 
richer parts of the sectoral network (chapter 2) could be closed, because of efficient 
technology that is applied abroad. Essentially, important bridging sectors within the 
sectoral network could become impassable,7 a situation where economies are 
trapped in their development. 

  
Consequentially, necessary economic abilities and learning–by-doing lessons in 
manufacturing could not be accumulated. As a result, countries that will not manage 
to build-up sufficient manufacturing capacities over time, could be trapped 
economically with low institutional quality. As especially Sub-Saharan African 
states are supposed to experience fast population growth within this century, 
withdrawing development opportunities from them could have severe implications 
for achieving the Sustainable Development Goals (United Nations, 2015a). 
 
Considering the challenge to mitigate severe climate change, other catalysts further 
supporting the described outcome are imaginable. In general, technologies in 
developing countries are less energy efficient (chapter 6), and capacities for 
adaptation and development of technologies are limited. An increase in global 
energy prices, induced by for instance a carbon tax in order to achieve ambitious 
climate change mitigation targets, would relatively increase production costs for 
countries with energy inefficient technologies. Consequentially, the comparative 
advantage of energy efficient producers would increase, inducing shifts in global 
production sectors comparable to those observed in chapter 3.  
In addition, increasing energy prices incentivize research activities in green 
technologies, see introduction. Technological solutions that have smaller GHG 
releases would be relatively more preferred to alternatives with higher emissions 
and higher low qualified labor demand, when investigated with assessment tools 
(chapter 4 and 5). As research- and adaptation capacities are majorly located in 
developed countries, the difference in technological efficiencies could further 
increase, and thus strengthen delocalization of manufacturing capacities. Again, the 
result could be a situation, where countries that have not sufficiently advanced in 
industrialization would be trapped.  
 
7.3.3 Striving for both, climate change mitigation and development 
 
It is not possible to forecast which of the two narratives is more likely to come into 
existence. It is especially difficult to forecast how technological progress will 
influence the future demand for labor, and in specific low-qualified labor, locally 
and globally. Already in the past predictions had been made that automatization 

                                                           
and at lower income levels. These developments can also have severe consequences for low qualified  
labor in industrialized countries, see (Acemoglu et al., 2016). 
6 Declining value-added in manufacturing sectors according to (Rodrik, 2015) 
7 Due to low low-qualified labor demand, these manufacturing bridging sectors become impassible 
for developing countries. 
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would lead to a loss of jobs that did not come true (Acemoglu and Restrepo, 2016; 
Autor, 2015). Nevertheless, the decline in demand for low qualified labor and 
value-added in manufacturing activities, the absorption and delocalization of 
manufacturing capacities towards Asia (Acemoglu et al., 2016; Rodrik, 2015) and 
the “job polarization”8 (Autor, 2015) are exceptional.   
According to Autor (2015) a relevant threat is not technological progress per se, as 
automatization and digitalization can raise the value that workers uniquely supply 
(not if the supply tasks are substituted (Autor, 2015)), but misgovernance, which 
causes distributional challenges. This becomes of special relevance in a globalized 
world. 
 
Both scenarios result in different income distributions across nations, because 
manufacturing capacities are accumulated differently, which have a high value 
added for industrialized- and developing economies. For the former manufacturing 
sectors serve as catalyst for economic performance, for the latter they enable the 
accumulation of important capabilities that are necessary for sustained economic 
development. Hence, national and international interests, such as Donald Trump’s9 
famously stated America First (Lau, 2016), reflecting shifts of manufacturing 
capacities from the USA to China and their impacts (Acemoglu et al., 2016), have 
to be taken into account. Political actors in advanced countries could threaten or 
make use of financial instruments as taxes, subsidies or research support to 
incentivize manufacturing capacities to stay within or return to their country.10 Also 
economic considerations by companies, which judge on their applied production 
technologies (using assessment tools) can lead to the replacement of low skilled 
labor by robots (Wakefield, 2016) and worsen the perspective of (non-Asian) 
developing countries.11 Without accumulating sufficient manufacturing capacities 
non-industrialized countries might be unable to cross the development bottlenecks 
of the sectoral network, hence being trapped economically. In this situation, 
implementing an ambitious global climate change mitigation regime might serve 
as catalyst.  
Even if no global regime is implemented, climate change mitigation could inter alia 
provide a welcome justification for trying to remain manufacturing capacities 
within developed countries in order to reduce emission increases from 
delocalization (see chapter 3). Unilateral attempts could utilize border carbon 
adjustments (Böhringer et al., 2012). However, determining optimal pricing 
schemes can be challenging (Jakob et al., 2014, 2013) . 
  
The perspectives of left-behind parts of the world underlines the necessity to 
consider climate change mitigation and development, simultaneously. The question 
that arises is: How can the likelihood for manufacturing-labor-development-traps 
be reduced while considering climate change and national interests? 
 
This thesis suggest that providing efficient technologies targeted (considering 
multiple dimensionalities), can help realizing large mitigation potentials. These 
could enable developing countries to progress economically within a specific 
carbon budget. Properly designed incentive systems could help to realize desirable 

                                                           
8 This term describes a simultaneous growth of high-education, high paid jobs and low-education,  
low paid jobs at the expense of the middle education jobs is ongoing (Autor, 2015).  
9 the 45th president of the United States of America 
10 A recent example has been Ford’s cancelation of a plant in Mexico (Bury, 2017).  
11Asian economies accumulate manufacturing capacities from all over the world, see introduction. 
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outcomes. In this respect, international funds, such as the Green Climate Fund 
(United Nations, 2015b) could provide financial assets for setting incentives to 
prevent development traps.12 

 
First, funds could be used to support the transfer and development of green, 
competitive manufacturing technologies that in addition minimize automatization 
and match developing countries’ requirements, as well as local conditions. Such 
technologies could allow developing countries to targeted accumulate 
manufacturing capacities. Thus, they could prevent a development trap and reduce 
emissions associated to necessary economic activity. In this respect, financial 
resources could also be used for compensating patent holders. Otherwise actors that 
had initial development costs without being compensated would be discouraged 
from doing further research (Calel and Dechezleprêtre, 2013; Dechezleprêtre et al., 
2013, 2011). This would negatively impact future technological progress. 
 
Second, financial assets could be used for subsidizing manufacturing goods from 
poor developing countries or improve their market access, in order to protect and 
nurture these industries until they are competitive on global markets. Such an 
instrument could ensure that capabilities of developing countries are arranged in a 
productive way and sufficient learning-by-doing exercise is provided. 
 
Third, international funds could support greenhouse gas mitigation in different 
sectors other than manufacturing to compensate for inevitable emissions related to 
the accumulation of necessary (economic) capabilities. For instance, compensating 
emission reductions could be realized in energy sectors by financially supporting 
the build-up of low carbon energy infrastructure in developing countries (IPCC, 
2014), as for instance by favorable granting of credits (Hirth and Steckel, 2016; Lee 
et al., 2016). 
 
Nevertheless, low institutional quality in developing countries can be an obstacle 
for financial interventions and support. Potentially high corruption rates have to be 
considered and that any large financial inflows into small developing countries can 
cause a appreciation of the domestic currency (van der Ploeg, 2011). If a country 
relies on export-based strategies for development, it could face serious disturbances 
by a climate finance curse (Jakob et al., 2015), endangering further economic 
progress.  
 
But, incentives could also be set indirectly. If, a carbon price was implemented, 
either by a tax or a permit trading system, special focus could be given to the 
manufacturing sectors of developing countries. Those that are still within the build-
up phase or non-existent, could be given a special status or receive tax concessions. 
Nonetheless, such interventions could cause unintended misallocations of resources 
and production capacities, such as artificially creating pollution havens (Cole, 
2004; Cole and Fredriksson, 2009; Dietzenbacher and Mukhopadhyay, 2007).  
 

                                                           
12 It is not clear whether supporting built-up manufacturing capacities in developing countries and 
supporting access to efficient production technologies are covered by the goals of the Green Climate 
Fund as it aims at supporting “low-emission and climate resilient development” (United Nations, 
2015b). However, economic development and increasing welfare generation can help poor countries 
become more resilient to climate change impacts. 
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Although economic development is currently associated to emitting GHG and 
hence contributes to reducing the remaining carbon budget for ambitious climate 
change mitigation, it is a highly desirable process for developing countries. This is 
because it is not only a key process for achieving the SDGs, but also provides more 
scope of action. Allowing countries to develop could inter alia be a victorious 
weapon against poverty, child mortality and universal access to clean water, 
sanitation systems as well as infrastructure. In addition, the higher value-added 
generated by an advanced economy and the increased economic complexity would 
allow countries to invest into low-carbon energy infrastructure, take on climate 
action, develop strong institutions and become more resilient to impacts by climate 
change. The positive impact of economic progress is difficult to quantify. A lot of 
wisdom is contained in Amartya Sen’s quote when being applied to economic 
development: Poverty is the deprivation of opportunity. This holds true for both, 
individuals and states. 
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