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Disclaimer 

The sole responsibility for the content of this report lies with the authors. It does not 

necessarily reflect the opinion of the European Union. Neither the Innovation and 

Networks Executive Agency (INEA) nor the European Commission is responsible for 

any use that may be made of the information contained therein. 

Copyright Message 

This report is licensed under a Creative Commons Attribution 4.0 International License 

(CC BY 4.0); a copy is available here: https://creativecommons.org/licenses/by/4.0/. 

You are free to share (copy and redistribute the material in any medium or format) 

and adapt (remix, transform, and build upon the material for any purpose, even 

commercially) under the following terms: (i) attribution (you must give appropriate 

credit, provide a link to the license, and indicate if changes were made; you may do 

so in any reasonable manner, but not in any way that suggests the licensor endorses 

you or your use); (ii) no additional restrictions (you may not apply legal terms or 

technological measures that legally restrict others from doing anything the license 

permits). 
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Preface 

TIPPING+ will provide an empirical in-depth social science understanding of 

fundamental changes in sociodemographic, geographical, psychological, cultural, 

political, and economic patterns which give rise to Social-Ecological Tipping Points 

(SETPs), both positive and negative in relation to socio-energy regional systems. Such 

empirical and theoretical insights will shed new light on the interdependencies 

between changes in regional socio-cultural structures and the technological, 

regulatory and investment-related requirements for embracing (or failing to embrace) 

low-carbon, clean-energy and competitive development pathways in selected coal and 

carbon intensive case study regions (CCIRs). The overall goal is to understand why 

and under which conditions a given social-ecological regional system heavily 

dependent on coal and carbon-intensive activities may flip into a low-carbon, clean 

energy development trajectory – or on the contrary may fall into an opposite trajectory 

with all its negative implications. Towards this goal, main focus of TIPPING+ is the 

participatory co-production of knowledge on the driving forces and deliberate tipping 

interventions leading to the emergence of positive tipping points toward clean energy 

transitions in European CCIRs.  
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Executive Summary 

  

The notion tipping point (TP) has become a key concept in the climate change 

literature (see (Edenhofer et al., 2015; McSweeney, 2020)), in particular to indicate 

relative small qualitative changes in physical or ecological subsystems that might lead 

to large climate and socio-economic impacts. In a recent contribution, (van Ginkel et 

al., 2020) define three types of climate change induced TPs, namely Climate TPs, 

Ecological TPs, and Socio-economic TPs. Within socio-economic TPs it can be 

differentiated between those resulting from climate change impacts (i.e. socio-

economic impact TPs) and those resulting as a transformational response to climate 

change (i.e. either adaptation TPs or mitigation TPs). This report, in particular looks 

at mitigation TPs in order to investigate the nature of qualitative changes in coal and 

carbon intensive regions (CCIR). In order to operationalize the TP concept in an 

economic context, we define a TP as a qualitative shift in the dynamics of an economic 

system.  

Our main objective in this review is to put forward the existing theoretical and 

empirical contributions that can shed light on the notion of TP in economics. Beyond 

the theoretical underpinnings of TPs and a focus on econometrics, this report analyzes 

the empirical evidence of TPs as identified in case studies. Building upon and in 

coherence with the operationalization of TPs in the discipline of economics, the case 

study approach also suggests to take a closer look on the role of TPs for the science-

policy-interface. The reason is that political action can have a vital role in triggering 

positive TPs in economic systems.  

The literature review of case studies identified one pivotal economic tipping 

intervention for activating a socio-economic TP. This tipping intervention is the 

investment in low-carbon technologies which might be activated by political action 

such as subsidies or carbon pricing. Furthermore, the review of econometric 

quantifications of TPs found also the use of structural EU funds as a potential important 

tipping intervention to trigger a shift in CCIRs. In a second strand of literature, many 

economic indicators can and have been identified which are useful to observe the 

economic implications of tipping interventions. These indicators include 1) sectoral 

employment, 2) sectoral inputs and output, 3) carbon footprints of sectoral 

production/consumption/imports, 4) GDP/ value added, 5) energy consumption and 

energy mix/ energy affordability, 6) competitiveness, 7) prices, in particular carbon 

price, 8) measurements of innovativeness, e.g. patent numbers, 9) income 

distribution, 10) demographic flows.   

Overall, future research is needed to further analyze which economic interventions are 

able to activate desired social-ecological TPs. In order to find out more on that, a close 

cooperation between science and policy is required to foster the knowledge basis for 

this interface and strengthen the insights gained from science for decision-making. 

 



 

 

 

Page | 7  

 
www.tipping-plus.eu 

Table of Contents 

Disclaimer .......................................................................................................... ii 

Copyright Message ............................................................................................. ii 

1 Introduction .................................................................................................... 9 

2 Review of the state of the Art on the use of TPs in Economics ...................... 11 

2.1 Quantitative Analysis of literature review ................................................... 11 

2.2 Qualitative Analysis ................................................................................. 14 

2.2.1 Theoretical underpinnings of tipping points in economics .......................14 

Applications ...............................................................................................17 

2.2.2 Operationalization of economic tipping points in case studies .................22 

2.2.3 Policy-oriented aspects: review of the use of the notion of tipping points at 

the science-policy interface .........................................................................30 

2.3 Assessment ............................................................................................ 32 

3 Advancing the state of the art of tipping points in Economics for the 

assessment and support of low-carbon clean energy transitions in CCIRs . 33 

3.1 Future quantitative research on critical slowing down and early warnings ...... 33 

3.2 Future research for the operationalization of tipping points in economics ...... 34 

3.3 List of relevant indicators in Economics ..................................................... 35 

4 Conclusions ................................................................................................... 37 

References ....................................................................................................... 38 

 

  



 

 

 

Page | 8  

 
www.tipping-plus.eu 

List of Tables 

Table 1: Overview of key terms employed in the search process ..........................11 

Table 2: Overview of search runs ......................................................................12 

Table 3: Papers assigned to subtopics ...............................................................14 

Table 4: Overview of articles on case studies, by sector, region and method .........25 

Table 5: Tipping interventions and economic implications analyzed in case studies .27 

Table 6: Overview of economic variables and questions which need to be addressed 

in the TP debate ..............................................................................................35 

 

 

  



 

 

 

Page | 9  

 
www.tipping-plus.eu 

1 Introduction 

The notion of tipping points (TPs) appeared early on in the analysis of dynamical 

systems, notably in chemistry (Hoadley, 1884) and mathematics (Poincaré, 1885), as 

a qualitative change in the dynamics of a system (see (Milkoreit et al., 2018) for an 

extensive historical account). The notion has become a key concept in the climate 

change literature (see (Edenhofer et al., 2015; McSweeney, 2020)), in particular to 

indicate how small qualitative change in physical or ecological subsystems that might 

exacerbate climate or socio-economic impacts. The concept has spread to the 

environmental socio-economic literature, see e.g. (de Zeeuw and Li, 2016; Milkoreit 

et al., 2018) and in a recent contribution, (van Ginkel et al., 2020) define three types 

of climate change induced TPs, namely climate TPs, ecological TPs, and socio-

economic TPs. Within socio-economic TPs it can be differentiated between those 

resulting from climate change impacts (i.e. socio-economic impact TPs) and those 

resulting from a transformational response to climate change (i.e. either adaptation 

TPs or mitigation TPs). Within the socio-economic literature, a number of contributions 

have investigated the potential regime shifts induced by climate impacts on economic 

dynamics (Gjerde et al., 1999; Keller, 2004; Lontzek et al., 2015; van der Ploeg and 

de Zeeuw, 2018) and mitigation policy (e.g. ‘domino effect’ in (Lemoine and Traeger, 

2016). More recently, the literature in particular, (Tàbara et al., 2018; Otto et al., 

2020) has investigated positive TP, i.e. qualitative shifts to a regime of more sustained 

economic growth and/or more efficient climate policy. 

Economists dealing with macroeconomics, finance, public policy have also been 

interested in understanding shifts in system dynamics. In this respect, a few 

contributions explicitly refer to TPs in domains ranging from debt-growth studies (Yang 

and Su, 2018), tax capacity and GDP (Gaspar et al., 2016), financial development 

(Swamy and Dharani M, 2020), economic growth and financial development (Botev et 

al., 2019). However, the actual theoretical and empirical literature investigating 

qualitative changes in the dynamics of economic systems is much broader than that 

referring explicitly to the notion of TP.   

Accordingly, our main objective in this review is to put forward the existing theoretical 

and empirical contributions that can shed light on the notion of TP in economics. In all 

generality, TPs can refer to three related notions. First a threshold beyond which the 

system’s outcome is known. Second to describe an event that suffices to achieve a 

particular outcome, or an aspect of such an event, or the time of such an event. 

Finally, to label the conditions to which the system is most sensitive. The idea is 

frequently tied up with processes such as positive feedback, externalities, sustainable 

operation, perturbation. In order to operationalize the concept, we adopt a slightly 

more restricted approach and define a TP as a qualitative shift in the dynamics of an 

economic system.  

Beyond the theoretical underpinnings of TPs and a focus on econometrics, this report 

analyzes the empirical evidence of TPs within case studies. This is an important step 

towards an operationalization of real-world economic dynamics of decarbonization 

pathways. Identifying pivotal economic aspects relevant for non-linear trajectories 

gives a better understanding of which are the triggers for change and how these can 

be activated, for example by political action, but also sheds light on possible 

implications of such fundamental changes.  
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Building upon and in coherence with the operationalization of TPs in the discipline of 

economics, the case study approach also requires to take a closer look on the role of 

TPs for the science-policy-interface. The reason is that political action can have a vital 

role in triggering TPs in economic systems. Therefore, policymakers need to 

understand the accelerating and self-reinforcing effect of certain political measures on 

the economic development in social-ecological systems. For example, the 

implementation of a subsidy program for low-carbon energy can make low-carbon 

energy sources cost competitive (Jaakkola & van der Ploeg, 2019; Otto et al., 2020), 

leading to an earlier and higher diffusion of such technologies than would have 

occurred without the subsidy. Similar effects have been found for feed-in tariffs 

(Dijkgraaf et al. 2018). In turn, such a technology shift can have wider effects in the 

economic system, resulting, among others in an employment shift from one sector 

(fossil-based) to another (low-carbon based) (S. Furtado et al., 2019). Furthermore, 

it is crucial that policymakers and scientist cooperate ex-ante to ensure – from the 

very beginning – that policymakers receive all the relevant information they need for 

their decision-making, of that which can be supplied by science.  

The remaining of this review is organized as follows. Section 2 reviews the existing 

econometric methods that can be used to characterize economic TPs as well as  the 

quantitative and the qualitative use of the concept in the recent literature. Section 3 

discusses how to advance research on the topic from both a quantitative and 

qualitative perspective. Section 4 concludes. 
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2 Review of the state of the Art on the 

use of TPs in Economics  

2.1 Quantitative Analysis of literature 

review 

For reviewing (i) economic TPs within case studies and (ii) how the notion of TPs is 

relevant at the science-policy interface, a systematic review process was conducted. 

Therefore, papers were identified in Scopus and Web of Science (core collection) based 

search for pre-defined key terms. Furthermore, snowballing was applied starting from 

some key papers of the TP debate (Tàbara et al., 2018; Farmer et al., 2019; Otto et 

al., 2020).  

First, we defined key terms for the search process. We came up with two categories 

of terms: 1) general level: terms describing abrupt irreversible system changes, 2) 

specific level: terms relevant for the economic domain as well as for the 

operationalization of TPs in case studies and the notion of TPs relevant for the science-

policy interface. Table 1 gives an overview of those key terms.  

Table 1: Overview of key terms employed in the search process 

General Level Specific Level 

energy transition economics 

regime shift indicators 

tipping point economic indicators 

transformation Operationalization 

critical transition science-policy interface 

state shift case study 

 modelling 

 macroeconomic modelling 

 

Key terms identified at the general level and those identified for the specific level 

where then combined in order to identify the ultimately relevant literature. Table 2 

shows the most relevant key term combinations and their search results. The titles 

and abstracts of those search results were then screened by the authors, following 

pre-defined criteria. Papers needed to fulfill each of the following three criteria:  
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1. have economic background, relate to economics 

2. deal with the energy transition 

3. analyze case studies, the science-policy-interface, or modelling 

In order, to really specify the literature review on TPs in economics and its relevance 

for an energy transition, papers were excluded, if they deal with: 1) TPs within 

business administration 2) organization/management of ecological TPs, 2) 

social/behavioral TPs, 3) climate change TPs in the sense of ecological thresholds, 4) 

populism, 5) other disciplines such as medicine. 

Table 2: Overview of search runs 

Database Terms Search 

results 

Selected 

papers after 

screening  

Scopus "tipping point" 

"economics" 

191 11 

 

Scopus "tipping point" AND 

"economics" AND "energy 

transition" 

1 0 

Scopus "tipping point" OR "regime 

shift" AND "economics" 

AND "energy transition" 

1 0 

Scopus "regime shift" 

"economics" "energy 

transition" 

0 0 

Scopus "transformation" 

"economics" "energy" 

"case study" 

94 0 

Scopus "tipping point" AND 

"energy trans*" 

11 1 

Scopus "tipping point" AND 

"science policy interface" 

2 2 

Scopus "tipping point" AND 

"econ* indicat*" 

3 0 

Scopus  "tipping point" AND 

"operation* 

146 1 
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Database Terms Search 

results 

Selected 

papers after 

screening  

Scopus "tipping point" AND 

"econ* model*"  

16 4 

Scopus "state shift" AND "econ* 

model*" 

2 0 

Scopus "energy transition" AND 

"tipping*" AND "case 

study" 

0 0 

Scopus "energy transition" AND 

"tipping" AND "policy" 

3 2 

Scopus "tipping*" "policy" 

"science" "notion" 

5 1 

Scopus "tipping point" AND 

"energy system" 

19 1 

Scopus "energy transition" AND 

"econ* model*" 

50 2 

Scopus "critical transition" AND 

"economics" 

28 0 

Web of Science "tipping point" 

"economics" 

36 8 

Web of Science "tipping point" AND 

"energy trans*" 

4 0 

Web of Science "tipping point" AND 

"science policy interface" 

1 0 

Web of Science  "tipping point" AND 

"operation*"  

47 0 

Web of Science  tipping point" AND "econ* 

model*" 

6 2 

Web of Science "energy transition" AND 

"tipping" AND "policy" 

1 1 

Web of Science  "tipping*" "policy" 

"science" "notion" 

1 0 



 

 

 

Page | 14  

 
www.tipping-plus.eu 

Database Terms Search 

results 

Selected 

papers after 

screening  

Web of Science  "energy transition" AND 

"econ* model*" 

37 5 

 

In total, the search runs and applying snowballing for key papers, resulted in the 

identification of 65 papers, after all criteria of the screening process had been applied. 

Subsequently, a second and more detailed screening process was conducted to assign 

the papers to subtopics (see Table 3). Within these, under the subtopic economics 

papers are collected that deal with a very broad interpretation of TPs in economics, 

including (and actually mainly referring to) theoretical concepts and economic theory 

of TPs. Closely linked to that topic, is the modelling subtopic, to which papers belong 

that have a strong emphasis on different modelling approaches of TPs and regime 

shifts. Most important are the subtopics ́ case studies´ and ́ science-policy interface´, 

which deal with the operationalization of TPs in economics and the perception of 

economic TPs at the science-policy-interface, respectively. A detailed review of the 

papers dealing with case studies and the science-policy interface are then discussed 

in the following sections. Many papers (17), have been excluded after reviewing them 

in more detail due to their lack of information relevant for the present review. 

Table 3: Papers assigned to subtopics  

Subtopic Number of assigned papers 

Economic, in general 17 

Case studies 11 

Science-policy interface 10 

Modelling 6 

Excluded 18 

2.2 Qualitative Analysis 

2.2.1 Theoretical underpinnings of tipping 

points in economics 

Time series economic data are sometimes accompanied by breaks, due to events like 

financial crises (Cerra and Saxena, 2005; Hamilton, 2005; Jeanne and Masson, 2000) 

adjustment in government policy (Davig, 2004; Hamilton, 1989; Sims and Zha, 2006) 

or in corporate financial data especially in asset prices (Ang and Bekaert, 2003; Dai 
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et al., 2007; Garcia et al., 2003). Regime switching models are time-series models in 

which parameters are allowed to take on different values in each of some fixed number 

of “regimes.” These regimes might be directly observable or of unobservable nature. 

Regime-switching models in econometrics are classified into two categories, 

“threshold” models and “Markov-switching” models. The main difference being the 

evolution by which the state processes are modelled. Threshold models, introduced by 

(Tong, 1983), assume that regime shifts are triggered by the level of observed 

variables in relation to an unobserved threshold. Markov-switching models, introduced 

by (Cosslett and Lee, 1985; Goldfeld and Quandt, 1973; Hamilton, 1989), assume 

that the regime shifts evolve according to a Markov chain. 

Markov Switching Models 

Seminal Models 

In his seminal work (Hamilton, 1989) puts forward the Markov switching methodology 

for applied dynamic time series analysis. These models introduce time-variation in the 

parameters in the form of a state- or regime-specific values. This time-variation is 

governed by a discrete-valued latent stochastic process with limited awareness. That 

is, current value of the concerned variable is determined only by the value of the 

variable in the previous period and a transition matrix. This transition matrix 

characterizes the Markov process by determining the probabilities with which each of 

the states can be reached next period, given the state in the current period. So, a 

structure prevailing for a random period of time in a Markovian model will be replaced 

by another structure as a switching occurs. By permitting switching, the model is able 

to capture and characterize the dynamic patterns of the time series in different 

regimes. Thus, the model is suitable for describing correlated data that show diverse 

dynamic patterns during distinct time periods. Such changes in the correlation 

structure between economic variables can be indicative of a TP, e.g. if a region 

undergoes major structural change during the process an energy transition.  

In short, we describe the Markov Switching Panel model as put forward by and further 

developed by (Chen, 2008) Suppose in a sample observations there are K (k = 1,....,K) 

features for N (i = 1,....,N) individuals varying over T (t = 1,....T) time periods. Now, 

𝑦𝑖𝑡 = 𝑐𝑖 + ∑  𝛽𝑖𝑡  𝑋𝑘𝑖𝑡 + 𝜖𝑖𝑡
𝐾
𝑘=1   (1) 

where, 

              𝑦𝑖 =

[
 
 
 
 
 
𝑦𝑖1

𝑦𝑖2

.

.

.
𝑦𝑖𝑇]

 
 
 
 
 

 ;   𝑋𝑖 =  

[
 
 
 
 
 
𝑋1𝑖1 𝑋2𝑖1 … 𝑋𝐾𝑖1

𝑋1𝑖2 𝑋2𝑖2 … 𝑋𝐾𝑖2

. . … .

. . … .

. . … .
𝑋1𝑖𝑇 𝑋2𝑖𝑇 … 𝑋𝐾𝑖𝑇]

 
 
 
 
 

;  𝑗𝑇 =

[
 
 
 
 
 
1
1
.
.
.
1]
 
 
 
 
 

 ; 𝜖𝑖 =

[
 
 
 
 
 
𝜖𝑖1

𝜖𝑖2

.

.

.
𝜖𝑖𝑇]

 
 
 
 
 

 

 

where, 𝑦𝑖, 𝑗𝑇 and𝜖𝑖  are T × 1 column vector and Xi is a T × K matrix; and then (1) 

can be re-written as: 

𝑌 = 𝐷𝑐 + 𝑋𝛽+ ∈  (2) 

where, 
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𝐷 = [𝑑1 𝑑2 … . 𝑑𝑁] =  [

𝑗𝑇 0 … 0
0 𝑗𝑇 … 0
. . … .
0 0 … 𝑗𝑇

] 

 

𝛽 =  𝛽1𝛽2 … . 𝛽𝑘is a K ×1 column vector; and D is a NT × N matrix. Equation (2) which 

is a least square dummy variable (LSDV) model can be re-expressed as a Markov 

switching panel model (MS-LSDV) by adding a simple regime switching mechanism. 

𝑌 = 𝐷𝑐(𝑗) + 𝑋𝛽(𝑗)+ ∈ (𝑗),     𝑓𝑜𝑟 𝑆𝑡 = 𝑗                (3) 

Where, 𝜖(𝑗)~𝑁(0, 𝜎2(𝑗)) and the values assumed by the unobserved state variable St 

are characteristic of the regime of the system (e.g. pre and post TP). The state variable 

St is assumed to follows a first order Markov chain process of the form: 

𝐺 =  [
𝑝𝑟𝑜𝑏 (𝑆𝑡 = 1|𝑆𝑡−1 = 1) 𝑝𝑟𝑜𝑏 (𝑆𝑡 = 1|𝑆𝑡−1 = 2)
𝑝𝑟𝑜𝑏 (𝑆𝑡 = 2|𝑆𝑡−1 = 1) 𝑝𝑟𝑜𝑏 (𝑆𝑡 = 2|𝑆𝑡−1 = 2)

] 

To apply the MS-LSDV model to the detection of TPs, (Chen, 2008) then compute the  

average filtered probability across N individuals as follows: 

𝑎𝑣𝑒𝑃𝑟 (𝑆𝑡 = 𝑗|Φ𝑡) =  
1

𝑁
∑ 𝑃𝑟𝑖  (𝑆𝑡 = 𝑗|Φ𝑡)𝑁

𝑖=1          (4)   

where, Φ𝑡  is an information set of all variables up to t and 𝑃𝑟𝑖 denotes conditional 

probability with respect to i.  

The MSP model is a mixture of (Goldfeld and Quandt, 1973) switching regression and 

(Hamilton, 1989) Markov switching model. For each cross-sectional unit the MSP 

model relates a dependent variable to a set of independent variables using regression 

planes via specific regression parameter values. The regression planes characterize 

the relationship between the dependent and independent variables under the various 

states of an unobserved Markov chain. In the MSP model both dependent and 

independent variables are of random in nature with distributions assumed to be 

dependent on the underlying state1. The MSP model brings a restriction, because it 

considers the change in regime is entirely a temporal factor. 

Extensions of the seminal model 

Due to increase in availability of both time-series and cross-sectional data, modern 

panel data econometrics have progressed rapidly, especially in dealing with 

unobserved heterogeneity. Recently there has been a growth in literature of panel 

data models with interactive fixed effects to deal with a way to capture the co-

movement of many individual economic series and model cross-sectional dependence 

over individual units (Bai, 2009; Moon and Weidner, 2015). But panel data models 

involving interactive fixed effects do not take into account structural changes over 

time, though structural changes are, indeed, quite common in many areas in 

economics and finance, and may result from events, such as wars, financial panic, 

changes in government policies. (Cheng et al., 2019) model structural change in panel 

data with interactive fixed effects using a Markov regime switching framework, which 

in turn considers the regime change as a random variable. (Cheng et al., 2019) 

proposes a maximum likelihood estimation method and an expectation and conditional 

maximization (ECM) algorithm, to estimate the unknown parameters2. 
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Applications 

Markov-switching models have been used extensively in all fields of macroeconomics.  

(Diebold and Rudebusch, 1996) introduced Markov-Switching Dynamic Factor Models 

(MS- DFMs) to simultaneously account for co-movement in macroeconomic time series 

and different dynamics during expansionary and recessionary phases. (Chauvet and 

Piger, 2008) used small-scale MSDFMs to track US recessions and concluded that the 

dynamic factor Markov switching model performed with better accuracy with respect 

to the timing and depth of output fall during recessions in real time. (Camacho et al., 

2018; Camacho and Martinez-Martin, 2015; Chauvet and Potter, 2013) used MS-DFM 

for short-term forecasting and turning point detection. (Krolzig, 1998, 1997; Krolzig 

et al., 2002; Krolzig and Toro, 1999) employed MS-VECM to explore the dynamic 

adjustment of employment and its relationship with the business cycle. (Psaradakis et 

al., 2004) used MS-VECM to analyse the dynamic relation between US stock price and 

dividends, (Kostov and Lingard, 2004) studied UK meat consumption using this MS-

VECM, (Francis and Owyang, 2005) applied the MS-VECM to study monetary policy, 

(Chauvet and Potter, 2013) employed the model to study the relationship between 

Indian stock price and trading volume. Within monetary macroeconomics, (Jeanne 

and Masson, 2000) used Markov switching models to understand ‘second-generation’ 

models of currency crises and studied the experience of the French franc between 

1987-1993 finally concluding that the model performs significantly better when 

devaluation expectations are allowed to be influenced by sunspots. Similarly, 

(Fratzscher, 1999) applied Markov switching model to explain currency crises and 

exchange rate movements in open emerging economies during the 1990s. They 

develop a model to allow for systematic comparison and evaluation of three competing 

explanations for crises: weak economic fundamentals, contagion and sunspots. (Cerra 

and Saxena, 2002) used a Markov-switching model to understand the origin of 

currency crisis for Indonesia and finds evidence of contagion in the stock market 

including exchange rate pressures from the neighboring countries of Thailand and 

Korea to accentuate currency crisis in Indonesia.  

Markov-switching models have also been used to analyze the dynamics of 

commodities markets. (Bhar and Hammoudeh, 2011) applied the MS-VECM model for 

analysing the relationships between commodities (oil, copper, gold and silver) and 

financial variables (short-run interest rate, exchange rate and the world equity index) 

and find that the interrelationships are not only regime-dependent but they also find 

predictive information on those relationships across the two regimes classified by the 

level of uncertainties. (Apergis et al., 2019) used a Bayesian MSVECM to study the 

responses of gold prices to real interest rates for G7 countries along with regime-

dependent impulse response functions, spanning the period 1975–2016. They find a 

positive association between gold prices and real interest rates, with the estimates 

remaining consistently positive and statistically significant, they also comment that 

during recessionary times gold prices can provide hedging services against real 

interest rate movements. 

Markov- switching model have also been used extensively in energy and 

environmental economics. To understand the relationship of US crude oil and stock 

prices (Balcilar et al., 2015) deployed a Markov-Switching vector error-correction 

model. Using a monthly data set from 1859 to 2013, they estimate the model using 

two regimes of high- and low-volatility. They find the high volatility regime is more 

frequent prior to the Great Depression and after the 1973 oil price shock caused by 
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the OPEC countries. The low-volatility regime occurs is more frequent when the oil 

markets fell largely under the control of the major international oil companies from 

the end of the Great Depression to the first oil price shock in 1973. Finally, they 

conclude that the occurrence of high-volatility regime is more likely when the economy 

experiences a recession. (Charfeddine, 2017) uses a Markov Switching Equilibrium 

Correction Model to find out the impact of energy consumption and economic 

development on ecological footprint and CO2 emissions of Qatar from 1970–2015 and 

find a strong evidence for cointegration with Markov shifts. (Pan et al., 2019) apply 

MS-VECM to study the dynamic impact of financial development on energy intensity 

in Bangladesh using a yearly data from 1972 to 2017 for two distinct regimes. They 

conclude financial development plays a stimulating role on energy intensity in the first 

regime and an inhibiting role in the second regime.  They show that the first regime 

is much longer than the second regime, so the promoting effect of financial 

development on energy intensity is more enduring than the inhibiting effect for the 

case of Bangladesh. Using an applied Markov Switching (MS-VAR) model (Roubaud 

and Arouri, 2018) demonstrate the non-linear relationship between oil prices, 

exchange rates, and the stock market for monthly US SP 500 real stock prices covering 

the 1979M5 to 2015M1 period. They conclude significant non-linear interrelations 

between variables, while the links between the variables change from one regime to 

the next, but these changes are stronger during periods of high volatility. They also 

comment that oil plays an active role in the transmission of price shocks to both 

exchange rate and stock markets. (Zhu et al., 2017) use a two-regime Markov 

Switching model to examine the effect of oil supply-demand shocks on stock market 

returns in oil-exporting and importing countries and concluded that a positive 

aggregate demand shock significantly increases stock returns while a positive oil 

specific demand shock markedly decreases them. 

Panel Threshold Models 

A threshold model can be described as a regime-switching model in which shifts 

between regimes are triggered by the level of an observed variable in relation to an 

unobserved threshold. Hence, such a model is well-suited to represent the evolution 

of a system with a TP whose origin can be assigned to the crossing of a threshold by 

a specific variable, the scalar threshold variable. In the context of energy transition, 

this class of models could be applied in settings where some climate policy variable, 

e.g. a GHG emission or a temperature target, exhibit thresholds whose crossing 

induces a major shift in economic dynamics. 

The seminal model  

The basic structure of a static threshold panel data model for a balanced dataset can 

be described as follows3 (Hansen, 1999). Let 𝑦𝑖𝑡 be a scalar dependent variable, 𝑥𝑖𝑡  

be the list of independent variables with k number of vectors while 𝑞𝑖𝑡 be a scalar 

threshold variable. We can write the structural equation as 

                                         𝑦𝑖𝑡 = 𝜇𝑖 + 𝛽1
′𝑥𝑖𝑡𝐼(𝑞𝑖𝑡 ≤  𝛾) +  𝛽2

′𝑥𝑖𝑡𝐼(𝑞𝑖𝑡 >  𝛾) + 𝜖𝑖𝑡   (5) 

Where, I(.) being the indicator function. (1) can be re-written as 

𝑥𝑖𝑡(𝛾) =  (
𝑥𝑖𝑡𝐼(𝑞𝑖𝑡 ≤ 𝛾

𝑥𝑖𝑡𝐼(𝑞𝑖𝑡 > 𝛾
) 
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and  𝛽 = (𝛽1
′, 𝛽2

′), so (1) becomes 

𝑦𝑖𝑡 =  𝜇𝑖 + 𝛽′𝑥𝑖𝑡(𝛾) +  𝜖𝑖𝑡  (6) 

(Hansen, 1999) distinguishes the different regimes depending upon the regression 

slopes β1 and β2 and the observations are classified into ’two’ regimes depending on 

the threshold variable qit being smaller or larger that γ 4,5. 

Taking the difference between (5) and (7), we can conclude 

                                                           𝑦𝑖𝑡
∗ =  𝛽′𝑥𝑖𝑡

∗ (𝛾) +  𝜖𝑖𝑡
∗                                                                   (8) 

Where 

 𝑦𝑖𝑡
∗ = 𝑦𝑖𝑡 − 𝑦𝑖  , 

𝑥𝑖𝑡
∗ (𝛾) = 𝑥𝑖𝑡(𝛾) − 𝑥𝑖(𝛾) 

and 𝜖𝑖𝑡
∗ = 𝜖𝑖𝑡 − 𝜖. 

Finally, (8) can be written as, 

                                                     𝑌∗ = 𝑋∗(𝛾)𝛽 + 𝜖∗                                             (9) 

 in which we stack the data and errors for one individual after deleting one time period 

in the following form. 

𝑦𝑖
∗ =  

[
 
 
 
 
 
𝑦𝑖2

∗

.

.

.

.
𝑦𝑖𝑇

∗ ]
 
 
 
 
 

; 𝑥𝑖
∗(𝛾) =  

[
 
 
 
 
 
𝑥𝑖2

∗ (𝛾)′
.
.
.
.

𝑥𝑖𝑇
∗ (𝛾)′]

 
 
 
 
 

 ; 𝜖𝑖
∗ =  

[
 
 
 
 
 
𝜖𝑖2

∗

.

.

.

.
𝜖𝑖𝑇

∗ ]
 
 
 
 
 

 

and then similarly denote Y ∗, X∗(γ) and e∗ as data stacked over all cross-sectional 

individuals, 

𝑌∗ =  

[
 
 
 
 
 
 
𝑦1

∗

.

.
𝑦𝑖

∗

.

.
𝑦𝑛

∗]
 
 
 
 
 
 

  ; 𝑋∗(𝛾) =  

[
 
 
 
 
 
 
𝑥1

∗(𝛾)
.
.

𝑥𝑖
∗(𝛾)
.
.

𝑥𝑛
∗(𝛾)]

 
 
 
 
 
 

; 𝜖∗ =

[
 
 
 
 
 
 
𝜖1

∗

.

.
𝜖𝑖

∗

.

.
𝜖𝑛

∗ ]
 
 
 
 
 
 

    

By applying a simple ordinary least square (OLS) with a given γ, β (the slope 

coefficient) can be written as 

𝛽̂(𝛾) = (𝑋∗(𝛾)′𝑋∗(𝛾))
−1

𝑋∗(𝛾)′𝑌∗ (10) 

and the regression residual is 

𝜖̂∗(𝛾) = 𝑌∗ − 𝑋∗(𝛾)𝛽̂(𝛾)   

while the squared sum of errors are 
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𝑆1(𝛾) =  𝜖̂∗(𝛾)′𝜖̂∗(𝛾) 

                                                               = 𝑌∗′ (𝐼 − 𝑋∗(𝛾)′ (𝑋∗(𝛾)′𝑋∗(𝛾))
−1

𝑋∗(𝛾)′) 𝑌∗         (11) 

Following (Chan, 1993; Hansen, 2000, 1999) which recommend OLS to estimate γ, 

one can write 

                                                                     𝛾 ̂ =   𝑎𝑟𝑔𝑚𝑖𝑛 𝑆1(𝛾)        (12) 

                      γ 

(Hansen, 1999) comments while selecting threshold (𝛾̂) one must be careful that none 

of the regimes ends up with few observations. To overcome such problem (Hansen, 

1999)suggests by restricting the search in (12) to values of γ so that a minimal 

percentage of observations (1% or 5%) falls in each regime. After computing for γˆ 

the slope coefficient estimate can be obtained from 𝛽̂ =  𝛽̂(𝛾̂)   similarly 𝜖̂∗ = 𝜖̂∗(𝛾̂) can 

be used to compute the residual vector and the residual variance can be computed 

from 

𝜎̂2 =  
1

𝑛(𝑇−1)
𝜖̂∗′𝜖̂∗ =  

1

𝑛(𝑇−1)
𝑆1(𝛾̂)           (13) 

 

Extensions of the seminal model: 

It is important to mention two recent advancements in the panel threshold literature.  
In the static framework developed by (Hansen, 1999) regression coefficients take on 

a small number of different values which actually depends on the value of the 

exogenous variable of stationary nature. (González et al., 2005) improves the 

framework by developing a smooth panel transition regression model in which 

coefficients can change gradually in between regimes. To accommodate dynamic 

nature of data in threshold models (Dang et al., 2012) proposes a generalized GMM 

estimator which provides consistent estimates of heterogeneous speeds of adjustment 

including a valid testing procedure for threshold effects and unobserved individual 

effects. Following (Hsiao et al., 2002; Ramírez-Rondán, 2020) introduces a maximum 

likelihood estimator to allow threshold mechanism in dynamic panel. By considering a 

GMM approach based on first difference (FD) transformation. (Seo and Shin, 2016) 

takes into account both the dynamic nature of data and the endogenous nature of 

regressors in a panel threshold framework. The asymptotic theory through the 

diminishing threshold and the standard fixed threshold asymptotics show that the FD-

GMM estimator follows a normal distribution, the asymptotic normality holds true 

irrespective of continuity nature of the regression function. A first difference two-step 

least square (FD2SLS) approach is also proposed when the threshold variable is 

strictly exogenous following (Caner and Hansen, 2004). The Oracle property is 

established and the FD-2SLS estimator of the threshold parameter is shown to be 

super-consistent. 

(Miao et al., 2020) proposes a panel structure threshold model (PTSR) that allows the 

slope and threshold coefficients to vary across individual units, they model individual 

heterogeneity via a grouped pattern, such that all the members within the same group 

share the same slope and threshold coefficients, whereas these coefficients can differ 

across groups in an arbitrary manner. The group membership structure 7 is unknown 

from beforehand and estimated from the data. The disadvantage of the model is that 

regressors and threshold variables have to be of exogenous in nature, i.e., there is no 
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scope for endogeneity. The asymptotic properties of the estimators of the threshold 

coefficients is established following (Hansen, 2000) by considering the shrinking-

threshold-effect framework, where the threshold effect is diminishing as the sample 

size approaches infinity. (Kourtellos et al., 2017) puts forward a semiparametric 

threshold regression models with endogenous threshold variables based on a 

nonparametric control function approach. They use a series approximation to propose 

a two-step estimation method for the threshold parameter. Their proposed estimators 

are consistent and they find the asymptotic distribution for weakly dependent data, 

they also propose a test for the endogeneity of the threshold variable, which is valid 

even if the threshold effect is zero or not. 

Applications: 

In his seminal contribution, (Hansen, 1999) develops the static panel threshold model 

to understand how financial constraints affect investment decisions for 565 US firms 

in a 15-year sample.  

The panel threshold models has then been widely applied in macro-economics. (Bick, 

2010)  uses a panel threshold model to explain inflation-growth nexus of 40 

developing countries through the period 1960-2004 and extends (Hansen, 1999) by 

introducing regime intercepts. To study the non-linear relationship among 14 

developed European countries during 1995–2014 (Hajamini and Falahi, 2018) uses a 

panel threshold model and find an asymmetric effect of final consumption expenditure 

to gross domestic product and government gross fixed capital formation to gross 

domestic product on economic growth when they are above and below the optimal 

level. They estimate the optimum values to be 16.63 and 2.31%, respectively. They 

also conclude current expenditure other than final consumption to gross domestic 

product always has a negative effect on economic growth. (Chudik et al., 2017) 

develop tests for threshold effects in the context of dynamic heterogeneous panel data 

models with cross-sectionally dependent errors and tests threshold effect in the 

relationship between public debt and economic growth for 40 countries over the 1965–

2010 period. They find no evidence for a universally applicable threshold effect and 

also conclude significant negative effects of public debt buildup on output growth. 

(Mohaddes et al., 2017) uses heterogeneous dynamic panel–threshold model of 17 

Italian regions over the period 1997–2014 to understand if any TP exists for real GDP 

growth above which the ratio of non-performing loans to total loans falls significantly. 

They conclude that if growth above 1.2% is achieved and maintained for a number of 

years, then there might be significant decline in the non-performing loans to total 

loans ratio. To understand the non-linear relationship between government size and 

economic growth and also to identify the optimal government expenditure 

(Asimakopoulos and Karavias, 2016) uses (Seo and Shin, 2016) non-linear panel GMM 

approach allowing for threshold effect with endogenous regressors and threshold 

variables. Using data of 129 countries they establish a robust and statistically 

significant non-linear relationship between government spending and economic 

growth and concluded optimal level of government size that maximizes economic 

growth to be 18.04 % for the full sample of countries; 19.12% for developing and 

17.96% for developed countries. (Botev et al., 2019) studies relationship between 

financial development and economic growth in a large sample of economies, they 

employ both static and dynamic panel threshold models but are unable to confirm the 

too-much-finance-is-bad hypothesis. They also are unable to identify a TP beyond 

which financial development has a clear negative relation to economic development. 
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Recently, there has been a surge in the application of panel threshold estimation 

techniques to climate related issues.  (Wu et al., 2019) uses a dynamic panel threshold 

model to understand how energy consumption affect China’s urbanization. They 

conclude that the nexus of energy consumption and urbanization is of nonlinear nature 

and that energy consumption acts as an accessory to promote China’s urbanization. 

(Wang et al., 2019) tries to quantify the impact of China’s economic growth and 

energy consumption structure on atmospheric pollutants for all Chinese provinces 

from 2000 to 2016 using a panel threshold model. They conclude that the first lag 

period of the atmospheric pollutants has indeed a positive effect on the current air 

quality, they also find that the results of the panel threshold for economic growth 

indicate that the differences among the regions are significant. Using a panel threshold 

model (Wang and Shao, 2019) study the effect of environmental regulations on green 

growth in G20 countries over the period 2001–2015.  They find different threshold 

levels for the impact market-based and non-market based environmental policy 

factors on green growth. They also concluded per capita income and gross Research 

& Development (GERD) expenditures had significant positive impacts, but the share 

of service sector to the economy and investment on transport infrastructure witnessed 

negative effects. 

2.2.2 Operationalization of economic tipping 

points in case studies 

The empirical evidence of TPs from an economic perspective is not easily analyzed. 

The reason is, that in economics the notion of TPs was not in the focus of analysis, at 

least not based on the same definition (with the very same characteristics) as stated 

in the introduction. The concept of TPs, as it is existent in ecological systems 

describing critical thresholds, when trespassing leading to an irreversible, non-linear 

change, has been less in the focus of economics, especially as most processes can be 

considered reversible in the economic domain. However, as the relevance of TPs is 

increasing for the debate on rapid decarbonization, and TPs are having crucial 

economic implications, it is required to also embed this conceptual framework in 

economics. In this report, special attention has been drawn on socio-economic TPs 

and the type of mitigation TPs as a transformational response to climate change 

according to van Ginkel et al., (2020). Furthermore, we tried to disentangle the social 

perspective from the economic one to get a deeper insight into the economic 

dimension of TPs.  

Table 4 gives an overview of case studies examined in this report. Case studies deal 

either specifically with the shift from fossil fuels to renewable energy sources in the 

energy sector in certain regions (Berger et al., 2020; Bulavskaya & Reynès, 2018; 

Jaakkola & van der Ploeg, 2019; Lawrence, 2020; Li et al., 2016; Oei et al., 2020; S. 

Furtado et al., 2019) or deal with the decarbonization in energy-intensive industry (S. 

Furtado et al., 2019; Wesseling et al., 2017) or with the operationalization of socio-

economic TPs in a more general perspective (Farmer et al., 2019; Otto et al., 2020). 

We found case studies covered to be situated in Germany, Belgium, the Netherlands 

and the UK (all Europe), as well as a case study in Colorado (US) and one in South 

Africa. Across case studies different methodological approaches have been used. 

Within the quantitative domain, macroeconomic models, input-output models and 

techno-economic models were applied. Some articles applied also qualitative methods 
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including literature reviews and the integration of stakeholders. The latter has been 

conducted either in combination with economic modelling (to feed the models) or as 

a stand-alone method.  

In terms of operationalization, the case studies where examined for either economic 

tipping interventions triggering a TP (analyzed in the ex-ante TP-state), or for 

indicators describing the economic implications of a possible TP in transition scenarios 

(ex-post TP-state) (see Table 5). Although the tipping interventions are of core 

interest in terms of accelerating a positive development towards a TP, the economic 

implications are as important because they help us to distinguish between positive 

and negative TPs. In other words, the understanding of economic implications of a TP 

is often a pre-condition for generating support for the implementation of an adequate 

tipping intervention, which can be deliberate or non-deliberate.   

Tipping interventions as such are intensively discussed by (Otto et al., 2020) and 

(Farmer et al., 2019). (Otto et al., 2020) identified six possible tipping elements 

including 1) information feedback, 2) financial market, 3) energy production and 

storage 4) education system, 5) norms and value systems, 6) human settlements. 

Tipping intervention concerning the financial market and the energy production and 

storage are of main interest for the economic perspective in our context. The financial 

market describes the importance of divestment from fossil-fuel-based assets and the 

risk of a fossil-fuel bubble. This means with increasing risk of divestment (away from 

fossil-fuel assets), the value of those assets decreases and the chance that the bubble 

bursts increases. The energy production and storage element is relevant in terms of 

subsidy programs which can incentivize the diffusion of low-carbon technologies and 

influence the relative price of low-carbon energy. As a result, the production and 

storage of renewable energies becomes cost-competitive. The divestment from fossil-

fuel assets is also discussed in (S. Furtado et al., 2019), who describe the necessity 

of the decommissioning of coal-fired power plants in Pueblo, Colorado which gave the 

local economy a boost in employment and decarbonization. Furthermore, the new 

developments characterized by affordable energy prices and job creation had 

decreasing effects on income inequality. Furthermore, (Lawrence, 2020) emphasized 

energy decentralization as a driver for a higher share of renewable energies and 

energy affordability. However, Lawrence also states that for achieving energy 

decentralization, the main tipping interventions were a fiscal crisis and an intra-regime 

political schism. 

The paper of (Jaakkola & van der Ploeg, 2019) examines the role of green R&D 

investments. In more detail, they analyze the spillover effects of R&D investments 

into low-carbon technologies and how free-riding occurs in countries underinvesting 

in such technologies. Overall, this leads to a delayed breakthrough of low-carbon 

technologies, that would be required for a rapid energy transition. Technology 

investments are also discussed by (Farmer et al., 2019), who state that  these 

investments kick the diffusion of green technology and through feedback effects push 

them beyond a TP of economic profitability. They further emphasize the necessity of 

public-investors, who have a long-term perspective on investments, and, therefore, 

can make far-sighted investment decisions, much more so than private investors. (Li 

et al., 2016) and (Wesseling et al., 2017) debate more on the nexus between policy 

and technology and identify markets in general and innovation in particular as crucial 

for technology diffusion, leading to crossing a TP in the energy system. Among those, 

(Li et al., 2016) also emphasize the role of investments for the breakthrough of low-
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carbon technologies and their regional economic impacts.  

The economic implications of crossing TPs are highly linked to tipping interventions, 

as they basically describe the results of such interventions. Seven of the analyzed 

papers discuss different effects of a regional energy transition. These can serve as our 

basis to identify the development of which indicators could be of interest for situations 

after TPs had been passed. The most prominent implications are effects in 

employment, GDP and value added (Berger et al., 2020; Bulavskaya & Reynès, 2018; 

Jaakkola & van der Ploeg, 2019; Li et al., 2016; Oei et al., 2020; S. Furtado et al., 

2019). On the one hand, (S. Furtado et al., 2019) and (Li et al., 2016) discuss how 

the energy transition influences energy consumer prices, hence making energy more 

affordable for the citizens. On the other hand (Berger et al., 2020) discuss implications 

on competitiveness of European industries, which is increasing resulting from a change 

in energy prices due to the world-wide decarbonization of the energy sector. 

(Bulavskaya & Reynès, 2018) also found an effect in terms of investment growth, as 

a result of a growing GDP when a renewable energy mix has been implemented. They 

also comment on electricity prices to be connected to fundamental economic 

implications, which can have feedback effects on GDP growth. (Semieniuk et al., 2020) 

intensively discuss the problem of stranded assets due to the divestment from fossil 

fuel assets, further leading to “stranded workers” from the technology shift in the 

energy sector.  
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Table 4: Overview of articles on case studies, by sector, region and method 

Topic Sector Region Method Source 

Coal phase out implications “after” 

tipping point 

Coal Germany Energy system model with an input-

output model and a regional 

macroeconomic model 

(Oei et al., 2020) 

Social tipping interventions (STIs) 

and social tipping elements (STEs)  

Overall 

decarbonizati

on 

- Online expert elicitation, subsequent 

expert workshop, and a literature 

review 

(Otto et al., 2020) 

Transition to a green hub with a 

diversified industry 

Steel 

industry, 

Coal-based 

energy sector 

Pueblo, 

Colorado 

Grey literature (S. Furtado et al., 

2019) 

Impact assessment of energy 

transition 

Energy sector Belgium Macroeconomic model fed with the 

results of a participative modelling 

exercise based on a prospective 

energy accounting model 

(Berger et al., 

2020) 

Regional outlooks for technologies 

and investment, regional political 

dimensions associated with future 

investment 

Energy sector UK 24-region techno-economic model; 

based on narratives from energy 

system stakeholders 

(Li et al., 2016) 
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Topic Sector Region Method Source 

Influence of critical events (fiscal 

crisis, intra-regime schism) on the 

energy transition 

Energy sector South 

Africa 

Literature review using process 

tracing pursued through case studies 

(Lawrence, 2020) 

Irreversible technology 

breakthrough 

Energy sector - General non-cooperative problem and 

feedback Nash equilibrium 

(Jaakkola & van 

der Ploeg, 2019) 

Shift to renewable electricity Electricity 

sector 

Netherlan

ds 

Multi-sector macroeconomic model (Bulavskaya & 

Reynès, 2018) 

Concept of sensitive interventions 

points for decarbonization 

Overall 

decarbonizati

on 

- Discussion applying the conceptual 

framework of tipping interventions 

(Farmer et al., 

2019) 

Research agenda and stylized facts 

to steer and facilitate the 

transition process 

Energy 

intensive 

processing 

industries 

- Concept of innovation system 

perspective; stylized facts within the 

by discussion and workshops; 

literature review 

(Wesseling et al., 

2017) 
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Table 5: Tipping interventions and economic implications analyzed in case studies 

Article Tipping interventions  ex-ante 

TP-state 

Economic Implications ex-post 

TP-state 

(Oei et al., 

2020) 

  • employment 

• production 

• gross value added 

x 

(Otto et al., 

2020) 

• information feedback 

• financial market 

• energy production and storage 

• education system 

• norms and value systems 

• human settlements 

x   

(S. Furtado et 

al., 2019) 

• decommission of coal-fired power 

plants 

x • employment 

• energy affordability 

x 

(Berger et al., 

2020) 

• stakeholder vision 

• lifestyles (mobility, food, 

consumption) 

x • economic activity (GDP) 

• employment 

• competitiveness 

x 

(Li et al., 2016) • innovation 

• markets 

• governance 

• political power 

• cultural values 

x • employment effects 

• energy affordability 

x 
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Article Tipping interventions  ex-ante 

TP-state 

Economic Implications ex-post 

TP-state 

(Lawrence, 

2020) 

• energy decentralization 

• regional institutions 

x   

(Jaakkola & 

van der Ploeg, 

2019) 

• green R&D investments x   

(Bulavskaya & 

Reynès, 2018) 

  • GDP 

• employment 

• investment 

• value-added 

• prices 

• trade 

• tax revenue 

x 

(Farmer et al., 

2019) 

• financial disclosure 

• technology investment 

• political mobilization 

• climate change acts 

x   

(Wesseling et 

al., 2017) 

• industry structure 

• innovation strategies 

• networks 

• markets 

• governmental interventions 

x   
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Article Tipping interventions  ex-ante 

TP-state 

Economic Implications ex-post 

TP-state 

(Semieniuk et 

al., 2020) 

  • stranded assets 

• stranded workers 

x 
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2.2.3 Policy-oriented aspects: review of the use 

of the notion of tipping points at the science-

policy interface 

The use of the notion of TPs by policy and economic agents outside of science is 

increasing. Moreover, it is a versatile approach that can be used for different 

communicative purposes by different stakeholders in different contexts (van der Hel 

et al., 2018). This chapter analyzes how and which scientific findings on TPs to date 

are passed on to inform political decision-making (science-to-policy-perspective) and 

what kind of information policymakers need from science in achieving positive TP and 

avoiding negative TP (policy-to-science-perspective). Furthermore, employing these 

two different perspectives the economic impacts of TPs are analyzed. This means, that 

the focus is on economic outcomes after political instruments have been implemented 

which trigger non-linear system changes. 

The notion of TPs in the science-policy interface has been touched upon in various 

related fields in economics. In adaptation research, the dialogue on TPs between 

scientists and policymakers is already present. Especially, for discussing “the amount 

of acceptable change, when unacceptable conditions could occur, how likely these 

conditions are and what adaptation pathways to consider” (Werners et al., 2013). 

Furthermore, in ecological economics, it is proved, that institutions and top-down 

approaches can lead to positive economic outcomes, whereas the lack of institutional 

intervention leads to negative economic outcome (Fenichel & Horan, 2016; Horan et 

al., 2011). (Otto et al., 2020) also calls for radical governmental intervention, in order 

to reach social TPs. However, (Smith et al., 2020) point out, that before governmental 

intervention takes place, fast mobilization of society is needed. In contrast, for 

favoring either governmental or societal intervention, (Li & Strachan, 2019) 

emphasize that it is “not relevant who leads the transition but level of initial effort” is 

critical. Furthermore, they make aware that employing solely a top-down approach 

will not lead to a rapid decarbonization.  

Even if governmental interventions and political instruments alone might not be able 

to bring us to a TP, it is still important to reflect on the usefulness of political 

intervention for decarbonization and on how this can be achieved more effectively, as 

it at least enhances the chances to achieve TPs. As a starting point for the science-to-

policy-perspective in terms of TPs in economics, it is interesting to look into ex-post 

policy assessments of climate and energy policies. In this area, (Lamb, 2019) 

comprehensively examined social and economic outcomes of climate policies in 

different contexts, worldwide. Among other implications, he analyzed policies for their 

implications on employment, livelihood, electricity access, energy affordability and 

income inequality. The study found that climate and energy policies often fail in 

generating positive social impacts. However, a cross-country analysis of different 

policy types identified a few single cases with positive outcomes. This results in a call 

for a policy design including climate goals and socially just policy mechanisms. The 

following two studies give examples on how scientific knowledge informs on the 

outcomes of climate policies. (Bovari et al., 2020) evaluate the financial impacts and 

macroeconomic effects of implementing carbon pricing and public subsidies worldwide. 
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They discovered that an upper-bound carbon price together with public subsidies for 

abatement lead to a sustainable economic growth. In the absence of public 

intervention, however, endogenous market forces are not strong enough to prevent 

the economy from a recessionary steady state in the long run. Economic implications 

such as degrowth, increasing unemployment, soaring private debt, a decreasing wage 

share, as well as a strong deflationary pressure on consumption prices and interest 

rates in the medium-run will lead to a deflationary steady state in the long run. A 

study of (van der Ploeg & Rezai, 2020) investigates the emergence of carbon stranded 

assets after implementing carbon taxes and renewable subsidies. They pointed out 

that for society an immediate carbon tax is the best policy instrument while delaying 

the carbon tax and renewable subsidies increases the policy cost. In contrast, for 

fossil-fuel firms, an immediate carbon tax decreases their profits from the beginning 

on while renewable subsidies retain both their profits and market shares. In summary, 

these three papers show that a specific design of political instruments is needed to 

ensure positive economic and social outcomes of tipping interventions (Lamb, 2019). 

Furthermore, climate policies and their effects on different actors make the policy 

design even more complex (van der Ploeg & Rezai, 2020), although political 

intervention is crucial for achieving TPs and positive economic trajectories (Bovari et 

al., 2020). 

Unfortunately, the available literature (at least the one identified by our search 

processes) gives little insight into the policy-to-science-perspective and the specific 

information policy needs from science to become aware of the outcomes of socio-

economic TPs. However, a trend towards integrating stakeholders and experts from 

government exists by feeding economic models with strategies and visions of the 

energy transition. (Lamb, 2019) emphasized in his study that practitioners 

increasingly ask for positive outcomes of certain climate policies. Similarly, (Werners 

et al., 2013) states that the process should be inverted so that the focus is on the 

problem in the decision context – not a science context – in order to provide the 

information required by decision-makers. In addition, (Hafner et al., 2020) discuss a 

new economic modelling approach which better incorporates complexity, non-

equilibrium, feedback loops , path dependency, heterogenous agents and uncertainty. 

Their study pointed out that policymakers require economic models which are able to 

evaluate the complexity and urgency of rapid energy transitions and to integrate real-

world characteristics. Moreover, there is a need for comparability of model results and 

policy insights (Hafner et al., 2020). The work of (Berger et al., 2020) applies a 

macroeconomic analysis which is fed by an participative approach including 

government experts and civil society. This not only leads to more robust model results 

when incorporating strategies from experts. The authors also emphasizes that 

bringing together civil society with government in a participative approach promotes 

the realization of those strategies suggested by government experts (Berger et al., 

2020). This aligns with the above-mentioned importance of considering a bottom-up 

as well as top-down approach when economic triggers for TPs need to be activated. 

To sum up, it is relevant to integrate policymakers and other stakeholders in the 

process of economic modelling to ensure that scientific results build a robust basis for 

decision-making. 
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2.3 Assessment 

After discussing more specifically the operationalization of TPs in case studies, we 

would like to comment on a crucial difference in terminology and primary focus found 

when examining the papers at hand. A first group of papers, albeit using different 

terms, including tipping elements, sensitive intervention points, and social tipping 

interventions (Farmer et al., 2019; Otto et al., 2020), all focus on the tipping 

intervention. A second group of papers has a strong focus on economic impacts and 

implications in relation to energy transition and rapid decarbonization (Berger et al., 

2020; Bulavskaya & Reynès, 2018; Jaakkola & van der Ploeg, 2019; Li et al., 2016; 

Oei et al., 2020). These two groups of articles not only apply different terminology, 

but the different focus is also crucial for better understanding how TPs work as a 

concept of economic analysis. A main result is, that the economic discipline plays a 

different role depending on whether one looks on an ex-ante TP-state versus an ex-

post TP-state. Papers show that in analyzing the ex-ante TP-state we identify tipping 

interventions, which have the potential to trigger a fundamental change of the socio-

economic system, whereas when analyzing the ex-post TP-state the focus is on the 

implications after a TP had been activated. So far, the economic TP literature 

concentrates on the ex-post TP state, whereas the operationalization within the ex-

ante TP-state mainly deals with political and social action needed to provoke a TP. 

Economic instruments are often the tools applied, especially by political agents, to 

trigger a TP. This is also shown by the debate on investments in low-carbon 

technologies as the main economic tipping intervention, where these investments are 

triggered by political instruments. Relevant economic implications, however, include 

effects in employment, GDP, value added, competitiveness, prices, investment growth 

and energy affordability.  

In summary, in terms of economic operationalization of TP, a good understanding 

exists of economic indicators for characterizing the ex-post TP state, while we are 

lacking knowledge on economic interventions for accelerating change effects in 

economic systems in the ex-ante TP-state. 

The use of the notion of TPs at the science-policy interface is increasing. The TP 

metaphor was especially recognized in the context of climate change and critical 

ecological thresholds. From a science-to-policy-perspective, the relevance of economic 

implications of political instruments that potentially lead to socio-economic TPs is 

growing. From a policy-to-science-perspective, policy’ needs have been incorporated 

in terms of strategies and visions for rapid energy transitions. This is a first step into 

the right direction of integrating stakeholders in scientific knowledge generation. 

However, there is still a lack in identifying what specific information would help best 

in designing the decision-making process. 
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3 Advancing the state of the art of 

tipping points in Economics for the 

assessment and support of low-

carbon clean energy transitions in 

CCIRs 

3.1 Future quantitative research on 

critical slowing down and early 

warnings 

Building on insights on phase transitions gained from statistical physics, the complex 

systems literature (see e.g. (Albert and Barabási, 2002; Arthur, 1999; Gell-Mann, 

1994)) has strived to understand how radical changes in the state or the dynamics of 

a system can be explained by the structure of interactions and/or the propagation of 

shocks at the micro-level. In a series of contributions, (Scheffer et al., 2012, 2009) 

have put forward how these insights on the structure of complex systems can be 

combined with quantitative analysis of time-series characteristic of the system to 

detect if the system is close to a TP, i.e. there can be early-warning signals for critical 

transitions. The main indicators of critical transitions identified in the literature have 

been, increasing return time to equilibrium, increasing variance, increasing auto-

correlation, skewed response. “Critical slowing down” has been put forward as a 

generic process characterizing the dynamics of a system as it approaches a TP 

(Scheffer et al., 2012).  

A few contributions have tried to apply these approaches to economic and financial 

systems. (Tan and Cheong, 2014) explored the US housing market and deduced 

regime changes during the period of sub-prime crisis, they also explored technology 

bubble crisis and Asian financial crisis and concluded with some weaker regime change 

signals. Using multivariate interest rate swap data composing of USD and EUR 

currencies, (Quax et al., 2013) detected early warning signals of the collapse of 

Lehman Brothers’, they came into such conclusion using information dissipation length 

as a signal. To predict medium term future market crash (Gresnigt et al., 2015) 

proposed a model which considers financial market crash as earthquakes. To predict 

early financial market crash (Huang et al., 2017) used manifold learning. (Gatfaoui et 

al., 2017) empirically examined critical slowing down on financial markets. Their idea 

was to understand if critical slowing down can be used to predict transitionary phase 

in stock exchanges beforehand. With a time span from post Dot-com bubble to the 

beginning of the global financial crisis they studied stock exchanges of ten European 

countries and United states. Their results were not of satisfactory in nature and only 

some of their reported critical slowing down indicators were of informatory nature to 

be used as early warnings. (Diks et al., 2019) used four major financial crisis data 

(Black Monday 1987, Asian Crisis 1997, Dot-com crisis 2000 and Global Financial crisis 
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2008) to predict early warning of financial crisis using critical slowing down based 

upon time series data. They concluded with mixed or insignificant results for all three 

crisis except the Black Monday 1987, for which their results were significant.  (Guttal 

et al., 2016) used data from three major US (Dow Jones Index, S&P 500 and NASDAQ) 

and two European markets (DAX and FTSE) to check for early warning signal of critical 

transitions using critical slowing down. They found no critical slowing down before 

major financial crashes over the last century. They also concluded that financial 

crashes are not critical transitions that occur in the vicinity of a TP. Using critical 

slowing down (Chengyi Tu et al., 2018) tried to understand the abrupt transition in 

crypto-currency residuals. They found compelling evidence that standard deviation 

could be used to anticipate transitions in crypto-currencies but signals from 

autocorrelation were negligible. They also proposed a mean-field phenomenological 

model to predict price of crypto-currencies using standard deviation residuals. (Rye 

and Jackson, 2020) used critical slowing down indicators to inspect historical economic 

growth for sets of countries with varying time series. Borrowing from statistical physics 

they applied novel indicators of autocorrelation and variance finally concluding with 

common growth cycles shared among countries.  

Hence, existing results provide mixed evidence about the informativeness of critical 

slowing down indicators for economic systems. However, they have mostly been used 

for the detection of financial crisis using a limited set of indicators. To gain a broader 

understanding of the relevance of TPs in socio-economic systems, it seems necessary 

to extend the range of indicators considered and the context of their application. 

3.2 Future research for the 

operationalization of tipping points in 

economics 

For the operationalization of TPs in the economic domain, so far only the investment 

in low-carbon technologies has been identified as a purely economic tipping 

intervention. Whereas many different studies identified various economic implications 

(quantified for different indicators) of adopting rapid energy transition pathways. 

Future research on TPs in economics is twofold. On the hand, research needs to focus 

on analyzing economic tipping intervention disentangled from social and political 

tipping interventions. On the other hand, economic implications need to be 

investigated further in terms of endogenous feedback effects within the economic 

system. For example, how triggering profitability in one market (renewable energies) 

effects other markets and then leads to self-accelerating feedbacks, which enhances 

the diffusion of low-carbon technologies and a sustainable economic growth in the 

long-run.  

So far, TPs in the science-policy interface were mostly recognized linked to critical 

ecological thresholds and adaptation policies. The notion of mitigation TPs as 

“transformational response to climate change” (van Ginkel et al., 2020) has not 

reached a broad perception yet, although the need for transformation strategies is 

urgent. Future research needs so intensively focus on how joint work between science 

and policy can look like to enrich the insights for decision-making.  
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3.3 List of relevant indicators in 

Economics 

To extend the analysis of socio-economic TPs to the context of the energy transition 

in carbon intensive European regions, high-frequency indicators of the economic 

dynamics of European regions ought to be considered. In particular, the list could 

include the following indicators if sufficiently granular data sources can be identified 

(see Table 6). 

Table 6: Overview of economic variables and questions which need to be 

addressed in the TP debate 

Economic variables Questions to be addressed 

Sectoral employment In which markets/sectors could job losses 

emerge? 

In which markets/sectors could job creation 

emerge? 

Sectoral Inputs and Outputs Which shifts in both inputs and outputs could 

take place across sectors? 

Carbon footprints of sectoral 

production 

(consumption/imports) 

How could the carbon footprint of sectoral 

production change, acknowledging 

consumption of raw material and imports? 

GDP/value added How could the level and/or the composition 

of GDP and value added develop? 

Energy consumption and energy 

mix/energy affordability 

How could the energy consumption and the 

energy mix look like? 

What effects could a change in energy mix 

and energy management have on energy 

affordability? 

Competitiveness Which advantages or disadvantages in terms 

of competitiveness could a TP generate for 

industries/sectors/regions? 

Prices, in particular carbon price How could prices influence the economic 

profitability of different technologies? 

Innovativeness measures e.g. 

via patents 
How could innovativeness change? 

Income distribution/income 

inequality 

How could a TP development influence 

income distribution? 
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Economic variables Questions to be addressed 

What effects could a TP development have 

on income inequality? 

Demographic flows What change in regional demography could 

be observed? 

EU Structural Funds How could EU structural funds best be 

allocated and implemented? 

 

However, this list does not include the type of tipping interventions which are needed 

to activate a socio-economic mitigation TP from an economic perspective. According 

to the literature review of case studies, one such tipping intervention can be identified 

as adequate investment in low-carbon technologies. In more detail, a sufficient 

level of investments enhances the diffusion of low-carbon technologies until a certain 

level of diffusion is reached – a so-called breakthrough of the technology – which 

potentially can have far-reaching tipping effects. Effects might then also be observed 

on a macroeconomic scale. For example, if sufficient investments are taken to build 

green hydrogen production facilities and the required infrastructure to store and 

distribute the hydrogen, this can lead to job creation in the market of renewable 

energies as well as job losses in the fossil-based markets, as well as respective 

changes in the demand of renewable versus fossil-based products. Furthermore, if the 

investments are taken early enough, and relative renewable energy prices increase 

only moderately (possible also due to a carbon price), industries in the region of the 

new hydrogen production facilities can have advantages in competitiveness. Overall, 

this can lead to regional sustainable economic growth. Which conditions foster and 

which hinder favorable tipping developments is a crucial issue that will be analyzed in 

Tipping+. 
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4 Conclusions 

This report provides a comprehensive review on the notion of TPs in the economic 

discipline. For that, the literature was analyzed for theoretical underpinnings of TPs, 

the operationalization of TPs in case studies and the use of the notion of TPs at the 

science-policy interface.  

The review of existing literature in econometrics highlights the fact that a number of 

quantitative methods exist to detect regime switches in socio-economic systems. 

However, this literature has seldom been used to detect tipping points in the context 

of the energy transition. Accordingly, early warning indicators developed in the natural 

science to forecast tipping points, in particular critical slowing down, have mostly been 

piloted for the detection of financial crises. Against this background, we have put 

forward a number of economic indicators that could be used to analyze tipping points 

in the economic dynamics of carbon intensive regions.  

The purely data-driven approach, based on early-warning or economic factors, could 

usefully be complemented by non-equilibrium models of economic dynamics, e.g. 

agent-based models and network-based models. As emphasized by Balint et al. 

(2017), there are three main issues that the future developments of agent-based and 

network models could account for. The first concerns inequality and the distributional 

effects of climate change and climate policy. While standard models (e.g. DSGE rooted 

on the representative agent paradigm) require ad-hoc assumptions to deal with 

heterogeneity and typically confine it to a single side of the economy, agent-based 

models provide a framework to investigate the interplay between inequality and 

income distribution climate policy. The second issue concerns the relationships 

between financial markets and the transition to a low carbon economy. While 

transitions are usually modeled from the real side, better understanding the role of 

finance and its interrelations with innovation is the challenge ahead. The third issue is 

intimately linked to both the second and the first. While most general equilibrium 

models find a smooth, optimal growth path for our economy, agent-based ones 

endogenously generate crises, fluctuations and growth instability. Relevant questions 

for future research concern the investigation of what kind of climate policy interact 

most strongly mostly with systemic stability and how financial markets might deal 

with associated climate and climate-policy risks. 

The literature review of case studies identified one pivotal economic tipping 

intervention for activating a socio-economic TP.  This tipping intervention is the 

investment in low-carbon technologies which might be activated by political action 

such as subsidies or carbon pricing.  However, many economic indicators exist which 

are useful to observe the economic implications of tipping interventions. These 

indicators include employment, GDP, value added, competitiveness, prices, 

investment growth and energy affordability.  Overall, future research is needed to 

further analyze which economic interventions are able to activate a social-ecological 

TP. In order to find out more on that, a close cooperation between science and policy 

is required to foster the knowledge basis for this interface and strengthen the insights 

gained from science for decision-making. 
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