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ABSTRACT 

The long-term policy analysis of societal transitions, such as transitions in energy sectors, is 

identified as a ‘wicked policy problem’. This is a wicked problem as transitions lie over complex 

processes of change, involving several interacting technical, economic and societal systems, and 

unfolding under deep uncertainty conditions. ‘Sustainability transitions’ is an emerging field 

which can address this wickedness in societal transitions. There has been a growing interest in 

this field to study the sustainability challenges of emerging economies, with their specific 

institutional settings, in the recent years. Among them, the transition in India’s electricity sector 

with policy interventions for realising the 60 GW wind and 100 GW on-grid solar installed 

capacity by 2022 is an interesting exemplar, where its future pathways are vague and uncertain. 

In order to address the wickedness of policy analysis in societal transitions in general and in 

India’s electricity sector in particular, a robust understanding of transition dynamics in the face of 

multiple plausible futures is required. The significance of a combined (qualitative) narrative and 

(quantitative) modelling standpoint in achieving this understanding has been advocated recently 

by scholars in the sustainability transitions and modelling communities. However, this is an area 

which has been addressed only sparingly in the literature. This gap, if gets filled, will be 

theoretical and methodological contributions for the policy analysis of societal transitions. This 

will be also an empirical contribution, if it is applied to the transition of India’s electricity sector, 

which brings insights for practitioners about the historical and future transition pathways. 

Therefore, this thesis aims ‘to improve the policy analysis of complex transition pathways under deep 

uncertainty conditions through the development of a framework to exploit the synergetic interactions between 

narrative and modelling approaches.’ 

To achieve the aim, a novel approach called the ‘dual narrative-modelling approach’ is developed 

and implemented in the case study. The dual narrative-modelling approach explains how to 

exploit the synergetic interactions between narratives and models in the policy analysis of 

transition pathways over decades. In the first phase of this research, an empirically-underpinned 

theoretical framework is developed to explain how transitions, as long-term, fundamental, multi-

dimensional and path-dependent processes, unfold. The framework is developed based on 

theoretical concepts from sustainability transitions. Using this framework, in the second phase, 

the dynamics of historical transitions in the case study are described in form of a stylised 

narrative. This brings a historically-informed review—in form of detailed and stylised 

storylines—of the unfolding of transitions. In the third phase, a system dynamics model is 

developed to better explain the complexities of transitions in electricity sectors. The theoretical 
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framework and stylised narrative can inform this model by identifying the case specific boundary 

conditions, feedback loops, and contingencies and also by assisting it in validating simulation 

results. In the fourth phase, the model is used to explore future transition pathways under deep 

uncertainty. Again, the synergies between narratives and models can inform the framed and 

open-ended exploration of transition pathways. 

This study uses the transition of India’s electricity generation sector from fossil fuels towards 

renewable sources as an illustrative case. The transition is assumed to be the continuation of 

historical transitions, started from 1990. The application of the dual narrative-modelling 

approach in this case study explains the dynamics of historical transition (1990-2015) in a stylised 

narrative and uncovers its non-linear and time delay interactions in a model. It also explores the 

plausible transition pathways of India’s electricity sector and the realisation of its renewable 

targets in deeply uncertain futures (1990-2030). 
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1.1 The wickedness of policy problems in energy transitions 

Many policy problems are identified as ‘wicked problems’ (Rittel & Webber 1973). They are ill-

defined issues, lying over a network of open systems with no clear boundaries. They include 

several public policy issues with ambiguity about where and how they should be intervened. 

Wicked policy problems involve many stakeholders and decision makers with conflicting values 

and divergent solutions. No immediate or optimal solution also exists for wicked problems as 

they change with respect to time.  These problems need to be treated differently as they are 

different from those in the natural science and engineering which are definable and may have 

optimal solutions. 

Wicked policy problems are reflected in many practical issues, including in transitions towards 

sustainable energy systems. Energy transitions incorporate evolutionary changes of complex-

adaptive systems under deep uncertainty conditions. They involve uncertain processes of change 

(i.e. the uncertain development of energy technologies), with nested multi-level determinants (i.e. 

factors located in external environment, those within the established fossil fuels regime and those 

in individual renewable alternatives) and composed of several interacting systems (e.g. societal, 

technological, financial, etc.). They are also deeply integrated into the society (via energy demand 

and consumption’s patterns of users).   

‘Sustainability transitions’ is an emerging field which addresses the wickedness of the policy 

problems in societal transitions. While it is still relatively young, this field has found rapidly 

increasing applications in addressing the sustainability challenges that our world faces in energy 

sectors, water sectors, etc. (Markard et al. 2012). There has been also a growing interest in this 

field to investigate the sustainability challenges in emerging economies with their specific political 

and economic institutional settings in the recent years (Jolly & Raven 2016; Zhao et al. 2016).  

Among the emerging economies, the transition in India’s electricity generation sector from fossil 

fuels towards renewable sources is an interesting case study. The Indian government intervenes 

in this transition to improve energy poverty, energy security and emissions reduction. The vague 

and uncertain impact of different government interventions on transition pathways is a wicked 

policy problem. If this problem is addressed properly, it can inform the policies facilitating the 

transition in this specific case. It can also inform the emergence of renewables in other emerging 

economies as they share some fundamental features such as rapid growth in electricity demand, 

the necessity for the expansion of infrastructures and a partially market economy with the high 

influence of states. 



[3] 
 

In order to address the wickedness of policy problems in societal transitions in general and in 

India’s electricity sector in specific, a robust understanding of transition dynamics in the face of 

the inherent multiplicity of the plausible futures is required. Capturing the dynamics in terms of 

how they unfold is requisite in order to know, to prepare and to influence transitions (de Haan & 

Rotmans 2011). This understanding should be based on the historical development of transitions 

and also in connection with their prospective pathways in uncertain futures. Three 

methodological challenges can limit achieving this understanding: 

§ Disparities in the sustainability transitions theories: transition dynamics can be 

explained by theories and frameworks in the sustainability transitions literature. While 

they can describe transition dynamics from different perspectives, they have disparities in 

explaining what changes occur during transitions, when they happen, why they take place 

and how they appear. Therefore, the integration of the theoretical concepts is required to improve the 

understanding of transition dynamics. The integration should enable us to understand the 

impacts of external factors, the inertia of establishments (i.e. incumbent systems), the 

deviations of new systems emerging in protected spaces (i.e. emergent systems) and many 

interactions in between (Holtz 2011). 

§ Complexity and nonlinearity of transition dynamics: the main-stream sustainability 

transitions literature understands transition dynamics through qualitative narratives. 

Transition narratives can incorporate governance, societal and cultural elements and can 

capture the core mechanisms of change and their contingencies. However, they have a 

limited capability to explain the complexity, non-linearity and side-effects, resulted from 

numerous system interactions at each time step. The modelling of the theoretical concepts in 

sustainability transitions is required to address this limited capability. The potential contribution of 

quantitative modelling techniques, such as the System Dynamics (SD) approach, Agent-

Based Models (ABM) and Evolutionary Models, in improving the understanding of 

transition dynamics have been discussed recently in an emerging area: ‘transitions 

modelling’ (Holtz et al. 2015; Köhler et al. 2016).   

§ Deep uncertainty around future transitions: Transitions unfold under the deep 

uncertainty conditions surrounding the driving forces of future such as technological, 

political and socio-economic forces. Deep uncertainty changes the paradigm of dealing 

with transition dynamics in future. It necessitates taking a dynamic, adaptive approach 

with robustness as the critical feature for future policies and decisions. Exploratory 

modelling is used for dealing with deep uncertainty in future decisions (Bankes 1993; 
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Kwakkel & Pruyt 2013). The use of transition models for understanding transition dynamics needs to 

be supported by exploratory modelling in order to include the multiplicity of future pathways.   

Considering these three methodological challenges, the problem of this research is formulated 

and explained in the next section. 

1.2 Problem statement 

Energy transitions are multidimensional processes involving complexity, nonlinearity and 

contingencies. They take place in the face of highly uncertain futures. These features make the 

governance and policy interventions of energy transitions as wicked problems. Recently, a 

combined narrative and modelling standpoint (or a qualitative-quantitative approach) has been 

advocated strongly by scholars in the sustainability transitions and system modelling 

communities to address this problem (Halbe et al. 2015; Holtz et al. 2015; Li et al. 2016; Li et al. 

2015; Moallemi et al. 2016; Moallemi et al. 2015; Robertson 2015). However, this is an area 

which has been addressed sparingly in the literature. This gap, if gets filled, will bring 

methodological contributions for the policy analysis of energy transitions as it facilitates the 

cross-overs and integration of these seemingly separated approaches.  

The transition in India’s electricity sector with policies to realise the 60 GW wind and 100 GW 

on-grid solar installed capacity (governmental targets) by 2022 is an interesting exemplar of the 

wicked policy problems in energy transitions. This problem, if addressed by the methodological 

contributions, can bring insights for practitioners to facilitate the development of renewable 

sources of electricity generation, especially solar electricity, in the second largest emerging 

economy. Based on this problem statement, the following sections introduce the scientific 

building blocks of this research as well as present an overview of the case study. 

1.3 A ‘sustainability transitions’ perspective 

The field of sustainability transitions is interdisciplinary, and it is primarily from innovation 

studies (Rogers 1962) and integrated assessment (Rotmans 1998), and is traced back to late 1980s 

and early 1990s. It was initiated in the Netherlands and then expanded to the context of other 

Western European countries (such as the UK, Denmark and Germany). It has been also 

extended recently to other contexts including liberal market economies (such as Australia) 

(Ferguson et al. 2013; Fuenfschilling & Truffer 2016) and state-influenced market economies 

(such as India) (Jolly & Raven 2016). 
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This field is formed with the aim to address the new challenges of our society, such as 

unsustainable energy systems, water systems, etc. These challenges are rooted in the failures of 

incumbent societal systems, known as regime, with a strong path-dependency and lock-in to the 

institutional status-quo. Changes in the functioning and structure of the systems are required in 

order to address these challenges. The field of sustainability transitions argues that incremental 

changes alone are not sufficient to deal with the current pervasive challenges, and fundamental 

changes, i.e. transitions, are needed. The field defines transitions as long-term, irreversible and 

evolutionary processes leading to revolutionary changes towards the sustainable state of a 

system. Transitions have been referred to by different terms, e.g. technological transitions (Geels 

2002b), societal transitions (de Haan & Rotmans 2011), technological revolutions (Perez 2002) 

and regime transformations (Poel 2003). What is common among these terms is that they all 

tend to study ‘the dynamics of transition’, instead of just a static picture of initial and new system 

states. The sustainability transitions field characterises transitions with some features to 

discriminate them from normal changes1: 

‒ Transitions are long-term and continuous processes of change in the state of systems. 

They span over more than one generation. Transitions encompass continuous changes 

but at different paces. The systems in transition experience a short period of 

revolutionary changes, i.e. fast dynamics that come after a longer period of gradual and 

incremental changes, i.e. slow dynamics. Slow dynamics are characterised by the constant 

process of incremental adaptation (i.e. state of dynamic equilibrium). Fast dynamics are 

composed of the relatively short period of radical changes emerging in the sequential 

stages of destabilisation (of established systems) and formation (of new alternatives) 

(Frantzeskaki 2011). 

‒ Transitions result in fundamental changes in the composition of the system and a 

profound alteration (i.e. discontinuity) in the way that societal needs are fulfilled. 

Transitions change the components of systems, i.e. the groups of actors with shared 

practices, cultures and structures (Frantzeskaki & de Haan 2009; Haxeltine et al. 2008; 

Schilperoord et al. 2008). Practices are the behaviours of actors and their aggregated 

actions in the use of resources and in the adoption of social norms. Culture includes 

people, their shared rules and conventions as well as values and ethics that influence the 

perception of actors. They shape the conditions for actions. Structures are market and 

non-market rules and institutions as well as physical infrastructure. The transformation 

                                                
1 The list is based on (Köhler et al. 2016). 
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of system components results in changes in the functioning of systems and the way that 

systems deliver services to the society.  

‒ Transitions are multi-dimensional, multi-level and multi-scale processes (i.e. polycentric). 

They trigger changes in various systems including social, technological, financial, political, 

etc. The changes happen at the different conceptual levels of aggregation. They also take 

place at multi-temporal and multi-geographical scales.    

‒ They are co-evolutionary and path-dependent processes. These features enable systems 

to adapt with changes in the embedded surrounding environment and to learn from past 

experiences (de Haan & Rotmans 2011; Holland 1995). The co-evolution refers to the 

interactive process between technological systems, social systems, etc. through which one 

adapts to another. They continuously evolve in response to the evolution of other 

systems and the changes in the external environment. Transitions are also path-

dependent in a sense that the systems are the accumulation of previous actions and 

dependent on the system evolution. 

‒ They encompass uncertain processes of change; processes with the nested multi-level 

determinants and composed of several interacting systems. Systems in transition are open 

and exposed to the contingencies from the external environment. Therefore, the future 

transition pathways typically cannot be well predicted though they can be explored.   

Transitions take place in four distinct phases (multi-phase), each phase characterises a specific 

state of systems: predevelopment, take-off, acceleration and stabilisation (Rotmans et al. 2001b). 

All phases together shape a S-shaped curve representing the time and speed of changes.  

§ The predevelopment is the status-quo in which the regime interdependencies are 

reinforced and systems do not visibly change. However, it includes isolated innovations 

as a source of variation.  

§ In the take-off, the established regime starts to fall apart, and the need for alternatives is 

expressed. This phase creates a momentum for the rest of transitions.  

§ The acceleration is a phase where the new systems start to replace the old regime. The 

visible structural changes, learning and the diffusion of knowledge take place in this 

phase.  

§ In the stabilisation, after a long process of changes, new systems settle down, the 

efficiency is improved and a new dynamic equilibrium is reached.  

The multi-phase concept of transitions has been approached from different perspectives. Among 

them are the Multi-Level Perspectives (MLP) (Geels 2002b; Rip & Kemp 1998) and the Multi-
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Pattern Approach (MPA) (de Haan & Rotmans 2011) for describing the patterns and pathways 

of transitions, Transitions Management (TM) for governing transitions in strategic, tactical, 

operational and reflexive levels (Kemp et al. 2006; Rotmans et al. 2001b), Technological 

Innovation Systems (TIS) for analysing the emergence of technological systems in relation with 

societal components (Carlsson & Stankiewicz 1991; Hekkert et al. 2007) and Strategic Niche 

Management (SNM) for changing the regime through the deliberate creation and support of 

innovation niches (Hoogma 2002; Raven 2005; Schot et al. 1994). The literature of concepts and 

theories for understanding the dynamics is further reviewed in Chapter 2. 

1.4 Emerging niche of ‘transitions modelling’ 

Transitions modelling is a growing niche within the sustainability transitions community. The 

interest to this niche started mainly from 2007 and after the Leiden University’s Lorentz Centre 

workshop on ‘Computational and Mathematical Approaches to Societal Transitions’2 and the 

special issue with the same topic in Computational and Mathematical Organization Theory on the 

subsequent year (Timmermans & de Haan 2008). The transitions modelling community has been 

growing fast since then. Transitions models are defined as the application of modelling 

techniques to explain the dynamics of transitions with their specific features discussed in 

sustainability transitions. Transitions models can take advantage of computational capabilities 

and mathematical languages to formalise the qualitative-narrative dynamics of transitions and to 

reproduce the behaviour of complex systems with computer simulation. The formalisation 

provides a same ground for transferring ideas across domains with no contextual commonality 

while comparable based on shared mathematical forms (de Haan 2010). Computer simulation 

also provides analytical power beyond the human mental models, especially regarding the 

behaviours of complex systems. Transitions models are diverse in terms of their formulation and 

underlying conceptual foundation. Having these differences, transitions models should be able to 

incorporate the profound, pervasive and polycentric (multi-actor, multi-scale, etc.) 

transformation of a societal system, such as electricity sector, in intergenerational timescales 

(Holtz et al. 2015; Köhler et al. 2016; Moallemi et al. 2015).  

The modelling community can contribute to the sustainability transitions community in different 

ways, including (Holtz et al. 2015): 

                                                
2 https://www.lorentzcenter.nl/lc/web/2007/246/poster.pdf 
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- Models give clarity and a systemic structure to the assumptions and description of 

transitions. The explicit nature of models provides a ground for consolidating the 

knowledge from different disciplines and for taking a participatory approach. 

- The behaviour of complex systems is more comprehensible with models. Human mental 

frameworks are unable to consider feedbacks, closed loop of causalities, non-linear 

interactions and emergent phenomena (how underlying processes result in transition 

patterns) in transitions. 

- Models can support policy interventions by conducting what-if scenario analyses and 

systematic experiments. With models, one can investigate the impact of a specific policy 

without bearing its implementation costs.   

Transitions models can be used for different purposes (Halbe et al. 2015; Holtz et al. 2015; Yücel 

2010): 

- For understanding transitions: qualitative narratives in sustainability transitions may 

simplify the complexity of system behaviour, i.e. nonlinearities, threshold effects, etc. 

Transitions models can improve the understanding of complexities and can give 

quantitative value to transition narratives.  

- For case-specific policy advice: transitions models with the power of computer 

simulation can help to understand the impacts and side effects of government 

interventions. Transitions models can be also empowered by exploratory modelling. In 

this case, they can help to explore transition pathways in the face of deep uncertainty in 

the future. These features make transitions models appropriate for robust decision 

making and policy recommendations.  

- For facilitating the engagement of stakeholders: modelling, because of the explicit 

conceptualisation and clarity of the process, facilitates the involvement of stakeholders in 

understanding and policymaking of transitions. Stakeholders can be consulted at the 

different stages of modelling, from model development to model validation. Transitions 

modelling with a participatory approach can increase the reliability of the final outcomes 

and facilitate their implementation.     

1.5 Exploratory modelling for dealing with deep uncertainties 

Societal transitions unfold under the influence of continuous changes in technical, political, 

economic and climate drivers. The future states of these driving forces are unknown, they cannot 

be ranked or be associated to a probability distribution. This situation, known as ‘deep 
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uncertainty’, leads to have a highly uncertain future with no agreement on the behaviour of 

future transition pathways (Kwakkel et al. 2010a). Deep uncertainty has been defined as the 

condition where we envisage the variety of possibilities, but we do not know or cannot agree on 

how different components interact, what is their respective probability distributions and what is 

their most desirable outcome (Kwakkel et al. 2010a; Lempert 2013). This condition can be the 

result of  the intrinsic uncertainty of system variability (aleatory uncertainty (Hacking 2006)) or 

the lack of knowledge and presence of multiple references (epistemic uncertainty (Brugnach et al. 

2008)).  

Deep uncertainty matters in societal transitions, and it becomes more critical when future 

pathways are studied. The future state of transition pathways can be generated in different 

paradigms. In normal uncertainty conditions, future pathways are anticipated based on the 

consolidation of the best available knowledge. In this case, there will be a single trajectory of 

transition with the best-guess estimates for uncertainties in the future. This paradigm can be 

empowered by computational models. They can quantify the impact of uncertainty in future 

transition pathways by assigning a probability distribution to the variability of each uncertain 

parameter. The model, then, generates an envelope of variation around the best-guess estimate. 

However, under deep uncertainty conditions, the value of input parameters cannot be 

harmonised by probability distributions, and future transition pathways need to be studied in the 

paradigm of ‘multiple plausible futures’ (Maier et al. 2016). This results in the multiplicity of 

transition pathways, those treated as distinct paths with the same level of importance in future.  

Exploratory modelling is an approach which enables transitions models to explore the impacts of 

deep uncertainties using computational experiments. It explores transition pathways 

quantitatively across plausible futures (Bankes 1993; Kwakkel & Pruyt 2013; Lempert et al. 2003; 

RAND 2013). This approach is explained further in Chapter 2. 

1.6 Transitions in India’s electricity generation sector 

The global order of the 20th century’s economic powers has changed, and now countries known 

as emerging economies are surpassing many Western developed countries in Gross Domestic 

Product (GDP). The engines of economic prosperity in these countries are fuelled by the rapid 

expansion of fossil fuels based electricity. Though affordable, burning the massive amounts of 

fossil fuels is leading to escalating greenhouse gas (GHG) emissions and is raising the concern 

for climate change. Among the emerging economies, India is the energy-starved country of 1.25 

billion populations. India’s demand for electricity is expected to grow at an average rate of 7.4% 
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per year. It will be the second largest contributor to the global energy demand by 2035 (UDenver 

2015). In 2014, from a total installed capacity of 255 GW (MoP 2014), the share of conventional 

sources was about 70%, where coal alone accounted for about 84%. India has become the 

country with the third highest level of emissions from fossil fuels and is estimated to be the 

second in the world by 2040 (UDenver 2015). The limited domestic reserves of fossil fuels have 

made the country largely dependent on fuels import (25% of energy use) and have affected the 

energy security of the country. 

The global commitment to reduce emissions as well as the national interest to improve the 

energy security3 have pushed India towards renewable sources (mostly solar and wind) while in 

many cases they are less economical compared to the conventional sources (mostly coal, gas and 

hydro). The renewable electricity in India comes from different sources. Wind electricity is 

currently the most affordable renewable option with the highest amount of installed capacity in 

India (about 27 GW in 2016). However, the country is expanding the role of on-grid solar 

electricity in the transition to renewable electricity. Despite a failed take-off in early 2000s, solar 

electricity has had an increasing growth in investment and in installed capacity in the recent years 

(from 2 MW in 2007 to 1,200 MW in 2012, to 3,700 MW in 20154 and to 8,600 MW in 20165) 

(MNRE 2016; Sawhney 2013). 

The private sector has a significant role in transitional changes towards renewable electricity, 

especially towards on-grid solar. The private sector, however, is influenced largely by the 

government interventions. To promote solar electricity, the Central Government of India has 

launched the Jawaharlal Nehru National Solar Mission (JNNSM) in 2010. The JNNSM is 

considered the major policy framework in the solar sector which has targeted 100 GW installed 

on-grid solar electricity by 2022. The government has implemented a set of policies such as 

renewable energy credits, feed-in tariff and renewable purchase obligations in order to motivate 

the sector’s actors, both public and private, to move towards renewables. The government also 

actively participates in investing in solar and other renewable sources. It is difficult to answer 

how effective the existing government interventions are in achieving the solar targets and how 

they will shape the future of India’s electricity sector. 

 

                                                
3 The portfolio theory argues that we should not pick any particular fuel but rather it is important to have the right mix to 
decrease dependency on a single import and improve the national security. 
4 Data represent installed capacity on 31 March. 
5 On 30 September. 



[11] 
 

1.7 Aim and scope 

Filling the identified methodological gaps and addressing the empirical problem, this study aims:  

“to improve the policy analysis of complex transition pathways under deep uncertainty 

through the development of a framework to exploit the synergetic interactions between 

narrative and modelling approaches.” 

The latter aspect of the aim is to present a ‘dual narrative-modelling approach’. This approach 

goes beyond the one-off inclusion of socio-technical factors in a model and takes advantage of 

the interactions between narrative and modelling. The dual narrative-modelling approach 

presents a quantitative exploratory model supported by a qualitative narrative for exploring the 

future transition pathways. The concepts from sustainability transitions are used to specify the 

qualitative narrative. Exploratory modelling with the system dynamics approach as the modelling 

technique is employed to represent the quantitative model. 

The former aspect of the aim is to benefit from the dual narrative-modelling approach in 

understanding transition pathways in general and in a case study in particular. This approach is 

applied to India’s electricity generation sector in order to explore its complex transition 

pathways. The transition is assumed to be the accumulation of changes in historical transitions 

started from 1990 and is explored in the face of plausible future scenarios in 2030 horizon. The 

pathways are expressed in terms of different outcomes of interest such as installed capacity, 

generation and investment in different sources for electricity generation in India.  

The scope of the case study is bounded sectorally and geographically: 

From a sectoral perspective, this study focusses on the emergence of on-grid solar photovoltaic 

(PV) as the Government of India considers it as the primary source of renewable electricity 

generation in future. However, since the dynamics of on-grid solar development are not isolated 

from the dynamics in the rest of the electricity sector, the interaction of solar with the current 

major renewable options, namely wind, and also with the current major fossil fuels options, i.e. 

coal and gas, should be explored. Wind and solar are estimated to have the highest capacity of 

on-grid renewable electricity and the highest annual rate of growth among renewables 

respectively. They are assumed as the most influential socio-technical systems in the course of 

transition in the electricity sector. The dynamics of other conventional sources including large-

scale hydroelectric (i.e. large dams) and nuclear power and also other renewables such as small 

scale hydro are taken exogenously and incorporated through time series inputs. Hydroelectric 
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and nuclear power are not included endogenously as their competition with renewables in India 

has not been significant in the past 25 years. The major motivation for the growth of 

hydroelectric power goes back to the socialist policies of the Jawaharlal Nehru’s government 

(1947-64). Since that time, there has been no further push and subsequently no significant 

competition between large scale hydroelectric and other sources. The nuclear power also could 

not rapidly grow due to the 1974 nuclear test which put the country’s nuclear sector in 

international isolation, and also due to lack of enough uranium reserves within the country.  

From a geographical scale perspective, this study analyses the transition dynamics at the national 

level. It uses the aggregated (country-level) values of variables and parameters for modelling 

purpose in order to reduce the impacts of missing data at state-level. It also considers the targets 

and policies specified by the Central Government in the Electricity Act (MoP 2003), Tariff 

Policy (GoI 2006) and the Jawaharlal Nehru National Solar Mission (MNRE 2010) in the 

narrative and system dynamics model.  

1.8 Research questions 

In order to achieve the aim, the study seeks to answer the following questions: 

Question #1 [theoretical]: How can the concepts from the sustainability transitions field be 

integrated in order to address the disparities by the theories in explaining the transition dynamics 

in state-influenced niche empowerments? 

- Which concepts from different theories in sustainability transitions can be combined to 

describe this kind of transition dynamics? 

- How can these concepts be integrated in a theoretical framework in order to explain the 

interrelated dynamics that each of the theories addresses in isolation? 

Question #2 [methodological]: How can the narrative and modelling approaches be coupled 

to enable a broader understanding of transitions than each can offer separately? 

- How can the strengths and limitations of narrative and modelling approaches 

complement each other? 

- How can the synergetic interactions between narrative and modelling approaches be 

exploited to deepen the understanding of the complexity and nonlinearity of historical 

transitions?  
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Question #3 [methodological]: How can narrative analysis and exploratory modelling inform 

each other in exploring future transition pathways under deep uncertainty? 

- How should the decision making of long-term transition pathways be dealt with under 

deep uncertainty? 

- How can the synergies between narratives and exploratory modelling inform the 

systematic exploration of transition pathways? 

In the next question, what have been asked theoretically and methodologically are revisited 

empirically in the case study:  

Question #4 [empirical]: How do different governmental interventions impact the dynamics 

of the emergence of renewables, especially solar and wind, in India’s electricity sector over 

decades? 

- How can the emergence of the renewable sources in this case be described in format of a 

transition narrative and in a way practical for modelling and policy analysis? 

- How can the transition dynamics of this case be formalised with a system dynamics 

model supported by the narrative? 

- Taking into account the deep uncertainties, how realistic are the targets set by the Indian 

government and under what conditions are the targets more likely to be realised? 

1.9 Significance of the study 

The significance of this study is highlighted from the methodological and practical perspectives. 

The methodological significance justifies why ‘developing a transition-theoretical framework’ and 

‘the coupling of narrative and modelling’ are important in better understanding of transition 

dynamics. The practical significance justifies ‘why the study of renewable electricity in an 

emerging economy’ as a case study is demanded.  

The understanding of transition dynamics in state-influenced niche empowerment is a typical 

class of problems in societal transitions which is needed to be addressed from a methodological 

perspective. First, the existing theoretical frameworks in sustainability transitions are subjected to 

disparities which challenge their explanatory power in dealing with transition dynamics. 

Conducting a theoretical exploration and the development of an integrated transition-theoretical 

framework can cover this gap and can be considered as a contribution to the sustainability 

transitions field. Second, the understanding of transition dynamics requires a dual narrative and 

modelling approach in order to address the limitations of each approach in isolation. The use of 



[14] 
 

the symbiotic interactions between transition narratives and exploratory transitions models has 

not been discussed extensively before. However, both the sustainability transitions and modelling 

communities have perceived the importance of these interactions. On the one hand, narratives: 

develop a dynamics hypothesis, configure the overall (high-level) structure of models and create 

a structuralised story for the validation of model outputs. On the other hand, models: clarify the 

complexity and side effects of interactions in transition, give quantitative value to narratives for 

evidence-based policy making and rationalise actor decisions in transitions with a cost-benefit 

analysis. 

Apart from the methodological significance, the study of energy transitions in the context of 

emerging economies is demanding as they are the countries with rapidly growing GDPs, high 

energy demands, high fossil fuels dependency and high GHG emissions. India’s electricity sector 

is considered an appropriate case in this context. In spite of a small share of renewables (14% of 

total installed capacity in 2016), India is regarded as one of the frontrunners among the emerging 

economies in terms of the annual growth of investment and installed capacity in renewable 

sources (GoI 2007, 2012; IEA 2014; McCrone 2015). The study of its transition dynamics can 

also bring insights for addressing the concerns for energy poverty, energy security, energy equity 

with safe and convenient access and their global commitment to emissions reduction. 

1.10 Research design 

This section explains the processes undertaken and the methods used. Due to the nature of the 

research questions, an integration of qualitative and quantitative methods is selected (Bryman 

2012). The study is also designed with a case study and simulation (Blaikie 2009). Based on the 

selected approach and the design, four phases (plus an initial phase) are considered (see Figure 

1):   

Phase 0-Preliminary data collection and analysis 

This initial phase introduces the case study and provides background information about India’s 

electricity sector. Phase 0 lays the groundwork for the rest of research. It presents the past, 

present and future state of solar electricity in India in qualitative and quantitative terms and in 

relation to other renewable and conventional sources. It also identifies the current policies and 

governmental interventions impacting the development of solar electricity. The case-specific data 

are collected with archival research from policy documents, government reports and 

international organisations’ reports. 
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Phase 1-Theoretical integration 

This phase addresses Question #1. 

Objective: the objective is to develop a theoretical framework, integrating the concepts in 

sustainability transitions. The framework explains how transition dynamics unfold in terms of 

what changes during transitions, and when, why and how changes take place. The framework is 

applicable to the other cases of niche empowerments with the influence of states. It is also 

practical for modelling purposes.  

Process and methods: the deduction and verification are the two main steps. In the first step, the 

concepts and mechanisms explaining the dynamics of transitions are extracted from the existing 

transition theories. The theoretical concepts are integrated in an initial framework. What has 

been extracted from the existing theories is verified with the historical transitions of India’s 

electricity sector in the second step. This tests the analytical validity of the hypotheses with the 

observed dynamics in reality6. The framework is modified by the feedbacks from later phases, in 

particular, by the feedbacks from the transition model in Phase 3. 

Required inputs: the inputs for this phase include the literature on the transition theories. The 

secondary empirical data from the historical case (Phase 0) is also used in the verification step.  

Phase 2-Narrative description 

This phase addresses Question #4. 

Objective: a qualitative description of the historical transitions (of the case study) in a stylised 

narrative based on the theoretical framework is obtained in this phase.  The stylised narrative is a 

systematic description of transition dynamics over time in form of the destabilisation of the 

initial conventional systems’ state and the formation of new renewable systems under the 

influence of internal systems’ dynamics and external contingencies. This stylised narrative of 

transition dynamics can capture the qualitative social processes of transitions, develop a 

dynamics hypothesis to guide model development and create a structured story for the validation 

of model behaviour in Phases 3 and 4. 

  

                                                
6 The difficulty of validity and delineation of grand theories have been raised as an issue by Hekkert et al. (2007). Grounding in 
historical cases has been introduced ad used by Yücel (2010) and Frantzeskaki (2011) in developing their conceptual frameworks.   
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Figure 1. Flowchart of research design
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Process and methods: to generate the stylised narrative of the dynamics, the case specific data, 

collected in Phase 0, are interpreted with the theoretical framework developed in Phase 1. The 

triangulation of the narrative with other documents is conducted to assess the trustworthiness of 

the outcome.        

Required inputs: the required inputs for this phase include the case specific data (Phase 0) and the 

theoretical framework developed in Phase 1. 

Phase 3-Transitions modelling 

This phase provides a transition model for addressing Questions #2 & #4. 

Objective: the objective has two aspects. The first is to develop a dual narrative and modelling 

approach for analysing historical transitions. The second is to develop a transitions model (based 

on the case study) according to this dual approach. The transitions model is a system dynamics 

model underpinned by the transition-theoretical framework and informed by the stylised 

narrative. The model is implemented in a simulation platform. It is used to reproduce the 

historical transitions in India’s electricity sector and to deepen the understanding of their 

complexities and nonlinearities. 

Process and methods: six steps are taken. The first step is to identify how narrative and model can 

interact with and inform each other in historical transitions.  The next three steps deal with the 

development of the model structure through the demarcation of systems in transition, the 

identification of the main components of the dynamics and the generation of a dynamics 

hypothesis in a causal loop diagram. These steps are informed by the transition-theoretical 

framework (Phase 1) and the stylised narrative (Phase 2). Once the high-level structure of the 

model is developed, it is implemented in a simulation platform. Vensim DSS is used in this 

study. During the implementation, the model structure is translated into stock and flow variables. 

The inputs and outputs variables for each model main component are defined and the relevant 

equations for the links between variables are identified. Then, the input values are set and model 

simulations are run. Model parameters are calibrated by comparing model outputs with historical 

data. 

Required inputs: inputs for this phase come from the previous phases. The stylised narrative in 

Phase 2 is used here to come up with the model structure and to delineate the systems. The 

theoretical framework in Phase 1 is also used to form the model structure. The collected data in 

Phase 0 is used to set the value of variables and to calibrate the value of the model parameters by 

comparing simulated outputs with historical data.  



[18] 
 

Phase 4-Exploratory modelling 

This phase addresses Questions #3 and #4. 

Objective: the objective has two aspects. The first is to extend the duality of narrative and 

modelling approaches for exploratory analysis in future transitions. The second is to explore 

future transition pathways in the case study using this dual approach. This is in form of a framed 

and an open-ended exploration of future transition pathways in India’s electricity sector.   

Process and methods: this phase starts with the identification of narrative and model interactions in 

the exploratory analysis of future transitions. The rest is guided by these interactions and consists 

of two parallel processes. The first process starts by identifying future normative contexts from 

the historical narrative. Then the uncertain input parameters and the range of their uncertainty 

(within the boundary of normative contexts) are identified for exploratory modelling. A large 

number of computational experiments are performed using Python codes developed. The 

numerous results of the experiments are analysed with the scenario discovery technique. In the 

second process, a set of outcomes of interest is selected and a wider range of uncertainties 

(compared to the first process) are identified (including uncertainty in normative contexts). The 

future transition pathways (i.e. a large number of experiments) are generated for new range of 

uncertainties using Python. The plausible future scenarios are explored with multi-dimensional 

clustering and multi-dimensional scenario discovery. 

Required inputs: the stylised narrative (Phase 2), the transitions model (Phase 3) and the ranges of 

uncertainties (Phase 0) are three main inputs. 

1.11 Overview of the study 

This thesis is structured in seven chapters and is in the format of a thesis with publications. 

Table 1 lists the research questions addressed and the phases taken in each chapter. The related 

peer-reviewed journal articles and conference papers are also linked to the chapters. Each 

chapter includes the complete (accepted or submitted) manuscript of the journal articles. The 

manuscripts of the conference papers are not used directly in the chapters, and they are provided 

in Appendices I to III. 
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 Table 1. Thesis chapters and their respective publications, research questions and phases 

Question Addressed in 

Phase 
Chapter Publication 

N/A N/A 1 N/A 

N/A N/A 2 N/A 

N/A Phase 0 3 Moallemi, EA, Aye, L, Webb, JM, de Haan, FJ & George, BA 2017, 

'India’s on-grid solar power development: Historical transitions, 

present status and future driving forces', Renewable & Sustainable 

Energy Reviews, vol. 69, pp. 239–47. 

Questions #1 & #4 Phases 1 & 2 4 Moallemi, EA, de Haan, FJ, Webb, JM, George, BA & Aye, L 

forthcoming, 'Transition dynamics in state-influenced niche 

empowerments: Experiences from India's electricity sector', 

Technological Forecasting & Social Change. 

http://dx.doi.org/10.1016/j.techfore.2016.10.067 

 

Moallemi, EA, George, B, Aye, L & Webb, J 2014, 'Towards an 

integrated conceptual framework for understanding transition 

dynamics', in The 5th International Conference on Sustainability Transitions: 

Impact and Institutions, 27 – 29 August, Utrecht, The Netherlands.  

Questions #2 & #4 Phase 3 5 Moallemi, EA, Aye, L, de Haan, FJ & Webb, JM Submitted 2016, 'A 

dual narrative-modelling approach for evaluating socio-technical 

transitions in electricity sector', Technological Forecasting & Social 

Change. 

 

Moallemi, EA, de Haan, F, George, B, Webb, J & Aye, L 2015, 

'Dynamic modelling of energy transitions using a coupled modelling-

narrative approach', in The 21st International Congress on Modelling and 

Simulation (MODSIM2015), November 29 - December 4 2015, Gold 

Coast, Australia.  

Questions #3 & #4 Phase 4 6 Moallemi, EA, de Haan, F, Kwakkel, J & Aye, L Submitted 2016, 

Narrative-informed exploratory analysis of transition pathways: A 

case study of India’s electricity sector', Environmental Modelling & 

Software. 

 

Moallemi, EA, Aye, L, de Haan, FJ & Webb, JM 2016, 'Policy 

analysis of renewable electricity development in India: from a 

transition modelling perspective', in The 34th International Conference of 

the System Dynamics Society: Black Swans and Black Lies, July 17 – July 21 

2016, Delft, The Netherlands.  

N/A N/A 7 N/A 
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2.1 Introduction 

This chapter reviews the relevant literatures required for achieving the aim and addressing the 

research questions, stated in Chapter 1. As mentioned in the previous chapter, energy transitions 

are the result of interactions between multiple emerging systems and a dominant, established 

system. Understanding the complex dynamics of these interactions can assist in a better-

informed decision making and in robust policy interventions. One prevalent way to gain this 

understanding is through qualitative narratives. They are approaches with a wide systemic view, 

going beyond natural and technical factors and capturing a wider picture of technical, economic, 

political and societal components interacting with each other and with the environment. They 

bring an in-depth review -in form of detailed narratives- of how historical or ongoing transitions 

unfold through the interactions of the different aspects of transformation process. Several 

storylines of historical socio-technical transitions in the sustainability transitions field (de Haan & 

Rotmans 2011; Geels 2002a; Kemp et al. 2007; Kemp et al. 1998) and in the resilience and socio-

ecological systems area (Folke 2006; Gunderson 2000) are some examples of these qualitative 

narratives. They explain narratively the breakdown of an established regime and the formation of 

new competing niches as transformation process.  

Qualitative narratives can provide historically-informed insights on the societal dynamic of 

system transformation. They express the dynamics in a stylised manner. They include the 

competitions between different systems under the impact of external forces and with a path-

dependency on established regime. The behaviours of heterogeneous actors, their interactions 

with institutions and the bounded rationality of their decisions can be also taken into account in 

qualitative narratives (Fuenfschilling & Truffer 2016). Due to their flexible and qualitative nature, 

narratives can incorporate contingencies which are not easily captured but can cause unexpected 

behaviours. Narratives can also present a normative assessment of transition’s direction i.e. to 

what extend systems are successful in satisfying societal needs (de Haan et al. 2014).  

Another group of approaches being used to understand transition dynamics is quantitative 

models. They are featured with a high-level of techno-economic details. They formalise the logic 

behind actor behaviour based on micro-economic rationales and cost-benefit analysis. The 

models developed with the system dynamics approach, agent-based models and game theory 

simulations (Chappin 2011; Trutnevyte et al. 2014; Trutnevyte et al. 2015; Yücel 2010) or those 

conducted with exploratory modelling, robust decision making and dynamic adaptive policy 

pathways (Haasnoot et al. 2013; Kwakkel et al. 2016; Kwakkel & Pruyt 2015; Lempert et al. 

2003) are good examples.  
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In modelling approaches, the states of systems are represented with quantitative values instead of 

fine-grained descriptive storylines. Therefore, they are considered practical for evidence-based 

policy making (Holtz et al. 2015). Quantitative models can project system states in different 

scenarios, and therefore are better equipped for a future-oriented analysis (Li et al. 2015). They 

consider the engineering and technical characteristics of transitions, e.g. variables, parameters 

and equations related to technology progress. Modelling approaches can bring a more realistic 

view of transition’s constraints by including technical feasibilities and natural resources’ 

limitations. They are also able to deal with systemic complexities, i.e. non-linearity, time delay 

and multi-causality of changes, with the capability of computer and model simulations (Holtz 

2011). This informs analysts of the side effects of policy interventions that can appear in long-

term and from the nonlinear interactions of numerous factors.  

Chapter 1 aimed for an integration of these narrative and modelling approaches. The integration 

stands on three bodies of knowledge, and therefore, the literature is systematically reviewed in 

these three areas: sustainability transitions to conceptualise transition process, transitions 

modelling to manage complexities and exploratory modelling to deal with deep uncertainty 

conditions.  

The review of the first area covers the established theories and frameworks in the sustainability 

transitions field. The review introduces the existing concepts and mechanisms of change for 

conceptualising the dynamics of transitions as long-term, multi-dimensional and path-dependent 

process. This concludes with the necessity of theoretical integration for an improved 

understanding of transition dynamics. The introduced concepts are used in Chapter 4 for 

developing a transition-narrative theoretical framework to explain the niche empowerment of 

renewable sources in India’s electricity sector.  

The review of the second area is about the models which formalise the transformation process 

based on the concepts in sustainability transitions. Many models have been developed to 

simulate transitions, but in this chapter, only those with an explicit connection to concepts in 

sustainability transitions are reviewed. These models are referred to as ‘transitions models’ in the 

recent literature (Halbe et al. 2015; Holtz 2011; Holtz et al. 2015; Köhler et al. 2016). Some 

examples from the previous transitions modelling experiences, using different conceptual 

frameworks and modelling techniques, are discussed. The review sheds light on how to formalise 

the qualitative understanding of transition concepts. The insights are used in Chapter 5 and for 

developing a simulation model for the transitions of India’s electricity sector. 
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The review of the third area is about the approaches and techniques being used for dealing with 

deep uncertainty of the future. Deep uncertainty is defined and its impact on long-term policy 

analysis and decision making is explained. Some examples of approaches/techniques for dealing 

with deep uncertainty are also presented. One of the reviewed approaches: exploratory modelling 

is used in Chapter 6 and for exploring future transition pathways under technological, political, 

socio-economic and climate uncertainties. 

2.2 Theorising transition dynamics 

‘Sustainability transitions’ is an interdisciplinary field, rooted in innovation studies (Rogers 1962), 

evolutionary economics (Nelson & Winter 1982) and integrated assessment7 (Rotmans 1998) and 

is traced back to late 1980s and early 1990s. The field seeks to conceptualise and influence the 

long-term, irreversible and evolutionary processes of change, known as ‘transitions’. Though the 

field is still relatively young, it has found rapidly growing applications, especially in addressing the 

sustainability challenges; the challenges that our societies in the 21st century face in energy supply, 

water supply, climate change, transportation, agriculture, etc.  

The concept of transition as a change in the functioning of societal systems is approached from 

different perspectives and with different purposes, most importantly: from Transition 

Management (TM) to specify the role of governance in transitions (Loorbach 2007), from the 

Multi-Level Perspective (MLP) to conceptualise the unfolding of transition and their required 

conditions (Geels 2002a; Rip & Kemp 1998), from Technological Innovation Systems (TIS) to 

explain the formation dynamics of emerging systems (Bergek et al. 2008; Hekkert et al. 2007; 

Suurs 2009) and from Strategic Niche Management (SNM) to explain the role of experiments 

and infant innovations in the development of emerging niches (Raven 2005; Raven et al. 2010; 

Smith & Raven 2012). Transitions are also discussed in various scopes and under different terms 

depending on the aim of studies, e.g. technological transitions (Geels 2002a), societal transitions 

(de Haan & Rotmans 2011), technological revolutions (Perez 2002) and regime transformation 

(Poel 2003). What is common among all these terms and approaches is the way that they 

understand transitions as continuous processes of change, change that: 

- profoundly alters the functioning of systems, 

- is long-term and takes place over generations, 

- involves multiple actors and multiple dimensions, 

- spans across multi-temporal and multi-spatial scales, 
                                                
7 Integrated Assessment is “a structured process of dealing with complex issues, using knowledge from various scientific 
disciplines and/or stakeholders, such that integrated insights are made available to decision makers” (Rotmans 1998). 
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- is subject to lock-in and path-dependency, and 

- creates discontinuities in the way that systems are functioning. 

Sustainability transitions is a vast and diverse literature including several widely known areas such 

as the MLP, TIS, TN, SNM (that were mentioned earlier), the geography of transitions (Binz et 

al. 2014; Coenen et al. 2012), the role of niches and protective spaces (Smith 2003; Smith et al. 

2013), etc. It also includes many emergent concepts and frameworks such as the Multi-Pattern 

Approach (MPA) (de Haan & Rotmans 2011; de Haan 2010), the conceptualisation of power in 

transitions (Avelino 2011; Avelino & Rotmans 2011), the Actor-Option Framework (Yücel 

2010), the framework with multiple stages and driving forces (Frantzeskaki 2011), Methods and 

Tools for Integrated Sustainability Assessment (MATISSE) (Haxeltine et al. 2008), the 

conceptualisation of regimes (Holtz et al. 2008; Turnheim 2012; Turnheim et al. 2015), the role 

of actors, institutions and networks in transitions (Farla et al. 2012; Markard & Truffer 2008a; 

Musiolik et al. 2012), etc. In the following sections, a review of only selected frameworks and 

theories, which can potentially assist in addressing the research questions of this thesis, is 

presented. They are those frameworks and theories which bring an understanding of transition 

dynamics and conceptualise it from different aspects (i.e. institutional, socio-ecological, and 

socio-technological transitions (Frantzeskaki 2011)), at different levels of aggregation (i.e. 

underlying mechanisms, functional interactions, and the patterns of transition) and at different 

scales (i.e. the diffusion of innovation in a system or a broader sectoral transformation). This 

review intends to conclude with the strengths and limitations of these theories and to show the 

necessity of a theoretical integration for an improved understanding of transition dynamics. 

2.2.1 The Multi-Level Perspective (MLP) 

Among transition theories, the MLP is one of the earliest and perhaps the most well-known 

framework for explaining transition dynamics. Based on previous work by Kemp (1994), Rip and 

Kemp (1998) and Kemp et al. (2001), Geels (2002a) integrated concepts from evolutionary 

economics8 and technological studies9. The integration was presented as an ‘appreciative theory’ 

(Nelson & Winter 1982) to describe how transitions unfold in different patterns and pathways. 

The study conceptualised socio-technical transitions in three nested and analytical levels of 

change: niches, regime and landscape and named this conceptualisation the Multi-Level Perspective 

(see Figure 1).  

                                                
8 What adopted from evolutionary economics was the integration of two views on technological evolution: one was the variation, 
selection and retention process and the other was the unfolding and reconfiguration process. 
9 From technological studies, the idea of linking between technology and social factors was used, the view that sees technology as 
a configuration of techno-social elements for fulfilling societal needs (Rip & Kemp 1998). 
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Figure 1 Landscape, regime and niches in the MLP (Geels 2002a) 

Niches, regime, and landscape are the analytical concepts for capturing a system complexity 

while simplifying the presence of many homogenous actors. The regime10 is the established 

system at the meso-level of the conceptualised dynamics. In addition to regular system 

components such as existing infrastructure, sunk investments, standards and regulations, the 

regime also includes an intangible configuration of underlying beliefs, heuristics, routines and 

perceptions. The regime configuration with strong linkages creates stability11 in socio-technical 

systems. It resists changes and acts as a selection process12 in transitions. Niches are micro-level 

protected places from the pressure of the regime for radical novelties. They are mainly run by 

small networks of outsiders who are protected from the regime. Niches create a variety of 

alternatives, assist in learning processes and provide stimuli to change in the regime. The 

landscape contains slowly changing external factors, or as Geels (2002a) call them ‘deep 

structural trends’ rooted in the exogenous environment (such as macro-economic, political 

decisions or environmental problems). The landscape can impact regime and niches while it is 

not easily affected by them.  

The MLP defines transitions as changes from one socio-technical regime to another. The 

dynamics are conceptualised as the interactions of this regime with niches and a landscape. The 

conditions of these three levels can create a ‘window of opportunity’ for transitions to happen. 

The timing and nature (i.e. being reinforcing or disruptive for the regime) of landscape forces on 

the regime along with the maturity and nature (i.e. being competitive or symbiotic to the regime) 

                                                
10 The regime is sometimes referred to as socio-technical regime in the literature. 
11 This stability is in form of a dynamic equilibrium, in which the regime deals with the changes in the environment through 
incremental innovations (Rogers 2003). 
12 From an evolutionary economics point of view, the process of change is divided into the creation of variety and a selection 
among them. 
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of niche pressure create different conditions for the unfolding of transitions. Based on some case 

studies, Geels and Schot (2007) categorised the dynamics of these multi-level interactions in five 

different pathways:   

1) In conditions when no niche innovation (alternative system) is present and the landscape 

pressure is supporting the regime (reinforcing), no transition is expected to happen. This 

is called ‘reproduction process’ where the regime remains in dynamic equilibrium, and 

the same past trajectory continues. 

2) When a moderate disruptive pressure from the landscape is exerted on the system while 

no aggregated and mature niche exists, the functioning of the regime is modified 

gradually. This is referred to as a ‘transformation pathway’. In this form of dynamics, the 

exogenous pressures from the demonstration of alternatives by outsiders along with 

direct negotiations to change the system rules (socio-institutional dynamics) create a 

window of opportunity for the regime to change internally. However, niches are not 

mature enough13 to grow up and take over the regime. Therefore, the regime gradually 

transforms its functioning with existing symbiotic innovations and by current actors. 

3) The presence of a highly disruptive pressure from landscape, and at the same time, the 

availability of multiple co-existing niches competing with one another, shape another 

pathway called ‘de-alignment re-alignment’. In this pathway, the structures of the current 

regime break down (or de-aligns) while alternatives at the niche level compete with one 

another to become a dominant regime. This is the market-pull power which makes an 

alternative niche mature and re-aligns the regime functioning and structure. This pathway 

is shaped with an ‘evolutionary-economic dynamics’, i.e. in a process of product variation 

and market selection. 

4) When a strong landscape pressure is present and the emerging niches are matured, 

transitions unfold in a ‘technological substitution’ pathway. In this pathway, incumbent 

actors resist against the introduction of matured innovations to an established market. 

However, the technology-push power of existing niches facilitates the replacement of the 

incumbent regime.  

5) In conditions when a moderate landscape pressure exists and niche innovations are 

symbiotic to regime, the dynamics unfold in a ‘reconfiguration’ pathway. In this situation, 

the regime adopts symbiotic niches in the form of add-ons or complements to the 

established system to improve its performance. The adopted niches trigger further 

                                                
13 Geels and Schot (2007) have proposed indicators to assess when a niche is matured. 
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adjustments. These cascaded adjustments change the basic architecture of existing 

systems, and make a new regime grow out of the old one. 

Geels and Schot (2007) considered a possible sequence of transition pathways starting with 

transformation pattern, then turning into reconfiguration when landscape pressure is intensified, 

and ending with technological substitution or de-alignment re-alignment14 when landscape 

pressure becomes highly disruptive. 

2.2.2 The Multi-Pattern Approach (MPA) 

The Multi-Pattern Approach was developed by de Haan (2010) and de Haan and Rotmans 

(2011) through theoretical deductions for explaining the patterns and pathways of transitions. 

The Multi-Pattern Approach is also called ‘Pillar Theory’ as it bases the understanding of 

transition dynamics on three pillars, namely ‘conditions’ that drive transitions, ‘patterns’ that 

describe their emergence, and pathways that explain the sequence of patterns in transformation 

process. According to this approach, a transition is a process that profoundly changes the way a 

societal system fulfils societal needs. A societal system is considered to be composed of 

subsystems known as ‘constellations’ (see Figure 2), and the regime and niches are special cases 

of these constellations. The way that they fulfil societal needs is called ‘functioning’. Functioning 

is an emergent property of societal systems, and is resulted from actor actions. What happens 

during transitions is that a constellation, whose functioning is dominant, changes and alternative 

constellations gain power. Changes in functioning are described with patterns as the building 

blocks of dynamics. The Multi-Pattern Approach understands transitions as a concatenation of 

these patterns. De Haan and Rotmans (2011) described the conditions, patterns and pathways of 

transitions as follows. 

 
 

Figure 2. Composition of a societal system (de Haan 2010) 

                                                
14 The ending pathway depends on the maturity of niches. 
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Transitions are triggered when the functioning of systems is compromised. It can happen under 

three conditions: the first is ‘tension’ which is the mismatch between (the inflow and outflow of) 

the dominant constellation and its encompassing environment. The second is ‘stress’ which is 

rooted in the interplays of different facets of functioning in the dominant constellation, when 

one interrupts the other. The third is the ‘pressure’ of an alternative functioning to the dominant 

constellation. Pressure is a similar condition to the window of opportunity and scale-up of niches 

that the MLP discusses. 

Having these conditions, changes in the power of constellations can be described with three 

transition patterns. The first pattern is ‘reconstellation’. This refers to the situation where a 

constellation emerges or gains power from outside. This can be caused by a tension or stress. 

The second is the situation where a constellation emerges or gains power from inside. This 

pattern emerges under pressure or stress, and is referred to as ‘empowerment’. The third is when 

the dominant constellation absorbs innovations, co-evolves with other constellations and 

incorporates alternative functioning. This is called ‘adaptation’ and it can happen under all three 

conditions. 

Having these conditions and patterns, transition paths are described as a sequence of the initial 

system state (i.e. states of constellations and conditions), the patterns of transition and the new 

system state. Based on the dominance of specific patterns, 11 transition paths are derived. When 

dominant pattern is reconstellation, (1) regime can be reformed according to an external 

constellation which is called ‘radical reform’, (2) a constellation outside regime may replace the 

incumbent one which is called ‘revolution’, or (3) transitions may fail and leave the system in 

chaos which is called a ‘collapse’. When transition patterns are dominated by empowerment, (4) 

niches can be adapted gradually with regime, and this is a ‘reconfiguration’ pathway, (5) niches 

can turn into empowered niches and overthrow the regime which is a ‘substitution’ pathway, or 

(6) an early hype in niche expectation disappears and leads to a ‘backlash’. There can be also 

some ‘squeezed’ pathways with both empowerment and reconstellation patterns. In this 

situation, (7) the regime may take advantage of bottom-up niche pressure to get modified and to 

handle top-down external tension, and this pathway is called ‘teleological’, (8) if the incumbent 

regime does not have a role in the future of system, it becomes an ‘emergent’ pathway, and (9) if 

niche innovations at the bottom do not change the regime and do not also address top-down 

tensions, this is a ‘lock-in’. Finally, if transitions are dominated by adaptation, (10) the regime 

gradually undergoes a ‘transformation’, or (11) if it fails, a ‘system breakdown’ takes place. 
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2.2.3 Technological Innovation Systems (TIS) 

Contrary to the approaches that discuss the dynamics of interactions among established system, 

emerging systems, and external environment, another group of approaches, known as Innovation 

Systems (IS), studies the dynamics of system formation (Edquist 2005). The innovation systems 

approaches analyse the emergence of an innovation-driven system with concentration on the 

spatial context (i.e. National Innovation Systems (NIS) (Freeman 1995; Nelson 1988) and 

Regional Innovation Systems (RIS) (Cooke et al. 1997)), sectoral context (i.e. Sectoral Innovation 

Systems (SIS) (Malerba 2004)), and technological context (i.e. Technological Innovation Systems 

(TIS) (Carlsson et al. 2002; Carlsson & Stankiewicz 1991)). Among them, the one that is 

employed most for explaining the dynamics in socio-technical transitions is TIS. Carlsson and 

Stankiewicz (1991) proposed the idea that systemic interplays between firms and other actors 

under a particular institutional setup can drive generation, diffusion and utilisation of 

technological innovations. Based on the later refinement and modification of this initial idea, TIS 

was proposed for understanding the dynamics of emerging system formation (Carlsson et al. 

2002).  

TIS investigates the dynamics mostly from a functional perspective and in terms of what drives 

the formation of a new system. It does not necessarily discuss the interactions with the 

established system and the external environment. TIS proposes a set of internal processes 

required for system formation, known as ‘functions’. Pursuing the generation, diffusion and 

utilisation of innovations is assumed to be the main functions of TIS (Carlsson et al. 2002). 

Jacobsson and Johnson (2000) and Hekkert et al. (2007) further expanded this by introducing 

seven functions: entrepreneurial activities, knowledge development, knowledge diffusion, guidance of the search, 

market formation, resource mobilisation and creation of legitimacy. The fulfilment of these functions leads 

to the formation of a new system. 

In addition to the fulfilment of each function, the interactions between functions also create a 

momentum and stimulate the dynamics. Suurs (2009); Suurs et al. (2010) and Suurs et al. (2010) 

framed these interactions as the ‘motors of innovation’. The motors are groups of interacting 

functions which create reinforcing loops in the formation of emerging systems (see Figure 3). 

Four motors of innovation were identified inductively from case studies: science and technology push 

motor, entrepreneurial motor, system building motor, and market motor (Negro et al. 2008; Suurs & 

Hekkert 2009; Suurs et al. 2010; Suurs et al. 2009). Science and technology push motor 

accelerates research and development and reduces scientific uncertainties around emerging 

systems. In the entrepreneurial motor, knowledge is translated to innovation by entrepreneurs, 
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and its applications are demonstrated. In the system building motor, disparate actions become 

coordinated, institutions are formed, and the formation of new systems is consolidated. The 

market motor introduces the new system into the market and supports the further development 

of it with market-pull forces.  

 

Figure 3. A sample of interactive functions and reinforcing loops (Hekkert et al. 2007) 

2.2.4 The Actor-Option Framework 

The Actor-Option Framework was developed by Yücel (2010), and it focusses specifically on 

explaining the underlying mechanisms of transition dynamics. It considers transitions to be 

shaped by actors and their decisions regarding available options and in order to satisfy societal 

needs (see Figure 4). The drivers of transition dynamics, therefore, can be changes in the 

behaviour of these actors (supporting or opposing options) and/or changes in the properties of 

options. Based on this conceptualisation and in an induction from case studies and deduction 

from existing transition theories, Yücel (2010) identified three main mechanisms of changes in 

transitions. 

. 

 

Figure 4. The conceptualisation of transition in the Actor-Option Framework (adapted from (Yücel 2010)) 
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The first mechanism is changes in option properties. Option properties are techno-physical 

features of options (embodied properties) as well as their practical and provisional features 

(disembodied properties). External changes can be driven externally or internally. The external 

changes are the exogenous-driven spillovers of embodied or disembodied properties. The 

spillovers can take place within the same sector (intra-domain) or in interaction with other 

sectors (inter-domain). Internal changes are driven endogenously. Three endogenous drivers of 

change for option properties are: (i) the experience-driven changes caused by the cumulative 

experience of actors in practical15 and provisional16 senses; (ii) the scale-driven changes caused by 

up-scaling of utilisation or provision of options; and (iii) the resource-driven changes which are a 

purposeful allocation of resource to options, methods of provision, and capacity of provision.  

The second mechanism is through changes in actor perception. Changes in the understanding of 

actors from options and their properties alter the interactions between actors and options. This 

is the dynamics of perceived information17 which can be driven in three ways: (i) by individual 

learning from the direct observation of actors; (ii) by social learning and from the diffusion of 

information, and (iii) by external source of learning and from media, published reports, etc. 

The third mechanism is changes in the actor behavioural identity. This mechanism influences the 

interactions of actors and options through changes in the values and assumptions of actors18 in 

decision making. These changes can be driven: (i) by the reference formation which refers to 

change in ideal (or expected) option properties and caused by external regulations or social 

influences, (ii) by the commitment formation which refers to change in actor inertia in moving 

towards new options, and (iii) by change in preferences which is the alternation in the priority of 

issues and suitability of option properties.  

2.2.5 Methods and Tools for Integrated Sustainability Assessment (MATISSE) 

The conceptual framework underpinning the MATISSE model was developed as an 

improvement to the tools available for conducting Integrated Sustainability Assessments in the 

EU policies (Bergman et al. 2008a; Haxeltine et al. 2008; Schilperoord et al. 2008). It frames the 

dynamics of transitions as a pathway from one equilibrium to another and driven by agent 

interactions. Niches, empowered niches, and regimes are considered as collective agents 

competing with each other in transitions. MATISSE assumes actors as individual agents which 

can create support for collective agents and the landscape as signals affecting these agents. 

                                                
15 i.e. learning by using. 
16 i.e. learning by doing. 
17 Known as first-order learning. 
18 Known as second-order learning. 
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Therefore, a transition is defined as a sequence of agent transformations driven by the support 

of individuals; a transformation from niche to empowered niche to regime (see Figure 5). 

These agents are subsystems formed with structures, cultures and practices. Structures are the 

physical assets with ability to create resource and institutional capacities (e.g. norms, rules, 

regulations, etc.). Cultures are a collective set of norms, values, perspectives (shared orientations) 

and paradigms (the way of defining problem and solutions) (Grin et al. 2010). Practices are the 

accumulation of actions which defines the characteristics of subsystems.  

 

Figure 5.Subsystems interactions in MATISSE model (Haxeltine et al. 2008) 

The dynamics that MATISSE describes can be driven exogenously and endogenously. The 

endogenous dynamics are the result of non-linear interactions of niches, empowered niches, and 

regime (collective agents) and the heterogeneous population of societal actors (individual agents). 

On the one hand, individuals, in an analytical level called the support canvas, make decisions and 

create coalitions to support collective agents based on their attractiveness. This support creates 

(physical and institutional) resources and structures for collective agents. This bottom-up process 

is called a ‘support mechanism’. On the other hand, collective agents adapt their functioning in 

order to increase the share of support from individual agents. The support they receive depends 

on the institutional capacity of collective agents as well as their strategy (e.g. sticker19, aggregator20 

etc. (Schilperoord et al. 2008)). The exogenous dynamics come from the impact of landscape, 

such as the impact of key policies and regulations, on agents. Landscape forces, as macro-level 

signals, change the individual agent preferences, and subsequently influence their decisions to 

support collective agents. 

                                                
19 Who never changes functioning. 
20 Who moves toward the mean ideal point of all individuals. 
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MATISSE introduces three concepts for describing transition dynamics: ‘mechanisms’, ‘patterns’ 

and ‘pathways’. Mechanisms are societal processes and the building blocks of dynamics which 

are extracted from historical case studies. They include (Haxeltine et al. 2008):  

§ Niche-to-empowered niche: when a niche gains power and turns into an empowered 

niche;  

§ Empowered niche-to-regime: when a niche has the ability to change into regime;  

§ Emergence of niche: when the preference of actors changes but there is no present 

alternative to satisfy it; the unsatisfied demands stimulate niche innovations; 

§ Growth of subsystem: when the power of subsystems grows or shrinks over time; 

§ Clustering of niches: when complementary niches join together; 

§ Adaptation in resource: when the internal allocation of resource is adjusted in response 

to external pressures; 

§ Adaptation with current practices: when the aim is to maintain current practices and their 

associated structure and to remedy the instability caused by misalignment between them; 

§ Adaptation with change in practices: when the landscape changes current practices and 

when structures are realigned; 

§ Adaptation with the absorption of niches by regime: when the regime addresses change 

in practices by the absorption of niches; and 

§ Adaptation with competition with the regime: when the regime is modified in response 

to niches. 

The sequence of these mechanisms was able to reproduce four transition patterns which are 

already introduced by Geels and Schot (2007): transformation, de-alignment re-alignment, 

technological substitution, and reconfiguration. The description of patterns from a starting state 

of a system to an end constitutes pathways.  

2.2.6 The framework with multiple stages and driving forces 

This conceptual framework is developed by Frantzeskaki (2011), in order to explain the 

dynamics of transitions and to propose governance recommendations for it. The framework 

investigates the dynamics in a sequence of induction and grounding; induction for describing 

what drive transitions in terms of feedback loops and patterns; and grounding in theoretical and 

empirical studies for reconceptualising and validating the feedback loops and patterns already 

identified in induction.   
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According to this framework, a transition is identified as a cyclic evolution of slow and fast 

dynamics in a continuous transformation process. Three main concepts are introduced to explain 

the dynamics (Frantzeskaki 2011):  

§ ‘Stages’ are the evolutionary cycles of a system transformation where system is in the 

state of dynamic equilibrium and experiences slow dynamics. Transitions go through 

three stages. The first is ‘genesis’, a stage characterised by novelty for forming a new 

constellation. The second is ‘stasis’, a stage characterised by stability aiming to settle 

down competitions between constellations. The third is ‘metastasis’ which is a stage 

characterised by rapid changes and turbulence in order to break down old regime and 

facilitate transitions.    

§ ‘Forces’ are conditions driving the system towards the stages in a transition. They can be 

formative forces created by the presence of a new practice, new niches or new social 

demand. They push the system towards the genesis stage. Forces can be supportive 

pushing the system towards the stasis stage. Supportive forces are shaped by the 

standardisation of practices, provision of resources and exercise of power. Forces can be 

triggering. They bring failure and crises into the system and lay the groundwork for 

transitions (pushing towards metastasis stage).     

§ A ‘societal system’ consists of environment as a source of natural resources, technology 

as a combination of science and artefacts, civil society as actors doing actions and 

shaping practices and institutions as social construct for enabling and constraining 

actions.  

The dynamics of transitions, in terms of the combination of driving forces and feedback loops, 

are differentiated based on how forces impact a societal system. Each of these dynamics can 

appear in different episodes of a long-term transition (Frantzeskaki 2011). 

When the civil society and institutions are impacted in a societal system, the institutional 

transition takes place. The dynamics are defined with one relation and three feedback loops. The 

‘institutionalisation’ is the relation that assists an innovative system to move towards stability.  

The first loop is the ‘self-endorsement’ loop, which is the reinforcing process of existing 

institutions. This is the source of stability in the stasis stage. The second is the 

‘deinstitutionalisation’ loop which intensifies the destruction of system in the metastasis stage. 

The third is the ‘anarchy’ loop, which stimulates the creation of niches in the genesis stage (see 

Figure 6).  
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Figure 6. Evolution stages and feedback loops in institutional dynamics (Frantzeskaki 2011) 

If transition reshapes the civil society, institution and environment, a socio-ecological transition 

emerges with dynamics consisting of three feedback loops. The first is the ‘institutional over-

reliance’ loop created by high-dependency on institutions to solve an ecological problem. This 

over-institutionalisation creates inertia and makes transition difficult. The second is the 

destructive effect of the sequence of multiple shocks, such as extreme environmental failures, 

known as the ‘catastrophe’ loop. This agitates the metastasis stage and increases the chaos in 

system. The third is the implementation of new ecological practices known as the ‘stewardship’ 

loop. This is formed when a proactive system prevents a catastrophe in the metastasis stage (see 

Figure 7).   

 

Figure 7. Evolution stages and feedback loops in socio-ecological dynamics (Frantzeskaki 2011) 

Finally, if the civil society, institutions and technologies are influenced by transition’s forces, a 

socio-technical transition emerges. This is composed of two feedback loops and one relation. 

The relation is called ‘demand-pull bypass’. This refers to a situation where a new demand in the 

stasis stages drives innovations in the genesis stage. The first loop is ‘institutional restraining’ 

which hampers unorthodox innovations with established institutions. The second loop is 
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‘technology lock-in’ which represents the inertia of established systems in adopting new 

revolutionary form of technologies. (see Figure 8).  

 

Figure 8. Evolution stages and feedback loops in socio-technical dynamics (Frantzeskaki 2011) 

    

2.2.7 Comparing and contrasting the transition theories 

Disparities exist in the theories studying the dynamics of transitions. The disparities are in terms 

of conceptualising what changes during transition, when it happens, why it takes place and how 

it appears (Holtz 2011). Existing theories and frameworks do not cover all these aspects and 

sometimes refer to them with different terms. The theories can be distinguished one from 

another based on the aggregation level of dynamics that they investigate (Frantzeskaki 2011). (i) 

The dynamics can be discussed at the highest level of aggregation, i.e. the interactions between 

the formation of new systems, the destabilisation of old regime and the impacts of external 

forces, with some patterns. The MLP, the MPA, Frantzeskaki’s framework and MATTISE 

explain the dynamics at this level. (ii) The dynamics can be discussed based on the functional 

interactions that form an emerging system. TIS analyses the formation of a new system at this 

level. (iii) The dynamics in actor behaviours and system structures can be also investigated. The 

Actor-Option Framework and MATISSE are two examples of this group. Based on these 

theoretical positions in explaining transition dynamics, the following strengths and limitations for 

the reviewed theories and frameworks can be discussed. 

Actors and micro-foundations of dynamics 

One of the criticisms usually raised about the transition theories is about their functionalistic 

approach and their limited attention to the underlying mechanisms of dynamics. The MLP, as 

Smith et al. (2005) discussed, is subject to this limitation. The MLP is mainly a functionalistic 

approach and does not provide a clear explanation for the role of agencies, their behaviours and 

actions in transition dynamics21. Agent decisions and their actions are the mechanisms which can 

                                                
21 However, Geels and Schot (2007) and Geels (2010) later responded to this criticism and rejected the functionalistic label to the 
MLP. 
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explain transition dynamics. Frantzeskaki’s framework and the MPA also have this limitation. 

However, actor dynamics are discussed extensively in the Actor-Option Framework. It presents 

a micro-level conceptualisation of dynamics in terms of actor-option interactions, the different 

roles of actors and their decisions in transition process. MATISSE also explains actor dynamics 

and refers to it as the ‘metabolisms’ which drive transition dynamics. Metabolisms connect the 

structures, resources and actors to the patterns and pathways of transitions. TIS is another 

approach capable of investigating the role of actors and their strategies (Markard & Truffer 

2008a), networks and available resources (Musiolik & Markard 2011; Musiolik et al. 2012) and 

formal and informal institutions (Fuenfschilling & Truffer 2013; Wirth et al. 2013).  

Inter-systems and intra-system dynamics 

Intra-system dynamics are the internal processes in the formation of emerging systems or the 

destabilisation of old systems. Inter-systems dynamics are the interactions among the external 

environment, regime and emerging systems throughout transition process. The transition 

theories do not extensively discuss the processes/mechanisms that form and scale up niches to a 

new regime and those that destabilise and destroy an old regime (Markard & Truffer 2008b). The 

MLP explains the dynamics of interactions between three levels and does not clarify the internal 

formation of systems at each level individually. However, internal dynamics in the destabilisation 

of regime were discussed recently by Turnheim and Geels (2013). The MPA, Frantzeskaki’s 

framework and the Actor-Option Framework have the same limitation. The MPA does not 

discuss how the constellations’ power increases or decline internally. Frantzeskaki’s framework 

examines the overall state of systems under the impacts of driving forces, but does not 

specifically talk about the formation processes of these systems. The Actor-Option Framework 

studies the actor-option interactions in transition, but it does not explain how they contribute to 

the formation or destabilisation of systems. TIS is an approach which can capture the formation 

dynamics of systems through functional interactions and the concept of motors of innovation. 

MATISSE also practically discusses the dynamics within systems, referring to it as the 

endogenous dynamics of agent formation, which is different from the dynamics of interactions 

between systems.  

Top-down and bottom-up transitions 

The direction of transition, in terms of the emergence of a new system from niche innovations 

or from landscape, is another point of difference between the transition theories which explain 

inter-systems dynamics22. The MLP emphasises the leading role of niche in creating transitions 

                                                
22 Therefore, it is not discussed for TIS which only deals with the dynamics within the system.  
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(Berkhout et al. 2004). Geels and Schot (2007) proposed that transitions take place by the 

alignment of landscape forces, disturbance of regime and presence of niches. This alignment was 

described as a window of opportunity where the pivotal role is with niches and transitions 

emerge from the bottom-up. Berkhout et al. (2004) argued that an overemphasis on niche 

innovations in the MLP distorts the understanding of dynamics from causes to effects.  

The MPA argues that transitions can be driven by a mismatch within the established system, or 

by government-led support and landscape signals at macro-level, in addition to niche 

empowerment (de Haan & Rotmans 2011). It therefore considers reconstellation and adaptation 

as the patterns of dynamics driven from outside and inside of the system respectively; the 

patterns that are not led by niche innovations. The Actor-Option Framework discusses the direct 

influence of external environment in addition to niche innovations when it refers to the 

exogenous-driven spillovers for changing option properties, external sources of learning for 

changing actor perception and external regulations or social influences for changing actor 

behavioural identity. MATISSE also takes into account the emergence of a transition. It 

discusses the exogenous dynamics, i.e. the influence of landscape forces on individual agent 

preferences and subsequently on collective agent support. It also conceptualises the situation 

where transitions unfold through the top-down adaptation of a regime and by internal and 

external driving forces. In Frantzeskaki’s framework, the exogenous and endogenous sources of 

transitions are conceptualised with trigger, supportive and formative forces. Triggers can be in 

form of crises and exogenous events from external environment or from system failure. They 

can be also in form of stresses from the internal of system. Supportive forces can be from 

external environment (such as standardisation of practices, exercise of power and provision of 

resources) or from an internal stress in system (such as self-regulation). In formative forces, the 

presence of a niche, new demand or new functions are driven from the bottom while the 

imposition of new practices is from the external environment (Frantzeskaki & de Haan 2009).   

Quasi-static and dynamic analysis of transition 

De Haan and Rotmans (2011) discussed the conceptual simplicity that some of the transition 

theories have in dealing with the complexity of transitions. It has been discussed that some of 

the existing theories only provide a quasi-static picture (a snapshot in time) of dynamics. The 

MLP and TIS explain transitions as a process with multiple changes, but they do not take into 

account the sequence of changes and stabilities in a consecutive process. This conceptual 

simplicity is the same limitation for the Actor-Option Framework. However, in the MPA, 

MATISSE and Frantzeskaki’s framework, the dynamics are described through time and in the 
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different phases of transitions. The MPA and MATTISE explain the dynamics in a pathway 

including the initial state of system, the patterns of change and the new state of system. 

Frantzeskaki’s framework considers a circular process between the stages of dynamic equilibrium 

and describes transitions with slow and fast dynamics in a cyclical and evolutionary process. This 

framework refers to fast dynamics as ‘transformative processes’ shifting system and to slow 

dynamics as ‘metabolic processes’ adapting systems with changes in environment.  

2.3 Modelling transition dynamics 

Mathematical and computational modelling can formalise the qualitative description of transition 

dynamics and reproduce the complex behaviour of systems with computer simulation 

(Timmermans et al. 2008). Models can provide an analytical power beyond the capability of 

human mind and can complement the qualitative understanding of theoretical frameworks in 

sustainability transitions. They can incorporate the engineering characteristics of transitions, 

technical feasibilities and natural resource’s limitations. They are well equipped for a future-

oriented scenario analysis and also for dealing with the complexity of systems, i.e. non-linearity, 

time delay and multi-causality (Holtz 2011). Quantitative models are practical for evidence-based 

policy making as they describe system states and transition dynamics in quantitative terms (Holtz 

et al. 2015).  

‘Transitions models’ are defined as the application of existing modelling techniques in 

sustainability transitions in order to explain the dynamics of system transformation. Transitions 

modelling is an emerging niche, and a quick survey of peer-reviewed articles reveals a growing 

interest in this emerging area (15 articles23 on transitions modelling published till 2012 increased 

to 41 articles24 till 2016). This area is diverse in terms of the modelling techniques and 

approaches being used (Halbe et al. 2015; Holtz et al. 2015). Most notably, it includes pure 

mathematical modelling with partial differential equations (de Haan 2008), computational agent-

based modelling (Bergman et al. 2008a; Bergman et al. 2008b; Chappin 2011; Holtz 2010; Köhler 

et al. 2009), system dynamics modelling (Walrave & Raven 2016; Yücel 2010; Yücel & 

Chiong Meza 2008) and complex systems and evolutionary modelling (de Haan et al. 2016; 

Frenken 2006; Safarzynska 2013). In the following sections, only four transitions models are 

                                                
23 Based on the same search string, conducted on 10 of October 2016 in Scopus. The irrelevant articles were 
removed from the results.  
24 Based on the search conducted on 10 of October 2016 with the following string in Scopus: TITLE-ABS-KEY 
(("sustainability transition*") OR ("socio-technical transitions") OR ("Societal transition") OR ("multi-level 
perspective") OR ("transition management")) AND TITLE-ABS-KEY ((model?ing) OR ("transition model") OR 
(simulation)). The irrelevant articles were removed from the results. The papers published in the proceedings of IST 
Conferences in 2015 and 2016 were added manually. 
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explained with an aim to show how different qualitative theoretical concepts in sustainability 

transitions can be formalised with a range of modelling techniques. In order to concentrate on 

modelling process and not to explain the underlying conceptual frameworks, those models 

whose underlying transition frameworks are already explained in Section 2.2 are chosen. 

In the first and second examples, the computational and mathematical modelling of the 

theoretical concepts used the MPA is presented by de Haan (2008, 2010). In the third model, a 

system dynamics model based on the Actor-Option Framework, developed by Yücel and 

Chiong Meza (2008) is explained. In the fourth model, an agent-based model of transition 

dynamics, developed by Schilperoord et al. (2008) and Bergman et al. (2008a), based on the 

MATISSE  approach is explained. Each of these transitions modelling examples is formulated 

for a case study. However, here only the model structures, independent of their empirical 

context, are presented. 

2.3.1 Computational modelling of transition dynamics with the MPA concepts 

De Haan (2010) formalised the dynamics of transition described in the MPA. The main concepts 

to be modelled are: constellations and their functioning, conditions triggering transitions, 

patterns describing transformation process, and pathways showing the sequence of patterns. The 

different facets of functioning are represented by multidimensional vectors in Equations (1) and 

(2), where !" ∈ ℝ corresponds to each facet of functioning and ! ∈ ℝ%. 

! = !',… , !%  
 

(1) 

* = !	 (2) 

* is a societal system and * = ,-%
' , where ,- is a constellation attributed to a functioning 

vector and *  is a vector representing societal needs. The power and degree of alignment 

between the vectors of constellations differentiate between regime, empowered niches and also 

between deviating and conforming niches. The power of a constellation is defined as the inner 

product of its respective vectors (see Equations (3) and (4)), where . is the power of a 

constellation and Π is the power of societal system. The degree of alignment between two 

constellations is defined in Equation (5) where 0 is a measure for the conformity of 

constellations from each other. 

 



[45] 
 

. = ,"
1

%

'

	
(3)	

Π = *"
1

%

'

 
(4)	

0 = ,234'
,'. ,1
.'. .1

 
(5) 
 

Regime (R), niche (n), empowered niche (r) and landscape (L) are considered as vectors. What 

trigger dynamics, shift the power of constellation and change the degree of alignment are 

conditions, namely tension, stress and pressure (see Section 2.2.2). The conditions are formalised 

in Equations (6) to (8), where :; is tension, *; is stress and <; is pressure on a constellation. 
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(8) 

The conditions shift the power and change the functioning with some specific patterns. Patterns 

are formalised as the functions mapping constellation vector(s) to other constellation vector(s). 

See Equations (9) to (11), where 

- , is the new state of constellation,  

- AB, is reconstellation pattern with �C >�C		and		�CC ≈ 0,  

- IJK is empowerment pattern with	�C >�CL +�CN		and		�CLC ∨ 	�CNC > 0, and  

- PQRK is adaptation pattern with 	�C ≈�CL +�CN		and		�CLC ∨ 	 	�CNC > 0. 

AB,	 , = , (9) 

IJK	 c, ,1 = , (10) 

PQRK	 ,', ,1 = , (11) 

 

Based on the formalisation of constellations, conditions and patterns, a transition pathway can 

be defined. It starts with the initial state of system, followed by new conditions, then by the 

emergence of patterns and ends with the new state of system. This process can be iterated 



[46] 
 

several times and can be run in Java. In two or three iterations, transition pathways are 

reproduced (see Equation (12)). 

A, T', T1 U IJKU T', T1 = V,	

A, V U,W PQRKU,W A, V = A, V	

A, V . 

(12) 

	

2.3.2 Mathematical modelling of transition dynamics with the MPA concepts 

De Haan (2008) formulated transition theoretical concepts in the MPA with partial differential 

equations. In this transitions model, societal needs are represented by ! = !',… , !% , where 

!" refers to the different aspects of needs. Constellations are considered as multivariable 

functions, X ! , where X is the distribution of constellations’ power across different aspects of 

societal needs. The state of constellations (in general), regime, niches and societal system, at each 

time step, is also represented by multivariable functions, i.e. ," !, Y , A !, Y ,  T !, Y  and 

,"%
"@' !, Y   respectively. 

What differentiate between constellations are their power and the degree of alignment they have 

with the regime as the dominant constellation. Each point in X !  represents the power of one 

specific aspect of constellation functioning, and the total area under it (i.e. the integral of X ! ) 

represents the power of a constellation (see Equation (13)). The proximity of two constellations 

is defined by the shared area created with their respective functioning in Equation (14), where 0 

is Heaviside step function. 

." = Q!	," !, Y
Z

 
(13) 

."[ = Q!	,"0 ,[ −	," + ,[0 ," −	,[
Z

 

 

(14) 

 

Having these basic concepts defined, a transition is represented with a shift in power and 

subsequently with a change in the distribution of constellation functioning, i.e. X ! . While 

transitions change the distribution of power, the total power in a societal system remains 

constant. It just circulates between constellations (power conservation law) (see Equation (15). 
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(15) 

Transition dynamics are represented in two forms: the internal dynamics which are the diffusive 

behaviour of constellations (i.e. the gradual incorporation of more functioning), and the 

interaction dynamics which are the result of direct competition between niches and regime. See 

Equations (16) and (17), where F is the internal dynamics of constellation, L is the interaction 

dynamics between constellations and B is to include the impact of the power conservation law. 

Q
QY
A !, Y = _̀ A + =` A, T − a` A, _%, =%  

(16) 

Q
QY
T !, Y = _% T + =% A, T − a% A, _̀ , =`  

(17) 

The internal dynamics for the regime and niches are formulated in Equations (18) and (19), 

where b" is the diffusion constant of constellations (which is dependent on the constellations’ 

strategy), with b` < b% meaning that regime is more stable and is unlikely to grow as niches do. 

_̀ A = b`
d1A
d!

 
(18) 

_% T = b%
d1T
d!

 
(19) 

The interaction dynamics are formalised in Equations (20) and (21), where e" is the intrinsic 

tendency of constellations to change, S is the support functions from niches, and (* − A) refers 

to the situation where the support from niches is higher than the power of regime. This implies 

that niches can become empowered. 

=` A, T = e`AT (20) 

=% A, T = e%AT(* − A) (21) 

De (2008) concluded that mathematical modelling, once applied in real cases of transitions, 

becomes highly complex and difficult to solve. This makes understating of transition dynamics 

with mathematical approaches time consuming and costly. However, they can be still useful for 

making conclusions and testing hypotheses about transitions. 
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2.3.3 System dynamics modelling of transitions based on the Actor-Option Framework  

Yücel and Chiong Meza (2008) modelled the complex dynamics of transitions, i.e. the web of 

feedback loops, time delays and non-linearities, with the system dynamics approach (Sterman 

2000). The model proposed is based on the Actor-Option Framework (see Section 2.2.4) and is 

applied to the transitions in the Dutch waste management system. A narrative of transition 

dynamics is initially generated using the conceptual Actor-Option Framework. The narrative 

along with the conceptual framework forms a dynamic hypothesis and underpins the model 

structure.  

Based on the Actor-Option Framework, actor interactions and their selection decision from the 

available options are considered as a core to transition dynamics. Therefore, the modelling 

process starts by the conceptualisation of actor decision making with stocks and flows structures. 

Actor decision making is modelled with a multi-objective decision function. Objectives are the 

aspects of societal needs referred to as ‘characterising issues’ in the Actor-Option Framework. 

Actors choose the options which satisfy these objectives the most. Available options are 

considered as stock variables and actor support (in terms of investment, usage, etc.) is considered 

as flow variables. The flow rate is defined through the actor decisions making function in 

Equation (22), where ij Y  is the overall value of option d at time t,  lj" is the value of option d 

from objective i, and n" Y  is the weight of objective i in the preference function of actors, 

which changes through the time. The decisions are made with a value function which actors use 

to assess the attractiveness of options. 

ij Y = n" Y . lj"
"

 
(22) 

According to the Actor-Option Framework, actor decision is influenced by actor perception 

delay (mechanisms related to actor perception), change in actor preference over time 

(mechanisms related to actor behavioural identity) and technology advances and demand-

capacity balance (mechanisms related to options properties). They are represented in the model 

with auxiliary variables. The interactions of these variables create the three types of feedback 

loops in the model:  
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1) ‘Social feedback loops’ which include actor decisions, actor learning within their group25, 

and actor learning from the external environment. These loops are able to imitate the 

actors’ perception delay and change in actor preference.  

2) ‘Socio-technical feedback loops’ include the endogenous or exogenous resource-driven 

mechanisms for the advancement of technologies. 

3) ‘Socio-environmental feedback loops’ include the mechanisms related to capacity 

development and demand-capacity balance. 

Each of these feedback loops is represented in the model using stocks and flows structures and 

with the related equations. For example, the mechanisms related to actor perception delay are 

modelled with information smoothing formulation in Equation (23), where o"[(Y) is the 

perceived information i by actor j at time step t, and KQ[ is the perception delay of actor. Other 

mechanisms and feedback loops can also be formalised in a similar way (see (Yücel 2010) for 

more details). 

Qo"[(Y)
QY

=
o" Y − o"[(Y − QY)

KQ[
 

 

(23)	

2.3.4 Agent-based modelling of transition pathways (MATTISE) 

Bergman et al. (2008a) and Schilperoord et al. (2008) modelled transitions in societal systems 

with agent-based modelling approach and based on the role of agents and their decisions 

conceptualised in the MATISSE approach (see Section 2.2.5). The decision of collective agents 

regarding how to adapt the existing practices to attract support from individuals is modelled. The 

decision of individuals regarding how to support different collective agents is also modelled.    

The model components are explained in three layers. First, the model assumes a multi-

dimensional space called practice space. The dimensions of the practice space represent different 

practices in societal system26. Initially, agents are distributed across the practice space based on 

their reference practices. The distribution of agents in different dimensions creates a supporting 

canvas which operates as a basis for the rest of the model. In the second layer, collective agents 

are placed on the supporting canvas based on their alignment with the dimensions of the practice 

space. Collective agents can attract more support from individuals if practices are close to the 

references of individual agents. Based on this principle, regime and niches are the areas where 

                                                
25 Which is referred to as social learning. 
26 Practice in the MATISSE model is a similar concept to functioning in the MPA and to the characterising issues in the Actor-
Option Framework. 
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agent support is high and low respectively (see Figure 9). In the third layer, external factors are 

considered as signals from landscape. Landscape influences individual and collective agent 

decisions, but cannot be easily affected by them. Having defined the initial state for the agents 

and the signals from the landscape, transition dynamics in the MATISSE model are defined with 

three types of mechanisms:  

 

Figure 9.Practice space: individuals are represented by dots scattering across space, A1 is a regime which is placed in the centre of 
individuals' support, A2 to A4 are niches with less support (Schilperoord et al. 2008) 

The first is the ‘supporting mechanism’ that directs individuals towards collective agents. 

Individuals decide to support collective agents based on the attractiveness of their practices (i.e. 

their positions in the supporting canvas). The attractiveness of collective agents is formulated in 

Equation (24), where 3" is the strength of the collective agent i coming from the individuals’ 

support, q" is the distance of the agent’s reference point from the practices of collective agent, 

and r is a random term. 

P" = s3" − q"
1 + r (24)	

The second is the ‘adapting mechanism’ which modifies collective agents to suit individuals. The 

collective agents based on their strategy are able to adapt their practices to attract individuals’ 

support. Accordingly, the regime’s strategy is to adapt practices and to move towards the highly 

concentrated area of individuals support in the practice space. The niches’ strategy is to 

constantly move around the practice space and in a direction which increases the support from 

individuals the most.   

The third is the ‘external mechanism’ which is the impact of landscape on individuals: the signals 

from landscape impact individuals and change their decisions to move in the practice space. The 
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propensity of agents to move is modelled in Equation (25), where ntuvw is propensity-to-move 

for each individual, . is the total pressure of a signal from the landscape and Q is the density of 

the individuals in the destination area. 

ntuvw = . 1 − Q 1 (25)	

The strength (or power) of collective agents is measured by the support from individual agents. 

These three mechanisms shift the support between the collective agents. The shift of support 

destabilises the established regime and transforms niches to a new regime. Transition dynamics 

are shaped by the sequence of these transformations over time. 

2.4 Analysing transition dynamics under deep uncertainty conditions 

Deep uncertainty changes the paradigm for understanding the dynamics of future transition 

pathways. A common approach for representing the multiplicity of uncertain futures is scenario 

planning. Scenarios are “the coherent description of alternative futures reflecting the different 

views of the past, ongoing and future development and shaping different areas of actions” (Van 

Notten et al. 2003). Future scenarios can be developed differently based on the questions of 

interest (Maier et al. 2016): 

§ If the question is ‘what will happen in the future?’, predictive scenarios are developed. 

Predictive scenarios can be in form of trends including a baseline (i.e. reference scenario) 

and a low, medium and high projection of future. They can be also in form of what-if 

scenarios, predicting pathways in the limited number of futures and depending on how 

future conditions unfold.  

§ If the question is ‘how can a target be realised?’, scenarios are normative. Normative 

scenarios do not necessarily generate possible futures. They instead represent the actions 

which are needed to be done in order to meet objectives. Normative scenarios have an 

inverse and solution-focused approach in finding the right conditions for a specific state 

of future. If normative scenarios achieve objectives efficiently with the capability of 

existing systems, they are called preserving scenarios. Adaptation tipping points is an 

approach for developing preserving scenarios (Kwadijk et al. 2010). If normative 

scenarios achieve objectives by transforming existing systems, they are called 

transformational scenarios. Backcasting is a technique in this group (Kok et al. 2011).  

§ If the question is ‘what could happen in the future?’, scenario are explorative. Explorative 

scenarios have a forward and problem-focused approach. They represent long-term 

futures from multiple perspectives. They suit the investigation of futures under deep 
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uncertainty conditions. The generated futures in explorative scenarios can be in form of a 

framed picture of multiple diverse scenarios or an unframed picture, representing all 

possible futures.  

Deep uncertainty changes the paradigm of policy intervention and decision making in future. It 

values the robustness of policies across all plausible future (i.e. keeping all options open) rather 

than their optimality or reliability for a single best-guess future. Deep uncertainty suggests 

adaptive policies, which can be modified as new futures unfold, rather than static policies. Static 

policies propose single-fixed solution that works adequately well under the most plausible future. 

In this case, a fixed policy is considered robust when its performance is insensitive to the futures 

that may occur. In the adaptive approach, multiple solutions, with flexibility to switch between 

them as new conditions unfold, are presented for the future. Adaptive policies can be in form of 

a main fixed solution with a set of contingency actions (i.e. static adaptive polices). They support 

the robustness of policies over time in case some unexpected events take place. They can be also 

in form of separate paths which can be switched from one to another as the new state of future 

unfolds (i.e. dynamics adaptive polices). Individual solution pathways in the adaptive approach 

do not remain robust over time. However, the final outcome (the behaviour of multiple 

pathways) is robust, and it performs well across the whole set of plausible futures. 

Several approaches have been introduced in the literature for decision making and policy 

intervention under deep uncertainty. They all share the idea of taking a dynamic, adaptive 

approach with robustness as the performance criterion for the suggested policies. However, they 

attend these features differently in order to answer different questions. These approaches are 

generally supported by computational techniques. Computational techniques enable them to 

analyse the large amount of data resulted from the uncertainties of various parameters. Among 

the introduced approaches in the literature (e.g. (Dessai & Van der Sluijs 2007; Hallegatte et al. 

2012; Metz et al. 2001)) are (i) Decision Tree for analysing the appropriate sequence of decisions 

in future, (ii) Real Option Analysis for evaluating the optimal costs and benefits of different 

pathways, (iii) Roadmaps for representing the sequence of actions in time, (iv) Backcasting for 

illustrating required pathways/actions towards a desired future, (v) Assumption-Based Planning 

for developing a basic plan and supporting actions and (vi) Robust Decision Making for 

proposing the robust actions which work well across an ensemble future scenarios generated by 

computational experiments. It should be noted that the decisions made with these approaches 

should be considered within the political process as the main source of deep uncertainty. A 
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supportive or opposing political atmosphere can foster or impede the implementation of 

adaptive policies (Haasnoot et al. 2013). 

Three approaches for dealing with deep uncertainty in future transitions are reviewed in the 

following sections. The first is Dynamics Adaptive Policy Pathway as an assumption-based 

planning approach for long-term futures. The second and third are exploratory modelling and 

scenario discovery. They are techniques for generating and analysing computational experiments 

in robust decision making.  

2.4.1 Dynamic Adaptive Policy Pathways  

The ‘Dynamic Adaptive Policy Pathways’ approach is developed by Haasnoot et al. (2013) as the 

integration of two approaches: Adaptive Policymaking (Kwakkel et al. 2010b) and Adaptation 

Pathways (Haasnoot et al. 2011). It emphases this idea that planning under deep uncertainty 

should start with a vision and continue by short-term actions and with a framework that guides 

these actions in future (Albrechts 2004).  

The Adaptive Policymaking approach presents the steps for developing (i) a reference plan, (ii) 

contingencies measures to support the robustness of the reference plan and (iii) triggers which 

signal when the contingency measures should be taken. The approach starts by analysing existing 

conditions and specifying future objectives. It then develops a basic plan for realising these 

objectives and also a set of actions (migrating action, hedging actions, etc.) for making the basic 

plan more robust. Signposts, as the conditions when additional actions for meeting the objectives 

are required, are specified. The performance of the plan is monitored with contingency planning. 

Different actions (defensive, corrective, reassessment) are triggered to assure the achievement of 

objectives in the case that signposts are observed.    

The Adaptation Pathways approach specifies in the sequence of actions over time. It considers 

adaptation tipping points that prompt new actions whenever the current action can no longer 

meet the objectives. The adaptation pathway approach assesses the tipping points across a vast 

number of scenarios using computational experiments. The result is an adaptation map (or tree), 

representing different sequences of actions (or routes) with their respective tipping points to 

reach a certain future. The decision makers then can decide which sequence of actions to choose 

based on their preference or cost-benefit analysis.  

The Dynamic Adaptive Policy Pathways approach uses the strengths of both Adaptive 

Policymaking and Adaptation Pathways. It starts from the point where (i) the current situation is 

described, the success is defined in terms of desired outcomes, and the major uncertainties of 



[54] 
 

future are identified. Having the current situation and desired future, (ii) the gaps in achieving 

objectives are identified for the ranges of uncertainties in future. Future opportunities and 

vulnerabilities are also discussed. For covering the identified gap and achieving the objectives, 

(iii) actions are proposed. Actions should be designed in a way that can take advantage of 

possible opportunities and that can deal with uncertainties. Once actions are designed, (iv) they 

are evaluated against the intended outcomes across different future scenarios, and the results are 

presented in scorecards. The sell-by dates (tipping points) of actions are also identified. Based on 

that, (v) a concatenation of actions, in form of different pathways for achieving the objectives, 

can be presented. This can be in form of an adaptation map summarising potential pathways. 

Among all possible pathways, (vi) a manageable number of them which are both socially and 

physically robust are recommended. For the preferred pathway(s), (vii) contingency planning is 

conducted, their performance is monitored and the signposts, where the performance is 

challenged by future uncertainties, are specified. The signposts trigger different actions (i.e. 

corrective, defensive or capitalising) in order to make sure that the objectives will be realised. 

(viii) The outcome of these steps, at the end, is summarised in an action plan. The steps can be 

repeated in a cycle as new information reveals in future in order to update the action plan.  

2.4.2 Exploratory modelling 

Exploratory Modelling is a systematic exploration of the impacts of different parametric, 

structural and methodological uncertainties using computational experiments (Bankes 1993; 

Kwakkel & Pruyt 2013; Lempert et al. 2003; RAND 2013). This approach uses models to 

explore several possible futures instead of a best estimate of a single prediction. Exploratory 

modelling also investigates divergent pathways with irreducible uncertainties in the face of 

plausible futures.  

The effective analysis, visualisation and communication of the extensive generated results are 

important in exploratory modelling. This approach uses different techniques and algorithms, 

such as Monte Carlo sampling, the factorial method and optimisation techniques, in order to 

generate and to analyse future experiments. Exploratory modelling can be used for different 

purposes: 

§ It can answer what-if questions by providing a range of plausible futures instead of few 

single trajectories. This approach goes beyond the investigation of the future and can 

answer questions about under what circumstances a specific future scenario can take 

place (Kwakkel & Pruyt 2015). It can answer what possible futures are expected, what 
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the undesirable dynamics are and what combination of uncertainties leads to undesirable 

dynamics.  

§ It can be used to explore the performance of different policies, by assessing under what 

uncertainty condition one plan is preferable to another.  

§ Exploratory modelling can be used for generating hypotheses or for investigating the 

presence of atypical behaviours in future.  

§ It can be used when disagreement persists over a set of input data. In this case, instead of 

improving the accuracy of data, the generation of satisfying results across the whole sets 

of available data is sought.  

§ Exploratory modelling can be used in a robust policymaking process in order to generate 

policies and strategies which perform well and remain robust in all plausible futures.  

§ This approach can be used for the identification of extreme positive and negative cases 

and the bandwidth of expected behaviour in future. 

Exploratory modelling is always combined with other modelling approaches such as system 

dynamics and agent-based modelling. These combinations were applied to several cases and in 

different sectors in the past. Among them is the identification of plausible pathways in the 

transitions of electricity generation sector in the Netherlands (Kwakkel & Pruyt 2013) using an 

agent-based model of the Dutch electricity system called ElectTrans (Yücel 2010). The model 

concentrates on the interactions of end-users and electricity generation companies. End-users 

can be from industrial, commercial, agricultural and residential sectors. Electricity generation 

companies make decision about investment, installed capacity and generation from different 

sources based on the expected profit and also the forecast for demand, fuel price, etc. 

Exploratory modelling was used in order to understand the future unfolding of transition 

pathways under deep uncertainty around technological progress, investment costs, fuel efficiency 

of generation technologies, fuel price and environmental policies. The uncertain input 

parameters are taken into account, and a large number of computational experiments are 

performed for the ranges of uncertainties in input parameters. The lower and upper band of 

plausible pathways in five main outcomes of interest, i.e. total generation, generated electricity 

from fossil fuels, generated electricity from non-fossil fuels, total installed capacity and the 

average price of electricity, were explored. A classification tree was also used in order to analyse 

the results and to understand how different combinations of uncertainties can result in certain 

behaviour in outcome indicators.  
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2.4.3 Scenario discovery 

Scenarios are defined as “internally consistent and challenging descriptions of possible futures” 

(Van der Heijden 1996). Scenarios are being used with various approaches and for different 

purposes (Maier et al. 2016). Among them is scenario discovery which is a technique for robust 

decision making (Lempert & Collins 2007; Lempert et al. 2006). Scenario discovery is a 

computer-assisted approach for identifying a set of future scenarios where the current policies 

fail. The approach applies statistical and data-mining algorithms to simulated results in order to 

identify the combination of uncertainty conditions in input parameters which lead to failed-

policy cases in future.  

Scenario discovery is able to overcome the main limitations of traditional scenario planning 

approaches. Traditional approaches, whether being conducted qualitatively or quantitatively, 

summarise the full picture of future in a small number of scenarios based on future driving 

forces as the axes of scenario matrix. In this process, they may face disagreement in choosing the 

primary driving forces. Traditional scenarios may also disregard surprising driving forces and 

contingencies, known as black swans, and may not represent a diverse range of real possible 

futures (Postma & Liebl 2005). However, scenario discovery can represent a wider area of future 

by considering diverse range of uncertainties. It also makes use of statistical methods to analyse 

and interpret the results.  

Scenario discovery starts by generating computational experiments with a simulation model. The 

model simulates the interactions of components and is considered a scenario generator. The next 

is to identify uncertain parameters and the ranges of uncertainties with high and low estimates 

based on available information. In order to analyse the vulnerability of policies, some outcomes 

of interest with an acceptable range for their values in future are specified. The model is run for a 

large number of experiments. This takes samples from the ranges of uncertainties in input 

parameters and generates different states for the outcomes of interest in future. Patient Rule 

Induction Method (PRIM) algorithm can be used for identifying the ranges of uncertainties with 

which a specific future behaviour can be explained (Friedman & Fisher 1999). Scenario discovery 

uses two measures, namely coverage and density, to assess the quality of these ranges. Coverage 

measures how completely the behaviour of interest can be explained with the selected ranges of 

uncertainty in input parameters (the universality of ranges). Density measures the number of 

experiments with the irrelevant behaviours within the selected ranges of uncertainties (the purity 

of ranges). Scenario discovery starts from the widest ranges and then it reduces them to make an 

appropriate trade-off between coverage and density. The final outcome of this process is the best 
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combination of uncertain input parameters which can explain a specific behaviour (normally the 

vulnerability of polices) in future.  

Scenario discovery can also be used for identifying the required conditions leading to a specific 

behaviour in more than one outcomes of interest, i.e. multi-dimensional scenario discovery. In 

this case, computational experiments with similar policy performance are identified and 

categorised in different clusters. A PRIM algorithm then can identify what combination of 

uncertainties results in each cluster of behaviour.  

2.5 Conclusions 

This chapter reviewed the three areas of the literature underpinning this study. It introduced 

concepts, theories and approaches in each area in order to be used directly or indirectly in 

addressing the research questions in the later chapters. 

The theories and frameworks in sustainability transitions were reviewed in Section 2.2. It 

concluded with different concepts for explaining transition dynamics in six theories with their 

features and differences. It highlighted the significance of a theoretical integration as it was asked 

in Research Question #1: How can the concepts from the sustainability transitions field be 

integrated in order to address the disparities by the theories in explaining the transition dynamics 

in state-influenced niche empowerments? 

§ Each theory/framework conceptualises the dynamics of transitions from a specific 

perspective. They sometimes use similar concepts but with different terminologies. The 

MLP, Frantzeskaki’s framework and the MPA take a functionalistic approach and 

conceptualise transitions in terms of patterns and pathways. They do not explicitly 

explain actor dynamics. Actor dynamics, however, is extensively discussed in the Actor-

Option Framework and in MATISSE. They define transition dynamics based on the 

interactions of actors and systems. In the MLP, the pivotal role is given to niches, and 

transitions are normally considered to be originated from the bottom. On the other 

hand, the MPA considers transitions not only as a bottom-up empowerment but also as 

externally-driven top-down reconstellation and as internally-driven adaptation. The 

Actor-Option Framework, MATISSE and Frantzeskaki’s framework also consider the 

direct influence of external environment in addition to niche innovations. 

§ The reviewed theories and frameworks have strengths and limitations in explaining 

when, why and how dynamics are shaped. They can be linked together in order to 

provide an improved understanding of transition dynamics covering their individual 
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limitations. This idea of integration is supported in other studies as well. Among them, 

Smith et al. (2005) advocated the incorporation of the concepts of power and agency in 

the MLP. Genus and Coles (2008) discussed the possible connections between the MLP 

and constructivist approaches (e.g. social construction of technology). Markard and 

Truffer (2008b) argued the development of a framework by integrating TIS and the 

MLP. Geels (2010) discussed about the ontologies of social science research and the 

extension of the MLP through a cross-ontological perspective (also see (Geels 2011; 

Smith et al. 2010)). 

§ The core concepts that underpin the theoretical framework of this research (presented in 

Chapter 4) are extracted from these reviewed theories and frameworks. The theoretical 

framework uses the concept of ‘destabilisation and formation driving forces’ from 

Frantzeskaki (2011) to separate between endogenous and exogenous mechanisms in 

transitions. It uses the concepts of ‘socio-technical system’, ‘competing constellations’ 

and ‘societal needs’ from the MLP (Geels 2002) and the MPA (de Haan & Rotmans 

2011) to answer when, why and how transitions take place. It also borrows the concepts 

of ‘actors’ and ‘actors’ decisions’ from the Actor-Option Framework (Yücel 2010) to 

explain the underlying mechanisms of transitions. The integration of these concepts in a 

framework allows us to develop a stylised narrative and a transitions model, customised 

for the long-term, path-dependent and multi-dimensional nature of transitions. 

In Section 2.3, it was argued that the understanding of transition dynamics based on qualitative 

narratives in sustainability transitions can be complemented by modelling approaches, and in an 

emerging field known as transitions modelling. This section showed how a diverse range of 

modelling techniques can be applied to qualitative concepts in sustainability transitions, and what 

their strengths and limitations are. This was aligned with the knowledge required in order to 

address Research Question #2: How can the narrative and modelling approaches be coupled to 

enable a broader understanding of transitions than each can offer separately? 

§ In transitions modelling, models benefit from concepts in sustainability transitions. 

These concepts can act as an underpinning foundation for models and can conceptualise 

the grand structure of models. Models, in return, can clarify the complexity and side 

effects of interactions and can quantify the qualitative understanding of transition 

dynamics. Some examples of transitions models using different modelling techniques 

were introduced. The use of modelling techniques depends on the purpose of study, 

questions to be answered and availability of data.  
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§ In the example of mathematical modelling, systems in transitions are represented with 

differential equations, statistical models or game theory models. Mathematical modelling 

could be a useful tool for studying the impact of a certain hypothesis on transitions. They 

are also well established and easy to follow because of their formal mathematical 

representation. However, they can become highly complex and difficult to solve when 

they are applied to real cases because of the presence of numerous variables and 

parameters.  

§ Agent-based modelling is an approach which is widely used in social science for analysing 

the complex behaviours of societal systems. Transitions in this modelling approach are 

conceptualised from a bottom-up perspective and by focusing on actions performed by 

agents. One advantage of agent-based modelling is in its ability to update model structure 

over time. This is aligned with the adaptive nature of societal systems in transition. This 

approach also presents a high resolution of systems by considering individual actors and 

their decisions. Therefore, agent-based models can include more details and are closer to 

reality. The presence of details, on the other hand, can cause complication in modelling 

process and in simulations. It also demands for a large dataset to be used as model 

inputs. 

§ System dynamics models conceptualise the complex dynamics of systems in transition 

based on feedback loops between system components. The behaviour of systems is 

represented with state and flow variables. The inflows and outflows of state variables are 

defined by differential equations. The system dynamics approach focusses on the role of 

feedback loops in order to explain non-linearity, multi-causality, time delay and threshold 

effect. System dynamics models consider systems at aggregated level and do not consider 

their heterogeneities (a top-down perspective). The high level of aggregation makes the 

modelling process easier, but it omits details and simplifies reality. System dynamics 

models also do not have adaptive structures. They generate the dynamics of transition, 

but their structure is static and cannot evolve as transitions unfold. System dynamics 

models are being used for different purposes, including for policy analysis, for explaining 

the unexpected behaviours of the system and for scenarios testing. 

Finally, in Section 2.4, it was discussed that the investigation of future transition pathways 

demands for dealing with deep uncertainties, and the three relevant approaches for decision 

making under deep uncertainty were reviewed. This was aligned with the knowledge required in 

order to address Research Question #3: How can narrative analysis and exploratory modelling 

inform each other in exploring future transition pathways under deep uncertainty? 
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§ Three approaches for dealing with deep uncertainty were introduced: dynamic adaptive 

policy pathways, exploratory modelling and scenario discovery. These approaches can 

answer different types of questions: how would the future transition pathways unfold 

considering technical, political and socio-economic uncertainties, under what conditions 

a specific future can take place and how to make robust policies for realising transitions’ 

targets.  
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3.1 Introduction 

In the previous chapters, I discussed the aim, research questions and methods. I also reviewed 

the relevant areas of the literature. This chapter introduces the case study and provides 

background information about India’s electricity sector. It discusses the impact of historical 

transitions on the ongoing development of on-grid solar electricity and the prospect of this 

sector in the future. The development of on-grid solar is considered in broader socio-technical 

transitions involving interactions with other sources of renewable and fossil electricity 

generations and influenced by the changing political-economic institutional setting. The case 

study data and background information presented in this chapter are used in Chapters 4-6. 

This chapter is the outcome of archival research and desktop study in Phase 0 of the research 

design (i.e. Preliminary data collection and analysis). Chapter 3 does contribute to the empirical 

aspect of the research aim indirectly by answering the following questions: 

How has the ongoing development of solar electricity in India been built upon the privatisation of the electricity 

sector and the empowerment of renewable electricity in the past? 

- How has the historical transformation of the governmental intervention approach intertwined with the 

gradual shift in the source of generation paved the way for the current state of the on-grid solar electricity? 

- What is the state of the solar electricity sector, as a socio-techno-political system, at the present time? 

Chapter 3 is based on a journal article with the same title published in Renewable and Sustainable 

Energy Reviews. The format and numbering of the sections are according to the original 

publication style. 
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A B S T R A C T

India with a fast growing demand for electricity and increasing consideration to emissions reduction is investing
strongly in renewable electricity generation. Among renewables, the Central and State Governments have set
aspirational targets for on-grid solar electricity and legislated several supporting policies to realise these targets.
As a result of the favourable political environment, the development of on-grid solar, in terms of the rate of
growth in installed capacity, has been increasing in the recent years, and it is expected to continue in the future.
This paper aims to investigate the impact of historical transitions of India's electricity sector on the ongoing
development of on-grid solar electricity and to explore the prospect of solar sector development in the future.
First of all, we investigate how the historical transformation of governmental intervention's approach
intertwined with the gradual shift of the source of generation has paved the way for the current achievements
in on-grid solar electricity. Second, we envision the future challenges and opportunities for the development of
solar sector by looking ahead and discussing the continuity of government's support and the prospective
competitions between different sources. We conclude the paper with some required steps to be taken in order to
secure the achievement of the targets in solar electricity in the future.

1. Introduction

India as the second most populous country is currently experien-
cing a steep economic growth and subsequently, a rapidly growing
energy demand. In 2012, the country was ranked as the third and fifth
highest country in global energy and electricity consumption respec-
tively [1]. Urbanisation, economic development of society, the expan-
sion of industry and the development of new services have contributed
to a sharp increase in electricity demand. The demand is expected to
rise even further in the near future (see Figs. 1 and 2). To cover this
growing demand, 20 GW of new generation capacity will be required
annually by 2020 [2]. The (on-grid) installed capacity from different
sources has been increased appreciably in the past couple of years.
Despite the high level of electricity generation, the country still suffers
from about 10% generation deficit of total electricity demand, which
puts almost 300 million people with no access to electricity [3,4].

The country's required electricity is generated in different methods:
on-grid which is the main method for urban areas as well as widely
used for agriculture and industry, off-grid which is more common for
rural areas and captive power plants which are mostly used for
industries. Electricity is also being generated from different conven-
tional and unconventional sources. In 2014, from the total installed
capacity of 255 GW [6], the share of conventional sources is about 70%,
where coal alone accounts for about 84% of it. Large hydroelectric and
renewables take the second and third rank of the largest installed
capacity respectively (see Table 1).

The importance of renewable energy in developing countries and,
more specifically, in India's electricity sector, has become significantly
higher in recent years (see Table 2). On-grid renewables are seen as a
new way to address the concerns about the gap between demand and
supply, energy security, energy equity with safe and convenient access
and the global commitment to emissions reduction [7–9]. In spite of
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small share for renewables (12% of total installed capacity), India is
considered generally as a successful example among developing
countries in renewable electricity in terms of the annual growth of
investment and installed capacity [10–13]. This growth has not been
uniform across different States. India has 29 States and 7 union
territories with a shared social, economic, and political background.
However, they have different behavioural patterns and priorities,
disparate availability of potential renewable sources, flexible policies
and regulations, built infrastructures and available networks. Across
the country, eight States, including Tamil Nadu, Andhra Pradesh,

Karnataka, Gujarat, Maharashtra, Rajasthan, Himachal Pradesh, and
Jammu & Kashmir, account for 80–90% of existing total renewable
capacity in the country. Among them, Rajasthan and Gujarat are top
two States with the highest installed capacity for on-grid solar (PV),
and Tamil Nadu and Gujarat are two top States for wind power [14].

In 2011, the growth of renewable investment was (about 62%)
higher compared to 2010. Most of this investment has come to wind
($5.9 billion) and solar ($4.7 billion) sectors as they have been the top
priorities of the government [17]. Wind has the highest capacity of on-
grid electricity, and solar has the highest annual rate of growth since
2012. Wind electricity is a closer option to grid parity which makes it
more affordable compared to solar electricity. However, most of
appropriate sites for wind farms have been exploited which may limit
the rapid expansion of wind energy in future to some extent. On the
other hand, solar electricity benefits from large potential solar radiation
(annual average 19–22 MJ m−2 per day [18]) and available lands which
are mainly unexploited. The price of solar technology is also falling
which makes it more competitive in the near future.

Considering the growing importance of solar electricity in India,
this paper aims to review the development of India's on-grid solar
electricity. Several previous researches have studied the development
of the Indian renewable electricity sector in general, and solar
electricity in particular, from different perspectives [19–22]. We
differentiate our review from the previous studies by investigating the
development of solar electricity as the continuation of historical
transitions in the whole electricity sector. India's electricity sector has
experienced at least two major transitions so far: the first is a transition
from a State-owned sector to a State-influenced liberalised sector and
the second is a transition from conventional to renewable sources of
energy for electricity generation. These historical transitions with
several institutional and structural changes have laid the ground for
on-grid solar electricity development. The paper seeks to answer: how
has the ongoing development of solar electricity been built upon the
privatisation of electricity sector and the empowerment of renewable
energy in the past? Moreover, it intends to discuss: how will the future
look for on-grid solar electricity based on the prospect of its driving
forces?

The main method used in this paper is the review of documents
with a theoretical heuristic and supported by three groups of facts: raw
facts, stylised facts and inferred facts.

1. ‘Raw facts’ are the data collected from the review of the documents.
They are the numbers or exact qualitative statements (which are
cited to their references). The documents are scholarly articles and
reports that have been published in academia, international energy
organisations [11,23–25] and the Indian government bodies (e.g.
Ministry of Power [26], Planning Commission [27], Central
Electricity Authority [3], Government of India [28–30]). Some data
required for this review (data associated with the very recent
developments) are collected during the 1st Re-Invest Summit, which
was held in New Delhi, February 2015.1

2. The collected data are categorised and structured in a stylised
manner with a theoretical heuristic in sustainability transitions field
[31,32]. The theory is not explained here as it is out of the scope of
the review paper and has been discussed before [33,34]. It generates
‘stylised facts’. They are qualitative storylines (instead of rigid raw
data) for a better interpretation of data to readers.

3. And at the end, the inferences about the prospect of solar sector and
its challenges are made by looking over the whole storyline as well as
by using the recent discussion in the 1st Re-Invest Summit around
the future of the Indian electricity sector. They are ‘inferred facts’.

The rest of the paper is structured as follows. In Sections 2 and 3,

Fig. 1. Growth of electricity consumption per capita in India 1947–2015 [3].

Fig. 2. The expected and actual electricity demand in India 2006–2022 [5].

Table 1
The share of different sources in India's on-grid installed capacity in 2014 [4].

Fuel source Installed capacity (MW) Share (%)

Coal 153,571 60
Gas 22,971 9
Oil 1,200 < 1
Hydro 40,799 16
Nuclear 4,780 2
Renewables 31,692 12
Total 255,013 100

Table 2
The growth of different on-grid renewable options in MW [15,16].

Renewable 1992 2002 2007 2012 2014 2015a

Wind power 38 1667 7094 17352 20298 25188
Small hydro 79 1438 1975 3395 3774 4188
Solar power 0.6 1 2 941 2208 5248
Biomass power and

cogeneration-bagasse
– 390 1140 3135 3797 4761

Waste to energy (urban and
industrial)

– – 43 89 99 127

Total 118 3496 10253 24912 30176 39511

a Up to January 2016.

1 http://www.re-invest.in/
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two major historical transitions are presented and their influences
on the development of solar electricity are discussed. Section 4
takes a closer look at the rise of on-grid solar electricity and
elaborates the recent experience from the first national policy
document for solar energy resource in India. Section 5 envisions
the future for the Indian solar sector based on the past and the
present state of solar power. Finally, the concluding remarks of the
study are presented in Section 6.

2. Transition in the governmental interventions: from a
purely nationalistic to a partially liberalised approach

The development of India's renewable electricity does happen
neither in a pure liberal market economy (like the U.S.) nor in a
government-controlled state capitalism (like China) [35]. It should be
explained in a specific condition or as we call it in a State-influenced
niche empowerment [34]. In this condition, solar electricity is empow-
ered from inside and by the interactions of self-interested private
sector's actors who decide to invest on renewable options based a cost-
benefit analysis. About 77% of total 31 GW of installed renewables (in
2014) are run by private entities [3,14]. They operate in a semi-market
economic condition and are also influenced by command-and-control
and market-based policies of the Central and State Governments
[36,37]. However, the way that electricity market is currently working
is different from how it worked before. The partially liberalised
approach is the result of long-term transition from a government
monopoly in 1950s towards the privatisation of the electricity sector in
1990s. Based on the discussion on the political economy of the Indian
electricity sector's reform by Victor, Heller [38], this structural transi-
tion can be divided into three main phases as follows.

2.1. Phase 1: towards State-owned enterprises, a socialistic view
(1950s–1960s)

The growth of India's electricity sector can be traced back to post-
independence time in 1947, when the Government of India enacted the
1948 Electricity Act [39]. Taking a socialistic stand, Jawaharlal Nehru's
Government made both the Central and State Governments constitu-
tionally responsible for power sector (the concurrent list of the
Constitution2) in the 1948 Electricity Act. Accordingly, the government
formed State-Owned Enterprises (SOEs) involving in the development
and operation of power sector and also established State Electricity
Boards (SEBs) responsible for regulating generation, transmission and
distribution of electricity. SOEs, due to their governmental ownership,
were not working efficiently. They were being continuously fed by
different support schemes in form of grants and subsidies. Because of
the SOEs’ lack of performance, States were facing widespread blackouts
during 1970s [38]. The governmental ownership had another symp-
tom, and that was the high dependency of SEBs on the State
Governments’ funding and subsequently, the highly politicised deci-
sions of SEBs in setting tariffs for different users.

2.2. Phase 2: towards centralisation, a nationalistic view (1970s–
1980s)

The Central Government responded to the problems caused by the
high dependency to States by increasing the central control on the
electricity sector. This was coincident with Prime Minister (PM) Indira
Gandhi's nationalistic policies in different sectors. This period led to
the establishment of some public-owned generation and transmission
companies, such as National Hydroelectric Power Corporation (NHPC)
for building large hydro projects and then National Thermal Power

Corporation (NTPC)3 for generating electricity from coal in 1975.4 At
this time and till 1980s, the country was experiencing a moderate
economic growth of about 5% more than the population growth which
was mainly due to government expenditure and external debt [1]. This
growth demanded more investments in electricity generation, trans-
mission and distribution. The increase in the government expenditure
was at the same time with the 1970s' oil price shocks and large
subsidies to agricultural irrigation for securing food supply, which both
put additional burdens on the government [38].

2.3. Phase 3: towards privatisation, a reformist view (1990s–
present)

The government expenditures and external debt left the country in
a severe financial crisis in 1991 with having foreign exchange reserves
to just a few of days of import [40,41]. SEBs were also the largest drain
for the States’ budget, making the State Governments unable to
continue their support in late 1980s. This situation was approximately
at the same time as the strong economic growth in China with the
interaction of institutions and market forces as its main driver.

The big deficit in budget in early 1990s made the reformist Central
Government to conduct reforms in the country's economic system.
Power sector in particular was suffering from a financial crisis and the
inability to provide the required infrastructures. The structural reform
in power sector was aimed to raise some financial resources and to
immediately target the existing shortage in power capacity [42]. The
government carried out a major institutional change (i.e. 1991
amendment in 1948 Electricity Act) and encouraged disinvestment,
private sector investment and foreign investment to boost Independent
Power Plants (IPPs) [43]. The involvement of private sector was
allowed with a specific tariff and the 16% guaranteed rate of return.
From mid 1990s, the State-level restructuring of SEBs into generation,
transmission and distribution (i.e. functional unbundling) and selling
them to independent (private or regulatory) actors were also started.
The unbundling process was facing resistances from labour unions who
were opposing governmental job cuts and also from farmers who were
opposing an increase in price of cheap electricity [38]. At the end, the
outcome of this period was the establishment of independent regula-
tory commissions (Central Electricity Regulatory Commission (CERC)
and State Electricity Regulatory Commissions (SERCs)) for setting
electricity tariff for consumers without the direct influence of the State
Governments.

While the reform was satisfactory at the beginning, it did not end up
successfully in 1990s. Many letters of intent from private sector were
submitted, but no significant actual investments were made, and NTPC
remained the main supplier during 1990s [38]. Moreover, due to the
guaranteed and high rate of return, the mentality of “power at any cost”
was encouraged which left the government alone with some expensive
projects. It was in early 2000s that the involvement of private sector
started to become significant following the enactment of the Electricity
Act 2003 by the Central Government [30].

3. Transition in the source of electricity generation: from
conventional to renewables

Much of the growth of electricity sector can be attributed to post-
independence period. It can be mostly described as a competition
between conventional systems (including coal, gas, oil, nuclear and
hydro) and renewable systems (including wind, bioenergy and solar).
The transition from conventional to renewables can be divided in three

2 Concurrent list is 47 items which the both Central and State Governments are
supposed to act together about.

3 NTPC extended its mission to hydro power, power trading and consultancy, and
having its own transmission lines and turned to a united national entity on power sector
with 27% of total electricity generation in 1990s.

4 Although NTPC was partially (10.5%) sold to investors and public institutions later in
2004.
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phases as follows [34].

3.1. Phase 1: a capability building approach to renewables (1970s–
1990s)

Till 1970s almost the whole electricity sector was supplied by
conventional systems, including large hydro power and coal, and there
was no presence of renewable electricity [44]. To give an overview, in
1974, the electricity demand was about 63 billion kWh which was being
supplied by the total installed capacity of 16.7 GW, all owned by the
Central and State Governments [1]. From this total capacity, 51% was
operated with coal, 2% with gas and diesel, 4% with nuclear, 42% with
large hydro and 0% with renewables (i.e. wind and solar) [1]. However,
the 1970s' oil price shock and awareness for energy security, along with
the early 1990's financial crisis and the engagement of private sector in
infrastructure development triggered a transformation towards renew-
able sources [42]. To facilitate this transformation, the government
stepped in and devised supporting policies, such as 80% accelerated
depreciation for wind projects to encourage manufacturing and in-
stalled capacity, as well as to create a competitive electricity market for
private investments [15]. This was a ‘capability building approach’, a
similar government's standpoint for the early-stage development of
renewables in developing countries [45]. This phase was marked by a
sharp increase in total installed capacity for renewables, mostly for
wind. This phase, however, was not successful for generation due to the
low capacity factors of the installed facilities [46,47].

3.2. Phase 2: a generation motivating approach for renewables
(2000s–present)

The growing concerns about energy supply and energy security
aligned with the supporting policies made a change in the share of
different electricity generation systems during Phase 1. In 2002, from
the 105 GW total installed capacity, 71% was from conventional
including coal, gas and diesel, 26% was from hydroelectric power, 3%
was from nuclear power, 2% was from wind power and another 0.3%
was from other renewables including on-grid solar and biomass [3,4].
However, during the subsequent years after Phase 1, some other
concerns also mattered. They were the lack of satisfying exploitation
from installed renewables and the rise of energy equity and energy
convenience in the country. These concerns drove another wave of
transformation, this time mainly with the support of generation-based
incentives such as Feed-in Tariff (FIT) and Renewable Purchase
Obligation (RPO) (Electricity Act 2003 [30] and National Tariff
Policy 2006 [28]) [15]. The government also made explicit targets for
grid-connectivity (e.g. 5% on-grid renewable by 2012 in 10th and 11th

Five Year National Plans) in order to improve the convenient and the
same quality access to electricity [48,49].

3.3. Phase 3: a solar-oriented approach (2008-present)

The emphasis on generation-based policies and grid-connectivity
intensified the reorientation of India's electricity sector towards renew-
ables. In 2007, from the total installed capacity of 132.3 GW (which
was increased by 700% compared to the capacity in 1974), the share for
coal, gas and oil was 65%, for hydro power was 26%, for wind power
was 5%, for on-grid solar power was 0.1%, for other renewables (on-
grid biomass) was 0.8% and for nuclear was 3% [3,27]. Another major
transformation took place in 2008 in order to deal with the escalating
emissions as the side effect of the country's steep economic growth.
This phase was started by the announcement of the National Action
Plan on Climate Change (NAPCC) in 2008 [50] and Jawaharlal Nehru
National Solar Mission (JNNSM) in 2010. They triggered the resur-
gence of on-grid solar in the electricity sector. The JNNSM targeted
20 GW installed capacity for on-grid PV and Concentrated Solar Power
(CSP) by 2022 [29,36]. It also proposed generation-based policies for

Table 3
The description of policy instruments influencing the solar sector in India
[14,15,36,52,57].

Table 3a. Generation-based policy instruments

Renewable Purchase
Obligation (RPO)

This market instrument mandates State and private
distributors as well as captive power producers to
purchase solar generated electricity. NAPCC mandated
5% of States electricity purchase from renewables in
2010, with 1% increase per year until 2020 (15%
cumulative). The JNNSM also proposes RPO with 0.25%
solar electricity of total purchase by 2013 and 3% by
2022. It is a minimum level determined by the federal
Government, and each State can have their own
arrangement.

Renewable Energy
Credits (REC)

This scheme (with a specific quota for solar) was
proposed in NAPCC by the MNRE and the Regulatory
Commissions. Accordingly, 1 MWh of renewable
generated electricity is treated as a bundled good. In one
part, it is sold as electricity and the other part as REC
which can be traded between States. Solar electricity
generators in States with high solar radiation (and if they
do not have any tariff-based purchase agreement) can
benefit from selling these certificates to distributors who
need to meet their solar purchase obligations. While the
price for REC is determined in the free market, it still
needs to be controlled by upper-bound and lower-bound
prices. The lower-bound and upper-bound are currently
US$0.24/kWh and US$ 0.32/kWh determined by CERC.
RECs are traded in two main exchanges, Indian Energy
Exchange Limited in New Delhi and Power Exchange
India Limited in Mumbai.

Feed-in Tariff (FIT) The responsibility to fix tariffs for purchase of renewable
power lies with CERC and SERC. CERC sets the
guidelines and norms for setting tariffs; however, States
can remain flexible and announce their own version of
tariffs. The minimum tariff determined by CERC is
currently US$ 0.36 kWh for solar photovoltaic.
Government awards FIT contracts in a competitive
process and with different mechanisms including first-
come first-served (FCFS), 'beauty contest' (Selecting
projects based on predefined criteria) and reverse
auction. When any FIT contract is awarded to a project, it
will remain fixed for a period of 25 years.

Table 3b. Financial policy instruments

Long-term power
purchase contracts

In this mechanism, the MNRE provides incentives for
distribution utilities to make a long-term power
purchase contract with solar power developers. This
incentive is intended to cover the high cost of initial
investment.

Power Purchase
Agreement (PPA)

The effect of this agreement is to increase the payment
security of solar purchase by distributors; in other
words, the developer can secure regular and timely
payments. It can be seen as being similar to a public
procurement policy. NVVN+ as a power trading arm of
NTPC was approved by government to sign purchase
agreements with developers according to tariffs
announced by CERC. NVVN combines purchased solar
electricity with equal amount from conventional
sources. It provides a more palatable cost for
distributers.

Payment Security
Mechanism

The MNRE has announced a policy to provide backup
financial support to NVVN to meet their requirement of
funds, in case of any fault in payment by the distribution
utilities. A certain amount of money is reserved as
payment security. It improves the likelihood that grid
solar power projects will become bankable for investors.

Time for financial
closure

This is a policy that allows developers three to six
months before delivering the generated electricity after
signing PPA. Time to financial closure allows benefits to
flow towards developers while they are gradually
meeting the conditions of the agreement.
+NTPC Vidyut Vyapar Nigam Limited (NVVN) is the
only central level company responsible for short to long
term trading of electricity, cross border trading, and in

(continued on next page)
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promoting on-grid solar generation such as RPO, REC, FIT, Long-term
Power Purchase Contracts between distributors and developers, Power
Sale Agreement with distributors, Payment Security Mechanism [51]
(see Table 3). While some issues persisted in timely implementation of
policies, the overall policy framework has been found generally
influential in motivating private sector's participation and in boosting
on-grid solar electricity [52]. The impact of this phase was that in 4
years after the JNSSM, the share of on-grid solar grew by 10 times
(0.1% in 1010 to 1% in 2014). By 2014, from the total installed capacity
of 249.5 GW [6], the share for conventional sources was 69%, for hydro
power was 18%, for wind power was 8%, for on-grid solar power was
1%, other renewables was 2% and for nuclear was 2% [3,27].

4. The resurgence of on-grid solar PV and Concentrating
Solar Power (CSP)

The potential national capacity of solar power is about 750 GW
[53], one of the highest in the world, but it had not been exploited until
the JNNSM was officially launched in 2010. The JNNSM is a remark-
able initiative in solar sector to secure a significant share for on-grid
solar electricity in India's energy basket in future. It must be followed
by all States, while they can have their own policy programs [54,55].
This is also a dynamic program, which is amended and updated as time
passes and the results of previous steps are identified.

In response to this initiative, on-grid solar installed capacity has
exponentially increased from 2 MW in 2007 to 1000 MW in 2012, to
2200 MW in 2014, to 3000 MW in early 2015 and to 5200 in early
2016 [14,56]. While the first triggers started during PM Singh's
Government, the resurgence should be mainly attributed to PM
Modi's Government which increased the JNNSM's target from 20 GW
to 100 GW on-grid solar installed capacity by 2022, comprising 40 GW
rooftops and 60 GW solar power plants. This rapid increase of installed
capacity aligned with the supporting political condition, especially in
the government elected in 2014, can be seen as a trigger for the
resurgence of solar electricity.

Several policies, ranging from generation-based to capability build-
ing policies, have been devised to achieve the solar targets. A summary
of these policy instruments is provided in Table 3.

The JNNSM is being implemented in three phases [29]:
Phase I: The first phase was from 2010 to 2013 and targeted

1000 MW (500 PV and 500 CSP) installed capacity for creating an

initial market for solar power by bringing investors, EPC contractors
and manufacturers together. The private sector role was significant in
the installation of PVs during the first phase though they did not
respond the same to CSP. This phase was commissioned in Batch I and
Batch II with different tariffs auctioned in a reverse bidding process.
The expensive generated solar power was bundled with coal power
from NTPC in order to make it affordable for distributors. Phase I also
mandated Domestic Content Requirement (DCR) to protect domestic
manufacturing. According to this policy, developers had to buy locally
manufactured PVs made by crystalline silicon technology, but it was
not applied in thin film technology due to lack of enough experience/
manufacturers. This policy is argued among experts as being ineffective
since it directed developers toward cheaper thin film imported from the
US and China [14].

Phase II: The second phase started in 2013 and will continue till
2017, with an aim to facilitate a substantial increase in on-grid solar
installed capacity. Some changes in national targets and policy
initiatives have been made based on the preference of Modi's govern-
ment and experiences from Phase I. In Phase II, more attention is given
to solar PV (70% of the target) as CSP was not supported by developers
during the first phase. The State Governments also became responsible
for 60% total installed capacity in Phase II. The MNRE has announced
three draft schemes for the second phase. In Batch I, the scheme aims
for 750 MW on-grid solar with Viability Gap Funding (VGF) in a
competitive reverse bidding process for project developers (no feed-in
tariff). In addition to VGF which is as a capital subsidy, the Solar
Energy Corporation of India (SECI)5 also guaranteed to buy the
generated electricity from providers at a fixed rate and also to sell it
to distributors for fixed rates over the long-term. For Batch II, the
MNRE has proposed a State-specific bundling scheme for the devel-
opment of 3000 MW solar power projects, performed by NVVN. For
Batch III, a State-specific VGF for development of 2000 MW solar
power with PPA agreement for 25 years operated by SECI was
proposed [14].

Phase III: The third phase will be from 2017 to 2022 which aims to
reach a cumulative 100 GW installed capacity and grid parity. The
intended on-grid solar electricity includes large grid solar plants as well
as grid-connected rooftop and small solar plants. No further details of
the proposed policies to support the targets in Phase III have been
revealed yet.

Several projects have been commissioned or planned in order to
achieve the targets defined in the JNNSM. The MNRE has announced
the goal to achieve a large share of the targets with Ultra Mega Solar
Projects (UMSP) [14,58]. Charanka Solar Park in Gujarat is a
commissioned UMSP with the capacity of 605 MW, and the MNRE
has planned to install another 25 solar parks with 500 MW capacities
each by 2020. The targets are also going to be satisfied at smaller
scales. It is planned to support the installation of 40 GW solar PV
rooftops in the next five years. While the rate of generated electricity
from solar rooftop is already economically viable, the government has
provided subsidies (15%) to make them more attractive for home
owners and industrial and commercial users to invest. The MNRE also
encourages solar PV plants between 1 and 10 MW on canal tops. The
Central Government has planned to build 100 MW solar plants on
canals by 2022 [29]. Currently, two of them have been commissioned,
both in the State of Gujarat, one with 1 MW on Sanand Canal and the
other 10 MW on Narmada Canal [14]. About 7000 MW solar plant
projects have also been planned by Public Sector Units (PSUs) such as
the Indian Railways and Coal India Limited [59]. A 12 MW solar power
project was installed at the international airport of Co Chi (State of
Kerala) and it has become the first airport in the country fully operated
by solar power.

Table 3 (continued)

Table 3b. Financial policy instruments

case of renewable energies, solar bundled power
trading.

Table 3c. Capability building policy instruments

100% foreign
investment

With an aim to attract the required financial resources for
increasing solar generation capacities, 100% foreign
investment is permitted in equity.

Tax holidays The developers can benefit from 10 years exemption from
corporate tax during the first 15 years of the project's life.

Concessional
custom and
excise duty

This is the exemption of customs & excise duty for on-
grid solar power projects in order to reduce the impact of
import duties and local manufacturing taxes on the cost of
major items used in solar power plants.

Site specific
insolation data

Making these data available assists financial institutes to
easily collect the required site specific insolation data for
investment assessments. This is the expansion of Solar
Radiation Resource Assessment (SRRA) which will help
developers to better justify the projects.

Viability Gap
Funding (VGF)

VGF is a capital subsidy which provides a grant funding to
reduce the upfront capital costs of installed capacities.
MNRE proposes VGF in a reverse bidding process to
developers.

5 SECI is a government-owned company which supervises the implementation of the
JNNSM.
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5. Discussion

5.1. The impact of historical transitions on the empowerment of on-
grid solar electricity

One question raised at the beginning of the paper was: how has the
ongoing development of solar electricity been built upon the privatisa-
tion of electricity sector and the empowerment of renewable energy in
the past? The review of the historical transitions in governmental
intervention's approach and in the source of electricity generation can
answer this question.

The historical transition towards a partially liberalised electricity
sector laid the ground for the realisation of aspirational solar targets.
The Government of India has targeted 100 GW solar electricity by 2022
which demands $100 billion investment in solar sector [57]. While the
government can invest an initial amount as an impetus towards
achieving this target, a huge investment from private sector, foreign
investors and Public Sector Units (PSUs) is still required to fully realise
solar targets. The transition of governmental intervention's approach
facilitated the inflow of the required investments. It allowed the
involvement of the private sector and 100% foreign investment in
solar projects. Unbundling of the electricity sector (reflected in the
Electricity Act 2003), as another outcome of the transition, has also
encouraged further private sector's participation. These institutional
and structural changes have attracted a large number of private sector
actors to India's renewable electricity; most of them to the generation
side of the sector (see Fig. 3).

As the continuation of this historical transition, several sources of
foreign investment were planned to support renewables including
solar. They include US$ 240 million (₹1600 Crore) loan from Japan
International Co-operation Agency, US$1 billion (₹6500 Crore) loan
from US Ex-Im Bank and US$ 110 million (₹700 Crore) from Agency
Francaise de Developpement of France [59]. Many private investors
have become interested to invest in solar electricity. They comprise
private financial institutes such as Power Finance Corp (PFC), Indian
Renewable Energy Development Agency (IREDA), ICICI Bank, Yes
Bank, etc. In addition to private investors and foreign investment,
PSUs, which used to be parts of conventional regime, are also investing
in solar sector now. They can invest their surplus funds in solar
electricity to use its depreciated/exempted tax benefits. PSUs have
planned for about 7000 MW installed solar in the next few years. Two
of them in particular, namely NTPC and Coal India Limited (CIL), have
agreed to invest for 3300 MW and 750 MW solar electricity respec-
tively [59]. They are privileged to have modern management system
(which enables them to include renewables in their business portfolio)
and access to the energy market (which provides payment security).

Though transition towards privatisation has largely influenced the
current state of on-grid solar on generation side, the transmission and
distribution have remained mostly untouched. Transmission and
distribution are not attractive for the involvement of private sector

and are left as a responsibility of the State and Central Governments.
This is because they require substantial investment in capital which is
shared with public infrastructures. The income from transmission and
distribution is also highly uncertain due to the theft of power, about
30% transmission and distribution losses and cross-subsidisation
(which provides almost free electricity to farmers in Andhra Pradesh
and Punjab and cheap electricity in other states and territories).

In addition to market privatisation, the broader historical transition
of electricity sector towards renewable sources along with the new
societal needs gave a momentum to the development of on-grid solar.
Before 1990s, the major concern of the electricity sector was to address
the widespread energy poverty across the country in the most afford-
able way. The development of hydroelectric and coal in the early years
after independence was a response to this need. However, the gradual
emergence of new societal needs including energy security, energy
convenience and emissions reduction shifted the competition between
different sources of electricity generation and ended up supporting on-
grid solar development in the past 4 years. As soon as a consensus on
energy security was formed in electricity sector in 1990s, the impor-
tance of renewables as a valuable substitute was realised. The
emergence of energy equity and convenience in the late 1990s also
pushed the growth of renewables towards on-grid renewable option
such as wind power and small hydro. While on-grid solar benefited
from this positive atmosphere, it could not get a significant share from
this growth till late 2000s [4]. This has been mainly due to the high cost
of solar technology compared to its conventional (such as coal) and
renewable (such as wind) competitors. However, after 2008 and by the
emergence of emissions reduction as a new societal need, the Central
and State Governments targeted on-grid solar as a zero carbon energy
solution and made long-term support for that [50]. This paved the way
for investing on solar and opened a window of opportunity for that in
India's established energy regime.

5.2. The prospect of on-grid solar electricity

While looking into historical transitions is necessary to understand
the current development of solar electricity, considering the current
state of the electricity sector and its uncertain driving forces in future is
also insightful. This can answer the second question raised in Section 1:
how will the future look for on-grid solar electricity based on the
prospect of its driving forces?

The first important driving force affecting solar electricity is the
prospect of competitions among hydro, nuclear, fossil and renewable
sources in the electricity sector:

• The major growth in hydro power goes back to the socialistic policies
of Jawaharlal Nehru's Government (1947–64). Since that time,
there has been no significant growth for hydroelectricity, and hydro
has been experiencing a decreasing share in total electricity genera-
tion [3]. Therefore, in future it is not expected to see a significant
role for large scale hydro power in competition with different
electricity sources in India.

• Nuclear energy was also standing in the similar situation till
recently. The development of nuclear power had been limited since
1970s due to the country's nuclear test and the concern regarding
military exploitation as well as the lack of domestic uranium
reserves. The 2011 Fukushima's nuclear disaster in Japan also
damaged public opinion. However, it is expected that nuclear power
will rise again as a competitor to renewables in the near future. India
envisages increasing the share of nuclear power to 9% of total
electricity generation by 2020. In a recent initiative, the State of
Tamil Nadu inaugurated Kudankulam Nuclear Power Plant in 2013.
The government has recently made some agreements to move
towards this target, most importantly the U.S.-India Civil Nuclear
Agreement for fuel and technology trade [60] and the Australia-
India Civil Nuclear Agreement for importing uranium from

Fig. 3. The current share of electricity generation ownership in Indian energy market
[4].
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Australia [61]. Such international cooperation can facilitate the
development of nuclear power in the future and make it a cost-
competitive alternative to conventional sources, in terms of the
levelised cost of electricity.

• The falling oil price is another disruptive force for the future of solar
power. The downturn in global price of oil and gas since mid-2014
has motivated investors and large energy companies to continue
power generation with fossil fuels. Indian energy sector can be
influenced also by the recent the Iran Nuclear Deal. The lift of
international sanctions and Iran's oil exports to India, as one of the
major customers of Iran's oil [62], can create an unfavourable
atmosphere for renewable sector. While the government feed-in
tariff and carbon taxes can alleviate the current unfavourable
situation for generation with renewables, they may adversely affect
the global investment on renewable technologies as well. The falling
oil price can slow down the R&D in solar technologies and would
impede the falling price of solar PVs in the next coming years.

• The last disruptive force expected to influence the future of solar is
the huge reserves of coal (294 billion tonnes) in India. The problems
with India's coal are the long-distant transportation (due to the
concentration of coal on the eastern part of the country) and the
poor quality of typical coal in India which cause environmental
degradation. However, India needs about 445 GW additional in-
stalled capacity by 2034 [63]. Looking practically, renewables are
not able to solely meet this huge demand. It can be expected that
coal will remain the preferred option in electricity generation in
long-term future due to the sunk investment and its abundant and
low cost resources in the country.

The second important driving force is the continuity of political
support for renewables. The major hindrance to electricity sector's
transition is the lack of sufficient and consistent social and political
support, rather than purely technical issues. The Central Government
is determined in shaping this consistency for the future of renewable
electricity sector, especially for solar sector via different national and
international initiatives. Some evidences for continuity of political
supports are discussed as follows:

• In the first step, the Central Government hosted the biggest event for
renewable investors at the Re-Invest Summit in New Delhi in
February 2015. Though the meeting was about the future of all
renewable sources, it mainly aimed to mobilise resources for the
future of the solar sector. The Re-Invest Summit can be seen as a
turning point for solar since it linked manufacturers, developers and
investors, and also brought together different Ministries (stake-
holders) engaged in the development of renewables. The govern-
ment is also running another campaign, called ‘Make in India’ to
encourage the domestic manufacturing of technologies, including
wind turbines and solar PVs. This type of national campaign is
shaping a supporting social and political environment for the solar
sector, bringing consensus between stakeholders and attracting local
and international investors to the sector in the future.

• The Government of India has significantly raised the target for solar
electricity to 100 GW by 2022. This is, what has been referred to as,
the change of mind-set "from thinking in MW to thinking in GW”6

when it comes to solar electricity. The government needs to
maintain the continuity of its previous supports and also to start
new initiatives. With this respect, the government has announced
Power Purchase Agreement and Viability Gap Funding as two
important policy tools for realising the on-grid solar electricity
targets. The government has requested the Ministry of Power to
increase the RPO for solar to 10.5% in order to ensure attaining the

100 GW goal by 2022. The MNRE also has announced the installa-
tion of four Ultra Mega Solar Power Plants (UMSPPs) as well as 25
projects, each of 500 MW, by 2020 [59].

• The US President's visit to India in 2015 with a joint commitment
for emissions reduction can be seen as another landmark for solar
electricity. It shapes a more favourable political support for the
future of renewables and solar in particular. Both countries agreed
on the partnership to advance clean energy research which includes
funding for research in three main areas including solar energy. The
US Trade and Development Agency (USTDA) and the US Overseas
Private Investment Corporation (USOPIC) agreed to provide loans
for the Indian clean energy projects. The Export-Import Bank of US
was also committed to financing clean energy projects with IREDA
[59].

• The Indian government's pledge in the 2015 Conference of Parties
(COP21) in Paris and then its ratification in 2016 can form a clear
international commitment and also a political determination for a
low carbon future in India. The consensus made in COP21 has made
parties to transform energy sector and to move towards renewable
sources through nationally-determined low carbon pathways. In this
case, no matter how much cheap coal reserves a country such as
India has and whether it is economical to generate renewable
electricity or not, emissions reduction is a binding commitment.
This commitment can shape a virtuous cycle and give further
momentum to the development of the Indian renewables sector.

5.3. Challenges ahead for on-grid solar sector

While there has been great effort in promoting solar electricity,
some major concerns still persist, which need to be addressed. The first
is the necessity of boosting solar energy manufacturing units. India is
currently capable of manufacturing the module segment of solar PV but
is still dependent on foreign technologies in silicon, wafer and cell
segments. The JNNSM has introduced policies for supporting manu-
facturing sector by imposing restrictions on the import of crystalline
silicon technology. However, this policy has been criticised as it has
failed to achieve domestic manufacturing, and instead, has pushed
developers towards the import of cheap thin film modules (alternatives
to silicon) from the US and China [14]. Import substitution and
proactive localisation of renewable energy technologies have been
suggested as directional industry strategies to address these concerns
based on the expereinces from developing countries [64].

The second is the necessity to deal with cross-subsidisation in order
to make solar generated electricity more attractive for users. In many
States, the current industrial and commercial tariffs are high enough to
get solar power (bundle price in PPAs) to grid parity. It can be seen as
an opportunity to justify solar electricity between users. However, the
distribution companies may not be willing to feed solar power into the
grid as they lose the high paying consumers (industrial and commer-
cial) and just remain with agriculture and household users who pay
much less according to the pre-defined tariff.

The last but not the least is the necessity to make some existing
policies effective for the solar sector. RPOs and RECs are two important
policies that should become more effective. Since most of distribution
companies are State-owned, RPOs legislated by the Federal
Government are not fully enforceable at State level [14]. The MNRE
and Ministry of Power also cannot take effective action without the
support of the State Governments. What needs to be done is that
SERCs specify obligatory RPO regulations and mandate distribution
companies to comply with them. There are, however, some successful
stories such as Chhattisgarh and Tamil Nadu Governments’ enforce-
ments that obliged entities to meet RPOs. Due to the lack of enforce-
able RPOs, there is no demand for RECs accordingly, especially when
the floor price for REC is higher than the estimated cost of generation
of solar electricity (according to [14]). An established market for REC
trade with a reasonable price can address this issue. In order to assess

6 Quoted from PM Modi in the inauguration of the Re-Invest Summit, 15th of February
2015, New Delhi.
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the effectiveness of policies, a modelling approach called ‘transitions
modelling’, has been introduced in the literature [65]. The implemen-
tation of this approach in India's electricity sector can be a future
potential investigation towards the quantitative assessment of solar
policies [66,67].

6. Conclusions

The recent growth in on-grid solar electricity cannot be fully
understood unless by analysing the historical transitions in electricity
generation that have laid the ground for this growth. In order to explain
the resurgence of solar PV electricity in India, this paper reviewed the
transitions in governmental intervention's approach and in the primary
energy source of electricity generation. On the one hand, the gradual
emergence of societal needs in electricity sector from satisfying energy
demand with conventional sources to reducing emissions with grid-
connected renewables has legitimised the development of on-grid solar
electricity generation. On the other hand, moving towards partially
liberalised electricity market has allowed private sector to invest in
solar electricity generation and to assist the government in removing
the investment barriers.

While historical transitions explain the ongoing rise of solar power
in India, looking into the future is still required to envision the
prospective dynamics and to secure its continuous growth in the
future. The second objective of the study was achieved by envisioning
the situation of solar electricity sector with respect to two major driving
forces. The first one was the prospect of competition among hydro,
nuclear, fossil fuels and renewable sources. It was concluded that while
renewables are expected to grow exponentially, the future of electricity
generation in India (at least till 2022) can be still dominated by coal,
and any plan and target for the electricity sector should take that into
account. The second driving force examined in this paper was the
political support for renewables and their continuation in the future. It
is likely that solar electricity can rapidly grow under current conditions
as the government has appeared supportive of renewables. Arranging
international meetings for attracting foreign investments to the sector,
increasing the targets for on-grid solar to 100 GW and engaging in
international partnerships addressing climate change issues are the
evidences of this supportive political environment.
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4.1 Introduction 

In the previous Chapter, I discussed the historical development of India’s electricity sector, its 

current state and its future prospect based on the raw data collected from documents and 

archives. This chapter presents an empirically applied theoretical framework, with concepts from 

the sustainability transitions field, to explain the dynamics of a specific kind of societal 

transitions, called ‘state-influenced niche empowerment’. It also applies the framework to the 

case study data presented in Chapter 3 in order to provide a stylised narrative describing the 

emergence of renewables in India’s electricity sector. The dynamics described in the narrative will 

become the basis for the model development in Chapter 5. It also guides the exploratory analysis 

in Chapter 6. Chapter 4 undertakes Phase 1 (i.e. Theoretical integration) and Phase 2 (i.e. 

Narrative description) and answers Questions #1 and Question #4: 

How can the concepts from the sustainability transitions field be integrated in order to address the disparities by 

the theories in explaining the transition dynamics in state-influenced niche empowerments? 

- Which concepts from different theories in sustainability transitions can be combined to describe this kind 

of transition dynamics? 

- How can these concepts be integrated in a theoretical framework in order to explain the interrelated 

dynamics that each of the theories addresses in isolation? 

How do different governmental interventions impact the dynamics of the emergence of renewables, especially solar 

and wind, in India’s electricity sector over decades? 

- How can the emergence of the renewable sources in this case be described in format of a stylised narrative 

and in a way practical for modelling and policy analysis? 

Chapter 4 is based on a journal article with the same title, published in Technological Forecasting & 

Social Change. The format and numbering of the sections are according to the original publication 

style. The initial draft of this chapter/article is titled ‘Towards an integrated conceptual 

framework for understanding transition dynamics’ presented at the 5th International Conference on 

Sustainability Transitions: Impact and Institutions, 27 – 29 August, Utrecht, The Netherlands (see 

Appendix I).   
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India experiences transitional changes in its electricity sector from fossil fuels towards renewable sources. An
electricity sector with 0% wind and solar (of 16 GW total installed capacity) in 1974 has been transformed and
reached a status with 11% wind and solar (of 302 GW total installed capacity) in 2016. The observed changes
have complex dynamics, shaped by the decisions of public and private actors in a semi-liberalisedmarket condi-
tion, while profoundly influenced by government's supporting policies. It is called a state-influenced empower-
ment of the renewable niches in the electricity sector. This paper presents an empirically-underpinned
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strategic insights on howgovernment's policies have driven the niche empowerment to date andwhat should be
done to further promote this transition in future. The core concepts of the framework are developed through an
iterative process between theoretical deduction from the existing theories in the sustainability transitions field
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1. Introduction

The global commitments to reduce greenhouse gas (GHG) emissions
as well as the national interest in improving energy security have
pushed India's electricity sector towards renewable sources of electrici-
ty generation. The installation of agricultural and irrigation systems has
increased the electricity demand and raised the importance of alterna-
tive energy sources (Valipour et al., 2015; Yannopoulos et al., 2015).
India relies heavily on fossil fuels (~70%) for the electricity generation,
and consequently it had the third highest carbon dioxide emissions
worldwide in 2010. However, the Government of India has largely sup-
ported renewable energy sources such as wind and solar. Since early
1990s, the share of renewables in the total on-grid electricity generation

has increased from zero to about 14% in 2016, positioning as a growing
niche in the electricity sector.

Likemanydeveloping countries, India has a partially liberalised elec-
tricity sector with an important role to play for public and private sec-
tors in the adoption of alternative energy sources. The semi-rational
and self-interested actors in a partially market condition decide to in-
vest in conventional or renewable projects with an aim to maximise
their individual profits. However, since individual optimal decisions
and systemic failures can divert the generation of electricity from re-
newables towards conventional sources (coal, oil and gas), the Indian
government is needed to influence actors' interactions and to rectify
the failures. The important role of government's influence in the em-
powerment of renewable electricity in the context of developing coun-
tries has been also advocated in the previous studies (Moallemi et al.,
2014a, b, 2015; Moghaddam et al., 2012). Understanding the state-
influenced dynamics of the empowerment of the renewable niche is
crucial to support a transition towards a sustainable electricity genera-
tion system with effective interventions.

The field of sustainability transitions provides a number of – typical-
ly high-level – theoretical frameworks to study the transition dynamics.
However, a detailed framework is still required to understand the
multi-dimensional aspects of the dynamics as a state-influenced niche
empowerment, i.e. the interactions between the economic rationale of

Technological Forecasting & Social Change 116 (2017) 129–141

Abbreviations: CEL, Central Electronics Limited; CERC, Central Electricity Regulatory
Commission; FIT, Feed-in Tariff; GoI, Government of India; JNNSM, Jawaharlal Nehru
National Solar Mission; MATISSE, Methods and Tools for Integrated Sustainability
Assessment; MLP, Multi-Level Perspective; MNRE, Ministry of New and Renewable
Energy; MoP, Ministry of Power; NAPCC, National Action Plan on Climate Change; PoI,
Parliament of India; REC, Renewable Energy Credit; RPO, Renewable Purchase
Obligation; SERC, State Electricity Regulatory Commission; TP, National Tariff Policy 2006.
⁎ Corresponding author.

E-mail address: lua@unimelb.edu.au (L. Aye).

http://dx.doi.org/10.1016/j.techfore.2016.10.067
0040-1625/Crown Copyright © 2016 Published by Elsevier Inc. All rights reserved.

Contents lists available at ScienceDirect

Technological Forecasting & Social Change

[85]



the actors' decisions and the policy instruments available to states
throughout the different phases of the transitions.

The review of the past studies in sustainability transitions highlights
the presence of theoretical and empirical gaps in this specific context.
Most of the previous studies have been dealing with the theoretical
and empirical experiences in the coordinated market economies, such
as Netherlands, where deliberative and collaborative relations (e.g.
monitoring of behaviours, research networks, exchange of information,
etc.), in addition tomarket, coordinate actors' interactions in transitions.
There have been some recent works studying sustainability transitions
in energy sectors in India (Jolly and Raven, 2015, 2016). They are suc-
cessful experiences which can inform the current study, however,
they focus only on one aspect of the dynamics (i.e. niche protection
and the role of institutions on niche development) and do not analyse
the multi-level interactions of transitions. Also, among the few related
theoretical works, Safarzynska (2013) has explored the interplay of
market competition and government policies. However, it did not
study the influence of the broader interactions between the environ-
ment, the dominant system and emerging systems. It was not also sup-
ported by empirical experiences from the relevant context. There are
some studies which advocate the inclusion of actors' dynamics. Geels
(2010) has emphasised the importance of rational choice and causal
agents as ontology and the role of Neo-classical economics as its exem-
plar in the future theoretical extensions of transition dynamics. Smith
et al. (2005) andMarkard et al. (2012) have also commented on the un-
derlying conceptualisation of transition dynamics with actors and the
necessity to explicitly take them into account.

This paper presents an empirically underpinned theoretical frame-
work to explain the transition dynamics of state-influenced niche em-
powerments. While sustainability transitions concept focuses generally
on how to protect niches from market, this paper discusses how niches
can take advantage of the market's benefits in transitions. It aims to pro-
vide a basis for the effective policymaking and the strategic planning of
governments to promote the dynamics of sustainability transitions.

The study is conducted in two steps: theoretical integration and con-
ceptual description. In the first step, the core concepts from sustainabil-
ity transitions are extracted and a theoretical framework is constructed.
The framework is based upon the established transition-theoretical
frameworks including the multi-level perspective (Geels, 2002), the
multi-pattern approach (de Haan and Rotmans, 2011), Frantzeskaki's
framework (Frantzeskaki, 2011) and the actor-option framework
(Yücel, 2010). In the conceptual description step, the framework is ap-
plied to the empowerment of solar on-grid electricity in India (from
1970s to 2014) to answer how governmental interventions and sys-
tems' interactions have influenced the transition of the electricity sec-
tor. Explanatory case study (Yin, 1989) is a method used in this step.
Data related to the case study is collected through archival research
(i.e. review of government and international organisations' documents)
and is analysed through categorising and linking to the core concepts in
the theoretical framework.

India's electricity sector is an attractive case to study. First, it is a typ-
icalmodel ofwhatmay happen in the emergence of renewables in other
developing countries as it shares some of their basic features, e.g. rapid
growth in electricity demand, the necessity for expansion of infrastruc-
ture, the limitation in available resources and the presence of interven-
tionist governments. Although India's electricity sector is our case study,
the resulting framework is generic and is capable of being applied to
other cases of state-influenced niche empowerments as well. Second,
the development process of the Indian solar electricity is aligned with
the theoretical concepts in sustainability transitions on which the
framework is based. The empowerment of on-grid solar in India's elec-
tricity sector started several years ago. Despite a failed take-off in early
2000s, solar electricity has had an increasing growth in investment
(about $4.7 billion in 2011 (UNEP, 2012)) and in installed capacity
(from 2 MW in 2007 to 5248 MW in 2015 and to (targeted) 100 GW
by 2022). The Jawaharlal Nehru National Solar Mission (JNNSM) is the

major policy framework for the development of solar electricity and is
believed to have a crucial role for its success (MNRE, 2010). This corre-
sponds to the theoretical ideas by Geels (2002) and de Haan and
Rotmans (2011) in the way that the influence of policy measures from
outside (conceptualised as the landscape) destabilises the dominant
conventional electricity system (known as regime) and opens awindow
of opportunity for the growth of emerging renewable systems (known
as niches). The Indian solar empowerment also confirms the assump-
tions we made about the interactions between the state influence and
the actors' decisions in market condition. About 77% of 31 GW total re-
newable installed capacity (in 2014) was operated by private entities
whose decision was to maximise private benefits (Bhushan et al.,
2014; CEA, 2015). At the same time, their behaviours have been identi-
fied highly dependent on Feed-in Tariff (FITs) granted by the
government.

The paper is structured as follows. After this introduction, the com-
plementary features of different theories in explaining dynamics in
our context are reviewed (Section 2). Section 3 presents the core con-
cepts of the framework from the existing theories with reference to
the Indian renewables empowerment. Section 4 explains the dynamics
of state-influenced niche empowerment, applied to the case study and
using the proposed framework. Section 5 presents the discussion on
the developed framework, and finally conclusions are presented in
Section 6.

2. The review of theories of dynamics in sustainability transitions

‘Sustainability transitions’ is an interdisciplinary field, with roots in
innovation studies (Rogers, 1962), evolutionary economics (Nelson and
Winter, 1977) and integrated assessment1 (Rotmans, 1998), and are
traced back to late 1980s and early 1990s. The field seeks to conceptual-
ise and influence long-term, irreversible and evolutionary processes of
change known as transitions. While it is still young, sustainability transi-
tions concept has found rapidly growing applications in addressing sus-
tainability challenges in energy sector. Because of the long-term and
evolutionary characteristics of transitions, several theories have focussed
on explaining transition dynamics. Here, a review of these theories, in-
cluding the Multi-Level Perspective (MLP), the Multi-Pattern Approach
(MPA), Frantzeskaki's framework, the actor-option framework and the
MATISSE (Methods and Tools for Integrated Sustainability Assessment)
model is provided in order to assess how our framework can benefit
from them.

The MLP, originally developed by Rip and Kemp (1998) and further
developed extensively by Geels (2002), is the best known, widely ap-
plied and in some cases the basis for other frameworks. The MLP de-
scribes the patterns and pathways of transitions as an answer to how
transitions unfold. The dynamics is described at the three nested and
analytical levels of change: niches, the regime and the landscape. The
levels represent the influences of radical novelties, the established sys-
tem and the external forces on transitions respectively. TheMLP defines
a transition as a change from one socio-technical regime to another, and
conceptualises its dynamics as the interactions of the regime with
niches and the landscape.

The Multi-Pattern Approach (MPA, also referred to as Pillar Theory)
has been developed by de Haan (2010) and de Haan and Rotmans
(2011) through theoretical deductions. The MPA describes the overall
pathways of transitions. It discusses the specific patterns that make up
these pathways and the conditions underwhich they form. As apparent
from its name (i.e. Pillar Theory) the framework bases the understand-
ing of dynamics on three pillars, namely conditions that drive dynamics,
patterns that describe their shape of emergence and paths that depict
the sequence of patterns from initial to new state of a system in

1 Integrated Assessment is “a structured process of dealing with complex issues, using
knowledge from various scientific disciplines and/or stakeholders, such that integrated in-
sights are made available to decision makers”(Rotmans, 1998).
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transition. Accordingly, transitions are defined as the concatenations of
the patterns during which a dominant way of meeting societal needs
changes and alternative constellations gain power.

The framework with multiple stages and driving forces, developed
by Frantzeskaki (2011), captures the dynamicswith the intention of de-
riving governance propositions. Transitions are defined as a cyclic evo-
lution of slow and fast dynamics in a continuous transformation
process. It can take shape in different institutional, socio-ecological
and socio-technical contexts. Three key concepts form the building
blocks of the framework: the structures of the societal system which
are the objects of transition, the dynamical equilibrium stages of the
transition, and the forces which drive the transition towards those
stages. By grounding the concepts in theoretical and empirical re-
searches, different patterns of dynamics were defined in terms of feed-
back loops between stages.

The actor-option framework, developed by Yücel (2010), reveals the
underlying mechanisms behind the dynamics and answers why a transi-
tion occurs. It explains the dynamics in actors' decisions regarding differ-
ent competing options. Therefore, the dynamics is explained by three
mechanisms in the decision making process: changes in options' proper-
ties, changes in actors' perception and changes in actors' behavioural
identity.

The MATISSE model was developed as an improvement to the tools
available for conducting the Integrated Sustainability Assessments in EU
policies. The MATISSE represents the dynamics of transitions as continu-
ous paths and explains why and how a transitions form. Niches,
empowered niches and the regime are conceptualised as collective
agents competing in transition. Actors (e.g. consumers and companies)
are individual agents giving support to the collective agents. The land-
scape consists of signals affecting the decisions of the individuals. A tran-
sition is characterised as a sequence of agents' transformations driven by
individuals' support; a transformation fromniche to empowered niche to
regime.

Each theory has strengths and limitations in conceptualising the dy-
namics of state-influenced niche empowerment (Moallemi et al., 2014a,
b). One important feature of this dynamics is the role of public and private
actors' decisions as underlying mechanisms of transitions. The MLP,
Frantzeskaki's framework and the MPA take a functionalistic approach
and conceptualise the shape of transitions in terms of patterns and path-
ways and do not explicitly explain the actor dynamics. On the other hand,
the actor dynamics is extensively discussed in the actor-option frame-
work and theMATISSEmodel. They define the dynamics based on the in-
teractions between actors and systems and agents' decisions.

Another feature of the dynamics in our specific context is the simul-
taneous presence of top-down and bottom-up processes. The bottom-
up direction of a transition process involves the emergence of new
system from niche innovations and by the active participation of entre-
preneurs while the top-down points to the external environment and
the leading influence of government's supports. In the MLP, the pivotal
role is given to niches, and so transitions normally originate from the
bottom. The overemphasis on niche innovations may distract the anal-
ysis from the main source of dynamics and deviate it from causes (pol-
icies) to effects (actors' dynamics). On the other hand, theMPA explains
transitions as a bottom-up development (called empowerment), as
externally-driven top-down interventions (called reconstellations) and
internally-driven adjustments (called adaptation). The actor-option
framework, the MATISSE model and the Frantzeskaki's framework do
the same and discuss the direct influence of the external environment
in addition to niche innovations in the dynamics of transitions.

In summary, each theory conceptualises the dynamics of the state-
influenced niche empowerment from a specific perspective. They may
individually have limitations in explainingwhen, why and howdynam-
ics are shaped, and sometimes may only employ similar concepts but
with different terminologies. The framework to explain the dynamics
of our case therefore should benefit from the concepts in these existing
theories to obtain the necessary explanatory power.

3. Core concepts

The core concepts of the framework should be able to explain the
transition dynamics, and specifically the following four aspects of the
niche empowerment in India's electricity sector. The first aspect is the
presence of multiple systems, i.e. conventional and renewable sources
competingwith each other to becomedominant in the electricity sector.
The framework here applies the concepts from theMPA to describe the
systems of interest. India's electricity sector is conceptualised as a socio-
technical system embodiedwith an external environmentwhich incorpo-
rates long-term changes and trajectories (e.g. climate change), rapid ex-
ternal shocks (e.g. the sudden rise of oil price) and also government's
initiatives (e.g. energy policies). One can identify a constellation around
the conventional energy sources and emerging constellations around
different renewable sources such as wind and solar in the socio-
technical system. Constellations satisfy societal needs (de Haan et al.,
2014) in different ways, or equivalently, with different functionings.
For instance, the conventional constellation can have coal, oil and diesel
as its functionings which satisfy the need of energy supply for house-
hold, industry and agriculture. As the share of the conventional constel-
lation in total functioning of India's electricity sector is by far the
highest, it is appropriate to label it with the terminology from the MLP
as the regime, with wind and solar corresponding to niches respectively.

The second aspect of the niche empowerment in India's electricity
sector is the strong actors' interactions in a partially market-economic
condition where the semi-rational and self-interested actors, whether
private or public, seek to maximise their individual net benefits. Actors
give the constellations the power to perform their functionings. In the
Indian case study, providers, distributors, consumers and policymakers
are the main types of actors. For instance, providers are the central gen-
eration units, the state generation companies and the independent pri-
vate power producers who determine installed capacity for each source
based on their cost-benefit decisions to invest in and to generate from
different constellations; and distributors are the state public units and
few private licensees who buy electricity from generators and deter-
mine the usage from each source based on their decision to allocate de-
mand to different constellations. Transitions then can be interpreted as
a power shift, a shift in the share of investment, generation and the allo-
cation of demand devoted to each constellation.

According to the actor-option framework, actors' interactions are
shaped by their decisions. Actors' decisions in this condition are a func-
tion of constellations' attractiveness. The constellation's properties satisfy
actors' objectives considering actors' perception delay of the real value
of properties, the importance of each property for actors and also the
minimum acceptable value of constellation's property (called reference
level). For example, the decision of providers to invest in conventional
or renewables is based on the cost of generation, the price for generated
electricity and the payment security, as three main properties in con-
ventional, wind and solar constellations. This is how public and private
actors' decisions form the underlying mechanisms in transitions.

The presence of influential governmental initiatives, even when the
private actors' interactions are strong, is the third aspect of the state-
influenced niche empowerment. This aspect is considered in the frame-
work through the influence that policies have on constellations and
then on actors' dynamics. Policies, in the first place, affect the constella-
tions' constituents, including infrastructure and institutions, and subse-
quently promote or deteriorate the attractiveness of constellations. The
infrastructures refer to technologies (e.g. solar PV in solar constellation)
as well as facilities (e.g. transmission lines) which are physically in-
volved in delivering the functioning of a constellation. The institutions
(market and non-market) are understood here as the formal and infor-
mal rules and regulations developed to fix systemic andmarket failures.
As an example for the influence of the government initiatives, a research
and development (R&D) program in solar PV technology (improvement
in infrastructure) or FIT on solar generated electricity (supporting insti-
tutions) would lower the initial cost of electricity generation. This is the
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point where the stimulating influence of the states makes the renew-
able sources more attractive options compared to the conventional
and changes the investment and the allocation decisions of actors.

Finally and as the fourth aspect, the niche empowerment goes
through slow and fast dynamics, i.e. the electricity sector experiences
the breakdown of some parts and the build-up of other parts. Based on
the idea of the evolutionary cycle of the societal system in Frantzeskaki's
framework, the process of niche empowerment is described with se-
quential stages of destabilisation and formation.

Fig. 1 is a depiction of India's electricity sector in transition, in a hy-
pothetical situation and with the core concepts explained before.
Table 1 presents a summary of the core concepts used in the proposed
framework.

At the beginning, the system is in a state of equilibrium in the sense
that needs are satisfied (Fig. 1, Initial State). The system's constellations
are represented bywhite circles. The size of the circle corresponds to the
power of constellations. Each circle is surrounded by a grey ring which
represents the functioning of that constellation. The white circles also
include some inter-connected triangles which symbolise themechanics
of the constellations, i.e. actors, infrastructure and institutions, whose
interactions give power to the constellations and perform their

functioning. Societal needs are depicted here with the black dots. The
arrows connecting the constellations to the dots showwhich constella-
tions are contributing to which societal needs.

The system starts to break down as soon as some destabilisation
forces influence the way that the existing societal needs are satisfied
(Fig. 1, Destabilisation Stage). The destabilising forces are depicted with
arrows. The arrows' origin shows the external or internal sources of
the forces. These forces can be external shocks, e.g. an oil-price shock,
or internal failures, e.g. lack of available resources, that put constraints
on the functioning of the conventional constellation and interrupt the
satisfaction of the societal needs. The constraint on functioning is
discerned from the rest of the grey ringwith dash patterns. The equilib-
rium can also be disrupted when an external force, like the global com-
mitment of countries to tackle climate change, leads to the expression of
a newneed, like emissions reduction – thatmust bemet -within the sys-
tem. The expression of new need is represented with a dark dot, not
connected to any constellation.

At this point, some formation forces influence the constellations' at-
tractiveness and push the system towards equilibrium (new state of
the system) again (Fig. 1, Formation Stage). They are shown in the dia-
gram with arrows. The forces can be from the external environment,

Fig. 1. The proposed framework applied to India's electricity sector in a hypothetical situation, form an initial state to a destabilisation stage, a formation stage and a new state.
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when the government's policies modify the infrastructure and institu-
tions and enhance the attractiveness of the renewable sources for pro-
viders and distributors. They can also be from within the system, for
example, when an intrinsic property of an empowered niche, such as af-
fordable and domestically-manufactured wind turbines, makes a con-
stellation superior in market competition. Another example of an
internal force is when existing energy companies adjust their business
model to incorporate renewables and the system gradually changes. In
the next section, the dynamics of the empowerment of the Indian on-
grid solar system is explained using the core concepts of the suggested
framework.

4. India's on-grid solar electricity: the dynamics of state-influenced
niche empowerment

The development of on-grid solar electricity is one of the top priori-
ties of the Central Government of India in energy sector, and several pol-
icy initiatives have been legislated to support that. The transition to
solar electricity is a highly complex process embedded in the larger
transitional changes in the electricity sector. It is also intertwined with
another transition from government monopoly to competitive market
configuration in the electricity sector that started in the early 1990s
and has been in alignment with the general economic reforms in the
country.

While the public and private actors have been the main players in-
volved in this transition, the central and state governments have had
leading roles in accelerating these changes with their policies. A narra-
tive overview – based on literature review - of how supporting policies
have accelerated actors' dynamics in a transition to renewable electric-
ity, and specifically to on-grid solar, is presented in three phases in the
below.

It should be noted that the dynamics of large hydroelectric and nu-
clear powers are not investigated in detail as they did not have a signif-
icant interaction in transition towards renewables (i.e. wind, solar,
small hydro and biomass) in India in the past 30 years. The major moti-
vation for growth in hydro power goes back to the socialist policies in
Jawaharlal Nehru's government (1947–64), when Nehru called “Dams
as New Temples for Resurgent India”. Since that time, there has been
no further push and therefore no significant competition between
hydro and other sources. Nuclear power also could not rapidly grow
due to the 1974 nuclear test which put the country's nuclear sector in
international isolation, and also due to lack of enough uranium reserves
within the country. However, there have been some recent develop-
ments, such as the US-India and Australia-India Civil Nuclear Agree-
ments. They can give a rise to nuclear power again in future.

4.1. Phase one (early 1970s–late 1990s)

From the early 1970s to the late 1980s, the electricity sector could be
described as a moderately stable socio-technical system whose original

needwas to supply electricity for users including households, industries
and agriculture (Fig. 2). At this time, the nationalist government of
Indira Gandhi was expanding the control of the Central Government
on the electricity sector with national funds and international loans. In
1974, the required electricity supply was about 63 billion kWh (World
Bank, 2015). This need was mainly being met by conventional (mainly
coal) and large hydro (i.e. dams) and less with other sources. From
the total installed capacity of 16,700 MW, 51% was fuelled with coal,
3% with gas and diesel, 4% with nuclear, 42% with large hydro and 0%
with renewables (i.e. wind and solar). Theywere all owned by The Cen-
tral and State Governments. This large share of fossil sources emitted
about 232,000 Mg of CO2 and made 9% of total energy-use dependent
on fuel imports in 1974 (CEA, 2014; World Bank, 2015).

The state of the system, however, did not remain stable for long time.
In the 1970s, the oil price shock made fuel imports a serious concern for
the government. This external tension highlighted the importance of en-
ergy security, as a new need in the electricity sector and started to
destabilise the state of the system (Sawhney, 2013). Moreover, during
the 1970s and the 1980s, the country was experiencing moderate eco-
nomic growth with an increase in GDP per capita from $167 in 1974 to
$376 in 1990 (World Bank, 2015). It resulted in some tensions in the elec-
tricity sector related to urbanisation, prosperity of society and the expan-
sion of industries. They led to an increase in electricity consumption from
63 TWh in 1974 to 234 TWh in 1990 andmade addressing energy pover-
ty across the country a priority. On the other hand, the electricity sector
was going through stresses as a result of an internal failure in the incum-
bent systems. Almost the whole electricity sector, in different parts of its
value chain, was owned by the government. State-owned enterprises
were notworking efficiently andwere only surviving through continuous
government supports, i.e. grants and subsidies. At the same time, the Cen-
tral and State Governmentswere suffering from the lack of enough finan-
cial resources to further support them and to build the required
infrastructure for the growing demand. The coincidence of external and
internal forces put constraints on the functioning of the conventional
constellation and disturbed the satisfaction of energy supply as a major
societal need in electricity sector (Fig. 3).

As a response to fix the destabilised system and in order to address
the concerns for energy security and energy supply, government sup-
ports for renewable energy started to take shape in the 1970s. Three
groups of supports were planned although they were not implemented
completely (Fig. 4):

The first group concentrated on capability building in R&D, local in-
dustries and installed capacities (Sawhney, 2013). This support was
influencing technologies and facilities for electricity generation from re-
newables in order to make them more affordable options for invest-
ment of providers. The government supported R&D for technologies
with potential in rural areas, including solar, biomass andwind technol-
ogies. Several publicly-owned companies were established, such as
Central Electronics Limited (CEL)with a specific program for solar tech-
nology in 1974. Many small projects were supported in rural areas as

Table 1
A summary of core concepts used in the framework.

Concepts What they do Adapted from

Socio-technical system Specifying the general boundary of the electricity sector with social and technological components Multi-pattern approach
External environment Describing global factors, e.g. climate change, that influence the electricity system but are very slowly

affected by the system
Constellations Framing the multiple competing sub-systems, e.g. conventional and renewables
Societal needs Giving a normative direction, e.g. energy supply or energy security, to transition and the way that

constellations interact
Functioning Different ways, e.g. coal and gas, that a subsystem, e.g. conventional, satisfy societal needs
Regime and niches Differentiating between competing sub-systems, nuclear and renewables based on their power Multi-level perspective
Actors and actors' decision Explaining how public and private actors' interactions bring power to constellations and shape transition

Actor-option frameworkConstellations' attractiveness Providing a criterion in actors' decision making process to assess which constellation is more attractive to
invest; also explaining how government policies influence actors' decisions

Destabilisation and formation stages Dividing between forces that cracking down the dominant conventional system and those shaping the
emerging renewable systems

Frantzeskaki's framework
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well, such as subsidising and financing the development of household
biogas plants. Being dependent on the imported wind turbine technol-
ogies, a specific program was considered for the indigenous capability
building of wind turbines (e.g. supporting Suzlon Energy as a successful
entrepreneur in the domestic wind turbine industry). In addition to pol-
icies supporting R&D and industries, the government advocated in-
crease in renewable installed capacity. To this effect, they provided
financial incentives such as tax holidays on renewable power plants,
100% accelerated depreciation and concessional customs duty on
imported technologies.

The second group supported renewable electricity through their in-
fluence on non-market institutions. For the first time, the significance of
renewables, especially in the form of small scale supply, wasmentioned
in the 6th Five Year Plan2 (1980–1985). In the 8th Five Year Plan (1992–
1997) a large-scale wind project with 100 MW installed capacity was
targeted and also the domestic industries were promoted. In addition
to the long-termplans, several institutional bodieswere formed for pro-
moting renewables. In 1981, the first governmental institution, the
Commission for Additional Sources of Energy, was established for man-
aging the ongoing programs. The institutional position of renewables
was elevated when the Ministry of Energy established a new office,
the Department of Non-Conventional Energy Sources, in 1982. Finally,
this department was upgraded to the federal-level Ministry of New
and Renewable Energy, the highest institutional place in an Indian gov-
ernment (state or national) for renewable energies. The ministry
launched several related technical agencies as well as state-level agen-
cies for diffusing renewable power plants. Thesemeasures orchestrated
the support for renewables in the country and turned them into prom-
ising sources of electricity generation in the future.

The third group affected themarket structure of the established con-
ventional system with a gradual reform from a government-controlled
to a competitive market electricity sector, subject to regulation. The
competitive market paved the way for more active presence of non-
state actors. This was part of a transition from government monopoly
towards privatisation and the national economic reform. In 1991 and
by amendments in the Electricity Act 1948, private investment and
100% foreign investor ownership were allowed to substitute public
funds in the electricity sector (PoI, 1991). It caused unbundling of

electricity sector components into the different parts of the value
chain from generation to transmission and distribution.

4.2. Phase 2 (2000–2008)

The electricity sector in the early 2000s was a socio-technical system
working to realise twomajor societal needs, less dependency on fuel im-
ports (energy security) and a balance between supply and demand (en-
ergy supply) (Fig. 5). In 2002, it had 105,000 MW installed capacity
comprised of conventional with coal, gas and diesel as its functioning
(71%), hydroelectric with large and small hydro (26%), nuclear (3%),
wind (2%) and other renewables with on-grid solar and biomass (0.3%)
(CEA, 2014).

Despite the relative success of supporting policies inmotivating pro-
viders to invest and in increasing the renewable installed capacity (from
zero in 1970s to 4000 MW in 2002), the generation of electricity from
renewable sources had been still insignificant. One reason for this fail-
ure was the ineffective government interventions. As an example, the
initial policies were encouraging the increase in installed capacity of
wind power by providing tax benefits of 80% of the projects' value dur-
ing the first year (accelerated depreciations). It enticed project devel-
opers to maximise wind turbine installation, rather than to achieve
maximum generation. They ignored the optimal size and efficiencies
of turbines. This situation can be seen as an internal failure in the renew-
able constellations, which imposed constraints on their functioning to
satisfy energy supply. The second reason for the insignificant renewable
generation was the presence of another (external) force. It was
expressed as a new societal need into the electricity sector (Fig. 6). Ac-
cess to reliable and stable energy with the aim to increase equity and
convenience (de Haan et al., 2014) was a new societal need that moti-
vated grid-connection andpaved theway for large-scale on-grid renew-
able projects. This need had been prompted by the economic growth
and the improved quality of life in the country. It had been explicitly
mentioned in the Central and State Governments' planning documents,
including the Five Year Plans and the Integrated Energy Policy 2006
(GoI, 2006).

From 2000 onwards, the focus of the government changed from ca-
pability building to generation-based policies (Sawhney, 2013). In other
words, the policies focused mainly on generators' decisions to encour-
age the generation of renewable electricity. This shift in the government
approach was supported in the five policy packages (Fig. 7). The first

2 Five-Year Plans (FYPs) are the centralised and integrated national economic programs
of India since 1947.

Fig. 2. The initial state of the Indian on-grid electricity system in 1974.
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was the overarching legislation, called the Electricity Act 2003 (PoI,
2003). The Electricity Act 2003 was promoting privatisation by encour-
aging captive renewable power plants (i.e. independent electricity gen-
eration for private use). It also urged the generation of on-grid
renewable electricity by mandating states to specify minimum Renew-
able PurchaseObligations (RPOs) and to form tradable Renewable Ener-
gy Credits (RECs) for making the market efficient. It also allowed the
Central Electricity Regulatory Commission (CERC) to design FITs for re-
newable generated electricity. The second was the National Electricity
Policy 2005. It was encouraging co-generation facilities to increase re-
newable electricity generation. It also allowed the State Electricity

Regulatory Commissions (SERCs) to have preferential tariffs for renew-
able electricity (MoP, 2005). The third was the National Tariff Policy
(TP) 2006. It specified a deadline for states to fully adopt and implement
the supporting mechanisms already defined in the Electricity Act 2003.
The TP (MoP, 2006) explained the mechanisms for determining the
states' minimum RPOs based on the availability of renewable resources
in each state. It also improved the payment security of different renew-
able options by putting the Central Government in charge of defining
the annual feed-in tariffs for on-grid renewables and by mandating
the states to follow that. These three policy packages intended to influ-
ence the market with RPOs, RECs and FITs though they did not

Fig. 4. The formation of the Indian on-grid electricity system (1970s–1990s).

Fig. 3. The destabilisation of the Indian on-grid electricity system (1970s–1990s).
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implement constantly and properly across the different states. On the
one hand, RPOs were planned to mandate distributors to have a certain
purchase level of renewables. It could subsequently secure the
renewable-generated electricity. On the other hand, RECs and FITs
could influence the price of generated electricity, could enhance the
profitability and could impact providers' decisions to invest more in re-
newable businesses.

The fourth and fifth were the 10th and the 11th Five Year National
Plans (2002–2007–2012) with the planned actions motivating grid-
connection in the renewable constellations. The 11th Five Year Plan spe-
cifically projected to increase on-grid renewables to 5% of total capacity

by 2012, equal to 25 GW (whichwas almost achieved by that date). The
ambitious targets in the national plans hastened the formation of the re-
quired infrastructure in the renewable constellations. They also shaped
a promising future for renewables and psychologically urged providers
and distributers to support them.

During this period, the first, albeit very slight, support started around
on-grid solar electricity. In 2009,MNRE initiated a program in the support
of on-grid solar plants andwith a financial assistance for the capital costs
(Sawhney, 2013). Furthermore, the Special Incentive Package Scheme
(GoI, 2007) provided subsidies for domestic manufacturing of semicon-
ductor chips and components including solar photovoltaic. They can be

Fig. 5. The state of the Indian on-grid electricity system in 2002.

Fig. 6. The destabilisation of the Indian on-grid electricity system (2000–2008).
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seen as the first steps in empowering a newniche, the solar constellation,
into the system through improving its infrastructure and reducing the
cost of generation.

4.3. Phase 3 (from 2008 onwards)

At the beginning of Phase 3, the new state of the system incorporated
a recently emerging constellation, i.e. solar, and also a new empowered
constellation i.e. Wind. In 2007 the total installed capacity was
132,300 MW (700% increase compared to the capacity in 1974). The

capacity shares were: conventional sources (65%), hydro power (26%),
wind power (5%), on-grid solar power (0.1%), other renewables (on-
grid biomass) (0.8%) and nuclear (3%) (Fig. 8).

Till 2008, energy supply, energy security and energy equitywere the
main needs that renewable electricity could address. However, in the
following years, emissions reduction positioned itself as a new societal
need in the electricity sector and justified the further development of
renewable electricity. During Phase 3, the planning paradigm in the en-
ergy sectorwas influenced by the climate change negotiations. The Cen-
tral Government perceived renewable electricity as a way to achieve

Fig. 7. The formation of the Indian on-grid electricity system (2000–2008).

Fig. 8. The state of the Indian on-grid electricity system in 2007.
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emissions reduction. In 2008, the government announced the National
Action Plan on Climate Change (NAPCC) as a high-level policy frame-
work for climate change mitigation and aligned with the first commit-
ment period of the countries to Kyoto Protocol (GoI, 2008). This action
plan, as an external force, disturbed the stability of the electricity sector.
It paved theway for the further expansion of renewables by imposing a
new need – for emissions reduction – to be expressed in the system, but
also by further limitations on the functioning of the conventional con-
stellation (Fig. 9).

The NAPCC included eight national missions addressing climate
change concerns through different ways. One of them was specifically
designed for solar electricity as a zero-emission option, later called the
Jawaharlal Nehru National Solar Mission (JNNSM). The JNNSM (MNRE,
2010) was a Central Government's policy that had to be followed by all
states. The JNNSM targeted 100 GW on-grid solar PV by 2022. The
planned on-grid solar electricity systems included large grid solar plants
as well as grid-connected rooftop and small solar plants. To achieve the
targets, several policies have been designed so far including FIT, RPO,
REC, Long-term Power Purchase Contracts between distributors and de-
velopers, Power Purchase Agreement (PPA) with distributors and a Pay-
ment Security Mechanism (Fig. 10). Some of them have been
implemented successfully and some others have failed. There has been
also some technical assistances supporting infrastructures, such as site-
specific insulation data for solar radiation (Shrimali and Rohra, 2012).
The JNNSM has not been implemented constantly across the states,
and each state has had its own versions of the policies. Two successful
states are Gujarat and Rajasthan. Gujarat introduced the Gujarat State
Solar Power Policy (GERC, 2009) with a high FIT and Rajasthan intro-
duced the Rajasthan Solar Policy (GoR, 2011)with a tariff-based compet-
itive bidding process. They have together contributed to 70% of the total
solar installed capacity (Bhushan et al., 2014).

Phase 3 can be considered a turning point which raised the state of
solar generated electricity. During this period, the national and state
level policies concentrated on empowering the on-grid solar constella-
tion through market stimulation and with the massive participation of
public and private (including foreign investors) actors. They increased

solar installed capacity from 2 MW in 2007 to 1000 MW in 2012, to
2200 MW in 2014 and to 8062 MW in 2016. In 2014, the total installed
capacity was 249,500 MW including conventional (69%), hydro (18%),
wind (8%), on-grid solar (1%), other renewables (2%) and nuclear (2%)
(MoP, 2014) (see Fig. 11).

5. Discussion

Looking into the development of the renewable sources through the
lens of the transition framework can imply several empirical lessons. It
shows how different constellations have grown or lost power in India's
electricity sector and towhat extent the government initiatives have ac-
celerated or decelerated their rate of growth. Since 1970s, the electricity
sector has transformed froma simple system satisfying energy supply to
a complex one incorporatingmultiple competing constellations satisfy-
ing not only energy supply, but also energy security, energy equity and
convenience and emissions reduction. The expression of the new needs
has rearranged the share of power between the constellations. The
shares of some constellations such aswind and solar have grown signif-
icantly. On the other hand, the share of hydro and nuclear has shrunk
due to limited new investments in comparison to the other sources.

One can observe a pattern in the empowerment of successful renew-
able sources (i.e. wind and solar); the pattern that links the emergence
of the new societal needs with government's stimulations, and then
with the redistribution of power between the constellations. The pat-
tern starts with the presence of external concerns, such as climate
change and its global consequences. The government internalises the
concerns as the critical needs that should be met by the electricity sec-
tor. The renewables then are perceived as the viable options for realising
these needs. This internalisation is the institutional process of setting vi-
sion and targets. An example of this internalisation was when the Cen-
tral Government of India enacted the NAPCC, expressed emissions
reduction in national targets and emphasised on on-grid solar as a
zero-emission source for achieving the targets. The government steers
and directs the actors' dynamics towards obtaining the targets with
some policies. The policies are concentrated on capability building in

Fig. 9. The destabilisation of the Indian on-grid electricity system (2008–2014).
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the earlier stages and are followed up by those regulatingmarket. With
the capability building andmarket-based policies, the renewables' prof-
itability outweighs other competing options and they become attractive
options for providers (to invest in) and distributors (to purchase). As an
example from the case study, the Semiconductor Policy and the man-
dated Domestic Content Requirement on imported solar technologies
aimed to encourage the domestic manufacturing of solar panels in the
early development stage of the solar constellation. They were subse-
quently supported by market instruments, such as FIT or REC, in order
to become attractive in market for investment and for usage. Changes
in the attractiveness impact the decision of actors, shift the power

between constellation and lead to the empowerment of renewable
sources.

The analysis of the Indian case studywith our theoretical framework
can also be used to identify strategic insights on how to effectively facil-
itate the further solar empowerment in future:

1. While somemajor steps have been taken so far, there is still longway
to go for considering the on-grid solar as an empowered niche and a
competitive alternative against conventional sources. The share for
the conventional sources has increased by 16% compared to their
share in 1974. They are even expected to remain on top with 42%

Fig. 10. The formation of the Indian on-grid electricity system (2008–2014).

Fig. 11. The state of the Indian on-grid electricity system in 2014.
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of total installed capacity in 2030, according to the forecasts in the
12th Five Year Plan (GoI, 2013). This large share signals that the
destabilisation stages of the transition process (speaking in the lan-
guage of the framework) have not been strong enough to outcom-
pete the functioning of the conventional regime. Therefore, the
government should modify its support from just being motivating
for renewable sources (i.e. tariff policies) to also be suppressive on
the conventional systems (i.e. policies such as a significant Carbon
Tax and enforceable RPOs).

2. As apparent from the analysis, renewable electricity has been driven
by subsidies, generous tariffs and tax holidays so far. They have come
from the government-allocated resources. However, most of the
Indian states face serious financial barriers and cannot afford the
high estimated costs of achieving the planned targets.While the gov-
ernmental support is necessary to give a momentum to the transi-
tions in the early stages, the renewable electricity needs to reach
grid parity as they become mature. Speaking in the language of the
framework, it is recommended that the formation forces of the
solar constellation change. They should change to the internally driv-
en forces led by the public and private actors (and not merely by the
government) and based on the intrinsic attractiveness of the solar
niche (and not based on the external market push).

3. The capability building policies should be more in favour of local
manufacturers as a domestic solar industry can bring job creation
and the opportunity to export for the country. Although the
government's policies started by supporting the domestic
manufacturing of the related technologies, the major part of the
solar installed capacity is still dependent on the imported (thin
film) technologies. The high rate of imports and the current undesir-
able state of the Indian solar cell andmodule manufacturers necessi-
tate revising the capability building policies and addressing the side
effects of the previous actions.

4. A policymaking disparity can be seen in the electricity sector, espe-
cially in those promoting renewable electricity. Multiple government
bodies, such as the Ministry of Power, the MNRE and the Ministry of
Coal, with varied interests, have been responsible for formulating en-
ergy policy. The targets and supporting measures for renewables
have been alsomentioned variedly in a diverse range of policy docu-
ments. This inconsistency can expose actors to contradicting or over-
lapping policies and can slow down the pace of the transitions.
Hence, policy coordination between different government bodies
and in various policy documents is recommended for the future of
renewables and conventional sources.

6. Conclusions and avenues for further research

The core concepts of the framework have been developed through an
iterative process between theoretical deduction – building upon the
existing transitions theories – and empirical grounding in India's electric-
ity sector as a case study. The proposed framework was supported theo-
retically by the existing concepts in the sustainability transitions field.
The framework benefited from their integration and conceptualised dif-
ferent aspects of the dynamics. The framework was designed to under-
stand transition dynamics in a new context, i.e. state-influenced
economies, rather than the main stream liberal or coordinated market
economies. The dynamics was defined as the interactions between the
economic rationale of the actors' decisions and the policy instruments
available to states throughout the different phases of the transitions. Ap-
plying the framework to the case study, four strategic insights to support
the further empowerment of solar electricity in India's electricity sector
were identified.

The proposed framework faces some limitations. The first is that it is
not empirically grounded in multiple case studies. The framework was
formulated generically. It intended, in principle, to provide a general ex-
planation for the dynamics of state-influenced niche empowerment.
However, it was only applied to one case study. An interesting avenue

for further research would be to apply the framework to other cases of
niche empowerment, i.e. those in other emerging economies such as
China. This brings more empirical support to the framework and im-
proves the clarity of its theoretical concepts.

The second is the limited ability of the framework and qualitative
narrative in perceiving the complexity, nonlinearity and time delay of
transitional changes. A quantitative model can better deal with these
features. The framework and narrative provide an understanding of a
detailed description of societal needs, actor dynamics and internal and
external driving forces of transitions. They can be used as a basis for
the computational or mathematical modelling of large-scale transfor-
mations. Therefore, another avenue for future research would be to for-
malise the dynamics that were qualitatively explained by a transition
theoretical framework with a quantitative modelling technique. It will
improve the understanding of transitions with the analytical power of
computer simulation.
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Chapter 5 A dual narrative-modelling 

approach for evaluating 

socio-technical transitions in 

electricity sectors 
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5.1 Introduction 

In the previous chapter, I developed a theoretical framework based on concepts from the 

sustainability transitions field in order to explain the transition dynamics of state-influenced 

niche empowerments in a stylised manner. I also applied it to the emergence of renewable 

electricity in India. Chapter 5 presents the dual narrative-modelling approach, consisting of a 

system dynamics model underpinned with the narrative transitions-theoretical framework 

(developed in Chapter 4) for evaluating the socio-technical transitions of electricity sectors. The 

synergetic interactions between narratives and models are explained. The dual narrative-

modelling approach informs the model development in this Chapter and the exploratory analysis 

in Chapter 6. In Chapter 5, Phase 3 (i.e. Transitions modelling) is undertaken and Questions #2 

and #4 are answered: 

How can the narrative and modelling approaches be coupled to enable a broader understanding of transitions than 

each can offer separately? 

- How can the strengths and limitations of narrative and modelling approaches complement each other? 

- How can the synergetic interactions between narrative and modelling approaches be exploited to deepen 

the understanding of the complexity and nonlinearity of historical transitions? 

How do different governmental interventions impact the dynamics of the emergence of renewables, especially solar 

and wind, in India’s electricity sector over decades? 

- How can the transition dynamics of this case be formalised with a system dynamics model and supported 

by the stylised narrative? 

Chapter 5 is based on a journal article with the same title submitted to the Journal of Cleaner 

Production. The format and numbering of the sections are according to the original publication 

style. The initial draft of this chapter/article is titled ‘Dynamic modelling of energy transitions 

using a coupled modelling-narrative approach’ presented at the 21st International Congress on 

Modelling and Simulation (MODSIM 2015), November 29 - December 4 2015, Gold Coast, 

Australia (See Appendix II).  
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5.2 Declaration for Publication #3 
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5.3 Publication #3 

A dual narrative-modelling approach for evaluating socio-

technical transitions in electricity sectors 

 

Enayat A. Moallemi1, Lu Aye1*, Fjalar J. de Haan1, 2, John M. Webb3 

1 Renewable Energy and Energy Efficiency Group, Department of Infrastructure Engineering, The University of Melbourne, Victoria, 

Australia, 3010. 
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4 Centre for Transformative Innovation, Faculty of Business and Law, Swinburne University of Technology, Victoria, Australia, 3010. 
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Abstract: The sustainability transition of electricity sectors is a matter of competitions between 

multiple emerging renewable systems and a dominant, established conventional system. These 

transitions are multi-dimensional and are featured with non-linear and causal interactions 

between social, technical, economic and political components. Understanding the dynamic of 

transitions, i.e. how transitions unfold, can inform effective policy interventions. This paper aims 

to present a narrative-modelling approach to improve the understanding and description of 

transition dynamics in electricity sectors. The central ideas of the paper are: (1) the use of 

qualitative transition narratives can help to capture the co-evolving nature of society and 

technology which are simplified in modelling approaches; (2) narratives, with concepts from 

sustainability transitions, can also guide the development of a model structure; and (3) 

computational models, in return, can reproduce the complexity of transition dynamics, i.e. 

feedback loops, non-linearity, and time delays—the features which are impracticable to analyse 

with transition narratives alone. We use the historical transition of India’s electricity sector to 

demonstrate the implementation of our approach. First, an overview of the transition narratives 

is presented and the model structure, developed based on the narratives, is explained. Then, it is 

argued how the coupling of the narratives and model can improve our understating of the 

impact of feed-in tariffs and accelerated depreciation, with stable rates, on the development of 

wind and solar electricity. 
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Keywords: Narrative, System dynamics, Sustainability transitions, Renewable energy, transition 

dynamics, India. 

1. Introduction 

The transition of electricity sectors, from conventional towards renewable sources of electricity 

generation, is crucial in the decarbonisation process of countries (Ekins et al., 2011) and 

influential on their energy security and new jobs creation (Bagheri Moghaddam et al., 2011). 

These transitions involve the transformation of technical systems, e.g. energy technology 

manufacturing and power generation systems. Electricity sector transitions are engaged with 

changes in financial systems (e.g. domestic/foreign energy investments) and are highly influenced 

by political decisions. They are also deeply integrated into the society through electricity demand 

and the consumption’s pattern of users. Governments design subsidies, feed-in tariffs, tax 

holidays, etc. to promote electricity sector transitions. Considering the multi-dimensionality and 

complexity of these transitions, effective policies require a solid understanding of transition 

dynamics, i.e. a description of how transitions unfold through the interactions of societal and 

technical factors over time and how different policies can influence their unfolding (Moallemi et 

al., 2014). In this paper, we are going to show how the strengths of qualitative transition 

narratives and computational modelling frameworks can be integrated into one approach to 

enhance the understanding of transition dynamics of societal systems in general and of electricity 

sectors in particular. 

One popular way to understand the dynamics is through qualitative transition narratives. They 

are systemic approaches capturing a wide and flexible picture of system’s components, 

interacting with each other and with the external environment. Transition narratives provide the 

detailed and stylised stories of how transitions unfold. They are capable of explaining the 

heterogeneous behaviours of actors and their interactions with institutions (Fuenfschilling and 

Truffer, 2016). Narratives can also incorporate contingencies with irregular patterns from the 

external environment, which can affect transitions significantly. Several qualitative narratives of 

transition dynamics, investigated in the sustainability transitions field (de Haan and Rotmans, 

2011; Geels et al., 2016b; Hekkert and Negro, 2009; Moallemi et al., 2015; Nasiri et al., 2013) or 

in resilience and socio-ecological systems areas (Folke, 2006; Gunderson, 2000), are examples 

from this group. Qualitative scenario development techniques are also another area of literature, 

which focus on generating narratives and storylines for future transition pathways (Foxon, 2013; 

O’Neill et al., 2014).  
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Another group of approaches includes computational models. Models developed with dynamic 

modelling techniques, such as system dynamics approach and agent-based modelling, (Chappin, 

2011; Ghorbani, 2013; Vogstad, 2005; Yücel, 2010) are examples of this group. They can deal 

with system complexities, i.e. non-linearity, time delay and multi-causality, with the power of 

computer simulations (Holtz, 2011). They are also better for evidence-based policymaking as 

they use quantitative values to represent the system’s states (Holtz et al., 2015). The formal 

energy techno-economic models and optimisation models developed specifically for energy 

sectors, such as MARKEL and TIMES are other examples ((Loulou et al., 2004; Loulou et al., 

2005; Usher and Strachan, 2012), also see Li et al. (2015) for more examples). They can analyse 

the economic characteristics of energy transitions, their technical feasibilities and their natural 

resource limitations. The power of computational models can be also enhanced  by exploratory 

thinking (Kwakkel et al., 2016; Kwakkel and Pruyt, 2015; Lempert et al., 2003). Exploratory 

thinking enables models to cope with uncertainties of the future transitions and to inform future-

oriented scenario analysis. 

The two general groups of approaches have been developed by separated communities of 

scholars. Both of them have been used frequently for understanding transition dynamics and 

policy analysis with successes though sometimes they answered different types of questions. 

However, the recent developments have favoured a combined qualitative-quantitative standpoint 

and a narrative-modelling approach. Trutnevyte et al. (2014), Trutnevyte et al. (2015), and 

Robertson (2015) are examples for the qualitative-quantitative analysis of low carbon transition 

pathways in the future. Several recently developed socio-technical energy transition models (Li et 

al., 2015) and the models developed within the emerging field of transitions modelling ((Bergman 

et al., 2008; Köhler et al., 2009; Moallemi et al., 2016), also see Holtz et al. (2015)) are other 

examples using transition concepts with modelling approaches.  

This paper aims to present a ‘Dual Narrative-Modelling Approach’27 to improve the 

understanding and description of transition dynamics. This understanding can be used for the 

policy analysis of future transition pathways in electricity sectors. This follows the recent idea of 

bridging between disciplines by Geels et al. (2016a) and the interactive articulation of modelling 

and narrative analysis for a more comprehensive assessment of transition dynamics in low 

carbon energy transitions. The Dual Approach goes beyond the one-off inclusion of socio-

technical factors in a model and takes advantage of two-way interactions between narratives and 

models. On the one hand, transition narratives: capture the qualitative social processes of 

                                                
27 Or is simply referred to as the Dual Approach. 
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transitions, develop a dynamics hypothesis to guide model structure, and create a structured 

story for the validation of model behaviour. On the other hand, models developed based on the 

narratives: clarify the non-linearity and side effects of policy interventions and quantify the 

techno-economic aspects of transitions dynamics and actors’ decision making process. While 

these approaches interact with and inform each other, we acknowledge that the full integration 

of them is not feasible because of the differences in the nature of their originating disciplines.  

We used the historical transition dynamics of emerging on-grid renewable electricity generation 

in India’s electricity sector, from 1990 to 2015, as an illustrative example to demonstrate the 

applicability of our approach. This example was chosen as the impact of India’s energy transition 

on its own domestic economic and social conditions and also on global emissions reduction is 

highly significant (Sawhney, 2013). We also used a historical transition since we only want to 

demonstrate the interactions between models and narratives, without dealing with the 

uncertainties around variables and parameters’ value in the future.  

In presenting our Dual Approach, we explained the narratives for the historical transition of 

India’s electricity sector, developed based on concepts from sustainability transitions (Geels, 

2002; Rip and Kemp, 1998; Rotmans et al., 2001). We then explained the structure and 

implementation of a system dynamics model informed by the transitions narratives. The result 

was referred to as a transitions model. We then demonstrated the contribution of the transitions 

model, with the example of the dynamics of policy instabilities over time in India’s electricity 

sector. The Government of India has targeted 60 GW wind and 100 GW solar electricity 

installed capacity by 2022. While India’s renewable electricity is reliant largely on private sectors, 

the impact of governmental policy interventions on the realisation of these targets is significant. 

The Government of India has used feed-in tariffs and accelerated depreciation to promote 

renewable electricity. However, the rate of these policies have been unstable in the past 25 years. 

We investigated with the Dual Approach (1) to what extend the stability in the rate of feed-in 

tariffs and accelerated depreciation could improve the wind and solar installed capacity, and (2) 

what possible side-effects these stable rates would have created in the whole electricity sector 

over time.  

The paper is structured as follows. After introduction, the methods and main steps of the Dual 

Approach are explained in Section 2. The implementation of the steps in the case study and the 

discussion of simulation results are presented in Section 3. Section 4 concludes the findings and 

discusses the limitation of our approach. 
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2. Methods 

This section explains the steps in the implementation of the Dual Approach and shows different 

ways that narratives and models can interact with each other and inform the understanding of 

transition dynamics (see Figure 1).  

 

Figure 1. The overview of the interactions between transition narratives and transitions model in 

the Dual Approach  

Step 1–Developing transition narratives: the first step is to describe transition dynamics in 

transition narratives. They present a systematic description of dynamics over time in form of the 

destabilisation of an initial system’s state and the formation of a new system’s state under the 

influence of internal system’s dynamics and external contingencies. Transition narratives can 

capture the social processes and decision rules of transitions dynamics, which are generally 

ignored or simplified in modelling approaches. Transition narratives are developed based on 

qualitative raw data from case studies, which are interpreted with concepts in sustainability 

transitions. The Multi-Level Perspective (MLP), the Multi-Patterns Approach (MPA), and 

Technological Innovation Systems (TIS) are among the prominent conceptual frameworks for 

describing transition dynamics (de Haan and Rotmans, 2011; Geels, 2002; Hekkert et al., 2007). 

Depending on the nature of case studies, an appropriate conceptual framework is chosen for 

describing transition dynamics in a stylised manner and based on the collected data. The data can 

be collected through desktop study, archival research and expert interviews.  
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Step 2–Developing a transitions model structure informed by the narratives: the second 

step is to develop a high-level transitions model structure in interaction with the narratives for 

generating transition dynamics. This follows the emerging literature of transitions modelling, 

which emphasises on the use sustainability transitions’ concepts for addressing the long-term, 

multi-dimensional, path-dependent and non-linear characteristics of transitions. Narratives (Step 

1) inform the development of the transitions model structure through the demarcation of system 

components and the generation of a dynamics hypothesis for describing the causal interactions 

between them. Narratives can also inform the transitions model through the identification of 

contingencies. Contingencies are unexpected forces from the external landscape, such as a 

sudden change in policy support or a temporary increase in foreign investments, which emerge 

irregularly but can influence transition dynamics significantly. Contingencies can be missed from 

the model structures since modelling languages are formal and less flexible to include 

irregularities. However, they can be captured better in transition narratives because of the 

qualitative nature and the flexible framing of their conceptual languages. 

Step 3–Implementing the transitions model: the implementation of the transitions model 

structure relies on systems modelling techniques and computational experimentation in a 

simulation platform. We implemented our model structure using the system dynamics approach 

as the modelling technique and in Vensim DSS as the simulation platform. The implementation 

starts with the clarification of each component of the model structure, i.e. identifying input and 

output variables, model parameters, and their relations. It then continues by the calibration of 

model parameters and the validation of model’s behaviour with historical transition dynamics.  

Step 4–Informing the transition narratives with model simulations: the forth step is to 

complement the qualitative understanding of transition narratives, in Step 1, with model 

simulations. The simulation results can inform narratives’ causal analysis by clarifying side 

effects, nonlinearities and time delays, which are left unexplained in qualitative narratives. This 

enhanced understanding of the dynamics can be used for the evidence-based policymaking of 

transitions.  

3. The application of the Dual Narrative-Modelling Approach  

The steps explained in the previous section were implemented in a historical case study, i.e. the 

transition in India’s electricity sector from fossil fuels towards renewable generation sources, 

between 1990 and 2015. India’s electricity sector is in the process of decarbonisation where the 

currently dominant fossil fuel generated electricity regime is under the pressure from the wind 

and solar electricity niches. The transition emerged primarily in early 1990s and by the start of 
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the privatisation of the electricity sectors, and it has continued so far. The application of the 

Dual Approach in this case study gives us the opportunity to expand the explanation of each 

step with illustrative examples and to show the practicality of our approach in a real-world 

transition.    

3.1. Step 1–Developing transition narratives 

To describe the transition dynamics in narratives, we used a sustainability transitions framework 

developed according to the feature of our case study (Moallemi et al., 2017b). This framework 

conceptualises the development of renewable electricity in the context developing countries as a 

state-influenced empowerment of renewable niches. This implies a situation where renewable 

electricity is developed by private sectors’ actors and under the extensive supports of a 

government which rectifies the systemic failures (Moallemi et al., 2017b). Using this framework, 

the electricity sector was conceptualised as a socio-technical system (de Haan and Rotmans, 2011), 

composed of several interacting components. The components can be social (e.g. electricity 

demand and consumption patterns), technical (e.g. acquisition of new generation capacities and 

generation of electricity from them), economic (e.g. investment decisions, tariff setting process, 

and government’s expenditures) and political (e.g. policy support). We assumed that this socio-

technical system is functioning normatively (Rotmans, 2005); it works to satisfy some societal needs 

(de Haan et al., 2014), such as reaching a balance between supply and demand, reducing fuel 

imports to improve energy security, and reducing greenhouse gases (GHGs) emissions. We also 

assumed what give a system the power to perform its functioning are system’s actors and actor 

decisions (Yücel, 2010). Actors were considered to be the underlying mechanisms of transitions.  

The transition dynamics of the electricity socio-technical system were described through a 

continuous sequence of the destabilisation of an initial system’s state and the formation of a new 

system’s state over time. This process was influenced by the internal dynamics of the system and 

by the impact of contingencies from the external environment. The system was initially in a state 

of (dynamic) equilibrium, in a sense that the existing societal needs were satisfied with a mix of 

renewable or conventional resources. However, the internal dynamics of the system or 

contingencies, in form of destabilising forces, disrupted the satisfaction of societal needs and the 

state of equilibrium between the generation sources. The destabilising forces appeared in form of 

the emergence of new societal needs which the established system was incapable of addressing. 

They also emerged in form of system’s barriers which interrupted the fulfilment of existing 

societal needs. An example of these destabilising forces is when fuel price’s shocks interrupted 

the growth of electricity generation from fossil fuels and subsequently affected the fulfilment of 
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demand-supply balance (as societal needs). The system in a destabilised state was pushed towards 

the formation of a new (dynamic) equilibrium with formative forces. An example of formative 

forces is when governmental subsidies encouraged the investment and adoption of renewable 

electricity among public and private sectors. Moallemi et al. (2017a) described the sequences of 

destabilisation and formation extensively in India’s electricity sector in three phases. A summary 

of their narratives is presented below:  

• Phase 1 (1970s-1990s): until 1970s, almost the whole electricity sector was a state-owned 

conventional system aiming to satisfy the demand for electricity (societal need). 

However, the 1970s’ oil price’s shocks and the 1990’s financial crisis (destabilising force) 

started to destabilise this established system. At the same time and in 1990s, other driving 

forces, most prominently, the electricity market privatisation and the renewable capability 

building policies (such as 100% accelerated depreciation) of the government (formative 

force) triggered a transformation towards renewable systems. This transformation 

resulted in a new state of the system in late 1990s; a state which valued energy security as 

a societal need and incorporated wind electricity as an emerging generation source to 

satisfy this new need. 

• Phase 2 (2000-2008): from 2000 afterwards, the economic growth and expansion of 

cities (destabilising force) highlighted the importance of grid connection and raised 

energy equity as a new societal need in the electricity sector. Wind electricity, with a 

competitive technology price among the renewables, could take advantage of this new 

societal need to become an empowered system. However, this empowered wind system 

did not end up with a significantly higher renewable generated electricity because of the 

inefficiency of the installed capacity (destabilising force). To address this issue, the 

government shifted the emphasis of its interventions from capability building policies, 

promoting installed capacity, towards generation-based incentives (formative force), such 

as feed-in tariffs, which promote generation.  

• Phase 3 (2008-2015): after 2008, emissions reduction became a priority (a new societal 

need and a destabilising force for fossil fuel electricity) in the electricity sector. This 

strengthened the development of renewable electricity and paved the way for the 

enactment of the Jawaharlal Nehru National Solar Mission (JNNSM) in 2010 (formative 

force). The JNNSM targeted 20 GW (which later increased to 100 GW in 2014) installed 

capacity for on-grid solar photovoltaic (PV) and Concentrated Solar Power (CSP) by 

2022. While India’s renewable electricity has been growing significantly in this period, 
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(policy) instability in the rate of feed-in tariffs and accelerated depreciation, between 2011 

and 2013, has reduced the pace of development.  

3.2. Step 2–Developing a high-level model structure informed by the narratives 

The conceptual and qualitative understanding of transition dynamics in Step 1 informed the 

development of a high-level model structure. First of all, the transition narratives conceptualised 

the electricity sector as a socio-technical system, with multiple social, economic, technical, and 

political dimension, and seeking to fulfil the societal needs. We used this conceptualisation to 

design the 10 main components of the model structure: 

• Pricing represents the economic aspect of transition. It deals with the analysis of the 

tariff that generators sell electricity to distributors and the tariff that end-users buy 

electricity from distributors. It also analyses the costs and benefits of the generation and 

distribution of electricity.  

• Investment represents the economic aspect too. It specifies the dynamics of investors’ 

decisions and their preferences regarding the desired investment in fossil fuels vs. 

renewable sources. 

• Capacity is a technical aspect. It models the acquisition of new installed capacity, the 

progress of technologies (i.e. learning curves) and the improvement in resource efficiency 

of different generation sources. 

• Generation is a technical aspect too. It determines the generation of electricity from new 

and old installed capacity for each individual source considering the loss of electricity in 

transmission and distribution grids and also due to electricity theft. 

• Demand-Supply Balance is the first societal need. It shows the growth in electricity 

demand and the gap between supply and demand 

• Energy Security is the second societal need. It analyses the amount of fossil fuels 

required for fossil electricity generation and also the required imported fuels. 

• Emissions Reduction is the third societal need. It estimates emissions resulted from 

electricity generation and the gap that this amount has with the desired level of emissions 

that government aims to achieve. 
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• Satisfaction of Societal Needs aggregates the fulfilment of three societal needs into a 

single indicator to be used as a heuristic in adjusting the rate of policy interventions. 

• Policy shows the political aspect of transition. It represents the decision process of 

policymakers regarding the rate of policies, based on feedback from societal needs. 

• Financial Burden is about the economic-political aspect of transition. It shows how 

government’s expenditures can damage the continuity of policies. 

Each component can include many variables. The scope of the study and our questions of 

interest determine the model boundary. The transition narratives in Step 1 can also facilitate a 

trade-off between the depth and breadth of modelling. They underline the important aspects of 

transition dynamics that should be reflected in the model. We differentiated between the model 

variables: the variables which affect transition and are also affected by it (i.e. thoroughly 

modelled endogenous variables), those which are the same to the first group, but are not 

modelled in detail as they are out of the scope of the study (i.e. superficially modelled 

endogenous variables), those external forces and contingencies which impact transition but are 

not easily affected by it (i.e. exogenous variables), and all other variables which are not 

considered in the model (i.e. deliberately omitted variables). These groups were represented with 

a bull’s eye diagram (see Figure 2). 

Second, the transition narratives assumed that actors and actor decisions are the underlying 

mechanisms of transitions. This was used to conceptualise the structure of the model 

components. We identified six groups of actors operating in electricity sectors: government with 

decision about the type and intensity of energy policies; investors who decide about the share of 

investment in renewable and fossil fuel resources; generators whose decision is regarding the 

amount generated electricity from renewable and fossil fuel capacity; providers who decide about 

the acquisition or decommissioning of installed capacity; distributors with decision about the 

allocated share of renewable and fossil fuel generated electricity; and end-users whose decision 

specifies the consumption of electricity and electricity demand. The decision structure of each 

actor group and how they fit within each component will be discussed in the model 

implementation in Section 3.3.1.  
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Figure 2. Bull's eye diagram representing different levels of modelling 

Third, the narratives in Step 1 specified qualitatively how transitions unfolded from the internal 

dynamics of the system. We used this to develop a dynamic hypothesis and explain: (i) how the 

interactions between Financial Burden, Pricing, Investment, Capacity and Generation, influence 

the fulfilment of Demand-Supply Balance, Energy Security and Emissions Reduction, (ii) how 

the state of these societal needs triggers Policy (i.e. policy interventions), and (iii) how again the 

interactions of the system’s components respond to these policy interventions (see Figure 3). We 

explained the interactions in form of five causal loops:  

• The investment loop (I) shows how the price of generated electricity impacts the 

investment decision of investors, how investors’ decision influences the acquisition of 

installed capacity and generation of electricity from different sources, and how electricity 

generation affect electricity price and the rate of new investments. 

• The demand balancing loop (D) represents the goal seeking behaviour of electricity 

demand. This explains how a gap between supply and demand affects the price of 
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electricity and how electricity demand is adjusted, in return, in response to electricity 

price. 

• The resource depletion loop (R) represents how the limitation on fossil fuel resources, 

due to fuel price or constraints on fuels import, adversely affects electricity generation, 

and how the reduction in electricity generation balances the consumption of fossil fuel 

resources. 

• Corrective policy loops (Ps) show how the state of demand-supply balance, energy 

security and emissions reduction signals for policy intervention, and how policies such as 

feed-in tariffs, renewable energy credits, and accelerated depreciation, influence the 

internal dynamics of the system and improve the satisfaction of the societal needs.  

• Financial burden loops (Fs) consider the negative impact of financial burdens 

(resulted from policy interventions) on the future investments and on the continuation of 

policy support in the future. 

Fourth, it was assumed that transition dynamics are influenced by contingencies from the 

external environment. Models have a formal and rigid language which limits their capability of 

coping with these contingencies. The transition narratives allowed us to explain the impact of 

contingencies in the model structure with a set of complementary assumptions. We used the 

external destabilising and formative forces,  identified in the transition of India’s electricity sector 

by Moallemi et al. (2017b), as the contingencies of the model structure. An example of them is 

the impact of national target setting, expressed in policy documents (such as the 100 GW solar 

installed capacity by 2022 in the JNNSM), on the investment growth of renewable sources of 

electricity generation. Meeting the renewable targets motivated the government to participate 

actively in the development of renewable electricity. The participation was in form of investing in 

renewable power systems and providing generous policy incentives for private sectors’ actors. 

This changed the regular investment decision based on market attractiveness to an investment 

decision highly influenced by the priority of renewable electricity for the government. The 

impacts of other identified contingencies on each model component are discussed further in 

Section 3.3.1. 
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Figure 3. The causal loop diagram representing the interactions between different components of 

electricity sector as a socio-technical system 

3.3. Step 3–Implementing the transitions model 

3.3.1. Stock and flow structures 

This section explains the implementation of mode components in a series of stock and flow 

structures. The stock and flow variables are represented with a rectangle box and a valve 

respectively in the graphics. The structures of different model components are linked to each 

other with shadow variables. Shadow variables are shown in grey angle brackets, with a number 

which corresponds to their respective model component in Figure 3. Contingencies, in form of 

formative forces, are green, and those in form of destabilising forces are red. The model 

variables are called in the text with their acronyms. The acronyms are presented in brackets and 

in front of each model variable in the graphics (such as [ET] for electricity tariff). It is noted that 

the representation of the stock and flow structures is simplified in the paper, and only important 

variables and parameters are highlighted.   
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Pricing 

Pricing influences the decision of investors (Investment) in the investment loop; it is linked to 

Demand-Supply Balance through the demand balancing loop; and it also affects Financial Burden in 

the financial burden loop (see Figure 3). This component determines the price that generators 

sell electricity to distributors (wholesale electricity tariff) and the price that distributors sell 

electricity to end-users (retail electricity tariff). We only explain the stock and flow structure for 

the wholesale electricity tariff [ET] (see Figure 4) as the retail electricity tariff has a similar 

structure. The wholesale electricity tariff was represented by a hill-climbing optimisation 

structure (Sterman 2000, p.537), where the tariff is adjusted gradually with an adjustment time 

[at]. The tariff is initially set in market [MET] and in response to the non-linear effects of the 

levelised cost of energy [ELT], demand-supply balance [EBT] and inflation rate [EIT]. However, 

the Indian Central and States Electricity Regulatory Commissions impose minimum and 

maximum tariffs in order to safeguard consumers' interest and to recover the high costs of 

renewable generated electricity. This government-imposed tariff [GET] overrides the market-

driven tariff [MET] in the model structure. 

 

Figure 4. The stock and flow structure for wholesale electricity tariff setting in Pricing 

The analysis of electricity generation and distribution benefit is another output of Pricing. As an 

example, we modelled the structure of the generation benefit [GB] based on the wholesale 

electricity tariff [ET] with which the generators sell electricity to distributors (see Figure 5). We 

also considered the impact of the present government feed-in tariff [GET] and the long-term 

forecast of feed-in tariff [LTF] on the generation benefit. The future price expectation structure 
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(Vogstad 2004, page 95) was used to model the long-term forecast of the tariffs. The impact of 

environmental premiums, such as renewable energy credits [REC], was also considered in the 

generator’s benefit. 

 

Figure 5. The stock and flow structure for generation benefits 

Investment  

This component specifies the amount of investment in fossil fuel and renewable generation 

resources (see Figure 6). Investment influences Capacity and is influenced by Policy, Financial Burden 

and Pricing. It is also part of the investment loop, the corrective policy loop and the financial 

burden loops (see Figure 3). We modelled the change of investment in each source of generation 

[CI] based on their attractiveness for different actors. The attractiveness was specified through 

the interlinked decisions of actors: investors’ decision [IA] about the share of investment, 

generators’ decision [GA] regarding the amount of generated electricity and distributors’ decision 

[DA] about the purchase of electricity from different sources. Actors have a multi-objective 

decision making structure in choosing between different generation sources. For example, the 

attractiveness of renewable and fossil fuel resources for generators [GA] is a function of two 

objectives: their profitability [PAG] (i.e. generation profit) and payment security [SAG] (i.e. an 

insurance that the generated electricity will be purchased by distributor).  

We considered the impacts of accelerated depreciation [AD], feed-in tariff [FIT], renewable 

energy credits [REC] and renewable purchase obligation [RPO] (from Policy) on investment 

decisions. Accelerated depreciation influences investors’ decision through investment tax and by 

postponing the tax cost to the later years of the project. Feed-in tariffs and renewable energy 

credits affect the generators’ decision through generation profit. The renewable purchase 

obligations influence distributors’ decision through the compliance of distributors’ to existing 
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mandates and regulations [RAD]. Investment is also influenced by external contingencies. We 

considered the impact of the 1991’s market liberalisation and the Electricity Act 2003 as two 

formative forces supporting the emergence of renewable electricity. The market liberalisation 

facilitated the participation of private sector’s actors in the electricity sector from 1990s onwards. 

The Electricity Act 2003 enhanced privatisation and also allowed foreign investments in the 

electricity sector after 2003. These two contingencies affect the total investment growth and the 

awareness/sensitivity of the generators and distributors to profit in the model. Another 

formative force was the impact of the national renewable targets on the attractiveness of 

different resources and on the governmental investment. This was already explained in Section 

3.2. We considered the impact of these contingencies as parameters, and their values were set by 

the calibration of the model with historical data.   

 

Figure 6. The stock and flow structure representing the interlinked decisions of actors in 

Investment 

Capacity  

Capacity is to analyse the acquisition of new installed capacity, learning curves, and resource 

efficiency of different generation systems. This component is influenced (indirectly) by Investment 

and Policy and is part of the investment and corrective policy loops. It determines the amount of 

generated electricity from each source in Generation (see Figure 3). We used a stock management 

structure (Sterman 2000, p. 675) to model the acquisition of new capacities and to differentiate 

between on-order, new, old and depreciated capacities with different resource efficiencies (see 

Figure 7). We assumed that the rate of planned installed capacity [PC] is determined based on the 
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total available investment [CI] and the investment cost of each generation source [ICT]. Capacity 

also specifies the learning multiplier [LM] which is a coefficient representing the decline in the 

investment cost of technologies in their learning curve. This was model with a technology 

progress structure (Vogstad 2004, p.128) and considering the cost reduction because of the 

economy of scale (endogenous learning [ELM]) and the cost reduction because of global 

technological progress (exogenous learning [XLM]). Another output of Capacity is the resource 

conversion efficiency ([ENC] and [EOC]), a factor for representing the resource required for a 

unit of generated electricity. It modelled how the efficiency declines with the ageing of existing 

capacities by a co-flow structure. 

 

Figure 7. The stock and flow structure in Capacity 

 Generation 

This component models the generation of electricity from new and old installed capacity for 

each individual source and considering the loss of electricity in grids and electricity theft. 

Generation is affected by Capacity. On the other hand, it influences the fulfilment of the societal 

needs. The total generated electricity in Generation affects the gap between supply and demand in 

Demand-Supply Balance. The amount of fossil generated electricity in this component specifies the 
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required fuel import in Energy Security. It also determines emissions resulted from fossil generated 

electricity in Emissions Reduction (see Figure 3). We modelled the generation of electricity from 

coal, gas, solar and wind endogenously. However, the generation from hydro, diesel, nuclear and 

other renewable sources was modelled only exogenously and based on the growth rates extracted 

from historical data (see Figure 8). To model electricity generation [GE], capacity factor [CF] (a 

ratio between actual output in a given period (a year) and the potential output in full capacity) 

was multiplied by installed capacity [CP] and the number of working hours per year [h]. Capacity 

factor was modelled as a function of resource efficiency [ENC], the effect of fuels availability 

[EAF] and a contingency known as ‘Wind Rush’ [WR]. Wind rush, as identified in the transition 

narratives (Moallemi et al., 2017b), took place in 1990s and early 2000s when investors’ interest 

was to maximise the installation of wind turbines to gain the tax benefits of the accelerated 

depreciation policy. However, ignoring the optimal size and efficiencies of turbines adversely 

affected the capacity factors of wind electricity and led to growth in installed capacity and not in 

generation.  

 

Figure 8. The stock and flow structure in Generation 

Demand-Supply Balance  

Filling the gap between supply and demand was identified as a societal need in the transition 

narratives. We represented the fulfilment of this societal need in Demand-Supply Balance. To 

analyse the level of fulfilment, this component specifies the growth of electricity demand for 

each consumer group, i.e. industrial, agricultural, domestic, and commercial. The future demands 

[FD] were forecasted using a growth expectation structure and considering the present demand 

and a reference value in the past (Sterman 2000, p. 631). The present demands [PD] were 
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modelled with an anchor and adjustment structure (Sterman 2000, p. 534) and based on an 

indicated demand [ID] adjusted by a time for perceiving the real value of this demand [tpd] (see 

Figure 9). We calculated the indicated value of demands based on the non-linear effects of an 

initial electricity demand [id], economic growth [EED], and the effect of electricity tariff [EPD] 

(a feedback from Pricing). We also considered the influence of urbanisation and the growth in the 

prosperity of society on electricity demand [EXU], as an external contingency. Having the total 

electricity demand, Demand-Supply Balance uses the amount of generated electricity (Generation) to 

analyse the gap between supply and demand.  

 

Figure 9. The stock and flow structure for demand growth and demand forecast 

Energy Security  

Energy security was identified as the second societal need in the India’s electricity sector (see 

Figure 3). Energy Security analyses the amount of imported fossil fuels required for the generation 

of electricity. This component affects the Satisfaction of Societal Needs and is influenced by the 

amount fossil fuel generated electricity (Generation). We assumed that the amount of imported 

fuels [FFI] is dependent on the total required fossil fuels [FRGC] and the available domestic fuel 

resources [DFF]. To determine the total required fossil fuels, the rate of fuel consumption for 

electricity generation from (new and old) installed capacity [FROC] was calculated as the product 

of fossil fuel generated electricity [GE] and the heat rate [HRC], divided by the heat content [hcs] 

of fossil fuel resources (see Figure 10). The heat rate is the efficiency of generators in converting 
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a unit of fuels into heat. The heat rate is higher for the old installed capacity. The heat content is 

the energy released as heat per unit of fuel consumption (Vogstad, 2005). We also considered the 

impact of contingencies, i.e. the fluctuation in fossil fuel price and constraints on fuels import, as 

a parameter in the model, with a value set during the model calibration with historical data. 

 

 

Figure 10. The stock and flow structure in Energy Security 

Emissions Reduction 

This component estimates emissions resulted from electricity generation in Generation (see Figure 

3). Emissions Reduction, as the third societal need, influences Satisfaction of Societal Needs. The 

emissions rate [ERC] was assumed to be reliant on the amount of generated electricity [GE] and 

emission intensity of fossil fuels [eir] (see Figure 11). The emission rate was also considered 

dependent on the resource efficiency of installed capacity [EC] (calculated in Capacity). The 

resource efficiency enabled us to model the variation in the rate of emissions based on the age of 

installed capacity. 
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Figure 11. The stock and flow structure in Emissions Reduction 

Satisfaction of Societal Needs  

We argued in the transition narratives that the electricity sector, as a socio-technical system, aims 

to satisfy the societal needs, i.e. demand-supply balance, energy security and emissions reduction. 

This component combines the satisfaction of all three societal needs, to be used as an indicator 

in the policymaking process. The Satisfaction of Societal Needs was modelled based on a cumulated 

discounted utility function (Fiddaman, 1997, p. 70) in which the satisfaction of each individual 

societal need, at each year, is weighted by a marginal benefit factor and a discount factor (see 

Figure 12). The marginal benefit factor represents how much the total satisfaction increases for a 

unit of improvement in the societal needs. The discount factor represents a time preference for 

the satisfaction of societal needs at different times. 

 

Figure 12. The stock and flow structure in Satisfaction of Societal Needs 
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Policy 

Policies do not remain constant over time. They are adjusted gradually in response to the 

changes in the political landscape and feedback from the internal performance of the system. We 

modelled the adjustment of policy mechanisms with the non-linear weighted average external 

and internal factors (see Figure 13 for the example of feed-in tariff). It was assumed that the rate 

of policies is set primarily with the values that can fulfil the government’s targets [EFIT] for 

renewable electricity generation. An example of these external targets in our case study is the 100 

GW solar installed capacity in the JNNSM. However, the rate of policies is not only determined 

by external factors and is subject to a gradual adjustment based on feedback from the satisfaction 

of societal needs [EUF]. The rate of policies also depends on the government’s expenditures 

[EEF] (in Financial Burden). 

 

Figure 13. The stock and flow structure for determining the rate of feed-in tariff based on the 

feedback from the satisfaction of societal needs 

Financial Burden 

Financial Burden shows how government’s expenditures influence the rate and continuity of 

policies. Government’s expenditures were modelled as the summation of the public investment 

in electricity sector [TPI] and the policy cost of feed-in tariffs [GPE] and accelerated 

depreciation [ADE]. This estimated value was normalised and expressed as the percentage of 

GDP [GEG] (see Figure 14). 
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Figure 14. The stock and flow structure for Financial Burden 

3.3.2. Simulation setup and model validation 

The transitions model structure was implemented in Vensim DSS to simulate the historical 

transition of India’s electricity sector from 1990 to 2015. The model parameters were set up with 

the data of four generation sources: coal and gas, as two established fossil fuel options, and wind 

and on-grid solar PV as two growing renewable options. The dynamics of other conventional 

resources, including large hydroelectricity and nuclear power, and other renewables, such as 

small hydroelectric and biomass, were assumed only exogenously and with their time series 

values. The data were compiled from the annual progress reports published by the Ministry of 

Power (MoP, 2015), the Planning Commission (GoI, 2015), the Central Electricity Authority 

(CEA, 2015), and the Government of India (GoI, 2006; MNRE, 2010; MoP, 2003). The missing 

historical data were estimated by the linear interpolation method. We ran simulations and 

calibrated model parameters by the documented historical data. To validate the structure of the 

transitions model, we also assessed the simulated behaviour against the documented historical 

data in two output variables: installed capacity (Capacity) and electricity demand (Demand-Supply 

Balance). The Normalised Root Mean Square Error (NRMSE) was used to measure the diversion 

of the simulated behaviour from the documented data (Ruijven, 2008). The lower the NRMSEs, 

the more similar the behaviours. We also considered behavioural patterns in our assessment, as 

the point-by-point similarity of numerical values, in long-term and complex transitions, cannot 

be always expected. 

Figure 15 shows the growth of installed capacity (Capacity) in coal, gas, wind and solar electricity. 

The simulated installed capacity and the documented data have similar patterns in all sources. 

The NRMSEs for coal and gas are 6% and 10%, which do not imply a significant diversion 

between the simulated and documented behaviours. However, diversions exist between the 

simulated and documented growth of installed capacity in wind and solar in some years (the 

<FIT>

Geneation-Based
Policies Government

Expenditure GPE

<Reference for
Tax Cost RTC>

<Tax Cost TC>

Accelerated Depreciation
Government Expenditure

ADE

Government
Expenditure GEX

<GDP>

Government
Expenditure % GDP

GEG

<Generated
Electricity GE>

[9]

[2]

[4]

[2]
[2] [3]

[5]

<Capacity
Acquisition Rate

ACR>

<Total Public
Investment TPI>



[124] 
 

NRMSEs for wind and solar are 27% and 44%). We can explain this diversion by the presence 

of bureaucratic obstacles in the development of wind and solar installed capacity (e.g. land 

acquisitions delay), which affect the real transition but was not included in the model. Figure 16 

shows the growth of electricity demand (Demand-Supply Balance) in different sectors. The 

NRMSEs for agricultural, commercial, industrial, and domestic are 21%, 6%, 5% and 4%. While 

the behavioural patterns of the simulated and documented demand in all sectors are similar, a 

diversion is observed in the point-by-point values in agricultural sector. One explanation for this 

is that the electricity demand in the agricultural sector does not respond to the electricity price 

and the price elasticity of demand as it does in the other sectors. The provision of electricity for 

the agricultural sector is of high priority because of its impact on the food supply. This makes 

the government to offer a highly subsidised (and sometimes nearly free) electricity to farmers 

with much less variation of price in response to demand (Victor et al., 2007). 

 

Figure 15. The simulated (dash line) vs. documented (bold line) growth of installed capacity in 

India’s electricity sector (1990-2015) 
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Figure 16. The simulated (dash line) vs. documented (bold line) growth of demand in India’s 

electricity sector (1990-2015) 

3.4. Step 4–Informing the transition narratives with model simulations 

Model simulations (Step 3) can complement the qualitative description of transition dynamics (in 

Step 1) with quantitative values. Model simulation can also clarify the causal relations and non-

linear dynamics which are left unexplained in qualitative narratives. We demonstrated the 

contribution of model simulations to transition narratives with an illustrative example: the impact 

of unstable feed-in tariffs and accelerated depreciation on the development of wind and solar 

electricity (1990-2015).  

The qualitative narratives described that the instability of accelerated depreciation and feed-in 

tariffs has adversely affected the development of wind and solar electricity (see Section 3.1). 

However, the narratives could not explain the extent of this effect and its chains of non-linear 

causes and consequences. To gain this understanding, we performed simulations in two 

conditions: a historical transition (1990-2015) with instability in the rate of the policies between 

2011 and 2013 based on the documented data; and a hypothetical transition with stable policies 

over time (see Figure 17). From the simulation results, we explained the non-linear impact and 

side effects of stable policies for wind and solar installed capacity.  

First, we observed that although the stable policies (with the specified rates) would have been 

influential for wind sector, they would not have led to an increase in solar installed capacity (see 

Figure 18). This behaviour can be explained by the opposing impact of technology price (in the 

investment loop (I)) and policies (in the corrective policy loop (P)) (see Figure 19). The price of 
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wind turbine or solar PV technology influences the investment cost (in Investment) negatively. The 

high price of solar PV technology in 2000s damaged their attractiveness (compared to other 

sources) for investors (in Investment) and the acquisition of new installed capacity (in Capacity). On 

the other hand, policies, such as feed-in tariff and accelerated depreciation (in Policy), aimed to 

secure a competitive generation and investment profits, to improve the attractiveness of 

generation sources for investors (in Investment) and to increase the installed capacity. The balance 

between the positive impact of the policies (loop P) and the negative impact of the technology 

price (loop I) determined the final acquisition of new installed capacity for wind and solar 

electricity. In the case of solar electricity, the negative impact of price outweighed the positive 

impact of policies in 2000s (due to high solar PV technology price) while it was different for 

wind electricity. This made a hypothetical stable rate of solar policies (as specified in Figure 17) 

incapable of compensating the negative impact of high technology cost in the investment loop. 

This balance started to gradually change after 2013, by the significant fall in the global price of 

solar PV (IRENA, 2013) and the resurgence of solar policies in the newly elected Government 

of India in 2014 .  

  

Figure 17. The patterns of feed-in tariffs (left) and accelerated depreciation (right) in historical 

transition vs. a hypothetical stable condition in India’s electricity sector (1990-2015) 
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Figure 18. The simulated cumulative installed capacity for different sources in historical 

transition (bold line) vs. the hypothetical stable policy condition (dash line) in India’s electricity 

sector (1990-2015) 

 

 

Figure 19. The causal interactions for explaining the impact of the corrective policy and 

investment loops on solar installed capacity 
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would have resulted in a decline in the total generation in the electricity sector (see Figure 20). 

This is because the whole electricity sector is still highly dependent on the presence of fossil fuel 

electricity. The generation of electricity from fossil fuel power plants is more reliable, it has lower 

investment cost (IEA, 2014) in absence of supportive policies and a higher generation of 

electricity (from a unit of installed capacity) compared to renewable technologies.  

  

Figure 20. The simulated government’s expenditures (left) and the simulated total generated 

electricity (right) in the historical transition (bold line) vs. a hypothetical stable policy condition 

(dash line) in India’s electricity sector (1990-2015) 

4. Discussion and concluding remarks 

The understanding of transition dynamics in electricity sectors can inform an effective policy 

making by exploring how different policy instruments influence the unfolding of future 

transitions. Models and narratives explain the dynamics of transition with different quantitative 

and qualitative approaches. This paper introduced the Dual Narrative-Modelling Approach, to 

improve the understanding of transition dynamics based on the synergetic interactions between 

transition narratives and transitions models. We introduced the implementation of our approach 

with four steps and in India’s electricity sector as an illustrative example. First, transition 

narratives were developed using concepts in sustainability transitions and based on the existing 

qualitative data. The transition narratives informed the development of a high-level model 

structure by generating a dynamics hypothesis and identifying external contingencies. We 

implemented this model structure using the system dynamics approach as the modelling 

technique. The behaviour of model-generated transition was evaluated against the documented 

data for historical transitions. Using the quantitative simulation results, we showed how models 

can inform narratives by clarifying the complexities, nonlinearity and side effects of transition 

dynamics.  
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The presented approach in this paper faces some limitations in the implementation of its steps. 

First, during the development of the high-level model structure in Step 2, we assumed that the 

transition narratives can inform the boundary of the systems and the mechanisms of dynamics in 

transition. While narratives provide a systemic view of transitions, they do not guarantee to 

capture every aspect of their dynamics and their uncertainties. Narratives can also result in 

uncertainty around model structure, as narratives are qualitative descriptions and they can be 

interpreted into different model structures. A future research could explain how different model 

structures can be inferred from same transition narratives and how this uncertainty in model 

structure should be addressed in the Dual Approach. Second, stakeholders were not involved 

systematically in the development of narratives and model in our approach. However, 

stakeholders are considered a good source of information regarding the common perception 

about the past and future of transition pathways. The involvement of stakeholders in the 

modelling process through a participatory approach can enhance the reliability of the results and 

their adoption by policy makers. A participatory approach can also enable capturing different 

(and divergent) actor perspectives in transitions narratives. Another future research can be to 

investigate the role of participatory approach in the development of narratives and models in the 

Dual Approach. This can clarify how different stakeholders should be involved in the various 

steps of the narratives and model development and what information they should provide to 

improve the understanding of transition dynamics. Third, transitions in electricity sectors involve 

several interactions with technical and natural resource components. The transitions model that 

we developed in this paper concentrated more on actors’ decision about investment, capacity 

acquisition, rate of policies, etc. based on social, economic, and policy processes. We did not 

model the technical complexities in detail, such as the impact of transmission and distribution 

lines’ capacity and the intermittency of renewable sources on renewable electricity generation. It 

is, therefore, suggested to link this transitions model to an energy model with technical details to 

present a more balanced picture of energy transitions and to attain a deeper understanding of 

their dynamics. 
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6.1 Introduction 

In the previous chapter, I developed the dual narrative-modelling approach explaining the 

synergetic interactions between narratives and modelling for policy analysis. Based on that, I also 

developed a (simulation) transition model for generating transition pathways of electricity sector. 

Chapter 6 explains how narratives can inform exploratory modelling. It also presents the results 

of exploratory analysis based on the transition model (developed in Chapter 5) and the narrative 

(developed in Chapter 4) and investigates the transition pathways of India’s electricity sector 

(1990-2030) under deep uncertainty. This chapter undertakes Phase 4 (i.e. Exploratory analysis) 

and answers Question #3 and #4: 

How can narrative analysis and exploratory modelling inform each other in exploring future transition pathways 

under deep uncertainty conditions? 

- How should the decision making of long-term transition pathways be dealt with under deep uncertainty? 

- How can the synergies between narrative and model inform the systematic exploration of transition 

pathways? 

How do different governmental interventions impact the dynamics of the emergence of renewables, especially solar 

and wind, in India’s electricity sector over decades? 

- Taking into account the deep uncertainties, how realistic are the targets set by the Indian government and 

under what conditions are the targets more likely to be realised? 

Chapter 6 is based on a journal article with the same title, submitted to the Energy Policy. The 

format and numbering of the sections are according to the original publication style. The initial 

draft of this chapter/article is titled ‘Policy analysis of renewable electricity development in India: 

From a transition modelling perspective’ presented at the 34th International Conference of the System 

Dynamics Society (ISDC 2016), July 17 – July 21 2016, Delft, The Netherlands (see Appendix III).  
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ABSTRACT 
 
Societal transitions unfold under the influence of technical, political and economic uncertainties. 

This paper introduces a narrative-informed exploratory approach for analysing future transition 

pathways under deep uncertainty. In this approach, exploratory modelling is used to investigate 

transition pathways under deeply uncertainty conditions. We complement this with narratives 

(storylines) generated based on the concepts in the sustainability transitions field. Narratives can 

be used (i) as a supporting framework for model structure; (ii) to guide the exploration of the 

future; and (iii) to interpret the ensemble of scenarios. We describe how synergies between 

narratives and exploratory modelling inform both the framed and open-ended exploration of 

transition pathways. The approach is demonstrated with a case study of the transition in India’s 

electricity sector. We show that the realisation of 100 GW solar electricity target by 2022 is 

unlikely, and the development of solar electricity is highly dependent on the active role of 

government. 

Keywords: 
Exploratory modelling 
Scenario discovery 
Robust decision making 
Sustainability transitions 
Renewable energy 
India 
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1. Introduction  

Societal transitions are defined in the ‘sustainability transitions field’ as the long-term and multi-

dimensional transformation of societal systems (e.g. energy systems) aiming to satisfy societal 

needs (e.g. energy security and sustainability) (de Haan & Rotmans 2011; de Haan et al. 2014; 

Rotmans et al. 2001b). Transitions unfold over time under the influence of vast and uncertain 

technical, political, and economic driving forces. These driving forces are deeply uncertain since 

they cannot be reduced to a probability distribution (Bankes 1993; Lempert et al. 2003). 

Deep uncertainty changes the paradigm of decision making and challenges the effectiveness of 

the government’s interventions and the realisation of targets for future transitions. Under deep 

uncertainty, the ‘best-guest’ paradigm of decision making and the ‘traditional scenarios planning’ 

with a few limited scenarios for the future will encounter surprises and shocks and do not lead to 

robust decisions (Bryant & Lempert 2010; Maier et al. 2016; Malekpour et al. 2016). This has 

been referred to as the ‘wickedness of public policy problems’ (Kwakkel et al. 2016; Rittel & 

Webber 1973). Interventions can also result in unintended consequences due to the complexity 

and nonlinearity of societal transitions. 

Divergent transition pathways can be explored, and robust decisions can be designed, using 

Exploratory Modelling and Analysis (EMA) (Bankes 1993; Kwakkel 2010; Walker et al. 2013). 

EMA is the systematic exploration of the impacts of various parametric, structural, and 

methodological uncertainties, using computational experimentation (Kwakkel & Pruyt 2013). 

Using EMA, one can generate prospective transition pathways for different assumptions about 

how the various deeply uncertain factors might be resolved over time. EMA can also be used to 

identify the conditions under which future targets can be achieved. 

We argue that the simulation-based exploratory understanding of future transition pathways 

using EMA can be complemented with qualitative narratives. In this context, a narrative is a 

coherent storyline describing how a transition unfolds through the initial state of the systems, the 

internal and external mechanisms of change and the new state of the systems. Such a narrative is 

developed using the concepts from the sustainability transitions field. A narrative-informed 

exploratory modelling approach can provide a richer and more interpretable picture of how 

future transition pathways could unfold (Maier et al. 2016). This paper aims to investigate the 

synergies between a narrative and an exploratory modelling approach for the analysis of 

transition pathways. The two-way interactions between narratives and modelling are exploited. 

On the one hand, exploratory modelling uncovers how the chain of causes and consequences in 

future transitions can unfold. The impact of these causal relations in the long-term cannot be 
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understood with qualitative narrative scenarios alone. This is because of the complexities and 

deep uncertainties of these relations which demand for an analytical power beyond the human 

mental model-based narratives (Holtz et al. 2015). On the other hand, qualitative narratives 

inform the model development process through the demarcation of the systems’ boundary, the 

explanation of internal dynamics, and the identification of external forces and contingencies 

(Moallemi et al. 2016; Nabavi et al. 2016). Second, narratives can guide the process of exploring 

the impacts of various deep uncertainties and possible normative directions on the emergence of 

specific transition pathways. Third, narratives can be used both to interpret the ensemble of 

mode-based scenarios, as well as to better convey the policy implications to different actors 

(Greeven et al. 2016). 

An example of exploratory modelling based on the concepts from the sustainability transitions 

field has been recently presented by de Haan et al. (2016). They show how exploratory modelling 

can contribute to the understanding of transition pathways. The idea of enabling quantitative 

approaches with qualitative techniques and vice versa has been advocated in the literature. Maier 

et al. (2016) discussed how qualitative conceptual models give a holistic picture of the system and 

can be used as underlying supporting framework for quantitative models. Geels et al. (2016) 

argued for the necessity of bridging between quantitative systems modelling and qualitative 

socio-technical analysis to inform governance decisions. Robertson (2015) applied the qualitative 

socio-technical transition frameworks to interpret the future quantitative scenarios in the analysis 

of low carbon transition pathways. Trutnevyte et al. (2014) translated qualitative storylines as 

input assumptions into a quantitative model, and subsequently enriched the qualitative storylines 

with model outputs.  

This paper demonstrates the various ways in which narratives and exploratory modelling can be 

combined using a case study. The case study is the transition of India’s electricity generation 

sector from fossil fuels (mainly coal) towards renewable resources (mainly on-grid solar 

photovoltaics (PV) and wind). The targets of the Central Government of India are to have 100 

GW on-grid solar and 60 GW wind installed capacity by 2022. The government steers and 

stimulates this transition with market-based policy instruments (e.g. feed-in tariff), command-

and-control actions (e.g. imperative targets, renewable purchase obligations), and direct 

interventions (e.g. government funding). The question from an exploratory modelling point of 

view is what the future transition pathways would look like under the current policies, given the 

presence of various deeply uncertain factors. The answer to this question will bring policy 

insights on how to address concerns regarding energy poverty, energy security, and sustainability. 
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These concerns are serious as the country is now the third in the world in terms of emissions 

from fossil fuels, and will be the second in terms of increase in the global energy demand by 

2035 (World Bank 2015). 

A system dynamics model of the transition in India’s electricity sector, developed in Vensim 

DSS, is used as a scenario generator in the exploratory modelling process (Moallemi et al. 2016; 

Moallemi et al. 2015). The simulation model has been developed based on theoretical concepts 

from sustainability transitions, and narratives of the historical transitions of India’s electricity 

sector from 1970s till 2015 (Moallemi et al. 2014). They enable the model to conceptualise the 

specific features of the transition of India’s electricity sector, i.e. being a long-term multi-

generational process, having multiple social, technical, economic and political dimensions and 

having path-dependency to the established conventional electricity generation systems. They also 

inform the model that the transition is being stimulated by the Central Government in order to 

satisfy the societal needs, i.e. to improve access to electricity (demand-supply balance), to reduce 

fossil fuels dependency (energy security) and to decrease greenhouse gas (GHG) emissions 

(energy sustainability). 

The rest of this paper is structured as followed. Section 2 presents the key interactions between 

narratives and exploratory modelling. Section 3 presents an overview of the system dynamics 

model. Section 4 shows how narratives can guide the exploration of future transition pathways. 

Section 5 shows how the results of exploratory modelling can be interpreted and communicated 

using narratives. Section 6 presents the main conclusions. 

2. Interactions between narrative and modelling in exploratory analysis 

The raw historical data from the case study and the quantitative results from exploratory 

modelling can be conceptualised with theories from the sustainability transitions field, such as 

the multi-pattern approach (de Haan & Rotmans 2011), the multi-level perspective (Geels 

2002a), the actor-option framework (Yücel 2010) and others (Frantzeskaki 2011). This 

conceptualisation results in stylised narratives (storylines) in terms of the initial systems’ state, the 

required conditions for change, the endogenous and exogenous mechanisms of change, and the 

new systems’ state. The stylised narrative of historical and future transitions complements the 

modelling process and enriches the exploratory analysis in three ways: 

1. Historical narratives and model structure: Exploratory modelling uses simulation 

models as a scenario generator. Narrative of historical transitions can be an underlying 

conceptual framework for these simulation models. Narratives inform the development 
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of the model structure through the demarcation of the systems in transition and the 

explanation of the internal dynamics of the systems (see Section 3). They also identify the 

exogenous forces and contingencies that fall outside the boundary of the system but 

impact the final outcomes significantly. Modelling techniques are generally unable to 

incorporate these external forces due to the rigidity of their language. With a model 

structure informed by historical narratives, we have a more complete picture of reality 

(with less simplification) reflected in the simulation model. The resulted simulation 

model can generate long-term, multi-dimensional, revolutionary, and path-dependent 

pathways which are considered as the intrinsic characteristics of societal transitions in the 

sustainability transitions field. 

2. Historical narratives and framed exploratory modelling: Narratives can inform the 

exploration of future transition pathways. In this way, narratives frame the exploratory 

modelling and guide the analysis of the extensive simulation results (see Section 4). For 

example, narratives can be used to describe prospective normative contexts, i.e. the 

deliberated choices of public and governments and the spaces of the future in which 

transitions could unfold. The normative contexts for the future transitions are extracted 

from the historical narrative. They are identified based on the driving forces that shaped 

transitions in the past and will remain in force in the future (Fouquet 2010; Rühl et al. 

2012; Zhao et al. 2016).  

3. Open-ended exploratory modelling and future narratives: Exploratory modelling 

can be conducted in an open-ended way if there is no agreement on the prefixed set of 

normative contexts. In this case, a vast number of transition pathways across both the 

various deep uncertainties, and various possible values/types for the normative contexts 

are generated. The resulting ensemble is then clustered based on the similarity of their 

behaviour. Clusters with similar behaviour are interpreted as distinct future scenarios. 

These scenarios can be described in a narrative, drawing on concepts and mechanisms of 

change from the sustainability transitions field. These narratives better communicates the 

results from exploratory modelling to different actors (see Section 5). 

Each of these interactions is explained in the Indian case study in the three following sections. 

3. Overview of the transition model 

The model that is developed for this study is a system dynamics (SD) model, implemented in 

Vensim DSS. The model is informed by a narrative. The narrative helps to develop a model 

customised for the multi-dimensional nature of transitions. The narrative also includes the soft 
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cultural and political variables (like preferences, priorities, perception delays of actors) and 

external forces (like global technological advance, government-imposed targets) which are not 

normally captured by the model structure.  

The overall model structure for the transition in India’s electricity sector is presented in Figure 1. 

It was developed based on the concepts borrowed from existing theories in sustainability 

transitions. Accordingly, the transition process is defined as a sequence of the ‘destabilisation’ of 

old fossil systems and the ‘formation’ of new renewable systems under the influence of ‘internal and 

external driving forces’ such as government interventions and technological advances. These are the 

concepts borrowed from Frantzeskaki (2011). The electricity sector is conceptualised as a ‘societal 

system’, composed of several generation options as competing ‘constellations’ and functioning 

normatively to satisfy demand-supply balance (or generation), energy security (or fuels import 

dependency) and emissions reductions (sustainability) as ‘societal needs’ (de Haan & Rotmans 2011; 

de Haan et al. 2014). What enables the system and its constellations to perform their functioning 

and to satisfy the societal needs are assumed to be the ‘system’s actors’ and the ‘actors’ decisions’. 

They are seen as the underlying mechanisms of transitions and the logic on which the system 

works based (Yücel 2010). 

Having this conceptualisation, the model structure includes multiple components:  

• Pricing for specifying tariffs, costs and benefits in the trade of electricity between 

generators, distributors and end-users;  

• Investment for determining the investments in renewable vs. conventional sources;  

• Capacity for simulating the growth in installed capacity and also the learning curves 

of generation technologies;  

• Generation for determining the generation of electricity from each individual source;  

• Demand-Supply Balance, Energy Security, and Emissions reduction for 

measuring the satisfaction of the three societal needs;  

• Policy for determining the rate of policies, e.g. feed-in tariff and accelerated 

depreciation; and  

• Financial Burden for assessing the total government expenditures.  

The causal relations between these components are presented in Figure 1. Figure 1 explains how 

the internal dynamics of the system, i.e. the interactions between Pricing, Investment, Capacity, 

and Generation, impacts the satisfaction of the societal needs, how the state of the societal needs 

signals the need for corrective policies, how the system responds to these interventions. Figure 1 
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also shows how all these interactions are influenced by external formative or destabilising forces 

(only three, and not all, of identified external forces are shown in Figure 1 as examples).  

 

 

Figure 1. Causal loop diagram representing the interactions between different societal components in India’s electricity sector based on the 
conceptualisation of transitions in the sustainability transitions field 

The model is set up with four Vensim subscripts to investigate the interactions among coal, gas, 

wind, and on-grid solar PV. Other energy sources, including large hydro, nuclear, and small 

hydro, are not modelled in detail but instead are handled as exogenous inputs. Each component 

is modelled with stock and flow variables, and the relations between them are defined by relevant 

equations. The model simulation runs from 1990 to 2030. The values for the parameters and the 

initial states of the stock variables were extracted from historical data for the period 1990-2015 

(CEA 2015; GoI 2006, 2015; MNRE 2010; MoP 2003, 2015) and future trends forecasted in the 

International Futures (IFs) model database (2015-2030) (UDenver 2015). A more detailed 

explanation of the model structure can be found in (Moallemi et al. 2016; Moallemi et al. 2015). 
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4. Framed exploration of transition pathways 

4.1. Procedure & implementation 

The normative contexts, identified from the historical narrative, can frame the exploration of the 

transition pathways in the future. Normative contexts are deliberated choices by the government 

and by general public which impact how future transition pathways unfold. In this section, the 

impact of deep uncertainty on the unfolding of transition pathways is assessed given these 

normative contexts. We have used the following four steps. 

- The first step is to extract the normative contexts from the historical narrative. They 

characterise different normative futures within which a transition can unfold. They are 

distinguished from each other based on different assumptions regarding the priority of 

different societal needs (e.g. energy equity, security and sustainability) and the influence 

of government or market forces. The result is several alternative settings for the 

normative contexts. 

- The second step is to identify the important uncertainties and their range of variation. 

These uncertainties are related to the intrinsic characteristics of the systems (such as 

uncertainty in technological efficiencies).  

- In the third step, one explores over both the set of alternative policy settings, and the 

various sources of uncertainty. For this, we use the Exploratory Modelling Workbench 

(Kwakkel 2016). This is a python library for exploratory modelling, robust decision-

making, and scenario discovery. The exploration relies on systematic computational 

experimentation, resulting in a large database of results.  

- The fourth step is to analyse the results of the computational experiments. The analytical 

approach used here is scenario discovery (Bryant & Lempert 2010; Kwakkel & Jaxa-

Rozen 2016). In the context of this paper, we use scenario discovery to identify the 

combination of uncertainties under which particular classes of interesting model 

behaviour occur (Kwakkel et al. 2013). Scenario discovery uses statistical and data-mining 

algorithms that aim at finding combinations of values for the uncertain input variables 

that result in similar characteristic outcomes of classes of outcomes. We have used PRIM 

(Patient Rule Induction Method) for conducting scenario discovery (Friedman & Fisher 

1999). PRIM seeks a set of subspaces of the uncertainty space within which the value of 

a single dependent variable is considerably different from its average value over the entire 

domain. PRIM describes these subspaces in the form of hyper rectangular boxes of the 

uncertainty space. PRIM produces a collection of alternative boxes. The analyst can 
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subsequently choose the most appropriate box based on a trade-off between two quality 

criteria: coverage and density. Coverage measures how completely the behaviour of 

interest can be explained with the selected ranges of uncertainties (the universality of the 

boxes). Density measures the number of experiments with the irrelevant behaviours 

within the selected ranges of uncertainties (the purity of the boxes).  

4.2. Identification of normative contexts 

To guide the exploration of the transition pathways, the normative contexts that shape the 

unfolding transition pathway were extracted from narratives of historical transitions (Moallemi et 

al. forthcoming) as follows. 

First, the future transition pathways of India’s electricity sector are dependent on the structure of 

the sector, which is the normative direction of transition with respect to the role of government. 

The electricity sector can be dominated by a market because of the liberalisation of the economy 

which started in India in the early 1990s. However, the sector can remain, by and large, 

government-owned as governments in developing countries have an interventionist approach. 

This market vs. government structure of the sector is similar to the governance logics which 

were developed for the future of the UK energy transition (Foxon 2013; Trutnevyte et al. 2014). 

In a market-led future, free market competition coordinates the interaction amongst actors. The 

government and regulatory frameworks are still in place and incentivise these interactions. The 

preferred policy is Feed-in Tariff (FIT) as it maximises social welfare with no command and 

control mandates. Actors’ investment decisions are sensitive to profit and financial returns, and 

the incumbent regime tends to remain dominant because of its intrinsic economic advantages. In 

short, a market-led sector forms an economically efficient pathway.  

In contrast, in a government-led future, government actively shapes the transitions by setting 

targets, coordinating actions, removing barriers (e.g. transmission capacity and required skills), 

etc. Renewable Purchase Obligation (RPO) and Accelerated Depreciation (AD) are the preferred 

policies as they can better secure the achievement of the targets. Technological progress is faster 

because the government initiates technology-push and mission-oriented programs to support 

specific types of technologies. The government funds and invests in new installed capacity. They 

also influence the attractiveness of different sources for investment by enforcing national targets 

and priorities. In short, a government-led sector can better satisfy the top-down targets but at the 

expense of financial burdens for the public. 
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Second, the future transition pathways are dependent on the priority of societal needs that 

electricity sector aims to satisfy. This indicates the normative direction of the transitions with 

respect to general public values. This priority of societal needs may change over time, 

intentionally (e.g. by government campaigns for access to energy for all) or under the influence 

of external forces (e.g. drought or other extreme weather conditions). Over the past 25 years in 

India, energy transitions have been used to achieve energy equity, energy security, and energy 

sustainability (Moallemi et al. forthcoming). This is similar to what has been referred to as 

‘energy policy trilemma’ in the experience of the UK’s energy transition (Trutnevyte et al. 2015). 

In an equity-driven transition, the generation of abundant electricity to meet growing demand is 

the first priority. Conventional sources become more competitive in this situation as they can 

generate more stable energy compared to renewables. In a security-driven transition, reducing 

dependency on fuel import is the prime directive. In a sustainability-driven transition, reducing 

GHG emissions becomes important and outweighs all other objectives. In both security-driven 

and sustainability-driven transitions, renewables are more competitive. Policies such as carbon 

pricing and environmental premiums for the purchase of renewables are popular.  

Six normative contexts emerge by crossing the two different states of the sectoral structure and 

the priority of societal needs (see Table 1). The model parameters are set up for the assumptions 

related to each normative context. Six models are created (see Appendix A).  

Table 1. The normative contexts of the future transition pathways 
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4.3. Identification of uncertainties  

Table 2 (and Appendix B) shows the uncertainties of parameters included in the exploratory 

analysis. The uncertainties are identified based on sensitivity analysis and the significance of their 

impact on the model’s outcomes. They are sub-divided into five categories. 
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1. Uncertainty in the potential installed capacity of different energy sources: this 

specifies the availability of renewable resources for generation. As an energy generation 

source approaches its maximum capacity, interest for further investments in it declines. 

The higher the potential installed capacity, the higher the maximum ceiling for 

investment. The source of this uncertainty is mainly associated with different estimates 

presented by various private and governmental bodies. The estimates for the potential 

installed capacity also change throughout time in response to advances in the generation 

technologies, and more accurate measurements.  

2. Uncertainty in the learning curve of the generation technologies: With 

technological progress, investment cost for energy generation technologies reduces, and 

they become more attractive options for further investment. The reduction in the 

investment cost is explained by both the endogenous and exogenous factors (Vogstad 

2005). The exogenous factor is the fractional reduction in cost per year due to global 

technological achievements. The endogenous factor is the reduction of investment costs 

due to the experience and learning from the accumulation of installed capacity. They are 

both subject to high uncertainty as reflected in of divergent estimates and expectations 

about future trends. In general, conventional sources such as coal and gas, are less 

sensitive to these uncertainties as they have already reached technological maturity. The 

future state of renewables, such as wind and solar, is impacted more significantly as their 

technological efficiencies are still improving substantially.  

3. Uncertainty regarding grid losses: Grid losses arise due to loss of electricity in 

transmission and distribution networks as well as due electricity theft. Grid losses will 

directly impact the total generation of electricity, and subsequently influence the supply 

and demand balance. Given doubts about the expansion programs for the transmission 

and distribution networks, and the government’s actions for reducing electricity theft, it 

is an important source of uncertainty.  

4. Uncertainty in the capacity factor of power plants for different sources: Capacity 

factor describes the ratio between the actual output in a given period (a year) and the 

potential output if it is possible to operate at full capacity all the time. Capacity factor is a 

function of efficiency and generation cost (when there is a spot market condition). 

However, it is modelled not in details here as the technical details involved are not the 

focus of study and the important part of the dynamics. Alternatively, the capacity factor 

has been modelled as a function of resource efficiency, availability of fuels (for 
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convectional) and a capacity factor coefficient. The uncertainty around the capacity 

factor coefficient is included in the exploratory analysis. 

5. Uncertainty in the rate (intensity) of policy instruments: The uncertainty around the 

future state of the policies, including feed-in tariff, renewable purchase obligation and 

accelerated depreciation, impacts the attractiveness of renewables compared to 

conventional sources and influences their investments and installed capacity.  

Table 2. Uncertainties of parameters and their ranges 

Parameter Source Abbreviation Range of uncertainty (<+–50%) 

Potential installed capacity (MW)  

Coal Pic 500000 – 1200000 
Gas pic 0 50000 – 150000 
Wind pic 1 51394 – 154182 
Solar pic 2 374000 – 1122000 

Exogenous learning rate due to global 
technological progress (-)  

Coal Elr 0.0004 – 0.0006 
Gas elr 0 0.0004 – 0.0006 
Wind elr 1 0.00025 – 0.00075  
Solar elr 2 0.00025 – 0.001 

Endogenous learning rate due to the scale of 
installed capacity (-)  

Coal Lix 0.0 – 0.01 
Gas lix 0 0.0 – 0.01 
Wind lix 1 0.0 – 0.1  
Solar lix 2 0.0 – 0.1 

Capacity factor coefficient of power plants of 
different sources (-)  

Coal cfc 1.04972 – 3.14916  
Gas cfc 0 0.731435 – 2.194305 
Wind cfc 1 0.2  – 0.6 
Solar cfc 2 0.15 – 0.45 

Future rate of change in FIT (-) 
Wind fit 1 -4000 – 4000 
Solar fit 2 -4000 – 4000 

Future  rate of change in RPO (-) 
Wind rpo 1 -0.1 – 0.1 
Solar rpo 2 -0.075 – 0.075 

Future  rate of change in AD (-) 
Wind ad 1 -0.8 – 0.8 
Solar ad 2 0.0 – 0.8 

Population growth (million persons) N/A Population 
growth 10.181 – 18.797 

Grid losses in transmission and distribution 
networks (-) N/A Grid losses gl 0.115 – 0.345 

 

4.4. Results and discussion 

An ensemble of six models, consisting of six Vensim model package files, was created. Each of 

these models reflects one particular realisation of the normative contexts. Fifteen thousands 

computational experiments (2500 experiments per each normative context) were run in total for 

the specified ranges of uncertainties and from 1990 to 2030 with the time step of quarter of year. 

The results are presented in the following sections. 
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4.4.1. Comparison of transition pathways across normative contexts 

The transition pathways were explored in terms of the behaviour of the outcomes of interest, 

presented in Table 3.  

Table 3. The outputs of interest whose behaviour are explored over the time 
Output Unit 
Demand per sector (agriculture, commercial, industrial, domestic, misc) GWh a-1 
Demand and supply balance  GWh a-1 
Installed capacity per source (coal, gas, wind, solar) MW 
Investment cost per source (coal, gas, wind, solar) INR MW-1 
Public Investment INR a-1 
Private Investment INR a-1 
Generated electricity per source coal, gas, wind, solar GWh a-1 
Total generated electricity GWh a-1 
Total GHG emissions from electricity generation Mt CO2-e a-1 
Total fossil fuels import for electricity generation t a-1 
State of Feed-in Tariff (wind, solar) INR MWh-1 
Government expenditure per GDP - 

 
Figure 2 shows boxplots of the impact of different normative contexts on six outcomes of 

interest for the range of uncertainties specified in Table 2. The outcomes are coal, wind, and 

solar generated electricity, net total generated electricity, government expenditure per unit of 

GDP, and GHG emissions. They were chosen based on their importance for the policy analysis 

in the case study. 

Based on the results shown in Figure 2, the following conclusions can be made regarding the 

impact of the normative contexts on the future transition pathways. A market-led sector with 

normative directions towards energy security or sustainability results in some benefits. From 

Figure 2 (a), the destabilisation of coal systems, in a sense that generation from coal does not 

significantly grow in future, is more likely to happen in a market-led future. Having a market-led 

electricity sector, the direct support of the government from fossil fuels (i.e. fuel subsidies and 

government investments) is no longer legitimised, so renewable and fossil resources can compete 

on a level playing field. The concerns for energy security and sustainability as the normative 

directions of transitions make renewables even more competitive. From Figure 2 (c) and (d), 

more wind generated electricity and less total GHG emissions are achieved in market-led futures. 

This makes sense since the long-term preference of actors in a market is towards wind over coal 

due to the presence of the market instruments, such as FIT in favour of renewables and carbon 

pricing against fossil resources. The cost competitiveness of wind turbines technology can add to 

this. More generated electricity from wind and less from coal lower total GHG emissions. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 2. The state of outcomes of interest in different normative contexts in 2030 under the deep uncertainty conditions. Gov-Equ: 
government-equity, Gov-Sec: government-security, Gov-Sus: government-sustainability, Mkt-Equ: Market-equity, Mkt-Sec: Market-
security, Mkt-Sus: Market-sustainability 

The market-led futures also result in lower government expenditure (see Figure 2 (f)) in 

comparison to the government-led futures. This is due to the less government funding and 

investments. However, the market-led futures (driven by security or sustainability) come at an 

expense of having less net total generation capacity. This is because of the destabilisation (phase 

out) of fossil fuel energy generation that currently composes 70% of the total installed capacity. 
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Market-led futures also lead to less solar generated electricity (see Figure 2 (e)). This can be 

explained by considering the market competition between wind and solar, and the market actors’ 

perception delay in perceiving the real decline in the investment cost of solar compared to wind 

in 2030 time horizon. 

Maximum solar PV generated electricity would be achieved in a government-led future and with 

a normative direction towards energy security or sustainability (Figure 2 (e)). This implies that 

solar PV requires the active participation of the government through national target settings, 

government investment, and actions/projects coordination to meet the targets. The allowance of 

government interventions for the realisation of the solar electricity target however would come 

at some costs. One is the increase in government expenditure and public financial burden 

(Figure 2 (f)). Another is the increase in coal electricity generation and consequently increased 

GHG emissions compared to the market futures, especially if energy equity is the normative 

direction of the transition. The government has interest to co-invest in coal if they lead the 

transitions. This is because of the low investment cost, the huge amount of sunk investment and 

the high capacity factor in coal power plants. 

The impact of deep uncertainties on the wind and solar generated electricity can be discussed 

from another perspective. Figure 3 presents the envelope of wind and solar generated electricity 

over time and Gaussian Kernel Density Estimates (KDE) of their end state in 2030. From 

Figure 3 (a), it is apparent that for every normative context, wind generated electricity is quite 

sensitive to the various uncertainties. The impact of deep uncertainty on the final wind electricity 

generation, in terms of the bandwidth of the future trends (envelope plots) and the density of the 

final state (KDE curves), is also comparable across the various normative contexts. In other 

words, uncertainty impacts each of the normative contexts similarly, and substantially. The 

highest density of the final state (i.e. generated electricity in 2030) reaches about 

200,000 GWh/Year (see KDE curve). For solar energy, this is different. The impact of 

uncertainty on the state of solar electricity differs across the normative contexts. The 

government-sustainability and the government-security are the contexts which result in the 

widest bandwidth and a flattened density for the final state in 2030 (see Figure 3 (b)). This 

implies that if these two normative contexts are followed, it is hard to predict the final state for 

solar energy. 
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(a) 

 
(b) 

Figure 3. The impact of uncertainty on wind and solar generated electricity over time and across the normative contexts 
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4.4.2. Required conditions for the realisation of transitions’ targets 

Another analysis on the computational experiments was performed by asking: 

- Are the targets of the 100 GW solar and the 60 GW wind achievable by 2022 or not? 

- If the targets are unachievable, what is the earliest possible time for meeting the targets? 

and 

- Under what conditions (i.e. ranges of uncertainties) are the targets more likely to be 

realised? 

To answer the first and second question, we evaluated for each time step from 2022 onward how 

many of the experiments met the target.  

The results are presented with boxplots, KDEs, and cumulative success curves: 

- According to Figure 4 (a) and (e), the earliest possible point in time at which the solar 

target can be achieved takes place after 2023. This implies that even under the best 

conditions, the solar target is unlikely to be realised by 2022 as planned by the 

government and is increasingly likely to be met from 2023 afterwards. It is also observed 

from Figure 4 (a) that the median of the success cases is around 2028. The wind target is 

more realistic since success cases in the cumulative curve take off before 2022 and the 

success cases peak around 2024, much earlier than the solar target (see Figure 4 (b) and 

(d)).  

- Looking into the peaks in the KDE curve in Figure 4 (c), it is apparent that there is a 

local maximum for the number of success cases in solar around 2025 (which is not 

visible in the boxplot) and the global maximum around 2029 (which was already 

identified in boxplot).  

- The cumulative curves (Figure 4 (e) and (f)) for solar and wind are peaking at 0.8 and 0.9 

respectively. Both do not reach 1 in 2030. This means that there are some cases where 

the solar and wind targets are not met even by 2030. Figure 4 (d) represents that the 

KDE curve for wind slides towards zero by 2030. It implies that there are very few 

experiments where the target is realised on 2030. In other words, it is very unlikely to 

have the target met in 2030 if it has not happened before. 
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Achievement of 100 GW solar installed capacity Achievement of 60 GW wind installed capacity 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 4. The distribution of the earliest time that the solar and wind targets are met across 15000 experiments in the six normative 
contexts. (a) and (b) are the boxplots representing the skewness with min, max, 1st and 3rd quarters and the median; (c) and (d) are the 
KDE curves representing the number of success cases at each time step, (e) and (f) are the cumulative curves representing the cumulative 
number of success cases at each time step. 

To answer the question of ‘under what conditions’, we conducted a PRIM analysis for the solar 

target for each year between 2025 and 2030. In this, we use PRIM to identify the combination of 

uncertainties under which the solar target of 100 GW installed capacity is achieved. This gives 

insights in how the uncertainties that contribute positively to the achievement of the target 
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change over time. It is assumed that the target is not going to be realised by 2022 (see Figure 4) 

and should be met as early as possible. We have left 2023 and 2024 out of the analysis. The 

number of cases that meet the target in these years is too low for PRIM to produce meaningful 

results.  

2025 2026 

  
2027 2028 

  
2029 2030 

 
 

Figure 5. PRIM analysis results – the dynamics of uncertainties required for the realisation of 100 GW solar in 2025-2030 

Based on the PRIM-generated boxes (see Figure 5), the favourable conditions for the 

achievement of the solar target change from government-led towards market-led normative 

direction. Apart from that, the realisation of the solar target is dependent on having the wind and 
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solar sectors’ characteristics (i.e. potential installed capacity and capacity factor) bounded in a 

specific range in a way that reduces the attractiveness of wind generated in comparison to solar. 

While the state of these conditions is dynamic in time, the desired conditions for the normative 

direction of the transition are required to be always towards sustainability or security. The 

dynamics of the desired conditions can be explained in the two following periods: 

- 2025-2028: the realisation of the solar target in this period mainly relies on having the 

government-security and government-sustainability normative contexts. The other 

desired conditions change for each year. In 2025, the wind and solar capacity factor 

coefficient (i.e. cfc 1 and cfc 2) should be less than 0.32 and more than 0.21 respectively. 

This increases the amount of electricity generation from solar and makes it a more 

attractive option for new investment compared to wind. The presence of the accelerated 

depreciation policy for solar (i.e. ad 2) over 0.21 is also required. The higher rate of AD 

for solar reduces the tax cost and makes solar investment more profitable. In 2026, solar 

generated electricity is highly dependent on the state of wind as its most serious 

competitor. Wind attractiveness can impede further investment in solar. The realisation 

of the target in this year demands for a wind capacity factor coefficient (i.e. cfc 1) no 

more than 0.37. In 2027, the solar electricity target is still dependent on the state of wind. 

At this time, the wind potential installed capacity (i.e. pic 1) should not be more than a 

certain limit (1.3+e05 MW). And in 2028, no further condition is required and the 

achievement of the solar target is only dependent on having a government-led security or 

sustainability-driven normative contexts.  

- 2029-2030: In this period, the necessary condition is to have a security or sustainability 

driven normative direction, no matter whether the sector is coordinated by the 

government or by the market. In 2029, the wind potential installed capacity (i.e. pic 1) 

should be less than 1.2e+05 MW in order to limit further investments in wind and to 

redirect them towards solar. Moreover, the solar capacity factor coefficient (i.e. cfc 2) 

should be more than 0.23. A high value for this parameter makes the generation from 

solar more profitable. All these extra conditions will no longer be required in 2030 except 

for the normative direction towards energy security or energy sustainability. 
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5. Open-ended exploration of transition pathways 

5.1. Procedure and implementation 

This section takes a bottom-up approach in generating the future scenarios. In other words, it 

explores open-ended futures for the extensive list of normative contexts (see Table 4). In this 

case, narratives do not limit the exploration. Instead, they are used afterwards in interpreting the 

results. The open-ended exploration is recommended when there is no agreement (i.e. 

uncertainty) on future normative contexts. It results in a broader picture of futures, more 

inclusive of possible shocks and surprises and more robust decisions for future actions. 

However, it is challenged by the presence (and interpretation) of huge amount of data generated 

by the impact of a vast number of uncertainties.  

The primary analytical technique used here is multi-dimensional clustering of the computational 

experiments analogous to Gerst et al. (2013). Multi-dimensional clustering of the computational 

experiments is useful when the scenarios depend on the behaviour of multiple outcomes of 

interest, and when choosing a right level or a threshold for distinguishing the scenarios from 

each other is ambiguous. The use of clustering can be contrasted to the imposition of a-priori 

rules for clustering as used by Guivarch et al. (2016) and Rozenberg et al. (2013).  

The following steps were taken to investigate the open-ended future scenarios: 

- A set of outcomes of interest, meaningful for future scenarios is selected. The outcomes 

should not be necessarily correlated with each other. The more uncorrelated the 

outcomes are, the harder the clustering becomes.  

- The selected outcomes should have a range of values over the set of computational 

experiments.  

- We sample over both the uncertainties associated to the normative contexts and the 

previous list of the uncertainties (see Table 2) jointly, in order to generate a very large 

ensemble of plausible futures.  

- We identify clusters of similar futures using a Gaussian Mixture Model (GMM), i.e. a 

probabilistic model that explains the outcomes of the experiments with a mixture of a 

limited number of Gaussian distributions with unknown parameters (McLachlan & Peel 

2004). To select an appropriate number of clusters, we use two information criteria, 

namely Bayesian Information Criterion (BIC) and Aikake’s Information Criterion (AIC).  
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- For each cluster, we perform a PRIM analysis (multi-dimensional scenario discovery) to 

identify the combination of uncertainties that is responsible for generating the results in 

the cluster. 

- The results of the combined clustering and PRIM analysis are interpreted through the 

lens of the theoretical concepts presented in Section 3 and in a narrative. The values of 

the outcomes are described as the state of the constellations and the satisfaction of the 

societal need in the electricity sector. The PRIM analysis results are interpreted as internal 

and external driving forces influencing the transitions. 

5.2. Identification of uncertainties 

In addition to the uncertainties discussed in Table 2, those around the normative directions of 

transitions, both with respect to the role of government and public values, are included (see 

Table 4). The minimum and maximum values of these uncertainties are determined based on a 

sensitivity analysis and it is ensured that the model outcomes remain in a meaningful range.  

Table 4. Ranges of uncertainty corresponding to the normative contexts 
Parameter Name Range of uncertainty 
Sensitivity of satisfaction of societal needs to demand-supply balance future ec 0.001 – 0.08 
Sensitivity of satisfaction of societal needs to GHG emissions future er 0.01 – 0.07 
Sensitivity of satisfaction of societal needs to fuel import future ps 0.01 – 0.09 
External effect of national vision and targets on government funding 
and investment in coal, 
gas, 
wind and 
solar 

 
fvt; 
fvt 0; 
fvt 1; 
fvt 2 

 
0.03 – 0.09; 
0.024 – 0.037; 
0.053 – 0.093; 
0.01 – 0.4 

External impact of fossil fuel price’s shocks on coal and  
Gas 

fps; 
fps 0 

0.01 – 0.29; 
0.02 – 0.22 

External effect of market liberalisation on public and private 
investments future mli 0.01 – 0.8 

External effect of market liberalisation on the sensitivity of generators 
to profit future mlg 0.001 – 0.03 

External effect of market liberalisation on the sensitivity of distributors 
to profit future mls 0.001 – 0.4 

External effect of market liberalisation on the sensitivity of generators 
to payment security future mld 0.001 – 0.55 

Impact of the internal performance of the system on the rate of FIT constant wif 0.01 – 0.05 
Impact of the internal performance of the system on the rate of RPO constant wir 0.01 – 0.05 
Impact of the internal performance of the system on the rate of AD constant wia 0.01 – 0.09 

5.3. Results and discussion 

Three thousands computational experiments were run for the ranges of uncertainties mentioned 

in Table 2 and Table 4. These uncertainties impact the state of the model’s outcomes in the 

future. The impact of deep uncertainty on generation per capita and on the installed capacity of 

coal, wind and solar is presented in Figure 6.  
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(a) 

 
(b) 

Figure 6. The impact of deep uncertainty on the model outcomes: (a) the envelope plot and the KDE curve for the growth of generation per 
capita from 1990-2030 (GWh/Year/Million Persons); (b) the boxplots representing uncertainty in coal, wind and solar installed 
capacity (MW) in 2030. 

From Figure 6 (a), it is clear that generation per capita is growing, and the end state (in 2030) is 

distributed around 3000 GWh/Year/ Million Persons. Figure 6 (b) shows the range of change in 

coal, wind and solar installed capacity in 2030 in response to the uncertainties. In more than 75% 

of experiments, coal and solar will be the two established regimes in the sector, while wind 

remains a niche. Coal dominates wind in all experiments. The state of solar can vary significantly 

in a range from about 50000 MW to about 950000 MW. In contrast, wind does not vary 

significantly as its techno-economic characteristics such as capacity factor, potential installed 
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capacity, and investment costs are matured and thus less uncertain. It also implies that the state 

of wind electricity does not change drastically in response to uncertainty regarding the normative 

directions of the transition (confirming the conclusion from Figure 3 (a)). With this range of 

variance, India’s electricity sector in 2030 can be a solar-dominated sector or a sector where solar 

has the smallest share compared to coal and wind.  

To identify future scenarios and to understand the conditions contributing to these scenarios, we 

clustered the results using a GMM. The outcomes of interest, on which the future scenarios are 

based, are the installed capacity in coal, wind and solar sectors. The appropriate number of 

clusters, corresponding to the lowest BIC, is five. Each cluster implies a certain future behaviour 

of energy system. Figure 7 shows the distribution of the simulated experiments in the three 

outcomes of interest and the clusters formed based on their proximity. The combination of 

uncertainties that explains the behaviour of each cluster was identified using multi-dimensional 

scenario discovery. With these generated clusters, five different scenarios were explored and their 

transition pathways were explained in the narratives as follows (see Figure 7 and Figure 8). 

   

Figure 7. Pairwise scatter plot showing the position of classes (in different colours) with respect of the installed capacity of coal, wind and 
solar 
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Solar-dominated pathway 

Cluster 1 is a ‘solar-dominated pathway’. Solar electricity becomes the dominant constellation 

followed by coal, and wind. Coal does not grow significantly in this scenario, but it can still be 

considered an established system because of its share in total installed capacity. Wind growth can 

be achieved to some extent while it will remain a marginal energy source compared to solar. In 

terms of the satisfaction of the societal needs, the electricity demand would not be satisfied 

completely as the renewable capacity factors (and the renewable generation subsequently) are 

much less than the capacity factors (and generation) from the conventional sources. However, 

the emissions and fuels import are expected to be low due to more renewable and less fossil 

electricity generation. This scenario depends on some uncertainty conditions. One is that solar 

needs to become competitive to wind (as the current prior source of renewable) and to coal (as 

the current regime of the sector). To make solar competitive, wind should not have a high 

potential installed capacity (i.e. pic 1). This makes the further exploitation of wind costly or 

impossible and gives more chance for solar to grow. Second, the effect of fossil fuel price shocks 

(i.e. fps) on the conventional constellations should be high. This increases the investment cost of 

coal compared to solar. Third, the solar capacity factor (i.e. cfc 2) and potential installed capacity 

(i.e. pic 2) should take high values within their ranges of uncertainty. This improves solar 

generation and the profit for generators and allows for the maximum exploitation of the 

resource. The government should also lead the transition by setting ambitious targets and 

actively intervening in the development of solar through funding and investment (i.e. fvt 2). 

Highly-utilised wind pathway 

Cluster 2 is a ‘highly-utilised wind pathway’. Wind installed capacity can grow significantly 

though it cannot be the dominated constellation in the sector as the wind maximum installed 

capacity is substantially lower than the coal and solar potential capacity (See Table 2). Coal and 

solar can vary from a minimum to a moderate level of installed capacity depending on the 

uncertainties. In terms of the satisfaction of the societal needs, a higher wind capacity factor 

compared to solar results in more generated electricity (compared to Cluster 1). The emissions 

and fuels import are low as the sector is not primarily dependent on the conventional sources. 

The main conditions contributing to this scenario is that the wind potential installed capacity (i.e. 

pic 1) and the wind capacity factor (i.e. cfc 1) take high values in their range of uncertainties in 

order for wind to remain competitive to solar and coal.  
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Coal-dominated pathway 

Cluster 3 is a ‘coal-dominated pathway’. Coal will remain the main source of electricity 

generation with the highest installed capacity. Wind and solar will be marginal sources of energy, 

although solar is more likely to have higher installed capacity compared to wind due to the 

higher potential installed capacity. In the coal-dominated pathway, generation will be high, but 

fuels import and emissions remain high also. The main uncertainties responsible for this scenario 

are low values for wind and the solar potential installed capacity (i.e. pic 1 and pic 2), less 

government investment, and less direct support for solar electricity (i.e. fvt 2). This condition 

keeps the electricity sector in the status quo with coal on the top of the generation options. 

Coal-dominated pathway with wind moderate penetration 

Cluster 4 is a ‘coal-dominated pathway with the moderate penetration of wind’. This is a 

situation similar to Cluster 3, but with the possibility of having wind also as an established 

system. The generation, emissions, and fuels import will be less in this scenario in comparison to 

a coal-dominated sector. One necessary condition is not to have high government’s support in 

favour of solar (i.e. fvt 2) as well as a high solar capacity factor (i.e. cfc 2) in the future. This 

allows coal and wind to compete with solar on a level playing field, to be economically efficient, 

and to grow in the electricity sector. Other conditions are to have a moderate range of potential 

installed capacity for wind (i.e. pic 1). 

Renewable-dominated pathway  

Cluster 5 is a ‘renewable-dominated pathway’. Solar will be the dominated source of electricity 

generation followed by highly utilised wind. Coal will not be significant in comparison to the 

share of renewables. In terms of the satisfaction of the societal needs, due to dependency on the 

renewable sources, generation cannot be high, but emissions and fuels import are expected to be 

low. This scenario is more likely to happen if the impact of fossil fuel price shock on coal 

constellation is high (i.e. fps). There should also be supportive government interventions (i.e. fvt 

2) and high potential installed capacity (i.e. pic 2) for solar. The potential installed capacity for 

wind (i.e. pic 1) needs to be in the moderate range of uncertainty. 

In the solar, wind, and renewable-dominated scenarios, the endogenous and exogenous learning 

indices were not identified by PRIM as contributing conditions. This means that the renewable 

dominated scenarios do not ‘primarily’ depend on the variation of the learning indices in the 

‘specified range of uncertainties’ defined in this study. There are two explanations for this. First, 

the satisfaction of the societal needs, i.e. demand-supply balance, energy security and 

sustainability, is core to the simulation model and the analysis in this study. They are variables 
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that are impacted more by capacity factors rather than by learning indices. The capacity factors 

directly determine the amount of generated electricity from the different sources, and therefore 

impact the societal needs. The impact of the learning indices, however, is indirect. They 

determine the levelised cost of electricity for different sources and then influence the generation 

profit, the installed capacity, the generated electricity and the satisfaction of the societal needs in 

a sequence. Learning indices could be important if the main societal need was to maximise the 

installed capacity. Second, the ranges of uncertainty for the various learning indices are 

potentially not wide enough to have a significant impact on model outcomes.   

Cluster 1 Cluster 2 

  
Cluster 3 Cluster 4 

  
Cluster 5  

 

 

Figure 8. PRIM results representing the uncertainty conditions in each cluster 
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6. Conclusions 

The deep uncertainty conditions surrounding the future of transition pathways can challenge the 

success of governmental interventions that are designed based on most likely futures. This paper 

argued that the transition pathways in these conditions should be analysed with a narrative-

informed exploratory analysis approach. The policy analysis conducted with this approach is 

more robust as it is based on an ensemble of plausible future transitions instead of a limited set 

of trajectories of the future. This narrative-informed approach is also empowered with the 

qualitative understanding of the narratives and concepts in the sustainability transitions field. 

Three possible interactions were discussed: narratives as underlying conceptual framework for 

the exploratory model; narratives for identifying future normative contexts and for guiding the 

framed exploratory analysis; and narratives for interpreting the quantitative results of the 

experiments and for better transmitting its insights. 

The approach developed and presented was applied in a case study of transitions in India’s 

electricity sector. In the first part of analysis, six normative contexts within which the future 

transition pathway can unfold were identified from historical narratives. 2500 computational 

experiments were conducted across the uncertainties for each normative context. It was 

observed that the 100 GW solar target could not be met by 2022, though it was achieved most 

frequently around 2028. This implied that the government’s targets for solar electricity are not 

realistic, and it is important to be informed and prepared to properly confront the delay. The 

solar target is more likely to be met earlier if the transition is coordinated and led by active 

governmental interventions (rather than market led). 

In the second part of analysis, future transition pathways were explored in a wider perspective of 

the future and without predefined normative contexts. Five possible scenarios for the future 

transition pathways were identified based on the results and from a bottom-up approach: a solar-

dominated pathway, a highly-utilised wind pathway, a coal-dominated pathway, a coal-dominated 

pathway with wind moderate penetration, and the renewable-dominated pathway. The final share 

of the generation systems, the satisfaction of the societal needs and the conditions of change 

were discussed in a narrative for each scenario. 

This study faced some limitations. A methodological limitation was that the narratives of the 

future scenarios did not take into account the experts’ opinion in a participatory process. They 

were developed based on the results of multi-dimensional clustering and using concepts from the 

sustainability transitions field. Experts are a good source of information regarding common 

perception about the future of transition pathways. Expert-based narratives and the simulation-
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based narrative can interact and inform each other. This can be considered as a future research. 

Another limitation was in the case study. The uncertainty in the structure of the model (scenario 

generator) was not considered in the exploratory analysis of India’s electricity sector. The same 

theoretical foundation and historical narrative could result in different models; those developed 

with the same SD approach but with the different structures or those developed with other 

approaches (e.g. agent-based approach). The exclusion of uncertainty in the model structure can 

lead to the omission of some plausible future in which the real transition pathways can evolve. It 

is suggested as a future research to develop different model structures and to include the 

structural uncertainty in the framed and open-ended exploratory analysis of the case study.  
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Appendix A 

Table A.1. The model's assumptions in each normative context (Moallemi et al. 2016) 
 
Dimension Comments 

Government-led 

The high impact of national targets on increasing the attractiveness of conventional/renewable sources for investors; The 

regulated impacts of fossil fuel price’s shocks on fuel price; The high rate of public investment; Low sensitivity to profit and 

payment security and high sensitivity to compliance with regulations in actors’ decisions; Less weight on the internal feedbacks 

of system’s performance and more emphasis on government pre-defined targets in policy setting process. 

Market-led 

The low impact of national targets on the attractiveness of different sources; The deregulated impacts of fossil fuel price’s 

shocks on fuel price; The high rate of private investment; High sensitivity to profit and payment security and low sensitivity to 

compliance with regulations in actors’ decisions; More emphasis on the internal feedbacks of system’s performance and less 

reliance on government pre-defined targets in policy setting process. 

Equity-driven A higher impact of demand-supply balance on the satisfaction of societal needs. 

Security- driven A higher impact of energy security on the satisfaction of societal needs. 

Sustainability- driven A higher impact of emissions reduction on the satisfaction of societal needs. 

 

Table A.2. Values of parameters related to the normative contexts (Moallemi et al. 2016) 
 
Parameter (dimensionless) Base case Normative 

Context 1 
Normative 
Context 2 

Normative 
Context 3 

Normative 
Context 4 

Normative 
Context 5 

Normative 
Context 6 

Sensitivity of SSN to Demand-
Supply Balance SSDB (future ec) 0.02 0.08 0.05 0.001 0.08 0.05 0.001 

Sensitivity of SSN to GHG 
Emissions SSGM (future er) 0.03 0.01 0.01 0.07 0.01 0.01 0.07 

Sensitivity of SSN to Fuel Import 
SSFI (future ps) 0.04 0.01 0.09 0.01 0.01 0.09 0.01 

External: Effect of National Vision 
and Targets Setting VT 

(0.06, 0.028, 
0.073, 0.174) 

(0.09, 0.037, 
0.053, 0.01)  

(0.03, 0.024, 
0.083, 0.4) 

(0.03, 0.024, 
0.093, 0.4) 

(0.03, 0.024, 
0.053, 0.01) 

(0.03, 0.024, 
0.053, 0.01) 

(0.03, 0.024, 
0.053, 0.01) 

External: Fossil Fuel Price Shock 
FPS ([coal], [gas]) 0.1, 0.07 (0.01, 0.02) (0.15, .15) (0.2, 0.18) (0.2, 0.18) (0.29, 0.22) (0.29, 0.22) 

External: Effect of Market 
Liberalisation on Public and Private 
Investments MLI 

0.2 0.01 0.01 0.01 0.8 0.8 0.8 

Sensitivity of Actors to Profit and 
Payment Security (mlg, mls, mld) 

(0.01, 0.27, 
0.34) 

(-0.05, -0.02, -
0.05) 

(-0.05, -0.02, -
0.05) 

(-0.05, -0.02, -
0.05) 

(0.03, 0.4, 
0.55) 

(0.03, 0.4, 
0.55) (0.03, 0.4, 0.55) 

Weight on Internal FIT wif 0.03 0.01 0.01 0.01 0.05 0.05 0.05 

Weight of Internal RPO wir 0.03 0.01 0.01 0.01 0.05 0.05 0.05 

Weight on Internal AD wia 0.05 0.01 0.01 0.01 0.09 0.09 0.09 
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Appendix B 

Table B.1. The definitions of uncertain parameters 

 
 
  

Parameter Definition 

Potential installed capacity (MW)  

Maximum installed capacity for renewables, considering land availability and the availability of 
renewable resources (wind and solar irradiation). Once the actual installed capacity of a specific 
source reaches its maximum potential level, it becomes less attractive and further investments go 
towards the alternative sources. 

Exogenous learning rate due to global 
technological progress (-)  

The fractional reduction in cost of technology per year in future due to the learning coming from 
global technological progress. 

Endogenous learning rate due to the scale of 
installed capacity (-)  

The cost reduction sensitivity of different sources to the endogenous learning resulted from 
accumulation of installed capacity. 

Capacity factor coefficient of power plants for 
different sources (-)  This is a parameter which calibrates the capacity factor for different sources. 

Future rate of change in FIT (-) 

Since government direct intervention and national target setting for different sectors is popular in 
India, FIT should be determined with a non-linear weighted average of a government-desired and 
a realistic rate of FIT. This parameter shows the effect of governmental and state political 
decisions on future rate of FIT. 

Future  rate of change in RPO (-) Similar to FIT, this parameter shows the effect of governmental and state political decisions on 
the future rate of RPO. 

Future  rate of change in AD (-) Similar to FIT, this parameter shows the effect of governmental and state political decisions on 
the future rate of AD. 

Population growth (million persons) The forecasted annual growth of population 

Grid losses in transmission and distribution 
networks (-) The average loss of electricity in transmission and distribution lines 
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Appendix C 

All computational experiments are performed with EMA Workbench, developed by Jan 

Kwakkel (j.h.kwakkel@tudelft.nl) at Delft University of Technology. This is a Python library for 

exploratory modelling.  

§ http://simulation.tbm.tudelft.nl/ema-workbench/contents.html 

The model, used as experiment generator, is a system dynamics model, implemented in Vensim 

DSS Version 6.4a (x32). The model is developed by Enayat A. Moallemi at the University of 

Melbourne. The model is set up with data from India’s electricity sector. The input data are fed 

to the model using .xlsx file (MS Excel). The data are also collected by Enayat A. Moallemi. The 

model file and data spreadsheets can be provided upon request from the lead author. 

§ http://vensim.com/vensim-software/#professional-amp-dss 

The computational experiments are stored in two files. The file size for 15000 experiments in 

Section 4 is 189 MB and for 3000 experiments in Section 5 is 44 MB. The files for generated 

experiments and the Python codes for the analysis of them can be made available upon request 

from the lead author. 

 



Chapter 7 Discussion & conclusions 
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7.1 Main findings of the study 

This chapter summarises the findings of this study presented in Chapters 3 to 6. The findings are 

expected to meet the aim, stated in Chapter 1: 

“to improve the policy analysis of complex transition pathways under deep uncertainty through the 

development of a framework to exploit the synergetic interactions between narrative and modelling 

approaches.” 

To achieve the aim, the study was conducted based on an interdisciplinary research in three 

domains: (1) sustainability transitions, (2) transitions modelling and (3) exploratory modelling. It 

proposed a dual (qualitative) narrative and (quantitative) modelling approach for exploring 

historical and future transition pathways under deep uncertainty. The presented approach was 

applied to a case study to illustrate its practicality for policy analysis in a real world problem. The 

implementation of the approach in the case study explains the transition of India’s electricity 

sector and brings an understanding about the emergence of on-grid solar electricity.  

The main findings of the study were discussed extensively in Chapter 3 to Chapter 6. In this 

section, a summary of them is presented, and their inter-linkages and alignment with the overall 

aim is highlighted. 

Findings from Chapter 3: India’s on-grid solar power development: Historical 

transitions, present status and future driving forces 

‘Understanding the current development of on-grid solar electricity in relation to the historical transitions in a broader sectoral 

context (Moallemi et al. 2017)’ 

From the background study in Chapter 3, it was concluded that the ongoing development of on-

grid solar electricity should be understood in relation to the historical transitions of the electricity 

sector. Historical transitions have laid the ground for the ongoing rise of solar PV electricity. 

Two major historical transitions in the context of India’s electricity sector were identified:  

The first is the transition of the governmental intervention approach, from a fully state-owned 

sector (in 1990 and before) to a partially liberalised sector (in 2016), which impacted the 

development of solar electricity. It facilitated the inflow of the required investments. It also 

allowed private sector participation and the involvement of 100% foreign investment in solar 

projects. While the privatisation largely influenced the generation side, the transmission and 

distribution sides were identified state-owned because of their low profits for private sector (i.e. 

low profit as a result of the grid losses and cross-subsidisation). 
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The second is the transition in the source of electricity generation from conventional towards 

renewables (started from 1970s onwards), which facilitated the resurgence of on-grid solar PV 

electricity. It changed a 0% share of renewables (i.e. on-grid solar and wind) in 16.7 GW total 

installed capacity in 1974, to 2% renewables of a total 105 GW in 2002, to about 11% of 302 

GW in 2016. This transition facilitated the development of solar electricity by introducing the 

capability building measures (e.g. 80% accelerated depreciation) and generation-based incentives 

(e.g. feed-in tariff) for renewable sources. The renewable-supporting policies were proposed in 

different policy documents including the Electricity Act 2003, National Electricity Policy 2005, 

National Tariff Policy 2006 and the National Solar Mission. This transition also shaped a strong 

legitimacy for the development of renewable sources among the stakeholders and destabilised 

the absolute dominancy of the already established fossil system.  

Under the influence of these historical transitions, the on-grid solar installed capacity increased 

significantly from 2 MW in 2007 to 1,200 MW in 2012, to 2,600 MW in 2014, to 3,700 MW in 

201528 and to 8,600 MW in 201629. 

This background study necessitated an in-depth investigation of historical transitions supported 

by an appropriate theoretical framework.   

Findings from Chapter 4: Transition dynamics in state-influenced niche empowerments: 

Experiences from India's electricity sector 

‘Developing an empirically-underpinned theoretical framework to explain the dynamics of state-influenced niche empowerment 

(Moallemi et al. forthcoming; Moallemi et al. 2014)’ 

Based on the historical transitions of India’s electricity sector, it was concluded that the dynamics 

of transitions are shaped by the decisions of public and private actors in a semi-liberalised market 

condition, while profoundly influenced by government supporting policies. This situation is 

characterised as a state-influenced empowerment of the renewable niches. It was discussed that 

existing concepts from the sustainability transitions field could be capable of describing and 

explaining this situation. 

A theoretical framework was developed - based on concepts from the sustainability transitions 

field - in order to understand the state-influenced empowerment of niches as a part of broader, 

long-term, path-dependent and multi-dimensional transition pathways. The framework used the 

concept of ‘destabilisation and formation driving forces’ from Frantzeskaki (2011) to separate 
                                                
28 Data represent installed capacity on 31 March. 
29 On 30 September. 
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between endogenous and exogenous mechanisms in transitions. It used the concepts of ‘socio-

technical system’, ‘competing constellations’ and ‘societal needs’ by de Haan and Rotmans (2011) 

to understand how and why the systems and their functioning change during transitions. It also 

employed the idea of ‘actors’ and ‘actor decisions’ from Yücel (2010) to rationalise transitions 

and to trace the impacts of policies through actor dynamics. 

‘Presenting a narrative overview - based on the theoretical framework - of how the endogenous and exogenous dynamics 

accelerated the transition to renewable electricity, and specifically to on-grid solar (Moallemi et al. forthcoming)’ 

By applying the framework to the case study, the dynamics of historical transitions in India’s 

electricity sector were described in terms of when, why and how it took place, in three phases. 

Phase I (1970s-1990s) marked by the ‘emergence of wind electricity’, driven by ‘energy security’ 

as a new societal need and under the influence of 1970s’ oil price shocks, 1990’s financial crisis, 

the market privatisation and the government’s capability building support. Phase II (2000-2008) 

marked by the ‘empowerment of wind electricity’, driven by ‘energy equity’ as a new societal 

need and under the impact of economic growth, the expansion of cities and the government 

generation-based incentives. Phase III (2008-present) marked by the ‘the emergence and 

empowerment of on-grid solar electricity’ mainly driven by the need for ‘emissions reduction’ 

and under the influence of the government’s supports in the JNNSM as well as the foreign 

investments. 

Findings from Chapter 5: A dual narrative-modelling approach for evaluating socio-

technical transitions in electricity sector 

‘Developing a dual narrative-modelling approach for understanding the dynamics of transitions in India’s electricity sector 

(Moallemi et al. Submitted 2016a; Moallemi et al. 2015)’ 

The insights from the transition narrative could be complemented with a transition model and 

with its simulation results. Therefore, a dual narrative-modelling approach was developed, 

consisting of a system dynamics model underpinned with a narrative transitions-theoretical 

framework. The dual approach benefits from the synergetic interactions between narratives and 

models. On the one hand, it was explained how narratives inform model structure through the 

demarcation of the system boundary, the causal relation between system components and the 

identification of important contingencies and external forces (which are outside of the modelled 

system but can impact its behaviour significantly). On the other hand, it was explained how 

model simulation results inform narratives’ causal analysis by clarifying the side-effects, 

nonlinearities and time delays (which remain unexplained in qualitative narratives). Models can 
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also provide quantitative values to the different aspects of transition dynamics. This makes the 

understanding of the dynamics practical for evidence-based policy interventions. 

The dual approach was explained with the case study. A few conclusions about the historical 

transitions in India’s electricity sector were made in order to show the synergetic interactions 

between the narrative and model: 

1) It was discussed how a stable policy condition could impact the present state of wind and 

solar installed capacity. The stable policy condition was defined as a situation where the 

feed-in tariff would be enforced from 2002 instead of 2007 and also no interruption 

would occur in the feed-in tariff and accelerated depreciation between 2012 and 2014. It 

was observed that the stable condition could increase the rate of wind installed capacity, 

but it would not end up increasing solar installed capacity at the present time (2016). One 

explanation for this behaviour was through the very high price of solar PV technology in 

2000s and before. Even the continuity and stability of feed-in tariff and accelerated 

depreciation could not compensate the high cost of PV technology and could not attract 

more investment for solar in the presence of other alternative options. This insight was 

different from what had been already perceived from the narrative, and it was the result 

of the nonlinear interactions in transition dynamics.  

2) It was also observed that while the stable policy condition appeared beneficial to 

renewables (at least in increasing wind installed capacity), it would adversely impact the 

electricity sector with its side effects. A stable policy condition for feed-in tariff and 

accelerated depreciation could raise the government expenditures to a significant 

amount. The long-term impact of this increase would prevent the government to invest 

on conventional sources. This would lead to a decline in total net generated electricity 

and a wider gap between supply and demand. 

Findings from Chapter 6: Narrative-informed exploratory analysis of transition pathways: 

A case study of India’s electricity sector 

‘Developing a narrative-informed exploratory approach to analyse the future transition pathways and using it to explore the 

future transition pathways of India’s electricity sector in 2030 (Moallemi et al. 2016; Moallemi et al. Submitted 2016b)’ 

A narrative-informed exploratory approach for envisioning the prospective transition pathways 

with irreducible uncertainties in the face of plausible futures was presented in this chapter. The 

approach takes advantage of two interactions between narratives and exploratory transitions 

modelling. First, the normative contexts of transitions can be extracted from narratives. They 
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guide the framed exploratory analysis of transition pathways and result in a more efficient 

analysis of the extensive simulation results. Second, the quantitative results of the computational 

experiments can be interpreted with narratives to better convey its insights to policymakers.  

The approach was applied to the case study. It was concluded that: 

The 100 GW solar target cannot be met in any conditions and in any simulated future 

experiments by 2022. However, the target is most likely to be obtained around 2028. It implied 

that the government’s targets for solar electricity are not realistic, and it is important to be 

informed and prepared to face it properly. It was also realised that the condition of transitions 

impacts the timing of the targets’ realisation. The solar electricity target is more likely to be met 

faster in the experiments where the transition is coordinated and led by active governmental 

interventions (rather than by market regulation) and with an aim to satisfy the need for energy 

security and sustainability (rather than energy equity). This, however, comes at the expense of 

higher public expenditure and more coal generated electricity compared to the situation where 

the transition is led by market forces.  

Five plausible scenarios for the future of India’s electricity sector were also identified: a solar-

dominated pathway, a highly-utilised wind pathway, a coal-dominated pathway, a coal-dominated 

pathway with the moderate penetration of wind and the renewable-dominated pathway. The 

features of each scenario were explained in a narrative. As an example, in a solar-dominated 

pathway, solar electricity becomes the main source of generation followed by coal and wind. In 

terms of the satisfaction of the societal needs, the generation (i.e. energy equity) would not be 

higher than those pathways dominated by coal because of the lower capacity factors of the 

renewables compared to conventional sources. However, the emissions and fuels import are 

expected to be low. This scenario is identified more likely when the solar capacity factor and 

solar potential installed capacity are high, but the wind potential installed capacity remains below 

a certain limit. This situation makes solar electricity competitive to wind electricity. Another 

condition is that the fossil fuel price shocks are not hedged by the government and the coal 

generation profit remains unprotected. The government instead needs to set ambitious targets 

and to actively intervene in the development of solar through funding and investments. 
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7.2 Generalisation of the findings 

The following points can be learnt from this study at a general-level: 

1) Societal transitions (such as transitions in the case study of this research) are emergent 

processes of changes. While they unfold throughout the time from the interactions 

within the systems and the influence of external factors, they can be deliberately 

influenced. Societal transitions need to be governed in order to unfold in a desired 

direction and towards the satisfaction of societal needs. The understanding of transition 

dynamics is a valuable insight for informing policymakers about how societal transitions 

unfold in future and how different policies influence them. The transition dynamics 

should be understood as the continuation of historical transitions started several years 

ago. Historical transitions with several institutional and structural changes have laid the 

ground for the current development and created a path-dependent process. The study of 

historical changes informs ongoing and future transitions through the delineation of 

systems and the identification of endogenous interactions and the exogenous driving 

forces. 

2) From the study of the historical transitions in the case study, it can be concluded that 

sustainability transitions are highly embedded in the institutional settings of their context. 

From a political-economic point of view, the context of transitions, in terms of the 

political and economic institutional settings, is varied across the countries. They can be 

explained as the varieties of capitalisms sitting on a spectrum from liberal market 

economy (e.g. US, Canada and Australia) at one pole to coordinated market economy 

(e.g. Denmark and Germany) to state-influenced market economy (e.g. India and many 

other developing countries) and to state capitalism (e.g. China) at the other pole. These 

institutional variations specify different roles for governments and different impacts for 

their interventions. This distinction also makes it possible to transfer the practical 

insights from one country to another in the same institutional setting.  

3) The emergence of renewable sources in India’s electricity sector can be an exemplar of 

the pattern observed in the context of developing countries with similar institutional 

settings. Renewable electricity generation in developing countries usually emerges as a 

‘state-influenced niche empowerment’. It implies that market is not solely capable of 

driving the development of renewable energies, and states also have an important role to 

play in the adoption of alternative energy sources. The rational and self-interested public 

and private actors make the investment decisions in a partially liberalised electricity sector 
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but under the influence of states. They come in form of market-based policy instruments 

(e.g. feed-in tariff), command-and-control actions (e.g. imperative targets, renewable 

purchase obligations) and direct interventions (e.g. government funding) to meet national 

targets. 

4) The pattern in the empowerment of renewables starts by the presence of some societal 

concern, such as addressing energy poverty or reducing GHG emissions. Governments 

internalise these concerns in electricity sector as the critical needs that should be satisfied 

and in terms of national visions and targets. Renewable sources are viable options for 

realising these needs and meeting the targets. National target setting and governmental 

push for achieving the targets are strong driving forces for the empowerment of 

renewables in developing countries. Governments lead transitions by setting ambitious 

targets and actively intervening in the development of renewable options through 

funding and investment, capability building measures and market-based policies, 

depending on the maturity of the sector. With governmental supports, the renewable 

profitability can outweigh other competing options. It makes renewable sources 

attractive in the decision making process of public and private actors and leads to the 

empowerment of renewable niches in electricity sector. 

5) The dual narrative-modelling approach, presented in this study, discussed how qualitative 

transition narratives can interact with quantitative models, how they can inform each 

other and how they can inform future policy interventions. The dual approach was 

implemented with system dynamics as the modelling technique and in the transitions of 

India’s electricity sector. However, the approach is not limited to these and can make use 

of other modelling techniques and be applied to other societal transitions (e.g. transitions 

in water sectors, transportation sectors, etc.) and also in other contexts.     

7.3 The limitations of the study and avenues for future researches 

The limitations and future researches are discussed for the methodology and case study 

separately. From a methodological perspective: 

The transition-theoretical framework, presented in Chapter 4, aimed to provide an explanation 

for the dynamics of state-influenced niche empowerments. However, it was developed 

principally by the integration of existing concepts from sustainability transitions. This theoretical 

integration was supported by the feedback from only one case study, i.e. the transition of India’s 

electricity sector, and it was not empirically grounded in multiple cases. An interesting avenue for 

further research would be to apply the framework to other cases of niche empowerment, i.e. 
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those in other emerging economies (such as China) and those in other societal transitions (such 

as transitions in water sector). More empirical support enriches the conceptual clarity of the 

framework and gives it more credibility to be used in new applications. 

During the modelling process, the boundary of the systems and the mechanisms of dynamics 

were inferred based on the narrative and transition-theoretical framework. While they were 

capable of explaining transition dynamics, they did not guarantee to present a deep-enough 

picture of the systems in reality. Several model structures could also be resulted for the same 

description of transition dynamics in the narrative and the theoretical framework. These create 

uncertainties around the model structure, and a future research could deal with that. It could 

explain how a common narrative and theoretical framework result in different model structures, 

developed with the same or different modelling approaches (such as agent-based modelling, 

evolutionary models and complexity models). 

The transition narratives were developed through the lens of sustainability transitions and based 

on the data collected from archival research (for historical transitions) and the analysis of 

simulated experiments (for future transitions). The narratives were not built directly upon 

experts’ opinion and through a participatory process. Stakeholders are good source of 

information regarding the common perception about the past and future of transition pathways. 

A participatory approach enables the dual narrative-modelling approach to capture different 

(sometimes divergent) actor perspectives. The role of participatory-developed narratives and 

models in the dual approach can be investigated as a future research. This can clarify how 

different stakeholders should be involved in the various steps of the narrative and model 

development and in exploratory analysis.  

From the case study perspective: 

The transition of India’s electricity sector incorporated several competing generation sources. 

The narrative and model developed in this study mainly focused on the interactions of coal, gas, 

wind and on-grid solar photovoltaic. The dynamics of other conventional sources including large 

scale hydro and nuclear and also other renewables such as small hydro were assumed only 

exogenously or not as detailed as the rest. One future research is to include the interactions of 

these generation sources into the model endogenously. It can improve the performance of the 

model and can make the simulated results closer to reality. 

Also the transition includes a vast number of interacting social, technical, economic and political 

systems. The model concentrated more on the socio-technical processes and actor decision with 
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respect to investment, capacity acquisition, rate of policies, etc. It did not model in detail the 

complexity of technical details, such as the limitations imposed on generation by the 

transmission and distribution lines’ capacity and the intermittency of renewable sources. It is 

suggested to link this socio-technical model of transition process to a techno-economic model in 

order to present a more realistic picture of transition pathways and to have more reliable results. 

 

  



[182] 
 

References 

de Haan, F & Rotmans, J 2011, 'Patterns in transitions: Understanding complex chains of change', 
Technological Forecasting and Social Change, vol. 78, no. 1, pp. 90-102. 

Frantzeskaki, N 2011, 'Dynamics of Societal Transitions: Driving Forces and Feedback Loops', PhD 
thesis, Faculty of Technology, Policy and Management, Delft University of Technology. 

Moallemi, EA, Aye, L, de Haan, FJ & Webb, JM 2016, 'Policy analysis of renewable electricity 
development in India: from a transition modelling perspective', in The 34th International Conference of 
the System Dynamics Society: Black Swans and Black Lies, July 17 – July 21 2016, Delft, The Netherlands. 

Moallemi, EA, Aye, L, de Haan, FJ & Webb, JM Submitted 2016a, 'A dual narrative-modelling approach 
for evaluating socio-technical transitions in electricity sector', Technological Forecasting & Social Change. 

Moallemi, EA, Aye, L, Webb, JM, de Haan, FJ & George, BA 2017, 'India’s on-grid solar power 
development: Historical transitions, present status and future driving forces', Renewable & Sustainable 
Energy Reviews, vol. 69, pp. 239–47. 

Moallemi, EA, de Haan, F, George, B, Webb, J & Aye, L 2015, 'Dynamic modelling of energy transitions 
using a coupled modelling-narrative approach', in The 21st International Congress on Modelling and 
Simulation (MODSIM2015), November 29 - December 4 2015, Gold Coast, Australia. 

Moallemi, EA, de Haan, F, Kwakkel, J & Aye, L Submitted 2016b, 'A narrative-informed exploratory 
analysis of transition pathways in India’s electricity sector', Environmental Modelling & Software. 

Moallemi, EA, de Haan, FJ, Webb, JM, George, BA & Aye, L forthcoming, 'Transition dynamics in state-
influenced niche empowerments: Experiences from India’s electricity sector', Technological Forecasting 
& Social Change. 

Moallemi, EA, George, B, Aye, L & Webb, J 2014, 'Towards an integrated conceptual framework for 
understanding transition dynamics', in The 5th International Conference on Sustainability Transitions: Impact 
and Institutions, 27 – 29 August, Utrecht, The Netherlands. 

Yücel, G 2010, 'Analyzing Transition Dynamics: The Actor-Option Framework for Modelling Socio-
Technical Systems', PhD thesis, Faculty of Technology, Policy and Management, Delft University of 
Technology.The Netherlands. 



Appendix I Conference paper #1 

Moallemi, EA, George, B, Aye, L & Webb, J 2014, 'Towards an integrated conceptual framework 

for understanding transition dynamics', in Proceedings of the 5th International Conference on 

Sustainability Transitions: Impact and Institutions, 27 – 29 August, Utrecht, The Netherlands. 



[184] 
 



Citation: Moallemi, EA, George, B, Aye, L & Webb, J 2014, 'Towards an integrated conceptual framework for understanding transition 
dynamics', in the Proceeding of the 5th International Conference on Sustainability Transitions: Impact and Institutions, 27 – 29 August, 
Utrecht, The Netherlands. 
 

 

 

The 5th International Conference on Sustainability Transitions  
27 – 29 August 2014, Utrecht, the Netherlands 

 

 

Towards an integrated conceptual framework for understanding 
transition dynamics 

 

 

Enayat A. Moallemia, Biju Alummoottil Georgea, Lu Ayea, and John Mark Webbb 

aRenewable Energy and Energy Efficiency Group, Department of Infrastructure Engineering, The University of 
Melbourne, Australia, Victoria 3010 

bDepartment of Chemistry, The University of Melbourne, Australia, Victoria 3010 

 

 

 

 

Abstract: There are several explanations for the dynamics of transition in terms of theories and 
frameworks. While they describe the same phenomenon, the concepts and processes that they use to 
explain the dynamics are varied. Some are at different levels of aggregation including dynamics in 
micro-level actors’ behaviours, meso-level emerging systems’ formation, and macro-level existing 
systems’ interactions. This theoretical disparity, as advocated in literature, can be a pitfall in 
understanding the dynamics. This paper reviews the theoretical concepts and processes and explores 
their strengths and limitations in describing transition dynamics. It also attempts to identify the 
complementary features that address their individual limitations. For all approaches reviewed in this 
study, central questions include: what changes occur during the transition, when it happens, why it 
takes place, and how it appears. The assessment of theoretical approaches is a step towards 
developing an integrated conceptual framework for the improved understanding of transition 
dynamics. 
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1. Introduction

‘Transition studies’ is an emerging interdisciplinary field that addresses an analytical challenge: the 
transformation of complex adaptive systems with nested multi-levels of determinants, composite of 
several subsystems, and with self-organising and co-evolutionary qualities. The concept of transition 
in this field has been approached from different perspectives, most importantly, from the role of 
governance in Transition Management, the conceptualisation of change process in Multi-Level 
Perspective (MLP), the formation of new systems in Technological Innovation Systems (TIS), and the 
role of experiments and infant innovations in Strategic Niche Management (SNM). It has also come 
under different terms, e.g. technological transitions [1], societal transitions [2], technological 
revolutions [3] and regime transformation [4]. What is common to these perspectives and terms is that 
they conceptualised transition in continuous processes of change, in other words, they lean to study 
‘the dynamics of transition’, instead of just a static picture of initial and new system’s states. 

The understanding of dynamics is used in historical transitions for gaining insights from development 
in the past and in ongoing transitions for doing exploration and policy analysis for the future. Because 
of the importance of dynamics in transition studies, several researchers have tried to understand them 
from different aspects (i.e. institutional, socio-ecological, and socio-technological transitions [5]), at 
different levels of aggregation (i.e. micro as underlying mechanisms, meso as functional interactions, 
and macro as patterns of transition), at different scales (i.e. diffusion of innovation in a system and a 
broader sectoral transition), and based on different social science ontologies [6]. As Holtz [7] 
identified, there is a clear theoretical disparity in studying the dynamics of transition in terms of what 
changes during transition, when it happens, why it takes place, how it appears, and the existing 
theories do not cover them all together. An improved understating of dynamics can be achieved if the 
relations between the definitions from different aspects, levels, scales, and ontologies, proposed in the 
literature, are clarified. How are different theories related to each other? To what extend are they 
complementary in explaining dynamics? To answer these questions, this study aims to review existing 
theories1 on dynamics of socio-technical transition and to compare their strengths and limitations. The 
review will form a ground for an integrated conceptual framework that brings an improved 
understanding of the dynamics of socio-technical transitions. More specifically, it can be the 
dynamics in transition from fossil towards renewable power systems which will be assisting in energy 
policy making.   

The paper is structured in five sections. After the introduction, a brief review of concepts and 
processes of change in different theories is presented (Section 2). Section 3 deals with the comparison 
of the theories and highlights their strengths and limitations. Based on the acquired insights from this 
comparison, a tentative integrated framework is presented in Section 4 as the first step for an 
improved understanding of dynamics. At the end (Section 5), brief discussions on the most promising 
ways for future research to strengthen the integrated framework are provided. 

2. Theories on the dynamics of transition

2.1. Multi-level perspective 

Among the theories, MLP is the most well-known one which has been an inspiration and a foundation 
for many researches. Based on the previous works by Kemp [8], Rip and Kemp [9] and Kemp et al. 
[10], Geels [1] integrated concepts from evolutionary economics and technological studies to describe 

1 As their aim, scope, and methods of researches are varied, they are named differently including conceptual framework, 
perspective, approach, and theory. To prevent confusion, they are generally referred with a single term ‘theory’ in this study. 
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how transitions appear at the macro level of the dynamics (e.g. patterns and pathways of transition). 
The study conceptualised socio-technical transitions in three nested and analytical levels of change, 
including niche, regime, and landscape and named this way of approaching transitions as MLP (see 
Figure 1). Regime is the established system with tangible and intangible configurations that creates 
stability in the current system and performs the selection function during change process. Niches are 
places protected from the pressure of regime, for radical novelties and variety creations, and mainly 
run by small network of outsiders. Landscape contains slow changing external factors, or ‘deep 
structural trends’, rooted in exogenous environment such as macro-economic, political decisions, or 
environmental problems. Landscape forces impact the regime and niches while forces are not easily 
affected by them. 

Figure 1. Landscape, regime, and niches in MLP (adapted from [1]) 

MLP defines transition as a change from one socio-technical regime to another, so the focus of 
transition is mainly on regime. As a result, the dynamics are conceptualised in the interactions of 
regime with niches and landscape. The alignment of development processes in three levels or as it 
interprets, the creation of ‘window of opportunity’ is the core condition for transition. In other words, 
timing and the nature (i.e. reinforcing or disruptive) of landscape forces on regime with respect to the 
maturity and nature (i.e. competitive or symbiotic) of niches’ pressure determine the conditions for 
emergence of transition. Based on an inductive case analysis, Geels and Schot [11] believe the 
dynamics unfold in five different pathways: reproduction process that leaves the system in dynamic 
equilibrium and happens when no niche innovation is present and landscape is in support of regime 
(reinforcing); transformation path that gradually modifies the functioning of regime when landscape 
is moderately disruptive while no aggregated and mature niche still exists; de-alignment re-alignment 
that destabilises regime and waits for the dominancy of an alternative when there is a highly 
disruptive forces from landscape and multiple co-existing niches competing with one another; 
technological substitution that pushes a mature niche and replaces regime when both high landscape 
forces and developed niche are simultaneously present; and reconfiguration pathway that changes 
regime gradually by symbiotic niches. 

2.2. Pillars theory 

As it appears from the name, pillars theory bases the understanding of dynamics on three pillars, 
namely conditions that drive transitions, patterns that describe their shape of emergence, and paths 
that depict their sequence from initial to new state of a system. Pillars theory has been developed 
through theoretical deductions by de Haan [12], and it is mainly a macro-level explanation of 
dynamics (i.e. focusing on patterns and pathways). 
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According to this theory, transition is a process that profoundly changes the way a societal system 
fulfils societal needs. The societal system is supposed to be composed of nested subsystems known as 
constellations (see Figure 2) and the way they fulfil societal needs is called functioning. During a 
transition, a constellation, whose functioning is dominant, changes and alternative constellations gain 
power. The change in functioning is described with building blocks of dynamics known as patterns. 
The main idea of pillars theory is to understand transitions as a concatenation of patterns. 

Figure 2. Composition of a societal system [12] 

By definition of constellations and the process of transition, de Haan and Rotmans [2] describe 
conditions, patterns, and pathways as follows: 

Generally, transitions begin to take shape when the functioning of systems is compromised. It can be 
caused by three conditions: the first is the mismatch between inflow and outflow of the dominant 
constellation and the environment encompassing it, which is called tension. The second comes from 
the interplays of different facets of functioning in the dominant constellation, when they make 
hindrance to others, which is called stress. The third is about the pressure of an alternative functioning 
to the dominant one, which is called pressure.  

Three patterns in transition can be identified in terms of change in power of constellations as 
conditions exist. The first pattern is reconstellation, and it is referred to the situation where a 
constellation emerges or gains power from outside. It can be caused by a tension or stress condition. 
The second is the situation where a constellation emerges or gains power from inside. This pattern is 
probable in the condition of pressure and stress, and is referred to as empowerment. Finally, the 
dominant constellation may absorb innovation, co-evolve with others, and incorporate alternative 
functions. This is called adaptation pattern and it may develop through the impact of all three 
conditions. 

Having conditions and patterns defined, transitions’ paths are described in a sequence of initial 
system’s state (constellations and conditions), patterns of transition, and new system’s state. Based on 
the dominance of pattern and the role of current established constellation, 11 transition’s paths can be 
postulated. First, when the dominant pattern is reconstellation, regime may be reformed according to 
an outside constellation which is called radical reform, constellation outside the regime may replace 
the incumbent regime which is called revolution, or transition may fail and leave the system in chaos 
which is a collapse. Second, when the path is empowerment-dominated, niches can be gradually 
adapted in regime which is a reconfiguration pathway, niches can turn to empowered niches and 
overthrown regime which is a substitution, or an early hype in niches’ expectation vanishes and leads 
to a backlash. Third, there may be also some squeezed paths with both empowerment and 
reconstellation dominancy. In such situations, regime may take advantage of bottom-up niche 
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pressure to handle top-down outside tension and to modify itself which is called teleological path, if 
incumbent regime does not have a role in future system, it will be turned to an emergent path, and if 
niche innovations at the bottom cannot satisfy the top-down tension and change regime, it will be 
lock-in path. Fourth, if transition is adoption-dominated pattern, the regime may gradually face 
transformation or in the failed situation, a system breakdown may take place. 

2.3. Technological innovation systems 

Contrary to approaches that discuss the dynamics of interactions among the established system, 
emerging systems, and external environment, other approaches exist with attention on the meso-level 
dynamics in systems’ formation. These approaches are known as innovation systems [13], and the one 
that is more relevant for explaining the dynamics in socio-technical transitions is TIS [14, 15]).  

The main part of researches in TIS locates the dynamics from functional perspective, narrows it down 
to just what drives the formation of a new system, and does not discuss the interactions with the 
established system and external effects. TIS, as a meso-level description of dynamics, proposes a set 
of internal processes required for system formation, known as functions. Pursuing the innovation 
process or, in other words, generation, diffusion and utilization of innovations are thought to be as 
main functions of TIS [15]. Hekkert et al. [16] expanded the concept of functional perspective in 
dynamics and introduced seven functions, including entrepreneurial activities, knowledge 
development, knowledge diffusion, guidance of the search, market formation, resource mobilization 
and creation of legitimacy. Functional fulfilments are required for system’s formation.  

In addition to fulfilment of functions, the interaction between them also creates a momentum for 
fostering the dynamics. TIS frames the interactions by a concept known as motors of innovation [17, 
18]. They are actually groups of interacting functions which create reinforcing loops in emerging 
systems and build them up (see Figure 3). Four motors of innovation have been identified from 
inductive case study researches: science and technology push (STP) motor for hastening research and 
development and reducing scientific uncertainties; entrepreneurial motor for transforming the 
developed knowledge to innovation, system building motor for systemising the formation process; 
and market motor for turning demand-push development to market-pull one [18-21]. 

Figure 3. A sample of interactive functions and reinforcing loops (adapted from [16] ) 

2.4. Actor-option framework 

The conceptualisation of dynamics in actor-option framework is fundamentally different from the 
theories discussed till now since it is about the micro-level description of dynamics (i.e. underlying 
mechanisms). In this framework, actors and their decisions regarding available options to satisfy 
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societal needs are considered as drivers of change (see Figure 4). Therefore, what bring dynamics in 
transition process are changes in the behaviour of actors (their choice in supporting or opposing 
options) as well as changes in the environment of options (the properties of options).  

Figure 4. The conceptualisation of transition [22] 

Based on this idea and in a process of induction from case studies and deduction from theories, Yucel 
[22] identifies three main mechanisms of changes bringing dynamics into transitions: 

The first mechanism is related to change in options’ properties themselves. By option’s property, it 
means techno-physical features of an option referred to as embodied properties as well as practical 
and provisional features referred to as disembodied properties. This group of mechanisms can be 
driven externally or internally. External mechanisms are exogenous-driven spillovers of embodied or 
disembodied properties. On the other hand, internal mechanisms are endogenously driven and they 
include: experience-driven changes caused by cumulative experience of actors in practical and 
provisional ways; scale-driven changes caused by up scaling of utilization or provision of options; and 
resource-driven changes which are purposeful resource allocation to options, methods of provision, 
and capacity of provisions.  

The second mechanism is related to change in actors’ perception. Changes in understanding of actors 
from options and their properties alter the interactions between actors and options, and subsequently 
the dynamics of transition. This is actually dynamics in perceived information2. It can be driven in 
three ways: by individual learning from direct observation of actors or their experience from 
properties of options; by social learning from diffusion of information or learning of other actors’ 
knowledge; and by external source of learning from media, published reports etc. 

The third mechanism is related to change in actors’ behavioural identity. These mechanisms bring 
dynamics into the values and assumptions of actors3 in decision making, and subsequently change the 
interactions between actors and options. They can be driven in three ways: the first is by reference 
formation which refers to the change in ideal (or expected) options’ properties and caused by outside 
regulations or social influences; the second is by commitment formation which refers to the change in 
their inertia in moving towards new options; and the third is preference change which is the change in 
the priority of issues and suitability of options’ properties. All of them are factors reflected in decision 
making and change actor-option interactions as the driver of dynamics. 

2.5 Methods and Tools for Integrated Sustainability Assessment (MATISSE) model 

MATISSE model was developed as an improvement to the tools available for conducting Integrated 
Sustainability Assessments in EU policies [23-25]. It represents the dynamics of transition by 

2 Known as first-order learning. 
3 Known as second-order learning. 
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focusing on the path, from one equilibrium to another, and to use agent-based representation for 
framing this path. In this regard, it supposes actors as individual agents creating support, while niche, 
empowered niche, and regime as collective agents competing in transition, and landscape as signals 
affecting them. It defines transition as a sequence of agent transformations driven by support of 
individuals; a transformation from niche to empowered niche to regime (see Figure 5). MATISSE 
model therefore presents both micro and macro representations of the dynamics.  

These agents are subsystems formed by structures and cultures, and characterised by practices. 
Structures are physical assets with ability to create resource and institutional capacities with ability to 
exert influence and attract support. Cultures are collective set of norms, values, and perspectives [26]. 
Practices are the accumulation of actions defining the characteristics of subsystems.  

Figure 5.Subsystems interactions in MATISSE model (adapted from [23]) 

The dynamics that the MATISSE model describes for transition can be driven exogenously and 
endogenously. Endogenous dynamics are the result of coupling non-linear interactions between niche, 
empowered niche, and regime which are collective agents, and heterogeneous population of societal 
actors which are individual agents. On the one hand, individuals, in an analytical level called ‘support 
canvas’, make decision and create coalition to support niche, empowered niche, and regime based on 
their attractiveness. Such devoted supports are turned into the resource, and it builds the structure 
(physical and institutional) for collective agents. This bottom up process is called support mechanism. 
On the other hand, collective agents try to adapt their functioning to increase their share of support 
from individual agents too. The amount of support they gain depends on the institutional capacity of 
collective agents as well as their strategy (e.g. sticker4, aggregator5 etc. [24]). Exogenous dynamics is 
coming from the effects that landscape forces on agents, such as key policies and regulations. 
Landscape forces as macro-level signals change the individual agents’ preferences, and subsequently 
influence their decisions on supporting collective agents. 

Based on the explained micro-level dynamics, transition from macro-level is constructed using three 
concepts: mechanisms, patterns, and pathways. Mechanisms are societal processes and building 
blocks of dynamics which have been extracted by historical case study. They include niche-to-
empowered niche, empowered niche-to-regime, emergence of niche, growth of subsystem, clustering 
of niches, adaptation in resource, adaptation with maintenance of practice, adaptation with change in 
practice, adaptation with absorption of niche by regime, adaptation with competition with regime 
[23]. The sequence of these mechanisms forms transition patterns, which are based on what was 

4 Never change functioning. 
5 Moving toward the mean ideal point of all individuals. 
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identified by Geels and Schot [11]: transformation, de-alignment re-alignment, technological 
substitution, and reconfiguration. Finally, the description of patterns plus a set of starting and ending 
point of system’s states constitute transitions pathways in this model.  

2.6. The multi-stage framework6 

The multi-stage is a conceptual framework developed by Frantzeskaki [5], in order to understand the 
dynamics of transition at macro-level and to use it for deriving governance propositions. According to 
the framework, transition is defined as a cyclic evolution of slow and fast dynamics in a continuous 
transformation process. The transformation process in long term can appear with different patterns 
depending on institutional, socio-ecological, and socio-technical contexts of transitions.  

Frantzeskaki [5] defined three key concepts for the framework. The first is the structure of the societal 
system which changes during transition and consists of environment, technology, civil society, and 
institutions. Second is the stage of transition as evolution cycles of a system and where the system is 
in a dynamic equilibrium. Stages can be characterised by novelty with an aim to bring a new 
constellation (genesis), by stability with an aim to settle down competition (stasis), and by rapid 
changes with an aim to break down the old regime (metastasis). The third is forces as conditions 
driving transition toward the stages. Forces such as the presence of a new practice, new niches, or new 
social demand that move the system toward the genesis stage are formative. Those such as 
standardisation of practices, provision of resources, and exercise of power that push the system 
toward stasis stage are supportive forces. Forces such as system failure, crises, and exogenous events 
which make the system uncertain (and shift to metastasis stage) are triggers.  

By grounding the concepts in theoretical and empirical researches, the different patterns of dynamics 
are reconceptualised for institutional, socio-ecological, and socio-technical transitions. The patterns 
are defined by feedback loops and relations between stages. For example when there is a socio-
technical transition, two feedback loops and one relation are expected to form (see Figure 6). The 
relation is known as ‘demand-pull bypass’ which refers to a situation that a new demand in stasis 
stages drives innovation in genesis stage. The first loop is known as ‘institutional restraining loop’ 
which hamper innovations opposite to the current institutions. The second loop is ‘technology lock-in 
loop’ which is the reluctance of old technology toward appearance of new ones Similar patterns are 
also defined for different transitions [5]. Similar feedbacks and relations can also be defined for 
institutional and socio-ecological transitions.  

Figure 6. Evolution stages and feedback loops in socio-technical dynamics (adapted from [5]) 

3. Comparing and contrasting theories

In this section, the theories presented are compared and their strengths and limitations are examined. 
The theories can be contrasted based on the aggregation level of dynamics that they study [5]. At 

6 It should be noted that the name of multi-stage framework was selected by authors (and not by its developer, 
Niki Frantzeskaki) based on their stage-oriented definition from transition. 
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macro-level, the dynamics are discussed by the possible patterns of transition in terms of interactions 
between new systems’ formation, old regime’s destabilisation, and external influences. MLP, pillar 
theory, multi-stage framework and to some degree MATTISE model explain the dynamics at the 
macro-level. At the meso-level, the intra-system dynamics are discussed by the functional interactions 
that form an emerging system, no matter how it interacts with the current regime. TIS is an approach 
which analyses the formation of a system. At micro-level, the functionalistic approach changes, and 
dynamics in actors’ behaviours and system’s structures are studied. Actor-option framework and 
MATISSE model are two examples of this group. The following strengths and limitations can be 
discussed for the reviewed theories based on their aggregation level. 

Actors and micro-foundations of dynamics 
One of the criticisms usually raised in some theories is their functionalistic approach and lack of 
attention to underlying mechanisms in describing the dynamics. MLP, as Smith et al. [27] discussed, 
is one of them. MLP has mainly a functionalistic approach and does not provide a clear explanation of 
the role of agencies, their behaviours and actions in dynamics of transition7. Agents’ decisions and 
their actions are underlying reasons for explaining the pathways already described, so ignoring them 
leaves the micro-foundation explanation of dynamics untouched in MLP. Multi-stage framework and 
to some extend pillars theory suffer from not fully dealing with micro-foundations as well. A major 
limitation that is attributed to multi-stage framework is its over-functionalistic and macro-level 
approach in describing the dynamics. It defines dynamic equilibriums in systems based on their 
functioning; the functioning of creating variety for genesis stage, bringing stability for stasis stage, 
and putting into disturbance for metastasis stage. It also explains formative, supportive and triggering 
forces based on a functional approach on actors’ action and their impacts on the system. Similarly in 
pillars theory, the explanation on the role of agents and their power which drive the patterns and 
pathways of transitions is still lacking. Although it has been stated that change in the function of the 
dominant constellation takes place through change in structure, culture, and practice, the mechanisms 
of change have not been elaborated. 

The missing link to micro-foundation dynamics is covered in actor-option framework. It presents a 
micro-level conceptualisation of dynamics in terms of actor-option’s interactions and takes into 
account the role of agents and their decision in transition8. MATISSE model also benefits from this 
strength and provides a clear portray of micro-foundation mechanisms or as they call ‘metabolism’ 
driving transitions. The metabolisms can link the roles of structure, resources, actors, and their 
support to patterns and pathways of transition. In a system formation (and not with its interaction with 
other systems), TIS is another approach that investigates the role of actors and their strategies [28], 
the networks and available resources [29, 30], and formal and informal institutions [31, 32].  

Inter-systems and Intra-system dynamics 
In addition to micro-level dynamics already discussed, the dynamics can be explained from meso and 
macro levels; the meso-level includes internal processes of emerging systems’ formation (intra-
system) and the macro-level deals with the transitional interactions among external environment, 
regime and emerging systems (inter-systems). There is insufficient discussion at meso-level, on the 
processes/mechanisms that form and scale up niches to the new regime and those that destabilise and 
destroy the old regime in existing theories. This is close to the discussion of Markard and Truffer [33] 
on the weak explanation of the dynamics at the niche level. MLP only talks about the dynamics 

7 However, Geels later discussed this criticism [11] and also rejected the functionalistic label to MLP [6]. 
8 However, the framework does not discuss over the patterns and pathways coming out of explained underlying 
mechanisms and leave a room for more works on functionalistic perspective of dynamics.     
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coming out of interactions between levels and does not clarify their internal formation of systems. 
Although the formation process have not been discussed in MLP, internal dynamics for 
destabilization of regime have been recently addressed by Turnheim and Geels [34]. This limitation is 
the same for pillars theory, multi-stage framework, and actor-option framework. Pillars theory does 
not discuss the internal dynamics of constellations, especially how they internally rise or fall in power. 
Multi-stage framework examines the overall state of the system in slow and fast dynamics and does 
not specifically talk about formation processes in each system. Actor-option framework also sees 
actor-options interactions in transition, no matter how their effects contribute to system formation or 
interactions.  

On the other hand, TIS basically captures the formation dynamics of systems through functional 
interaction, so it can be exploited as a complement to what MLP, pillars theory, and multi-stage 
framework define as dynamics. MATISSE model also practically discusses the dynamics in 
subsystems in addition to the dynamics of interactions by the idea of the endogenous dynamics of 
agent formation. However, this idea is a discussion more about the structural side of dynamics and not 
the functional side in terms of shapes and patterns of interactions.  

Top-down and bottom-up transitions 
The direction of transition, in terms of the emergence of new system from niche innovations or from 
the landscape, is another debate between different theories dealing with inter-systems dynamics9. A 
criticism was raised by Berkhout et al. [35] about the leading role of niche in creating transitions in 
MLP. Although Geels [11] proposed that transitions take place by the alignment of landscape forces, 
regime disturbance and niche presence, they are seen as a way to create windows of opportunity 
where the pivotal role is still with niches and transition originates from the bottom. Overemphasis on 
niche innovations may distract the analysis from the main source of dynamics and deviate it from 
causes to effects.  

There are some situations, as de Haan and Rotmans [2] explained, where the transition is driven by a 
mismatch inside the system, or by government-led support and landscape signals at macro-level. In 
this regard, in addition to niche empowerment, pillars theory also considers reconstellation and 
adaptation patterns of dynamics that are driven from outside and inside respectively. They are actually 
explanations for transitions happening in reality but not being led by niche innovations. Actor-option 
framework discusses the direct influence of external environment in addition to niche innovations 
when it refers to exogenous-driven spillovers changing options’ properties, external sources of 
learning changing actors’ perception, and outside regulations or social influences on reference 
formation changing actors’ behavioural identity. The MATISSE model also takes into account the 
possibility of a transition driven not only from niches, but also from outside in two points. First, in 
exogenous dynamics, i.e. the influence of landscape forces on individual agents’ preferences and 
subsequently on collective agents’ support; and second in conceptualisation of mechanisms of 
transition where the possibility of top-down adaptation of regime by internal and external influences 
are taken into account. In multi-stage model, these are driving forces that define whether the direction 
of change is top-down, bottom-up or internal. In trigger forces, crises and exogenous events are from 
external environment and system failure is from internal system’s stress. In supportive forces, 
transition can be led either from external environment by standardisation of practices, exercise of 
power, and provision of resources or from internal stress by self-regulation. In formative forces, the 
presence of a niche, new demand or new functions comes from the bottom while the imposition of 
new practices is from the external environment [36].   

9 So it is not relevant for TIS which only deals with formational dynamics. 
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Quasi-static and dynamic analysis of transition 
de Haan and Rotmans [2] discussed the issue of conceptual simplicity that some theories such as 
multi-level perspective and TIS have in grasping the complexity of transitions. It was discussed that 
they can just provide a quasi-static picture (a snapshot in time) of dynamics. MLP and TIS see 
transition as one process with multiple changes and do not take into account the sequence of changes 
and stabilities in consecutive processes. The authors believe this is the same issue for actor-option 
theory too. However, in pillars theory, MATISSE model, and multi-stage framework, the dynamics 
are described through time and in different phases of transition. Pillars theory and MATTISE model 
are capable of describing and explaining the dynamics in a pathway of system’s state, patterns, and 
the new system’s state. Multi-stage framework also considers a circular process between stages of 
dynamic equilibrium. It discriminates between slow and fast dynamics and their respective 
mechanisms in a cyclic evolution process. The framework analyses fast dynamics as ‘transformative 
processes’ shifting the system and including driving forces as its mechanisms, and slow dynamics as 
‘metabolic processes’ adapting the system with the environmental changes and including evolution 
stages with their relevant feedback loops.  

Configuration of theories 
The term ‘configuration of theories’ means the concepts created to explain the dynamics and the way 
it present the concepts. Among the theories, pillars theory has some advantages with this regard. First, 
it has a modular configuration consisting of conditions, patterns, and pathways. The advantage is that 
some parts of the theory can be easily modified or replaced from future theoretical, modelling, and 
empirical learnings, without putting an end to the whole theory in case they are found in contrast with 
parts of reality [2]. Second, pillar theory uses patterns of transition as a unit to explain dynamics. This 
allows for an in-depth analysis, with more detailed and flexible approach to describe dynamics in 
shorter timescales. Pillar theory also clarifies subsystems involved in transition by assuming a ‘niche-
regime’, a constellation with ability to attack the regime. MATTISE model does the same clarification 
with a different name, ‘empowered niche’ and has commonalities with pillars theory in the agent-
based conceptualisation of analytical levels and modular format for constructing transition pathways. 
Third, pillar theory accommodates the improper interactions and failed transitions in its typology of 
pathways. This is an important form of dynamics in developing countries where less stable long-term 
planning exists. MLP is somehow different in configuration: It is less modular than pillar theory in 
defining its main concepts; it does not define a separate analytical level of analysis between niche and 
regime and just implicitly refers to that by the accumulation of niches in existing applications (add-on 
and hybridisation) or in a new market; and it also does not consider situations when failed transitions 
happen. 

Besides several configuration strengths for pillar theory, the way that it was constructed through 
theoretical deduction is a matter of concern. It leaves the framework of the theory speculative to some 
extent as their authors acknowledge, and demands to be empowered by some empirical evidence. 
Other approaches, such as MLP and TIS with induction from several empirical cases and actor-option 
framework and multi-stage framework with induction from theoretical backgrounds and grounding in 
empirical cases, do not have this limitation.  

4. Bridging the gaps

As it can be concluded from Section 2 & 3, several theories conceptualise the dynamics of transition 
at different level of aggregations. These seemingly varied conceptualisations however are attempting 
to explain the same concept. Therefore, they can be linked together and thus provide an improved 
understanding covering their individual limitations. The inspiration for linking them together is 
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further strengthened when similar efforts of integration are found in other studies. Among them, 
Smith et al [27] stated the idea of incorporation of power and agency’s role in MLP structure, Genus 
and Coles [37] brought the possible connections between MLP and constructivist approaches (e.g. 
social construction of technology), Markard and Truffer [33] argued an encompassing framework of 
transition by integration of technological innovation systems and MLP, plus several other similar 
researches (e.g. [38, 39]). Furthermore, Geels [6] also goes to the deeper levels of MLP and talks 
about the ontologies of social science research and the possible ways for extending MLP. Following 
the fundamental discussions of Geels [6] and inspired by the idea of an encompassing understanding 
of transitions, the integration and adaption of theories about the dynamics are sought in this section. 

The multi-dimensional character of socio-technical transitions is understood with a multi-ontological 
perspective. This multi-ontological perspective is realised by a crossover position and bridging 
between ontologies, most importantly constructivism, functionalism, and evolutionary theory [6]. 
Moving towards an integrated conceptual framework, the dynamics are described here in a repetitive 
sequence of slow and fast dynamics; it starts with slow dynamics in initial system’s state, continues 
with fast dynamics in the process of change, and ends with slow dynamics in a new system’s state. 
This sequence is repeated and repeated again and creates transition pathways in long-run. Slow 
dynamics in system’s states discuss about the dynamic equilibrium that  constellations have in 
fulfilling societal needs, the conditions that signal the inability of constellations to properly satisfy 
societal needs, and the feedback loops that intensify the effects of these conditions. Conditions push 
the transition toward fast dynamics. In fast dynamics, the underlying mechanisms of change at micro-
level, the systems’ build-up or breakdown at meso-level, and the patterns of constellations’ 
interactions at macro-level are discussed. The conceptualisation of transition dynamics is represented 
in Figure 7. The more detailed explanations the concepts and processes are presented below. 

Figure 7. The conceptualisation of transition dynamics 

Systems’ state: How do systems in transition look like? 
System’s states, with slow dynamics, describe the object of change in transition. They can be 
described by the functional conceptualisation of pillars theory [12]. With this respect, a socio-
technical system (e.g. electricity system in a country) is part of society attributed a functioning (e.g. 
fossil electricity generation) in order to fulfil a socio-technical need (e.g. demand for electricity). Each 
socio-technical system is composed of several constellations. They are actually nested subsystems 
contributing to the overall system with their own competing or supporting functioning. Based on the 
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contribution they have as well as their stability and power, they are named differently: regime as 
stable and high power constellation with dominant functioning (e.g. fossil electricity system); niches 
as unstable, low power and emerging constellations with unorthodox functioning (e.g. solar 
electricity); and empowered niches (e.g. wind electricity) as seeking to be stable, with medium power, 
deviating functioning and with an aim to take over the regime. The global trends (e.g. advances in 
clean technologies) and external forces (e.g. international climate change regulations) are seen as 
landscape signals influencing the system but staying out of its control. 

Systems’ states are further elaborated with the definition of stages in multi-stage framework known as 
metastasis, genesis, and stasis [5]. They are not actually static positions, but they are dynamic 
equilibriums with gradual changes. Dynamics equilibriums are attributing with making turbulence at 
the beginning, in creating variety at the start of take-off phase and in getting settled down at 
stabilisation phase of transition. Some feedback loops in each system’s state, such as technology lock-
in which fosters stability, usually strengthen the dynamic equilibriums further. 

In addition to functional definition, the system in transition should be defined based on constituting 
components, i.e. the groups of actors which share practices, cultures and structures [23, 24, 36]. 
Culture is the component where actions emerge, including people, their shared rules and conventions 
as well as values and ethics that influence the perception of actors. Practices are the aspects of 
functioning or different ways to satisfy societal needs. They are represented by the accumulation of 
actions and behaviours of actors in the use of natural resource from environment, scientific and 
technological achievements, or even social and lifestyle practices. Finally, structures comprise market 
and non-market rules and institutions as well as physical infrastructure. The important point is that the 
components are interrelated: actors by doing actions under the influence of cultures create physical 
and institutional structures and shape new practices. Structures here are both the outcomes of actions 
and the means for shaping practices. Established structures are inclined to oppose new practices while 
modified structures open up a place for new practices. Though structures and practices are created by 
culture component, they influence culture recursively. The developed structures can support the 
culture in doing more actions, and new practices influence the perception of actors and change culture 
component.  

This functional and structural conceptualisations of system’s states are aligned with the definition of 
transition as de Haan and Rotmans [2] explained: fundamental changes in structures, cultures, and 
practices of a socio-technical system, occurring in sequential stages of slow and fast dynamics, and 
profoundly change the way the system functions by shifting the power between constellations.  

Conditions: when does a transition take place? 
The shift in power is signalled by conditions. Three conditions have been identified in pillar theory 
that create stimuli for transitions [2]. The first condition is when landscape imposes destructive forces 
on regime. These forces, based on their frequency, amplitude, speed and scope, come in forms of 
regular, hyperturbulence, specific shocks, disruptive, and avalanche [11]. The mismatch of working 
structures (structural tension10) or making sense of working constellation (cultural tension11) with a 
new external situation puts ‘tension’ on the regime. 

10 An example is the landscape force of commitment to an international program on GHG reduction while the 
country still has its infrastructures based on fossil fuels. 
11 An example is the necessity of moving toward renewable energies as a global trend while energy policy 
makers and industry managers have the illusion of unlimited fossil resources (widespread in oil-states countries 
around Persian Gulf). 
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The second condition is when the origin of misalignment is within regime, when one aspect of 
functioning is hindrance for others. This situation is called ‘stress’ and can be the result of misaligned 
system’s structure and culture (system hypocrisy12) or of distracting the goal of the system from its 
functioning to just keeping structure and culture aligned (system perversity13).  

The final condition is when an alternative functioning threatens regime. This is called ‘pressure’, and 
it is rooted in niche innovations at the bottom. The pressure appears in two forms, when the 
alternative constellation uses the same resource as regime it is called competing pressure and when it 
tries to replace the regime it is called obsoleting pressure. 

Metabolism: why does a transition happen? 
Metabolisms lie in micro-foundation of dynamics and narrate the story of underlying mechanisms that 
are triggered by conditions. They are explanations for why transitions happen. The main idea of 
metabolisms in transition is introduced by Haxeltine et al. and Shilperoord et al. [23, 24]. What the 
metabolisms do is to shift the power between constellations. This is the point which connects the 
popular functionalistic view of dynamics to the role of actors which has been widely criticised 
(discussed in Section 3).  

The basic drivers for metabolisms can be traced back to transition forces in multi-stage framework 
[5]. Based on that the initial systems’ state and existing conditions, forces appear in different phases 
of transition (triggering, formative, supportive) and in different direction (top-down, bottom-up, 
internal) [36]. Forces influence the system in its components, namely practice, culture, and structure. 
Through making changes in components, they trigger three inter-related mechanisms of power shift. 
The first mechanism is the orientation of individual actors toward constellations though actors’ 
decisions. According to actor-option framework, actors decide to support a constellation based on the 
constellations’ attributes as well as their own features. As a result, changes in constellations’ 
attributes, change in actors’ behavioural identities (i.e. an update in their preference and reference 
points in selection), and changes in actors’ perception (i.e. the gradual increase in their understanding 
of niche advantages) alter actors’ decision function and subsequently, shift their support between 
constellations. Changes in actors’ features and constellations’ attributes are induced by change in 
culture and practice components respectively. The second mechanism is through constellations’ 
adaptive learning, i.e. the modification of their attributes according to the preference of actors. As 
Schilperoord et al. [24] explain, each constellation based on their power and stability follows a 
strategy that defines their capability to adapt and influences the attraction of support from individuals. 
Actors’ support brings power to constellations, and the power defines the dominant functioning in 
socio-technical system, i.e. regime and niches. The third mechanism is through constellations’ 
structure. The relation between constellations’ structure and support is recursive. On the one side, 
support devoted to a constellation creates resources in the form of finances, materials, knowledge etc. 
and thus subsequently shapes structures. On the other side and reciprocally, available structures affect 
the creation of resources and the attraction of more support.  

Pattern: how does a transition appear? 
The functionalistic interpretation of shift in constellations’ power through metabolism is described in 
the literature by patterns [2, 11, 27]. The patterns of transition are discussed here for two types of 

12 An example is the implementation of targeted subsidies plan and the increase in energy prices, while people 
still see it as the government’s responsibility to subsidise energies. 
13 An example is the development and legislation of comprehensive national plans for renewable energies in 
developing countries which usually takes several years and become “the goal” while at the end they are not fully 
implemented and do not yield intended results. 
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dynamics: the one that appears in rise and fall of an emerging system and the other that comes from 
the interactions between constellations and with landscape. The first one is patterns in system build-up 
and breakdown and the other is the patterns in transition. 

Transition patterns have been discussed for different theories in Section 2, and several classifications 
have been proposed for them. Based on the typology proposed by de Haan and Rotmans [2], 
dynamics appear in three main patterns: reconstellation in which the role of landscape in emergence 
of a constellation is emphasised (top-down changes), empowerment in which the role of niche 
innovations on emergence of a constellation is stressed (bottom-up changes), and adaptation in which 
existing constellation modifies itself internally.  

Build-up dynamics have been mainly discussed in functional interactions of TIS approach [16, 17]. 
The dynamics that form a constellation can be described through the seven system functions of the 
TIS approach and the interactions they may have in reinforcing loops referred to as motors of 
innovation. These inter-system dynamics appear optimising for regime functioning and broadening 
for niches functioning. However, in describing breakdown dynamics, few publications have appeared 
to date in this area. In one report, a similar concept to TIS functional approach is briefly presented, but 
this time with reinforcing loops that work downward in the system, known as vicious cycles [17]. 
Similarly but in different analytical level, Turnheim and Geels [40] specifically addressed dynamics 
that destabilise the regime during the transition. 

5. Conclusions

There are various theories and frameworks that provide explanations for dynamics of transition with 
an ambition to learn from the past, to steer the current path, or to explore the future paths. Since their 
aims and ontological positions are varied, they conceptualise the dynamics from different levels of 
aggregation. This study reviewed the concepts and the processes of change in different theories in 
order to contrast their differences and emphasise their commonalities. The finding in this study 
revealed that the current theories have some complementary features that their integration can cover 
the existing limitations in understanding transition dynamics. 

This study constitutes the first step toward designing an integrated conceptual framework bridging the 
gaps between theories, starting with the integration and adaption of existing concepts and processes 
with no overlap between them and with clear relations and ontological positions. This is actually the 
study of micro-level process of change which results in emergent behaviours at meso and macro 
levels. Because the emphasis of this paper was on reviewing various theories, the proposed integration 
needs to be further investigated if it is going to be a practical conceptual framework. One of the 
important required steps is to prove the validity and compatibility of the framework with reality. This 
can be done by grounding the framework in several historical cases and to assess if the framework is 
capable of explaining dynamics in socio-technical transitions. Another possible future work is to 
extend the conceptualisation of dynamics by other theories and approaches such as strategic niche 
management which specifically deals with the formation of niches. However, it should be noted here 
that while capturing more complexities of reality is helpful, the complexity of the framework itself 
can become confusing. Hence, the extension to other theories should keep the framework as simple as 
possible. 

An attractive application of the integrated conceptual framework is to use it as a basis for modelling 
transition dynamics. Since the framework provides an understanding from conditions, mechanisms, 
and patterns of changes, it can provide the required inputs for computational and mathematical 

[ 99]



modelling of large-scale transformations. Those models with the power of computer simulation can 
reproduce complex behaviours, such as time delays, threshold effects, and multi-causalities, which 
cannot be analysed with narrative descriptions and can be used for ex-ant policy evaluations of 
ongoing transitions. Hence, developing a formal computer simulation model based on the integrated 
framework is another potential extension of this research. 
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Abstract: Energy transitions are a matter of competitions between multiple emerging systems and a 
dominant, established system. Understanding the complex dynamics of these interactions can assist better-
informed decision making and policy interventions. This paper presents a coupled modelling-narrative 
approach, consisting of a System Dynamics (SD) model interlinked with a narrative transitions-theoretical 
framework. The approach is geared at understanding the dynamics of emerging on-grid electricity sources, such 
as renewables, in power sector transitions. 

The value of implementing such a coupled approach is twofold. Firstly, it empowers the SD modelling process. 
As SD modelling itself is agnostic to the conceptualisation of the (societal) system under study, it is left to the 
modeller to design an appropriate SD structure – i.e. Causal Loop Diagram. The approach presented in this 
paper provides a narrative theoretical framework based on the state-of-the-art of Sustainability Transitions 
literature and a generic SD model (applicable to similar energy transition cases) which directly translates the key 
concepts and dynamical hypotheses. The theoretical framework enables the creation of highly structured 
narratives that not only provide a clear overview of the case, but also assist the identification of case specific 
boundary conditions, parameters, feedback loops and therefore in setting up and validating the SD model. 
Secondly, the close connection between the narrative theoretical framework and the SD model enables 
considerable explanatory power that cannot be obtained from simply using a model or a narrative. Where the 
narrative case description, for example, outlines the developments following a certain policy intervention, the 
SD model allows interrogating the detailed interactions of the chain of causes and consequences following the 
intervention. SD models are able to represent and reproduce complex causal relations including feedbacks, non-
linearity, threshold effects and time delays – dynamics which are impracticable to analyse with human mental 
models alone. 

This paper presents how the SD model is structured based on the core concepts of the narrative theoretical 
framework. Examples from an existing application by the authors of the framework on the case of the 
emergence of on-grid solar electricity in India are used to illustrate how the coupling of the SD model with the 
narrative theory helps addressing questions going beyond modelling or narrative analysis in isolation. 

Keywords: Transition modelling, sustainability transition, system dynamics approach, renewable energy. 
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1. INTRODUCTION 

Indian electricity sector, as the third largest in the world in terms of power generation, is a complex socio-
technical system. It is composed of both conventional (e.g. coal, diesel and gas) and renewable (e.g. wind, solar 
and small hydro) sources. It is multi-dimensional, engaged with technical and financial systems (via 
manufacturing of energy technologies and domestic/foreign investment respectively) and also deeply integrated 
into the society (via electricity demand and consumption’s pattern of users). This complex system has been 
constantly changing since its beginning, and government has been trying to manage its dynamics for the sake of 
energy poverty, energy security and emissions reductions. This has made the understanding of this complex 
dynamics, in a way that how different forms government’s interventions can reshape it, a demanding area of 
research. 

Several qualitative and quantitative approaches have been introduced in the body of knowledge in order to 
understand the dynamics, among them are Transition Studies and System Dynamics (SD) approach. Transition 
Studies characterises the multi-level and multi-dimensional dynamics of societal system and provides a 
qualitative and narrative story of change (Geels 2005). SD on the other hand is a modelling approach which 
explains how reinforcing loops and death spirals (generally known as feedback loops) shape the dynamics of the 
system (Sterman 2000) in quantative terms. While the complexity of the dynamics has been frequently 
acknowledged in Transition Studies, they have been unable to grasp non-linearity, time delay and multi-
causality of changes with a narrative story and by the mental human mind alone. Considering the strengths and 
limitations of each approach, the recent developments have favoured a combined quantitative-qualitative 
standpoint or a modelling-narrative approach (Holtz et al. 2015, Robertson 2015). This paper aims to present a 
combined approach and to propose the structure of a quantitative model supported by qualitative narratives 
specified for the transition of electricity generation sector towards renewable sources. System Dynamics (SD) 
approach is employed to represent the structure of the quantitative model, and Transition Studies with the 
integrated framework, developed by the authors (Moallemi et al. Submitted), is used to specify the qualitative 
narrative. The approach is geared at understanding the dynamics of emerging on-grid renewable electricity 
sources in Indian power sector transitions based on the previous studies by authors.  

The paper has six sections. After Introduction, Section 2 presents the step-by-step process of the coupled 
modelling-narrative approach. Section 3 gives a brief overview of the narrative framework. Section 4 develops 
the high-level structure of SD model based on the narrative theoretical framework. Section 5 presents the 
offerings of a quantitative model to a qualitative narrative story in the specific case of Indian electricity sector. It 
discusses how the SD model can assists in comprehending causal relations between market privatisation and the 
rise of renewables. Finally, Section 6 concludes the paper with the summary of findings. 

2. THE COUPLED MODELLING-NARRATIVE ANALYSIS OF TRANSITION DYNAMICS 

Transition Studies, as an emerging interdisciplinary field, theorises the dynamics of transitions and develops 
qualitative narratives for societal transformations. System Dynamics approach, as a technique for modelling 
complex systems, proposes quantitative models for the development of a sector or a technology. The coupled 
approach developed in this study aims to transcend the individual limitations of modelling and narrative 
techniques in isolation and to bring an improved understanding from the transformation of societal sectors such 
as energy sector. The step-by-step process of the coupled modelling-narrative analysis is presented below 
though it should be noted that the details of the steps are highly dependent on the sector and the context of 
study. 

Step 1 - Description of transition dynamics: the outcome of this step is the qualitative description of transition in 
terms of initial system’s state, conditions, mechanisms and patterns of changes, and new system’s state. This is 
the step when the narrative transitions-theoretical framework1 is applied in the case study and the narrative is 
generated. Three phases are involved in this step. The first is data collection with archival research (i.e. review 
of government and international organisations’ documents) and semi-structured interview with experts as 
collection methods. The second is data analysis and interpretation of on-the-ground knowledge with coding, 
categorizing and linking data to the narrative framework as analysis methods. The third is to assess the 
trustworthiness of outcome with Triangulation technique.  

Step 2 - Learning from qualitative narrative: looking back into the qualitative narrative of transition can guide 
the SD modelling process. Qualitative narrative with its concepts and mechanisms of change can demarcate the 
system in transition and identify the main components of the dynamics in Causal Loop Diagram. It also 
specifies the feedback loops between these components as well as actors’ interactions as the reasons for time-
delay and non-linearity in the dynamics of transition. 

                                                           
1 Shortly referred to as narrative framework or simply the framework from now on. 
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Step 3 - Computational modelling of transition: the outcome is a transition model quantitatively exploring the 
competition between emerging and established systems in a transition. The modelling process starts by 
developing a dynamics hypothesis and by representing the identified cause-and-effect relations in a Causal Loop 
Diagram. It is based on the interactions between different actors and feedbacks already identified by the 
narrative framework in Step 2. The dynamics hypothesis is implemented in System Dynamics software package, 
i.e. Vensim Professional 6.3, and represented by a Stock and Flow Diagram. The variables of model are 
quantified with the data collected in Step 1.  

Step 4 – Cross analysis of the quantitative and qualitative results: the quantitative output of the model (resulted 
from simulation runs) is supposed to corroborate the qualitative narrative described in Step 1. The cross analysis 
of quantitative and qualitative results improve our understanding of transition in different ways: 1. the 
framework’s output can be used for the validation of the modelling results. i.e. whether the simulation results 
follow the historical transitions, 2. the framework’s output also complements SD model by providing an 
explanation for the governance and cultural influences which are not captured in a SD model. On the other hand, 
3. the modelling results give quantity certainty to the narrative output and make them more explicit and tangible, 
and 4. the quantitative modelling allows inferring the complex behaviour of the system and also predicting its 
future responses of which qualitative approaches are in capable due to the involved non-linearity and time 
delays.  

3. AN OVERVIEW OF THE NARRATIVE THEORITICAL FRAMEWORK 

Transition Studies is an interdisciplinary field, from innovation studies (Rogers 1962) and integrated assessment 
(Rotmans 1998), and are traced back to late 1980s and early 1990s. The field of Transition Studies seeks to 
understand and also to influence long-term, irreversible and evolutionary processes of change known as 
transitions. Rooted in two major theories of transition (Geels 2002, de Haan 2010), the narrative framework 
conceptualises the dynamics of societal transformation, a dynamics shaped by actors’ interactions in a partially 
market condition and with a strong influence of the government’s interventions. In the following, a very brief 
overview of the framework is presented based on an earlier study done by authors (Moallemi et al. Submitted). 

The framework conceptualises Indian electricity sector as a Socio-Technical System, composed of conventional 
and renewable Constellations as competing sub-systems, and surrounded by climate change concerns, global oil 
price’s shock and government policies in External Environment. Constellations (and in general socio-technical 
system) are functioning normatively; they work in order to satisfy Societal Needs. What resides inside 
constellations and gives them the power to perform their functioning is System’s Actors, e.g. generators and 
distributors, and their Decisions, e.g. investment decision. Actors’ decisions are functions of a Constellations’ 
Attractiveness, the attractiveness which is defined based on the satisfaction of actors’ objectives with the 
constellation’s properties (considering actors’ perception delay of the real value of properties, the importance of 
each property for actors and also the minimum acceptable value of constellation’s property). This is the way that 
public and private actors’ decisions form the underlying mechanisms in transition. 

According to the narrative framework, the transformation of a societal system goes through states of slow and 
fast dynamics, marked with initial state of the system, destabilisation stage, formation stage and the new state of 
the system. At the beginning, the system is in equilibrium in the sense that all needs are satisfied. However, it 
starts to break down as soon as some Destabilisation Forces, whether internal or external to the system, 
influence the way that societal needs are satisfied (such as oil-price shocks that may interrupt generation of 
power from conventional sources). At this point, some Formation Forces influence the constellations’ 
attractiveness and push the system towards equilibrium again until the new state of the system emerges (e.g. 
government subsidies which pushes electricity sector towards renewables).  

4. STRUCTURE OF SYSTEM DYNAMICS MODEL GUIDED BY THE NARRATIVE 
THEORITICAL FRAMEWORK 

The first step in developing a SD model is to build a Causal Loop Diagram. This diagram represents the high-
level structure of SD model and explains the causal relations between model variables, a causality that can be 
positive (a change in one variable leads to a change in another variable in the same direction) or negative (a 
change in one variable leads to a change in another variable in the opposite direction) (Pruyt 2013). Causal Loop 
Diagram also identifies (closed) feedback loops shaped between more than two variables; loops that reinforce 
certain behaviour in the system (positive polarity) or loops that seek towards stability (negative polarity). In this 
section, we investigate how the narrative framework assists the identification of case specific boundary, 
feedback loops and therefore in setting up and validating the SD model for the case. 

Causal Loop Diagram was developed around the role of societal needs in transition. Based on the description of 
Indian electricity sector’s transition from 1970s to present with the narrative framework (Moallemi et al. 2015), 
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the sector is seeking to satisfy three societal needs: providing the required electricity for household, industry and 
agriculture (Supply-Demand Balance component), reducing the fuel imports such as coal and oil (Energy 
Security component) and reducing emissions produced by conventional sources (Environmental component). As 
long as the needs are satisfied, the electricity system is in the state of equilibrium. The system starts to transform 
as soon as some driving forces such as a sharp increase in oil price destabilise the conventional-based 
equilibrium, and some other driving forces such as concerns on the climate change push it towards a renewable 
dominant state. The framework (Figure 1) describes the dynamics of transition considering how these internal 
(represented by blue colour) and external driving forces (represented by red colour) in sequential stages of 
Destabilisation and Formation change the dominancy of different constellations (i.e. conventional and 
renewable sources) in electricity sector. 

Internal driving forces are characterised by four main feedback loops (either destabilising or formative) in 
Causal Loop Diagram (see Figure 1): Demand Balancing Loop, Generation Scheduling Loop, Investment Loop 
and Resource Depletion Loop. Demand Balancing Loop explains the goal seeking behaviour of the Demand 
component. It explains how an initial increase in electricity demand disturbs the balance between supply and 
demand (a larger demand than supply), raises the price of generated electricity, and subsequently feedbacks with 
a drop in initial demand (due to the increased price). Generation Scheduling Loop discusses the instant response 
of electricity generation to a change in the price of electricity in spot market condition, where the hourly 
generation is adjusted based on peak/off-peak demands. Generators utilise the installed capacity and generate 
electricity as long as the marginal benefit of generation outweighs its marginal operating cost. The loop starts 
with an increase in generation and subsequently the improvement of supply-demand balance which leads to a 
drop in the price of electricity. The lower price reduces the marginal benefits of generators, and results in a 
decrease in generation at the end. While the impact of Demand Balancing Loop and Generation Scheduling 
Loop on the dynamics of the electricity system appears in short-term, Investment Loop and Resource Depletion 
Loop influence the system in long-term. Investment Loop is a balancing loop, centred around the investment 
decision based on the expected profits. Accordingly, an increase in the price of generated electricity signals the 
more profit for the investors in long-term. As financial resources of private investors flow into the power 
sectors, the acquisition of capital (generators) and installation of capacity expand and the generation of 
electricity increases. However, the increase in generation and a narrower gap between supply and demand bring 
down the price of electricity and discourage private sector from further investment. Finally, Resource Depletion 
Loop represents the limit in electricity generation due to the finite resources. As generation from renewable (or 
conventional) goes up, the available resources in terms of potential areas for full load hour electricity generation 
from renewables (or fossil fuel sources for conventional) shrink (with a significant delay). This affects the 
generation negatively and results in a goal-seeking behaviour for that in long-term. 

External forces are mainly the result of Corrective Policy Loops or landscape forces which influence the 
dynamics of the system, but are not easily affected by the system’s behaviour. Corrective Policy Loop deals 
with the decision of policy makers regarding the type and intensity of energy policies based on the state of 
societal needs and with an aim to improve the satisfaction of societal needs. Supply-demand component as a 
societal need is imbalanced when there is a lack of enough investment and the electricity generation does not 
grow with the same pace with the escalating demand. Electricity generation with high dependency on 
conventional resources can also result in more energy import and more greenhouse gas (GHG) emissions which 
adversely affect Energy Security and Environmental components. In response to these negative feedbacks, 
government devises supportive policies in order to influence the internal dynamics and push the system towards 
the equilibrium state. 

According to the narrative framework, these destabilising and formative driving forces change the dominancy of 
conventional and renewable constellations in the electricity sector through actors’ interactions. Therefore, 
actors’ interactions are placed at the heart of each component in SD model. They are developed based on the 
investor’s decision regarding the share of investment in renewable and conventional sources (in Investment 
component), distributor’s decision regarding the share of renewable and conventional in allocated electricity (in 
Investment component), provider’s decision regarding the volume of capital acquisition and installed capacity 
(in Capital component), generator’s decision regarding the amount generated electricity from renewable and 
conventional sources (in Generation component) and the government’s decisions regarding the type and 
intensity of energy policies in supporting renewables (in Policy component). The inclusion of actors’ 
interactions in SD model is explained with more details in the next two sections. 

Having explained the structure of the model, the SD modelling is continued by developing the stock-flow 
diagram for each model’s components considering the (identified) feedback loops among them. The model is 
implemented in Vensim Professional 6.3. The SD model is going to be used for reproducing the complex 
dynamics of socio-technical transition from conventional to renewable electricity systems in India. Therefore, 
the model outputs will be the emergent properties of this dynamics, both technical and non-technical, including 
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the share of investment, installed capacity, generation and consumption from conventional and renewable 
electricity systems, the state of supply-demand balance, emissions and fuel import as societal needs and the 
desired level for policy incentives. The simulation runs and quantitative behaviours of output variables are not 
discussed here as the paper is intended to discuss how modelling and narrative frameworks are linked. However, 
the explanation of the dynamics in some components is presented in the next two sections with stock-flow 
diagrams in order to assist comprehending the impact of policy mechanisms on Indian renewable electricity 
sector. 
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Figure 1. The high-level Causal Loop Diagram of Indian electricity sector transition (arrows show the causal relations and 
signs on the arrows’ heads represent their directional impact) 

5. CAUSAL RELATIONS BETWEEN MARKET PRIVATISATION AND THE RISE OF 
RENEWABLES 

When the rise of renewables in Indian electricity sector is studied, it is described as highly intertwined with a 
broader change, a transition from government monopoly to competitive market sector (Moallemi et al. 2015). 
The electricity sector’s enterprises till 1990s were all state-owned. Being highly dependent on the continuous 
flow of government money, they were working inefficiently. Their inefficient performance aligned with the 
growing consumption of electricity in the country drained government’s budget and interrupted the further 
expansion of electricity sector. The coincidence of these external and internal destabilising forces damaged the 
satisfaction of supply-demand balance in early 1990s and invoked government’s reaction (with a long delay) to 
attract investment via market privatisation. The question that is raised here is ‘how the market privatisation in 
1990s influenced the development of renewables (mostly wind and solar) several years later in Indian electricity 
sector?’  

The SD model can answer this question by considering stock-flow diagram for model’s components and by 
analysing causal relations, defined in the previous section. Stock-flow diagram is based on the representation of 
dynamics with some level variables called stock (represented by a rectangle) and some rate variables called flow 
(represented by a valve). The rate of flow is impacted by auxiliary and/or constant variables, and is defined by 
an equation explaining their relations. Stocks are the accumulation of flows over time and are determined by the 
integral of flow’s equation over a certain period of time. Running the equation-based model comprising stocks 
and flows over a certain period of time simulates and reproduces the dynamics of system.  

The story of market privatisation can be mainly explained through the interactions in Investment and Corrective 
Policy Loops in Figure 1. Along with national economic reform in 1991, the government started to amend the 
Electricity Act 1948 and allowed private investment and 100% foreign investor ownership to substitute public 
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funds in the electricity sector. As an external force coming from landscape environment, this market 
privatisation with the attracted private and foreign investments has triggered the total growth of investment in 
Investment component (see Figure 2). Market privatisation had also another important impact which was the 
presence of semi-rational and self-interested actors (i.e. investors, generators, distributors) whose decisions were 
based on the cost-benefit analysis, a decision which could be redirected by government policies towards 
investment on renewables. Semi-rational decisions of actors in supporting conventional or renewable options are 
defined as a function of their attractiveness. The attractiveness of each option at each time is equivalent to 
extend that option’s properties satisfy actors’ objectives considering actors’ perception delay of real values, 
importance of each property for actors’ objectives, and the reference levels. According to Figure 2, the 
investors’ decision to invest is a function of two main properties of electricity options: Rate of Investment (ROI) 
and payment security. While ROI is dependent on the cost and benefit of renewable generation, payment 
security is a property which is dependent on the decision of distributors in allocation of electricity demand to 
different options. The more the purchase from renewables is, the higher the value for payment security is.  
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Figure 2. Stock-flow diagram for Investment and Pricing components considering Policy component as external forces 

Though Investment Loop provided opportunity for further expansion of installed capacities and more 
generation, rational actors’ decisions were initially favouring conventional in 1990s due to their profit 
attractiveness. However, having more conventional generated electricity was damaging energy security and 
environmental components and was alerting policy makers for a respond. Indian government started to bring 
back the system to equilibrium with market-based policies. Market policies, mainly started from Electricity Act 
2003, were influencing the properties of electricity options and making them more in favour of renewables. This 
was the point where Corrective Policy Loop took shape and reoriented Investment Loop towards investment on 
renewables. On the one hand, policies such as feed-in tariffs (FiTs) and renewable energy credits (RECs) 
increased the benefit coming from renewable electricity generation via Pricing component and improved 
renewable’s ROI as a decision factor in investors’ decision making (see Figure 2). FiT also kept the price of 
electricity attractive for investors even after the increase of generation which would normally resulted in a drop 
in price. On the other hand, policies such as renewable purchase obligations (RPO) influenced the reference 
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level for compliance with regulation as an important factor in distributors’ decision making. With the increase in 
the share of renewable to conventional allocated electricity, the payment security for renewables was improved. 
It elevated the attractiveness of renewables for investors and caused more investments to flow towards 
renewable installed capacity (Capital component) and then renewable generation during late 1990s and 2000s. 

6. CONCLUSIONS 

SD modelling and narrative frameworks in Transition Studies are both explaining large-scale system’s 
transformations but with different quantitative (model-based) and qualitative (narrative-based) approaches 
respectively. The integration of modelling and narrative techniques has been recently advocated in the literature 
in a sense that it can remove the individual limitations of each approach. On the one hand, the narrative 
transitions-theoretical framework delineates the mechanisms of change involved in SD model and shapes its 
structure through causal loop and stock-flow diagrams. It also enables explanatory power to the model-produced 
quantification of the policy’s impacts. On the other hand, SD model gives quantity certainty to the narratives 
and enables them to better explain the underlying reasons behind non-linear causes and consequences of 
policies. 

The integration is important for both descriptive and prescriptive policy studies. In a current case study, the 
coupled modelling-narrative approach has been applied for investigation of Indian energy transition in order to 
explain the rise of renewable electricity in Indian power sector. Four causal loops including Demand Balancing 
Loop, Generation Scheduling Loop, Investment Loop and Resource Balancing Loop were identified. Each of 
them acts as a virtuous (constructive) or vicious (destructive) loop, pushing forward or hampering the transition 
towards a renewable-based electricity sector. The interplay between the narrative and the model also clarified 
the relation between market privatisation and the boost of renewable electricity development. 
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1 Introduction 
The Indian electricity generation sector is being transformed rapidly from fossil resources towards 
renewable sources along with changes in its structure from fully centrally-monopolistic to partially-
liberalised market. This multi-dimensional transformation is an example of a ‘societal transition which 
aims to serve societal needs’ such as energy equity, energy security and greenhouse gas (GHG) 
emissions reduction (Moallemi et al., 2015b). The transition has become one of the top priorities of 
the government to realise as it can satisfy the country’s growing electricity demand, and at the same 
time can reduce its escalating GHG emissions. The government has set national targets and 
proposed supporting policies to facilitate the transition and to realise the intended targets. These 
targets and policies can succeed (Dulal et al., 2013), but they often fail or are very expensive 
according to the previous experiences of government interventions in other countries (Robinson, 
2015; Tahmassebi, 1992). To reduce the risk of failure, any direct or indirect interventions should be 
performed having considered their impacts on the current dynamics of the transition and also the 
plausible pathways of the electricity sector in the future. 

The understanding of the dynamics should be in connection with the historical development of the 
sector and also based on the prospect of driving forces in the future (Fouquet, 2010; Rühl et al., 2012; 
Zhao, Chang, and Chen, 2016). Considering the non-linearity and the complexity of interactions as 
well as the presence of uncertainties and contingencies, a simulation model is required to acquire a 
better understanding. The models are diverse in terms of their formulation, underlying conceptual 
foundation and ontological basis. However, not every model would suit for the understanding of the 
transition dynamics as long-term, co-evolutionary, multi-dimensional and path-dependent processes. 
The model should be, as it is called in the recent literature (Holtz et al., 2015; Moallemi et al., 2015a), 
a ‘transition model’. This is a model which incorporates the profound, pervasive and polycentric (multi-
actor, multi-scale, etc.) transformation of a societal system, such as an electricity sector, in an 
intergenerational timescale (Köhler et al., Working paper). 

Accordingly, this paper aims to explore the transition pathways of the India’s electricity sector in terms 
of installed capacities, generations, etc. with a transition model. These pathways are assumed as the 
accumulation of changes in historical transitions started from 1990 and are explored in the face of 
plausible future scenarios in 2030 horizon. In particular, we are interested to answer how have some 
major driving forces, such as market privatisation, influenced the transition and shaped the current 
state of renewables? What would the future for renewables and conventional resources’ shares look 
like across different scenarios? Under what policy arrangements/scenarios will the desired vision for 
renewables be achieved? 

To answer these questions, model simulation is run from 1990 to 2030 and its results are discussed in 
interaction with the descriptive explanation of the transition in narratives. The interactions between 
narratives and simulation results allow for the inclusion of the effects of soft and external factors that 
are not normally captured in the model-based policy analysis but are qualitatively explained in 
narratives. The interactions also allow seeing the side effects of policy interventions which are hidden 
in the narrative-based description of policy impacts but are apparent in the long-run simulation of non-
linear and causal relations. With this regard, Section 2 explains the method and steps taken. The 
results from the simulation runs and discussion are presented in Section 3. Section 4 concludes the 
findings of the research. 

2 Method 
This policy analysis exercise was conducted in three phases. In Phase 1, a transition model was 
developed firstly. It is a system dynamics model with a stocks and flows structure developed in 
Vensim Professional 6.3. The model is also underpinned by the conceptual frameworks in 
sustainability transitions field (de Haan and Rotmans, 2011; Frantzeskaki, 2011; Geels, 2002; Yücel, 
2010) to better address the specific features of transitions. Then, the transition model was set up with 
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data collected from the India’s electricity sector (Moallemi et al., 2016). The model’s parameters were 
optimised with the historical data to better match with reality. Model simulations were run in Phases 2 
and 3. In Phase 2, the historical transition of electricity sector from 1990 to 2015 was reproduced 
(Subsections 3.1 and 3.2). This helped to understand whether the model imitates the real behaviour 
of the electricity sector or not. It also revealed insights about the past changes. In Phase 3, the model 
simulation was run for a longer time period, till 2030 (Subsection 3.3). It laid out a basis for our 
discussion about the future transition pathways, in terms of installed capacities, GHG emissions, etc. 
in different plausible scenarios. 

Before proceeding to the simulation runs, the overview of the transition model (which is the basis of 
the research) as well as the model implementation’s setup is explained as follow. 

2.1 Overview of the transition model’s architecture 
The model was developed based on the group of emerging conceptual frameworks in the 
sustainability transitions field which describe the transformation of societal systems (de Haan and 
Rotmans, 2011; Geels, 2002). It allowed us to develop a model customised for the long-term, path-
dependent and multi-dimensional nature of transitions and not a SD model of a generic change 
process. It also assisted in conceptualising the mechanisms of dynamics in the model, defining the 
appropriate boundary of the system, generating a dynamic hypothesis and developing the main 
structure of the model. Accordingly, the model conceptualised the electricity sector as a ‘societal 
system’, composed of several generation options as ‘competing constellations’ and functioning 
normatively to satisfy some ‘societal needs’ such as demand-supply balance and energy security (de 
Haan and Rotmans, 2011; Geels, 2002). It was defined that constellations are empowered by ‘actors’, 
e.g. generators and distributors, and ‘actors’ decisions’, e.g. investment decision (Yücel, 2010). The 
model also separated between internal and external mechanisms in transitions using the concept of 
‘destabilisation and formation driving forces’ from Frantzeskaki (2011). Based on this 
conceptualisation and according to the qualitative insights of the India’s electricity sector, a narrative 
of the historical transition was developed. The transition narrative can complement the simulation 
results in policy analysis (will be discussed in Section 3.2). This narrative along with the 
conceptualisations in the sustainability transitions forms the dynamic hypothesis and the causal loop 
diagram (see Figure 1) for SD model development. 

The model’s main structure in Figure 1 is composed of nine components. The Pricing Component 
computes tariffs for the trade of electricity between generators, distributors and end-users and also 
the costs and benefits of electricity generation and distribution. The output of the Pricing impacts how 
investors invest in different sources. The Investment Component investigates the dynamics of 
investors’ decisions and how they invest in renewable compared to conventional sources. Investors’ 
decision is defined as a function of the attractiveness of different sources and is interlinked with the 
decision of generators and distributors. The Capacity Component simulates the growth in installed 
capacities in reaction the incoming investments. It also formalises technology progress and changes 
in resource efficiency of different sources throughout the time. Based on the installed capacities and 
also plant load factors, the Generation Component determines the generation of electricity from new 
and old capacities and per each individual source.  

The amount of electricity generated from each component determines the satisfaction of societal 
needs, i.e. energy access, energy security and sustainability. The Demand-Supply Balance 
Component specifies the growth of electricity demand for each consumer group and based on that, it 
calculates the gap in access to energy. The Energy Security Component models how much fossil fuel 
is required for conventional power plants and what portion of that should be imported from overseas. 
And the Environment Component specifies the amount of GHG emitted from the generation of 
electricity. The present states in each of these three components are compared with the desired 
targets set by the government and then expressed as the satisfaction of societal needs. The 
satisfaction of societal needs signals for the continuity and the intensity of policy mechanisms, such 
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as Feed-in Tariff (FIT), in the Policy Component. Based on the level of government interventions and 
the share of public investment, the Financial Burden Component analyses total government 
expenditures. 

 

 

Figure 1. Causal loop diagram representing the interactions between different societal components in electricity 
sector based on the conceptualisations of sustainability transitions field  

The endogenous dynamics of transition needs to be completed by external destabilising and 
formative driving forces. The impacts of the forces cannot be generated through the internal dynamics 
and they should be imposed from external of the system. These forces were already identified in the 
qualitative narrative of transition. Market privatisation and the prosperity of society are two examples 
which influence investment and demand for electricity. 

2.2 Model implementation 
The model’s main components are implemented in Vensim. They are represented by stocks and flows 
variables, and the relations between them are defined by relevant equations. They are not discussed 
here as the focus of this paper is on the policy analysis based on simulation runs. However, the 
simplified version of the stock and flow diagrams for Investment Component and Policy Component 
are presented in Figure 2 and Figure 3 to give an idea of the underlying model’s structure. 
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Figure 2. The simplified stock and flow diagram for Investment Component 

 

 

Figure 3. The simplified stock and flow diagram for Feed-in Tariff setting as an exemplar of policy mechanisms in 
Policy Component 

 

The model is set up to investigate the interactions of coal, gas, wind and on-grid solar photovoltaic, 
and four model’s subscripts are created for them in Vensim accordingly. The dynamics of other 
conventional sources including hydro and nuclear and also other renewables such as small hydro are 
assumed only exogenously and by time series inputs. Hydro and nuclear powers are not included as 
their competition with renewables has not been significant in the past 25 years in India. Other 
renewables are marginal compared to wind and solar as well. Wind and solar have had the highest 
capacity of on-grid renewable electricity and the highest annual rate of growth among renewables 
respectively. They will be the most influential in the course of transition. 

The model described is fed with the data from the Indian electricity sector (see Appendix 1). They are 
used either as model’s (exogenous) constants and time series required for simulation runs (such as 
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growth of GDP in the computation of electricity demand) or the documented data for model 
validation/behaviour reproduction (such as historical tend of installed capacities). This range of data 
also includes historical (1990 to 2015) and future/estimated values (2015 to 2030). For historical 
values, most of the data are collected through archival research and mainly from the series of the 
annual reports published by Ministry of Power (MoP, 2015), Planning Commission (GoI, 2015), 
Central Electricity Authority (CEA, 2015), national policy documents legislated by Government of India 
(GoI, 2006; MNRE, 2010; MoP, 2003) and international organisation’s special reports on India. The 
missing historical data have been interpolated based on the available data. For future values, most of 
data are the trends forecasted in the International Futures (IFs) model database (UDenver, 2015). For 
those variables whose value is not available in IFs database, the exponential or linear trends of 
historical data are used.  

A time step of a quarter of a year was selected for model simulations. However before that, the model 
should be calibrated to generate behaviours matched with reality. Since the model is composed of 
nine components, each with several parameters, a partial model calibration was conducted (Sterman 
2000 p. 866). Accordingly, each component was isolated from the rest of the model, the shadow 
variables were replaced with documented data, and then the values of the component’s parametric 
assumptions were optimised. 

3 Results and discussion 

3.1 Reproduction of historical transition (1990 to 2015) 
In this section the model’s results are compared against the actual behaviour of the transition 
between 1990 and 2015. The comparison reveals to what extent the simulated results follow the 
same patterns and turning points with the documented behaviour, and if there is a difference, how it 
can be justified. With this regard, the documented and simulated behaviours of three key output 
variables were compared. The Normalised Root Mean Square Errors (NRMSE) were calculated as a 
measure for the magnitude of possible diversions between these two values.  

Figure 4 shows documented (bold line) vs. simulated (dash line) electricity demand for agriculture, 
commercial, industrial and domestic sectors with NRMSEs equal to 21%, 6%, 5% and 4% 
respectively. The higher NRMSE for agriculture sector can be explained by the fact that electricity in 
agricultural sector is highly subsidised and is under the control of social (unions) and political 
decisions. So the exact value of agricultural demand and its changes cannot be completely captured 
by the model. However, its general trend is still represented similarly as the model considers the 
demand’s response to the economic growth and changes in the price of electricity. 
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Figure 4. The simulated vs. documented growth of demand per sector in response to the simulated growth of 
GDP 

Another output variable is the tariff under which distributors sell electricity to end-users, i.e. tariff for 
retail sale of electricity in each sector (see Figure 5). The price of electricity, in general, goes up in 
response to inflation rate, turbulence in demand-supply balance and gradual increase in the cost per 
unit of distribution companies. This pattern is observed in the diagram. NRMSEs are 15%, 7%, 8%, 
9% for agriculture, commercial, industrial and domestic sectors respectively, which are acceptable in 
general. The higher diversion for agricultural sector can be justified with the same reason for the one 
that was mentioned for the diversion of its demand from documented data. 
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Figure 5. The simulated vs. documented tariff for sale of electricity per sector in response to simulated changes in 
distribution costs and demand-supply balance  

The documented and simulated behaviours of the third output variable, installed capacity per source, 
are represented in Figure 6. Changes in the installed capacity for wind and solar speed up as a 
response to policy initiatives; wind’s response to the legislation of Electricity Act in 2003 and solar’s 
response to National Solar Missions in 2010. NRMSEs for coal, gas, wind and solar are 6%, 10%, 
27% and 44% respectively. The NRMSEs for wind and solar are large. One reason for that is the 
unstable policy condition around renewables and the other is informal bureaucratic bindings, such as 
land acquisitions delays. They are not well presented in the model and can lead to diversions from the 
documented behaviours. However, even with a large error, the trend is still the same, and therefore 
the model’s behaviour is acceptable. 
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Figure 6. The simulated vs. documented growth of installed capacity per source in response to simulated decline 
in investment cost and growth in total investment  

3.2 Interaction of transition model and narrative: market privatisation and the rise of 
renewables 

Starting from the early 1990s and intensified by the Electricity Act in 2003, the gradual reform from a 
government-control towards a regulated competitive market boosted investments in the electricity 
sector. It also introduced market policy instruments, such as FIT to stimulate generation. Moallemi et 
al. (2015a) discussed how this market privatisation impacted the development of renewables in a 
qualitative narrative. However, it can be investigated quantitatively with model simulations now. This 
is a benefit of the transition model in complementing the qualitative story of change in the narrative. 
With this regards, model simulations are run in two conditions: one in the presence of market 
privatisation (as it happened in the past) and the other in a hypothetical situation with no market 
forces. The results are compared and analysed in the following and the role of market on emergence 
renewables is highlighted. 

The primary and direct impacts of market privatisation are disinvestment, private sector’s engagement 
and the flow of foreign investments. Figure 7 shows that the share of private investment has been 
increasing but still insignificant before mid-2000s. However, with the Electricity Act 2003, private 
investments take off and grow to almost 62% of public investment in 2015. These huge investments 
are used to increase total installed capacity with an aim to remedy power shortage and to improve 
grid access in the country (see Figure 6). 
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Figure 7. The simulated growth of public vs private investments in power generation sector 

Due to the government subsidies on fossil fuels, the lower investment cost of conventional (see 
Figure 6) as well as their higher load factor compared to renewables, most of the increased 
investments were directed towards conventional sources in 1990s. However, the enactment of 
Electricity Act 2003 and the introduction of market-based policy instruments for renewables, such as 
FIT, changed the distribution of investments among sources. Market policies influenced the properties 
of renewable sources, such as the generation unit benefit of wind and solar, and made them attractive 
options for the investment of semi-rational and self-interested private actors. Figure 8 depicts how 
FITs which were introduced in 2008 for wind and in 2010 for solar have raised the generators’ benefit. 
It is obvious from the figure how cutting FIT for wind in 2012 and delays in the grant of FIT for solar 
resulted in a sudden drop and a gradual decrease in the wind and solar benefits respectively. Figure 8 
also shows the impacts of change in the unit benefit of wind and solar generation and their 
subsequent effects on total wind and solar investments. The impact of wind FIT cut in 2012 is not 
obvious on total investment since its trend depends on a variety of other factors (such as the growth 
in total investment, tax benefits, etc.). 
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Figure 8. The simulated total investment in wind and solar in response to simulated changes in generation unit 
benefits of respective sources and actual instabilities in wind and solar FITs 

In addition to increase in total investment and FIT, market privatisation has also had an indirect 
impact on actors’ decision. It raised the sensitivity of investors, generators and distributors to the profit 
and the payment security in power trade, which ended up with favouring profitable renewable 
businesses. This has been the result of the replacement of state actors in a monopoly with self-
interested private ones whose decision is based on the cost-benefit analysis and the attractiveness of 
different sources in a competitive structure. 

In sum, market privatisation has boosted renewables, wind and solar in particular, due to multiple 
impacts. This can be observed in Figure 9 by the differences in attracted investments for wind and 
solar in the presence of market privatisation and its absence (a hypothetical situation). 

 

Figure 9. The simulated increase in renewable investments due to market privatisation 
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3.3 Transition pathways in future scenarios 
Another use of a transition model is to shed light on the transformation of Indian electricity sector in 
the face of the uncertain future conditions. Here we discuss this process in two following Sub-
sections: 

3.3.1 The development of scenarios 
To explore future transition pathways, scenarios are developed based on the variation of two driving 
forces: the structure of sector and the motivation of transition. 

- The structure of the sector: the electricity sector can be ruled by state or market. This is similar to 
structural patterns that were sketched for the future of UK energy transitions (Foxon, 2013; Trutnevyte 
et al., 2014). In a market-led future for India, the dominant role is for the free interactions of market 
actors (market competition) complying with existing institutions. In other words, market is the central 
coordinating mechanism though the government and regulatory frameworks are still in place to 
incentivise the interactions of the market actors. Incumbent regime actors/technologies tend to remain 
in dominancy due to their economic advantages compared to new alternatives. More emphasis is on 
FIT as the preferable policy instrument which does not mandate on actors and at the same time 
maximise the system’s welfare. Market actors’ decisions are highly sensitive to profit and payment 
security and therefore investment is made based on the financial return. More private investment is 
expected in this condition. However, investment is subject to and vulnerable to high risks, such as 
fossil fuel’s price shocks, as there is no governmental hedging against risks. In short, a market 
structure works more economically efficient. It increases the total level of investment while may fail to 
redirect investments towards renewables and to achieve targets for emission reductions. On the other 
hand, in a government-led future, government actively shapes transition. The dominant role of the 
government is to co-ordinate actions and to meet national targets. Government removes barriers such 
as transmission capacities and required skills. Certain types of technologies are selected and 
supported through technology-push programs. Subsequently, a steeper technological progress is 
expected due to government’s investment. The realisation of national targets is of high priority, and 
the attractiveness of different sources for investment is highly influenced by these targets. There is 
more public investment. Private sector investments are also obliged to stick to the government plans. 
Accordingly, the generation and distribution’s decisions are more sensitive to compliance with 
regulations rather than to profit and payment security. In order to make sure about the achievement of 
the targets, government puts more emphasis on Renewable Purchase Obligation (RPO) and 
Accelerated Depreciation (AD) as preferable policy instruments. Government also see itself 
responsible for hedging actors against risks. In short, a state-controlled sector can better satisfy top-
down targets but at the expense of a huge cost on the budget. 

- The motivation of the transition: the second driving force is the motivation that electricity sector 
should strive for in transition. The weight of different factors in the motivation changes as transition 
progresses. For instance, energy transition in India has been addressing energy equity, energy 
security and energy sustainability in the past 25 years (Moallemi et al., 2015b). This is similar to what 
has been referred to as ‘energy policy trilemma’ in the experience of UK’s energy transition 
(Trutnevyte et al., 2015). In an equity-first portray of future, keeping a balance between supply and 
demand and access to electricity with the same quality for everyone are first priorities of transition. 
With this regard, grid connection and the reduction of grid loss via improving transmission and 
distribution networks are important. Conventional sources also become more competitive/justified as 
they can generate more stable energy compared to renewables. In a security-first future, less 
dependency on fuel imports is prior to other motivations. Therefore, improvements on the resource 
efficiency of conventional power plants and more renewable power plants are expected for reducing 
the total amount of fuel imports. And finally, in a sustainability-first future, maintaining natural 
resources, creating a culture of responsibility and reducing GHG emissions become the core 
motivations. Similar to security-first future, renewables are more competitive and justified. Policies 
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such as carbon price on fossil fuel consumptions and environmental premiums for the purchase of 
renewables are making more sense in this condition. 

The characteristics mentioned for each driving force can be translated qualitatively into model’s 
parameters and assumptions as follows: 

• Equity-first: A higher impact of demand-supply balance on the satisfaction of societal needs. 

• Security-first: A higher impact of energy security on the satisfaction of societal needs. 

• Sustainability-first: A higher impact of emissions reduction on the satisfaction of societal 
needs. 

• Government-led: The high impact of national targets on increasing the attractiveness of 
conventional/renewable sources for investors; The regulated impacts of fossil fuel price’s 
shocks on fuel price; The high rate of public investment; Low sensitivity to profit and payment 
security and high sensitivity to compliance with regulations in actors’ decisions; Less weight 
on the internal feedbacks of system’s performance and more emphasis on government pre-
defined targets in policy setting process. 

• Market-led: The low impact of national targets on the attractiveness of different sources; The 
deregulated impacts of fossil fuel price’s shocks on fuel price; The high rate of private 
investment; High sensitivity to profit and payment security and low sensitivity to compliance 
with regulations in actors’ decisions; More emphasis on the internal feedbacks of system’s 
performance and less reliance on government pre-defined targets in policy setting process.  

Six normative scenarios emerge by crossing these two driving forces (see Table 1). Different 
scenarios can be distinguished from each other based on the qualitative assumptions of their driving 
forces. These qualitative assumptions have to be turned into the parameters’ value for model 
simulations. To come up with the relevant numbers, some sensitivity analyses were conducted and 
the responses of output variables to the different ranges of variation in the value of parameters were 
observed. Based on the results of sensitivity analysis, the values are chosen which make a 
meaningful change in the output variable and are also in accordance with the qualitative assumptions 
of each scenario. These quantitative values are presented in Appendix 2. 

Table 1. Six normative scenarios of future 
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3.3.2 Simulation runs and model’s behaviour in the scenarios 
The model is setup with each set of parameters presented in Appendix 2 and is run for 40 year time 
period, from 1990 to 2030. The comparison of simulation runs for different output variables across 
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scenarios brings insights about future transition pathways. The simulated results for three different 
outputs are discussed as follow. 

 

Figure 10. The simulated generated electricity from different sources under different scenarios 

Figure 10 presents the simulated results of electricity generation from different sources, across six 
scenarios and in four milestones till 2030. As it is represented in the figure, total generation will be 
higher in a government-controlled structure compared to a market-led structure due to the active 
investment of the government and their determination to realise the power sector’s targets in National 
Five Years Plan’s targets. Total generation is also the highest in the government-equity scenario 
which corroborates the main assumption of the scenario, i.e. priority in improving energy access and 
equity. When it is a market-led structure, variation in giving priority to equity, security or sustainability 
does not significantly change total generation and the share of different sources as the sector 
operates with a market-dominated logic; a logic which is not overshadowed by the priority of societal 
needs. 

As it is apparent from Figure 10, in the simulated state of electricity sector in 2030, coal will remain 
the dominant regime under any circumstance. This is mostly due to the sunk investments (inertia to 
as-is situation) and the technological eases in conventional systems which keep their cost of 
generation competitive. It is also because of the higher capacity factor of conventional power plants 
which generate more electricity from the same size of capacity compared to renewables. Though coal 
remains in its dominancy, renewables, especially wind, gain an uptake after 2025 and become a 
serious competitor to coal. Wind will be technologically mature and very cost-efficient in future. This 
results in a large share for wind in total generation, no matter what the scenario is. It is even more 
obvious when we look at the market-led structure, when market decides about the future pathways 
with cost-benefit analysis. Solar, another promising renewable, will also grow notably in the last 5 year 
to 2030 while will still remain at margin compared to wind. Solar appears stronger in a government-
control future, with priorities given to security and sustainability. This resonates the fact that solar 
needs to be protected with some command-and-control policies such as solar RPO, not only against 
conventional, but also against its own family competitor, wind. 
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Figure 11. The simulated growth of coal, wind and solar installed capacities across different scenarios 

Figure 11 shows how the growth of install capacity complements our argument on the future state of 
solar. It is perceived that the realisation of 100 GW solar target by 2022 is not easy to achieve, and 
only happens under Government-led & Sustainability-first Scenario by 2027. This means that the 
development of solar requires the active participation of government through public investment, 
national target setting for emission reductions and the coordination of actions/projects to meet those 
targets. In this case, the transformation of the electricity sector is being facilitated not only through 
renewable-empowering policies, such FIT, which favour all renewable sources, but also through solar-
specific command-and-control policies, such as RPO, which secure a specific share for solar against 
its competitors. This achievement however would certainly come at the cost, a reduction in total 
generation (due to the sustainability motive) and public financial burden (due to the government 
expenditure). 

It can be also concluded from Figure 11 that at which conditions the established conventional regime 
starts to break down. The conventional regime’s destabilisation is an integral part of transition to a 
sustainable future. The trend of installed capacities shows that coal’s growth flattens under market-led 
scenarios, no matter whether the motivation of transition is equity or sustainability. This behaviour 
makes sense considering the preference of the market actors to wind over coal in long run due to its 
profitability. The destabilisation of coal in the market-led scenarios results in the steepest decline in 
the GHG emission intensity (CO2-e per GDP) compared to the government-led scenarios (see Figure 
12) although the total GHG emissions will be increasing under any condition in future (see Figure 13). 
Apart from its environmental benefits, the destabilisation of coal in market-led scenarios causes a 
lower total generation and a higher deficit in energy access (see Figure 10). 
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