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Overview
The structure and technology content of energy infrastructure systems for electricity, natural gas and crude oil appears to be relatively stable. In the course of only a single decade, however, energy infrastructure sectors in the EU and other countries has been re-shaped by liberalization, re-regulation, privatization. Energy use exhibits dramatic growth, which appears to have been largely catered for by an ongoing intensification of fossil resource use. The associated increase of CO2 emissions and the imminent threat of global warming and climate change has led government and business leaders to explicitly express the need for a sustainable energy infrastructure.
Already, many governments have committed to significantly reduced CO2 emissions, which inevitably will require dramatic change of energy infrastructure systems. How and what to change? And who can or should change what? Energy infrastructure systems are complex: they have many components that are interdependent. Over time, their structure and content co-evolves with their market, regulatory and ecological environment. Given the severe CO2 reduction targets expressed to date, which range from 20 to 50% in 2020, it cannot be expected that small change in energy systems or energy policy can do the job. Such drastic reduction requires innovative, 21st-century-thinking to provoke and stir up energy sectors. Many energy systems such as electric power generation and distribution, natural gas transport, therefore will be subject to system transition and simultaneously shape system transition. 
We conjecture that there is a need for simulation models that can grasp, elucidate and explore the solution space for transitions and the impact of policy instruments in liberalized energy sectors – how and to what extent will policies really affect the decision-making in strategic management; what quantitative effect on CO2 emission can be expected? To emulate the liberalized, de-centralized character of decision-making by a variety of independent companies we have build an agent-based model of the electricity production sector (e.g. Chappin et al. 2007). Presently, we seek to expand this model to span all energy sectors and to allow us to study the emergence of system transitions as they are shaped by a myriad of actors who may develop policy, regulations, financing schemes or innovation and (dis)investment strategies. To construct simulation models suitable to provide decision-support, we need an answer to the central research question addressed in this paper: How should system transitions in the energy domain be assessed? In the paper we address this question by exploring the body-of-knowledge on system transitions and by providing an approach to close the knowledge gaps identified.
Methods
We have started by reviewing the emergent body-of-knowledge and empirical evidence of transitions in the energy domain. In transition theory, societal transitions are defined as “structural innovations of societal systems in reaction to wicked problems threatening development” (Rotmans 2004). This definition is problematic, since the problem class for which societal transitions are a solution is explicit in their definition, namely “wicked problems threatening development”. It may be seen, however, that other reasons can exist for invoking transitions whereby no problems are solved, let alone wicked problems threatening development (Shove et al. 2007). Often, for instance, new or increased needs are co-developed with new technology, which in turn invoke transitions in many a sector.
In transition theory the multi-level perspective (MLP) is most often used to structure the occurrence of transitions (Geels 2005). This perspective, however, appears to be too abstract to grasp the main components of energy systems. Transition management research related to the energy domain appears to be focused on a single goal: sustainability; CO2-emission is used as indicator for sustainability. ‘To achieve sustainability’, however, was not the dominant reason for past transitions in the energy domain. The transition from coal to natural gas for house heating in the Netherlands, for example, was driven by the discovery of the very large Groningen gas field, the perception that reserve had to be monetized and the urgent need for clean air in urban areas. Thus it may be seen that a more comprehensive and complete set of goals and indicators for energy system transitions is needed.
Results
We suggest to use the socio-technical systems paradigm (see Fig 1): therein, energy infrastructure systems are viewed assemblages of technical, organizational and other elements; these are interdependent and therefore co-evolving. Using this paradigm, we propose a broader definition of system transitions: a system transition is structural change in both technical and social systems. Structural change means inherent change, change of the systems structure and its ordering, and could occur on different levels and in different directions.
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Fig. 1: Policy impacts the transition path

To increased our understanding of transitions and the transition process, we need indicators that capture the system state and the system performance respectively. For energy infrastructure systems the development and selection of indicators at the very least is ambiguous, because such selection depends on the delineation of the system’s parameter space and the perspective chosen. In our research, we accept a multi-dimensional parameter- and design-space and respect the inherent multi-actor perspectives. 
We suggest indicators for transitions are to be aligned with multiple perspectives. Quantitative transition indicators are a necessaty as we must enable the unambiguous identification of quantifyable differences and progress. Subsequently, applicable perspective determines the assessment or evaluation in relation to policy. Since this quantification involves prediction on many relevant aspects under uncertainty, by definition a variety of transition paths and outcomes can be expected. The multi-dimensional parameter space requires methods let us assess and compare transitions for a great number of scenario and system evolution patterns. 

Conclusion

In this paper we seek out for answers on how to address and assess system transitions in the energy domain. Knowledge gaps and inconsistencies exist that must be overcome to enable systemic assessment of policy impacts through simulation. A new definition for system transitions is proposed, the multi-dimensional parameter space must be recognised, a multi-actor perspective is adopted in selection of transition indicators. Recommendations are given for how use simulations of policy impacts on system transitions in the energy domain.
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