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Overview
In order to limit global climate challenge and move the power sector towards sustainability, its CO2 emissions must be drastically reduced. Emission trading and carbon taxation are two key policy instruments for achieving such a reduction. Indeed the European Union implemented its emission trading scheme (ETS) to fulfil its obligations under the Kyoto Protocol. We argue, however, that it is not straightforward that the EU-ETS will induce a reduction by 20% in 2020 and 50% in 2050. We postulate such reduction requires a transition that involves a shift in power generation technology used and fuel type and quantity consumed. Any carbon policy should serve as an effective transition instrument that impacts not only operation and fuel mix short term, but also the asset portfolio in the long run. To enable ex-ante assessment of emission trading and carbon taxation as transition instruments, we developed a quantitative agent-based modelling approach to simulate a hypothetical power production sector development over half a century. In the simulation 6 independent power producers must survive in the market by buying resources, selling electricity, paying tax or obtain CO2 emission-rights. In addition, they must decide on timing, scale and technology of their (dis)investments. The main results of the model have been reported in (Chappin et al., 2009), a book edited by F. Sioshansi on the carbon challenge and the power sector. In the paper we address the agent-based modelling approach and its development, we elaborate on the model’s limitations, discuss important methodological considerations and provide an outlook on its development as a tool to evaluate transition instruments. 
Methods
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First, we elaborate on the options available to realize CO2 emission reduction from power generation. Short term, these are changes to the merit order, operational adjustment and minor modifications to improve efficiency. Long term, these comprise investment in less CO2 intense generation and abatement options. The effect of merit order, operational adjustment and minor modifications on CO2 emission is relatively small. Merit order changes involve gas and coal fired plants switching place, but more often than not both types of plants are already used in base-load to cater for demand. Due to technical and thermodynamic limits fuel-mix changes must remain small; operational adjustment and minor modifications will have a minor effect on efficiency. The main reduction of CO2 therefore needs to be realized by investment. Any quantitative evaluation of transition instruments must include all options indicated and reflect decision options that span from minor adjustments, investment in low-CO2 technologies, use of renewable resources and carbon capture and storage (CCS). Second, this analysis serves as a foundation and input for the agent-based modelling approach, which consists of four components: agents, physical installations, the carbon policy and scenarios of exogenous parameters (see Figure 1).
Results
Model structure: agents and installations
The main conceptualization of the model is one of nodes and links. Two types of node exist, namely agents and (technological) installations. The main component is the agent, who interacts with other agents. All social interaction is modelled as negotiating, bidding and contracting between different agents. Therefore, markets are also modeled as agents who facilitate trade between market players, similar to power pools in reality. Agents interact and establish links through negotiation and contracts. Agents display three types of behaviour: strategic management, operational management and control of installations. Strategic management includes investment in and dismantling of installations. Operational management includes negotiation and contracting with other agents. Control of installations refers to enabling and disabling each technological installation. Agents base their behaviour on a set of rules that are unique per agent. The physical world is owned and controlled by agents. The physical world includes nodes: the individual technological installations such as power plants. Technological installations are conceptualized as boxes with inputs and outputs that are streams of physical goods. The links between the technological installations are therefore flows of goods that exist at a certain moment in time. Technological installations appear if agents decide to invest in them and disappear when they are dismantled. Techological capabilities are based on a set of technology characteristics subject to learning curves.

Governments’ choice of carbon policy

The policy options are conceptualized as different choices at the start of the simulation. When choosing carbon taxation, the carbon tax level needs to be defined for the simulated period. In the case of emission trading, the total amount of rights that are made available (the cap) needs to be defined, as well as the way in which the rights are distributed (via grandfathering or auctioning).

Exogenous parameters: scenarios
The scenarios in the simulations are based on a set of exogenous parameter settings to resemble a typical European electricity market. The parameters include price levels and trends for fuels (natural gas, coal, uranium, biomass), the availability of import and export capacity, the available set of power plants and electricity demand trends.
Methodological considerations and determinants in the system
In the paper we discuss several methodological issues. One of the main methodological challenges is how to arrive at generalisable results. The analysis was general, except for scenario choices regarding fuel prices, the market size and the technological options. In addition, it was a challance to adequately model the interaction between CO2 and power markets. Based on our analysis of the simulation results, we found that there are four determinants in the system that emerge from the interactions at the level of the agents that determine the pattern of CO2 emissions. First, demand, which is exogenous and defines the pressure on the system. Second, the development of technological options, which define the abatement options. Third, fuel prices influence the attractiveness of most technological options. And fourth, the selection of carbon policy determines how the carbon price is formed. 
Another methodological challenge is how to deal with the many parameters if not degrees-of-freedom in the transition instrument design. A first step to address this was to complete many simulations for multiple parameter combinations to cover the scenario-space and parameter space.
Main result from simulations: taxes or trading?
The simulation results indicate that both carbon taxation and emission trading do deliver in the long run. Characteristics of the system development under taxation differ substantially from the power production system developing under emission trading. 
Conclusion
We found that it is possible and fruitful to develop a tool to outplay a transition and also the management of that transition in energy. A tool was developed for evaluating the impact of fundamentally different policies in a dynamic and refined way, which makes it possible to model strategies that differ per agent and transition instruments that differ in detailed but important characteristics such as size of the cap or level of taxation. In addition, the related parameter setting smay vary over time in a range of scenarios. We developed solutions to fundamental modelling problems, of which the most relevant was the interaction between electricity and CO2 markets. In the future, we will use input from a diverse set of stakeholders from government, business and consultancy to transfer their research questions, ideas, comments and potential improvements into the model. In that way the model can be made (more) useful to more actors and will hopefully lead to improvements in transition policy in the real world.
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