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Abstract
Energy system models (ESMs) and integrated assessment models (IAMs) dominate mitigation analysis and have been widely used for several years to map out energy system transformation pathways consistent with avoiding dangerous climate change. The models allow a wide range of experiments to be undertaken to assess the impact on mitigation pathways and costs of different assumptions around socio-economic growth, the costs, performance and availability of technologies, as well as the timing, strength and scale of mitigation policies. But they cannot inform us of what technological, social, political, environmental or economic developments and disruptions might occur in the future, nor how these will affect our ability to mitigate climate change. For this, a wider range of established futures analysis techniques should be brought to bear, such that a broader, more imaginative set of plausible futures may be considered. Doing so would allow any mitigation strategies developed to be more robust to unexpected future events.
1. Dominance of energy and integrated assessment models in low-carbon pathways analysis
Energy systems models (ESMs), often contained within broader integrated assessment models (IAMs), are the dominant tool for exploring how the energy systems in different world regions – and the world as a whole – could evolve under a variety of greenhouse gas (GHG) emissions constraints and climate targets. This is clear from their prominence in the Intergovernmental Panel on Climate Change (IPCC)’s assessment reports on mitigation of climate change. The latest (fifth) full assessment report on mitigation1 is accompanied by a database of over 1,000 modelled future emissions pathways, whilst the IPCC’s Special Report on 1.5oC2 contains a further database of modelled scenarios consistent with limiting global warming to 1.5oC and well below 2oC.
The dominance of such models is easy to explain. They contain within them a representation of fuel extraction, transformation of fuels into useful energy forms such as electricity, hydrogen, heating and transport fuels, delivery of this energy to end users, and the use of this energy to provide services such as transporting people and freight, heating buildings and powering factories. They give quantified answers to questions of how to meet current and future energy demand whilst keeping within prescribed emissions constraints or meeting prescribed climate targets. Their quantified outputs include:  the speed and ultimate degree to which different low-carbon energy technologies are deployed in place of high-carbon incumbent technologies; the total additional costs of low-carbon pathways compared to high-carbon reference pathways; and the emissions levels that result. They can also quantify a number of other variables of critical interest to policy makers, businesses and civil society, including: the future demand for fossil fuels and other fuels such as biomass (including the trade of these fuels between regions); the carbon prices and in many cases sectoral energy prices consistent with the emissions pathways produced; and the degree of emissions permit trading between different regions with different emissions constraints.  
The outputs of these models have been instrumental in setting the paradigm within which many now conceive the most likely type of low-carbon future: one with a high degree of energy efficiency improvement, a high degree of electrification in transport, heating and even industrial processes, with a substantial role for bioenergy and / or hydrogen where electrification isn’t currently deemed technically or economically feasible (such as in shipping, aviation and high temperature industrial processes) and with bioenergy also providing the major source of net negative emissions (when combined with carbon capture and storage technology)1. 
The detail represented by, and flexibility of, these models make them suitable for undertaking hundreds of different experiments on possible low-carbon pathways. Such experiments have explored a variety of “what if” questions such as the implications on cost and energy system transitions when mitigation action is immediate or delayed, and when mitigation occurs with or without specific technologies and measures such as nuclear, carbon capture and enhanced energy efficiency 3. The models have also been used to explore the sensitivity of transition pathways and costs to specific technology cost and performance assumptions4. Clearly answering these types of questions is of paramount importance to understanding how to achieve mitigation in a cost-effective manner. As such, there is no sign of the dominance of ESMs and IAMs waning. Indeed their scope is expanding, with model-based studies increasingly exploring not just mitigation of climate change but also the synergies and trade-offs with other policy objectives such as the sustainable development goals5.
2. What can the models tell us and what can’t they tell us?
In spite of the fact that the models can answer multiple “what if” questions as outlined above, it is important to note that they have a number of limitations which hinder their usefulness in formulating mitigation strategies which are robust to a number of real-world risks and uncertainties. 
It is first useful to reflect upon what is needed to inform the development of such robust mitigation strategies. Clearly it is important to identify technologically and economically feasible low-carbon transition pathways, in terms of technology and fuel mixes which can service future energy demand within the given emissions and/ or climate constraints, at acceptable costs. Beyond this, it is also important to design specific policies which are likely to be effective, efficient, equitable and politically palatable in decarbonising specific economic sectors, given deep uncertainties around a variety of future factors that might affect these sectors. Such factors include the availability, costs and performance of technologies and measures to decarbonise them, the underlying economic conditions and available finance, as well as societal and political attitudes and preferences.  
The models can only inform these mitigation strategies in a limited manner, since in most cases they are simply frameworks into which a vast number of exogenous input assumptions are combined. These assumptions include: the future rate of population growth, economic growth and other socio-economic drivers, and the future dependence of sectoral energy demand on these socio-economic drivers; the future costs, performance and availability of specified technologies; the availability at different costs (the “supply curves”) of different fossil fuels and other fuels such as biomass. Deviations from these assumptions could have significant implications for the model outputs, and the subsequent mitigation strategies that they indicate should be implemented. 
There have been several attempts to understand the sensitivity of model outputs to different input assumptions, such as technology costs, as already noted4. Moreover, it is the norm to compare several models, with different input assumptions and different model structures (which govern factors such as the substitutability of low-carbon for high-carbon technologies), in model inter-comparison exercises such as the Stanford Energy Modelling Forum (e.g. Kriegler et al.6). These exercises allow for the exploration of a greater share of the future realm of possibilities. But it remains unclear whether this actually produces a usefully large sampling of the plausible future scenario space. One example is the frequently large role of bioenergy with carbon capture and storage (BECCS) in achieving stringent climate targets that inevitably require large-scale atmospheric CO2 removal. Since BECCS has in many cases to date been the only technological option to do this, its importance is easily explained. But the model results do not themselves signify that this is the only option we will have at our disposal over the coming decades. There has recently been increasing focus on other, non-BECCS CO2 removal options7, and whilst some of these are now being incorporated into IAMs, it is still far from certain that these represent the full range of such options, at a time when there is increasing focus on innovative solutions to tackling the sustainability crisis.
We know from historical experience that fundamental and rapid technological changes are possible and that there is not just the possibility, but likelihood, of entirely new inventions and significant social changes, over timescales of interest to various stakeholders. Many models are used to develop pathways over 80 years in the future, given the requirement to understand how to limit global warming in the long-term, which is commonly understood to mean 2100 and beyond. Yet 80 years ago (just before 1940) there were no transistor-based computers, no spaceflight and no nuclear power (nor nuclear weapons). It is difficult to imagine what inventions will have arrived 80 years hence, by 2100. 
Looking to more recent technology developments, the advent of cost-competitive renewables, electric (and autonomous) vehicles and grid and off-grid battery storage has surprised many. At the same time, the growth of neo-nationalism, trade wars and climate activism has proven equally unexpected and disruptive. The current generation of ESMs and IAMs cannot themselves represent the invention of as-yet unknown technologies, nor the emergence of fundamentally new behavioural or social patterns which affect energy use (even if they are in some cases used to test the energy use and emissions consequences of such assumed changes 8). Recent proposals for a greater use of agent-based modelling, in which large numbers of heterogeneous agents’ interaction is simulated, could help achieve a better representation of emergent social and technological phenomena9. But at least in the near-term they still won’t be able to simulate the invention and shaping of the future in the way that actual people will - be they Silicon Valley billionaires or Swedish teenage climate activists. 
In recent years, considerable effort has been made by the IAM community to produce varied storylines of socio-economic, political, technological and policy developments, which can serve as harmonised inputs into different IAMs to allow them to explore how to meet given climate goals with these assumptions10. At the same time, a number of ongoing improvements are making the models better at representing real-world energy system processes in low-carbon transitions, in response to calls for greater transparency around input assumptions, greater temporal detail of energy system operations, and attempts to incorporate real-world behaviours and technology innovation patterns11. But even with such improvements, there remain limitations in the degree to which these models can explore the full range of plausible futures of concern to policy makers and other stakeholders. 
To some extent much of the criticism around the models can be addressed through better understanding – and communicating – exactly what the models are and aren’t. They are frameworks for the exploration of questions such as which (known) technologies and fuels are required to mitigate climate change and with what implications for costs and emissions, given the input assumptions specified. They are not prediction tools, nor can they set out the full range of future possibilities on how the world’s energy system could or would develop under climate constraints, considering all possibilities around relevant technological, social, political, environmental or economic developments and disruptions. 
There is a long-standing call for caution in relying on IAMs’ outputs alone, without sufficient emphasis of (and reflection on) any value judgements that go into specifying their input parameters, the importance of alternative studies and approaches, the degree of uncertainty involved in model simulations, and the “imaginable surprises” that might affect results and consequently mitigation plans12. However, beyond the broad use of model inter-comparisons so as to test findings across a variety of models, and some sensitivity testing of results to selected input parameters, there has been relatively limited effort to heed such calls to caution in the way that model studies have been undertaken and their results communicated. 
3. What other approaches are available for understanding low-carbon futures? 
Given the inherent limitations of ESMs and IAMs, and given the need to understand a fuller range of possibilities about the risks, opportunities and uncertainties around low-carbon futures, it is worth considering what alternative approaches are available. There are a number of different categorisations of futures analysis methods13. One such categorisation14 identifies 33 different methods which fall into three groups: qualitative methods, which apply subjectivity and creativity to understand future possibilities, using techniques such as brainstorming, workshops, surveys, expert panels and even science fiction analogies; quantitative methods, which use analytical techniques such as trend extrapolations, time series analyses and modelling; and semi-quantitative methods, which apply mathematical methods to quantify the views of experts and commentators. 
Thus, modelling, the category into which ESMs and IAMs fall, is just one of a very large number of futures analysis options, though it should be acknowledged that the models are not used in isolation from other futures techniques, given they can be fed with assumptions developed using those techniques. Nor does it mean that the other techniques are necessarily equally valid or appropriate to the objective of low-carbon futures analysis. For one thing, modelling allows the quantification of fundamentally different futures, for which other quantitative techniques such as trend extrapolations and time series analyses are unlikely to be appropriate. Qualitative techniques cannot provide adequate quantification to satisfy business and policy needs, and semi-quantitative techniques cannot explore sensitivities and trade-offs between many different variables in the same structured way that systems models can. But modelling (and other quantitative methods) can realistically only account for what can credibly be quantified, whereas in reality there are multiple unquantifiable uncertainties which are nevertheless critical for futures planning, and which may dominate outcomes compared to the quantifiable factors. 
[bookmark: _GoBack][bookmark: _Hlk13494709]As such, these other futures analysis methods should be more actively considered as part of a broader portfolio of techniques aimed at more fully exploring the range of plausible low-carbon futures. Indeed computer modelling in futures analysis, which gained prominence following the Club of Rome’s “Limits to Growth” publication in 1972, has for many years been part of a much broader set of futures analysis methods including scenario planning and Delphi studies15. There is increasing interest in using these alternative methods to understand more radical future change possibilities for the energy system, taking “volatility, uncertainty, complexity and ambiguity” as their starting point16. It would be highly enlightening (for modellers, other futures analysts as well as policy and decision makers) to place more emphasis on comparing and contrasting the findings of non-modelled scenario exercises, expert opinions and other futures analysis methods to the outputs produced by the models.   
4. Conclusion 
In summary, ESMs and IAMs remain dominant tools in mitigation planning because they can explore the consequences of many different “what if” questions around mitigation timing, technologies and underlying socio-economic pathways. In addition, there are a range of improvements that are being made to ESMs and IAMs in an attempt to allow them to better represent real-world processes of energy system operations and innovations, with increased transparency. In the near-term, given the models’ dominance, it is of paramount importance that such efforts continue. But even with these improvements, there will remain fundamental limitations around the models’ ability to envisage the full range of technological, social, political, environmental or economic developments and disruptions that could be critically important to future mitigation strategies. As such, alternative futures analysis methods should be given a much more prominent role in mitigation analysis and mitigation strategy formulation, to complement the ESM- and IAM-modelled analyses. 
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