an empirical Grounding for behavioural parameters in an energy system Optimisation model
Hannah E. Daly, UCL Energy Institute, Phone: +44 (0)20 3108 9158, E-mail: hannah.daly@ucl.ac.uk
Overview

Energy system optimisation models (ESOMs) simulate long-term least-cost energy system trajectories with high technology resolution, and are frequently used to better understand the trade-offs of sustainable technology transition possibilities of the future energy system. ESOMs are commonly used to portray the whole energy system, depicting energy technologies at every stage in the fuel supply chain, from fuel extraction through to final end-use. These models are heavily used in national decision-making and have been influential in the design of low-carbon policies, and so bare a burden of responsibility in realistically depicting energy system dynamics. 
This paper develops the argument that a significant shortcoming in ESOMs prevails, namely that typically, implicit assumptions regarding household behaviour are neither well-grounded in empirical evidence, nor theoretically well-formed. We argue that this leads to an unclear interpretation of results and often-unrealistic end-use dynamics in the model solution, and further, limits the scope for insights available from these models. 
We introduce a study which develops a theoretical and empirical grounding for the hurdle rate, an important parameter used in ESOMs to depict barriers to the uptake of technologies in the energy system, and demonstrate its application for the case of home central heating in the UK. This paper firstly reviews the current basis for using hurdle rates in established ESOMs, critiquing theoretical and empirical underpinnings. Secondly, we demonstrate the sensitivity of model results to hurdle rates using the UK TIMES Model (UKTM), an ESOM used by the UK government to develop medium-term carbon budgets (Daly et. al., 2014). Thirdly, from a survey we derive stated preference (SP) and revealed preference (RP) data on preferences and attitudes and calibrate a discrete choice model of householders’ decision-making on installing central heating systems. This is used to calculate hurdle rates and represent heterogeneity in UKTM.  
Background
Energy consumption and the technological composition of the energy system are not driven by the centrally planned decisions of major players, but by the individual behaviour of almost every person (Grubb, 2014). People’s decision-making behaviour is heterogeneous and complex, and depends on individuals’ attitudes and perceptions, the constraints of circumstances, and budgets of time and money. While this has been successfully captured in stylised models of behaviour, it is unfortunately very difficult to capture this complexity in technology-detailed models of the entire energy system.
ESOMs are typically solved using linear optimisation, and so the economic paradigm implies perfect foresight of demands, prices and technology availability, and perfect competition across economic agents, and further implies that all agents in the system are perfectly “rational”, in that investment decisions are made according to least cost, considering a social discount rate. This depiction of investment behaviour is more realistic in energy supply and in intensive industry, where energy comprises a large proportion of the cost. However, this treatment of household behaviour does not encompass the risk and uncertainty associated with novel technologies, or the inertia and biases that favour established energy technologies in the household and transport sectors. Furthermore, households in ESOMs are typically treated as an aggregate agent, and therefore do not represent heterogeneity.  
In ESOMs the hurdle rate parameter is typically applied to represent an aggregate depiction of behaviour which is not purely cost-optimal. Hurdle rates are is interpreted for businesses as being the minimum rate of return expected on a project but are used in the household and personal transport sectors to represent the barriers behind the “energy efficiency gap”, not only encompassing the cost of capital, but uncertainty and inertia. ESOM results are very sensitive to the value of hurdle rate applied: Kesicki (2012) showed that doubling the hurdle rate (referred to here as the technology specific discount rate) substantially changes the least-cost optimum trajectory and marginal abatement cost of the UK MARKAL model. However, the usage of this parameter is rarely grounded in empirical evidence, and the theoretical justifications for its use are varied or not stated in modelling exercises. Given that hurdle rates significantly diminish the attractiveness of technologies, frequently innovative and efficient technologies in particular, in optimal abatement pathways, this parameter has strong political significance and deserves attention. 
In this study we seek to address some of these issues. We calibrate a discrete choice multi-nomial logit (MNL) model to give a theoretical and empirical grounding to the hurdle rate parameter. Horne et. al. (2005) summarise the advantages of choice models for policy analysis: They are empirically estimated, behaviourally realistic, include explicit representation of technologies and their attributes, and have the ability to represent uncertainty. Including models with these characteristics into broader economic frameworks like TIMES represents a significant improvement of the behavioural realism of ESOMs. Previous studies in this vein include applying a highly disaggregated representation of the household in a TIMES model (Cayla & Maïzi, 2015) and using choice models to inform vehicle and mode choice in the CIMS hybrid model (Horne et. al., 2005). 
Methods

A survey is conducted among a representative sample of 1000 bill payers in the UK through the YouGov platform. The purpose of the survey is to quantify preferences and perceptions of householders towards different central heating systems, and to derive a discrete choice/MNL model for heating options. The range of possible attributes for the capital, operational and fuel costs, lifetimes and CO2 emissions of different heating options are derived from the UKTM input database in order to eventually soft-link the models. Respondents are asked to choose from a range of possible alternative central heating options based on attributes depicting the costs (annual and investment), longevity, environmental impact, hassle, and space requirements of different heating options. 
UKTM, a bottom-up ESOM built in the TIMES framework (Daly et. al., 2014) is then linked to the MNL via hurdle rates and maximum diffusion rates of technologies. 
Results

A sensitivity analysis of hurdle rates demonstrates the importance of getting this parameter correct: UKTM results vary widely depending on the application of different hurdle rates. We present hurdle rates calculated from the survey. 
The survey seeks to quantify what the relative importance of these price and non-price factors are for the likelihood of preferences for heating technologies, focussing particularly on IET (innovative and efficient technologies). We also address:
1) Which segmentation of cohorts is most important, from the perspective of technology uptake;
2) How households discount the future;
3) Whether environmental considerations are a strong signal;
4) What the infrastructure and other barriers are to the uptake of heating systems.
The SP and RP data from the survey is used to calibrate an MNL model, a robust microeconomic framework for depicting the diverse nature peoples’ preferences towards different technology attributes. The framework can also capture the heterogeneity of populations in their decision-making. The MNL model then simulates the changes in uptake of different choices based on how the choices and how people change over time. Model results demonstrate the effect of different policy regimes, including a carbon price, a 

Conclusions
The nature of ESOMs implies significant trade-offs in how behaviour is represented across the whole energy system: No single model can realistically represent the complexity of behaviour of all actors. However, progress towards increasing the behavioural realism of ESOMs is possible and is needed to overcome some of the shortcomings of the modelling framework, while making full use of its benefits. This paper represents a growing trend to 
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