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Appendices to EVAP Paper:

Appendix 1:

Background and additional Information on models and pathways assessed

1A. Committee on Climate Change (CCC’s), Fourth Carbon Budget Review (Parts 1 & 2)

Source: http://www.theccc.org.uk/wp-content/uploads/2013/12/1785a-CCC_AdviceRep_Chap3.pdf and notes from interviews with Eric Ling.

The fourth carbon budget, covering the years 2023-27, was set in 2011 at the level of 1,950 MtCO2e and was designed to embody the cost-effective path to the 2050 target legislated in the Climate Change Act (i.e. to reduce emissions by at least 80% relative to 1990). On this pathway, it commits the UK to reduce greenhouse gas emissions in the mid-2020s by 50% on 1990 levels, subject to the wider economic and social impacts being manageable. The CCC defines the cost-effective path as comprising measures that cost less than the projected carbon price across their lifetimes, together with measures that may cost more than the projected carbon price, but are necessary in order to manage costs and risks of meeting the 2050 target. 

Carbon price projections have an important role in the analysis, in the identification of cost-effective abatement options and emissions pathways in the UK through the 2020s. The budgets are based on pathways that are cost- effective relative to the carbon price and required on the path to meeting the 2050 target.

The CCC scenarios are not direct model outputs, but are based on a combination of detailed modelling from various sources, and judgments to capture complexities that available models are not able to address.. “The analysis is based on a ‘resource cost’ methodology (i.e. it sums the direct additional costs of implementing measures in CCC scenarios to reduce emissions)… We have not undertaken detailed macroeconomic modelling for this report. This reflects the finding of our previous work using HMRC’s general equilibrium model and Cambridge Econometrics’ macroeconometric model that a resource cost estimate is likely to capture the most important elements of the GDP cost (see CCC (2008) Building a low-carbon economy). See box 3.18 or Chapter 11 of Building a Low Carbon Economy http://archive.theccc.org.uk/aws3/TSO-ClimateChange.pdf 
CCC’s 4th carbon budget shows the clear economic benefits of acting to cut emissions. The approach to evaluating socioeconomic benefits is the key part of the work. Chapter 4 considers the impacts of meeting the budget on energy affordability, security of supply, competitiveness, fiscal circumstances, wider health and environment issues, and considerations for Scotland, Wales and Northern Ireland.

The work consists of two pathways: the ‘cost effective’ and ‘delayed action’ pathways. The ‘delayed action’ pathway is a ‘do less and catch-up later’ approach which costs less to deploy but means carbon ends up costing more. The two pathways are interrelated in that the CCC work has used them to value the costs of pathways relative to one another and compare the costs of deploying technologies vs. the amount of carbon emitted. The ‘cost effective’ path is the cheaper/more cost effective option.

For this work, CCC therefore uses the assumption that the world will be carbon constrained and that there will be a global carbon price in place. If this does happen, then there will be economic value to reducing emissions as well as a cost associated e.g. ETS and selling/trading carbon for a price. The CCC’s work is therefore consistent with HMT’s Green Book in approach.
1B: DECC’s 2050 Pathways Analysis & Calculator, July 2010
Source:https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/68816/216-2050-pathways-analysis-report.pdf 

The analysis in the report and the 2050 calculator itself presents a framework with which to explore a range of potential pathways from today to 2050 and to consider some of the difficult choices and trade-offs. The report is published as a Call for Evidence; alongside this, the detailed model – the 2050 Pathways Calculator – which underlies the analysis, has been published on the DECC website, as well as a user-friendly version of the model. Around a hundred stakeholders were involved in the development of the sectoral trajectories which underpin the analysis, and the model is fully open-source, meaning that anyone can use the web tool, or look at the spreadsheet to explore assumptions in more detail. The 2050 analysis was one of the sources of information used in determining the UK’s fourth carbon budget.

Given the uncertainties when considering a very long timeframe, a scenario approach has been used to illustrate potential outcomes under alternative assumptions. The approach taken to explore potential pathways to 2050 was kept simple to make the assumptions and choices transparent, and to allow the 2050 Pathways Calculator model to be as flexible as possible. A sector-by-sector approach has been used to understand what levels and types of change are physically possible in each area of the emissions and energy system. For each sector a range of four different future trajectories are set out, and these aim to span the full range of potential futures in that sector.

Having understood the range of trajectories in each individual sector, a computer model was developed (the 2050 Pathways Calculator) which makes it possible to combine the sectoral trajectories together in different ways to construct possible pathways to 2050. The approach looks not just at 2050 as an end point, but at the sequence of changes that would need to occur over the next 40 years.

Unlike some other approaches, this 2050 Pathways analysis does not adopt a cost optimisation approach – ie, the Pathways Calculator does not identify the least costly way of meeting the 2050 target. The aim instead is to look at what might be practically and physically deliverable in each sector over the next 40 years under different assumptions. The Calculator then allows users of the tool to explore their own choices.

Cost is of course one critical dimension when making such a choice, and the cost implications for large-scale electricity generation in different pathways are described as an example. Other criteria such as public acceptability, land use impacts, wider environmental impacts, practical deliverability, technological risk, international dependency, business investment behaviour, and fiscal, competitive and socio- economic and welfare impacts would also be important in understanding which of the potential pathways to 2050 is most desirable and most deliverable.

Understanding the role of the economy in the pathways

The level of GDP growth is a fixed input assumption in the model (2.5% per annum). Meaning that, in those sectors where the level of change is understood to be influenced by GDP, such as transport demand, the trajectories were developed to reflect that assumption. The model does not capture potential positive and negative feedback impacts on the economy from the levels of effort implied by the pathways.

There could be benefits to a low carbon transition beyond helping to mitigate climate change. Across the world, governments and industries are looking for the technologies that can help them to decarbonise. There are valuable opportunities for British businesses to develop and manufacture these products and associated services, for both domestic and international consumption. The low carbon and environmental goods and services sector was worth £3.2 trillion in 2008–09 and employed approximately 910,000 people in the UK. The sector is the world’s sixth largest by turnover value. However, other countries are also investing in order to take up the global opportunities on offer in the light of increasing efforts to reduce emissions in order to tackle climate change. To capitalise on these opportunities, the UK will need to act fast and effectively to secure competitive advantage in emerging low carbon technologies and markets. Although there are opportunities in the transition, there would also be costs on business, and it is not clear to what extent low carbon jobs will be additional to existing jobs.

The model looks specifically at the UK. It also includes trajectories for potential international imports of bioenergy and electricity. The international context will have a strong steer on what happens in the UK in terms of the development, supply and price of new technologies, skills and fuels. This work does not attempt to assess what shape these international developments will take.

The 2050 Calculator shows the lower, higher and default point estimates for each technology and fuel in 2050. Since there is considerable uncertainty about costs in 40 years’ time, the Calculator uses cost ranges that are intended to be sufficiently wide as to capture the views of all credible experts. In particular:

· The lower cost estimate for 2050 is the most optimistic assessment of future technology costs published by a credible evidence source. It assumes both technological progress to drive costs down over time and sufficient availability of skilled staff and materials to build and operate the technology. 

· The upper cost estimate for 2050 is the most pessimistic view, assuming minimal technological progress over the next 40 years. In practice this usually means assuming that technology costs remain frozen at today’s prices. 

The cost estimates in the 2050 Calculator are drawn from a wide range of credible, published sources. These include economic and energy models (MARKAL and ESME), sectoral analysis, UK government departments, independent analytical bodies such as the Committee on Climate Change and, wherever possible, the real- world cost of technologies as reported by financial bodies or the media. The 2050 Calculator includes no new evidence about costs; it simply brings together existing published assumptions. Details of the 2050 calculator’s cost methodology and data used are available at the publicly available wiki page: http://2050-calculator-tool-wiki.decc.gov.uk/pages/28.
Critically, unlike MARKAL and ESME, the 2050 Calculator has no inbuilt cost-optimisation function; all choices are left up to the user. The 2050 Calculator is particularly well suited to answering questions such as:

· What is the cost of pathway X relative to pathway Y?

· What are the biggest component costs of pathway X?

The costs presented exclude energy security impacts, costs arising from the damaging impacts of climate change, welfare costs and wider macroeconomic impacts.

The Pathways Analysis states: The damage costs of climate change could be particularly significant – up to 20% of GDP. Other welfare costs excluded from the analysis include costs associated with living in cooler buildings, travelling less, changes to landscape, and air and noise pollution. The 2050 Calculator does not take into account taxes or subsidies, R&D costs, administrative costs associated with delivering policies, or wider macroeconomic costs.

Re Macro-economic costs the text states: ‘we have not quantified what the pathways mean for adjustments in the wider macro economy, or for its resilience to shocks such as oil and gas price spikes, that have in the past caused recessions, business failures and job losses.  Moreover, the analysis does not take into account potential benefits from particular technologies – for example, in relation to security of supply, innovation or wider economic benefits. Therefore a focus purely on physical resource costs does not truly reflect the trade-offs involved with different technological choices.  Technology costs are apportioned over time broadly according to when they are incurred by society. For example, the costs of building a power plant are spread over the years of construction and the operating costs over the years of operation. This differs from those studies which apply a levelised cost approach and thereby effectively spread the costs of construction over the years of operation. Although a levelised cost approach more accurately reflects when the generator would actually pay back the costs of construction (ie, through selling the energy produced to consumers), the method used here more accurately reflects when resources are actually used, providing a better picture of the size of resources the economy needs to make available and when’. 
1C: ETI’s ESME Model (ETI’s first external scenarios works due out in late 2014)

Sources: http://www.ucl.ac.uk/energy-models/models/esme, http://www.eti.co.uk/wp-content/uploads/2014/03/2012_12_10_GD_Modelling_the_UK_energy_system_FINAL.pdf and http://www.eti.co.uk/wp-content/uploads/2014/04/ESME_Modelling_Paper.pdf  

The ESME model is a proprietary model owned by the Energy Technologies Institute (ETI). It has been developed to inform the ETI’s technology strategy about the types and levels of investment to make in low carbon technologies, to help achieve the UK’s long-term carbon reduction targets. ESME was originally designed for analysing energy technology choices rather than for policy analysis. It is a policy neutral system-wide cost optimisation model which models the UK’s national energy system extending across power, heat transport and infrastructure. It models the key technology and engineering choices, taking account of cost, engineering, spatial and temporal factors. ESME is based on linear programming and has been developed using the AIMMS software. It is therefore similar to MARKAL/TIMES type models, with a strong bottom-up
, technology rich sector-based representation. The model has a time horizon that extends to 2050 and can be run for 5-year periods.

Compared to UK MARKAL and UKTM-UCL, however, it has a number of distinctive features. First, it accounts for uncertainty using a probabilistic approach (based on Monte Carlo simulations). Second, it is much more spatially disaggregated (12 onshore nodes, 2 carbon storage nodes, 9 offshore nodes) to take account of the variation in resource supply and demand across the UK.

ESME has been used to support work by the Climate Change Committee (CCC) on carbon budgets and its renewable energy review, and by the Department for Energy & Climate Change (DECC), for example, in informing its recent heat and bioenergy strategies. Increasingly the use of ESME outputs and insights has expanded into more strategic policy contexts.

The data sets required to run the ESME model fall into three broad categories. The first is a set of assumptions on demand levels for energy services. There are 28 energy services, spread across industry, transport and buildings; for each of these an annual demand level must be specified from 2010–2050 in each of the 12 onshore regions of the UK. These are long term projections based on future trends for UK population and the strength and makeup of the UK economy. ETI has 3 alternative cases of which one is based on the central projections of the UK Government and two alternatives, each with an associated narrative.

The next category of required data is technology roadmaps. These are a database of assumptions on the cost and performance of all the technologies included in the model through to 2050. ETI runs ESME with a database of around 250 energy technologies. For each technology there are a few required parameters such as technical lifetime, length of construction period and the list of UK regions in which deployment is feasible. In addition there are many optional parameters, which can be specified, of which not all are relevant to every technology. Cost parameters include: capital cost, fixed costs & variable costs. Performance parameters include efficiency, maximum load factors, CO2 capture rates, security of supply parameters etc.

Finally, there is also a set of assumptions on energy resources. These include technical parameters such as the energy content and carbon content of energy carriers, and assessments of the indigenous UK resources of renewable energy such as wind, solar and biomass. Also required are assumptions on the cost to 2050 of globally-traded fuels such as fossil fuels, uranium and imported bioenergy.

Like MARKAL, ESME back-casts and optimises to find least-cost solutions to meet energy targets. It optimises technology costs in the form of investment, operating, fuel and resource costs. It focuses on the engineering system design for 2050, characterising optimal outcomes at the energy system, sector and individual technology levels. It does not model specific government policies, and learning rates are exogenously set. Similarly, demand for energy services is prescribed by input scenarios and is not responsive to prices. Also like MARKAL, ESME includes the capital, operating and fuel costs of the energy system to 2050. Unlike MARKAL, ESME does not compute welfare costs.

The model represents uncertainty of technology costs and other key assumptions by probability distributions. Perfect foresight is assumed in each run, with the costs being drawn from these probability distributions. A particular feature of ESME is the ability to define demands and resources at a UK regional level and show the geographical location of energy infrastructure solutions.
1D: National Grid’s RESOM model (for post-2035 analysis) and Future Energy Scenarios 2013

Source: http://www2.nationalgrid.com/uk/industry-information/future-of-energy/future-energy-scenarios/ and interviews with Gary Dolphin/Duncan Sluice from National Grid.

National Grid’s Future Energy Scenarios work is carried out using two separate approaches. The pre-2035 scenarios works are informed by a wide variety of stakeholder engagement, which has helped refine the axioms that underpins them. Pre-2035 modeling approaches are described below. 

Post-2035 scenarios works (which are subject to more uncertainty) are modelled using the Redpoint Energy System Optimisation Model (RESOM) – used for analysis within this paper. RESOM creates solutions that satisfy all the underlying energy requirements and environmental constraints at the lowest possible cost. The level of detail and aggregation in RESOM differs from the models developed for analysis up to 2035; more factors are included but there is less detail in the electricity and gas demand results. RESOM is constrained to match the detailed pre-2035 scenarios as far as possible and then the model is left free to develop least cost options to 2050.

The full detail of gas and electricity projections are for Great Britain rather than the United Kingdom, as National Grid only operate networks within GB. Environmental targets are set for the UK so it was necessary to scale up initial projections, from GB to UK level and then use RESOM to confirm that the scaled-up projections met the targets.

The scenarios works as a whole are used as a reference point for a range of modelling activities, including detailed network analysis, which enables National Grid to identify potential gas and electricity network investment requirements in the future. There are two main scenarios within the work – Gone Green and Slow Progression. Gone Green has been designed to meet the environmental targets; 15% of all energy from renewable sources by 2020, greenhouse gas emissions meeting the carbon budgets out to 2027, and an 80% reduction in greenhouse gas emissions by 2050. Slow Progression represents slower progress towards environmental goals. For example, the UK 2020 renewables target is missed and greenhouse gas reductions fall short of the 2050 carbon targets and the 4th carbon budget.

The pre-2035 scenarios works make use of 2013 economic and demographic forecasts by Experian Business Strategies that forms the basis for National Grid’s own econometric modelling. In Slow Progression, economic growth remains weak due to economic conditions in Europe and depressed consumer demand. Growth over the short term remains similar to that experienced in the last 5 years, gradually recovering by 2023; this is consistent with a “lost decade” scenario similar to Japan’s experience throughout the 1990s. In Gone Green the economy quickly recovers to traditional levels with further expansion in the services and the construction sectors.

As mentioned, economic background information regarding demographics and effects on GDP are modelled for both Gone Green and Slow Progression up until 2035 (see below) but the RESOM model (used for post-2035 analysis) does not have the capability to provide this output analysis. Other economic impacts are also assessed pre-2035 such as fuel prices. Projections are developed based on a number of sources, including government agencies, market analysts and trading houses. A carbon price is also determined using details for the Carbon Price Floor (CPF) (introduced in April 2013), the Carbon Price Support and EUETS. The UK carbon price is the only element of the fuel prices that varies between the scenarios. Gone Green uses the CPF, whereas in Slow Progression the CPF is in place until 2017, when it is assumed to be abandoned on the basis of relative affordability compared to the EU ETS. This results in a return to the EU ETS price.

Notes on National Grid’s pre-2035 Future Energy Scenarios Analysis:

National Grid’s pre 2035 models are a mixture of deterministic models and more sophisticated econometric modelling. Econometric modelling used to be used to cover around two thirds of National Grid’s gas demand projections.  It now accounts for around a third, with the rest being deterministic models. 

Econometric modelling used to be used to cover almost all electricity demand projections.  It now covers nearly two thirds, with the rest being deterministic.  The econometric modelling uses economic background projections from Experian, and projections of relevant fuel prices.  The scope of the deterministic modelling has been expanded in recent years, where there is data available to do so, which enables a better understanding and conveys the reasons for potential changes in demand, and allows better consultation on them.  Feedback from stakeholder engagement is sought and gets incorporated into the modelling.  Whilst these deterministic models are, in many cases relatively simple, in terms of pure modelling, there are many of them and the output from them is generally well accepted, and if it is not, that particular element of the work or output is adjusted. The work is not informed directly by stakeholder’s models but is informed by their views of National Grid’s outputs, which may equate to the same thing. 

 

Therefore National Grid models are used in conjunction with stakeholder engagement and background data from Experian.  These models are too numerous to mention them all, but they cover areas such as domestic lighting, energy efficiency, Heat Pumps, Electric Vehicles. Domestic Insulation, boilers and Solar PV etc.

1E: UKERC: MARKAL ELASTIC DEMAND and MARAL-MACRO

Source: http://www.ucl.ac.uk/energy-models/models/uk-markal 

The UK MARKAL model was originally developed to provide insights for the Energy White Paper 2003.  MARKAL is a well-established linear optimisation, energy system model, developed by the Energy Technology Systems Analysis Programme (ETSAP) of the International Energy Agency (IEA) in the 1970s, and was until very recently used for its annual Energy Technology Perspectives (ETP) reports. It is also used by many other research teams round the world, and has been regularly updated and improved over the years through the ETSAP Implementing Agreement.

It was adopted and completely revised by the UCL Energy Systems team in 2005 and was under constant development until 2012.  The development of the model was originally funded by the UK government but the UK Energy Research Centre has more recently been the principal source of support.

UK MARKAL is a multi-time period linear optimisation model.  Its simplest formulation is to minimise discounted energy systems cost, under a wide variety of physical and policy constraints.  This minimisation takes into account evolving costs and characteristics of resources, infrastructures, technologies, taxes and conservation measures - to meet energy service demands; under a range of physical and policy constraints. The model utilses a ‘bottom-up’ approach and its main purpose is the decarbonisation of pathways and technology assessment.

MARKAL is a very large model, with 1500 technology types, 250 energy carriers plus constraints, taxes, emissions and other model parameters. The model has well over ½ million data elements. MARKAL portrays the entire energy system from imports and domestic production resources (fossil and renewable), through fuel processing and supply (e.g., refining, bio-processes), explicit representation of infrastructures (e.g., gas pipelines), conversion of fuels to secondary energy carriers (including electricity, heat and hydrogen), end-use technologies (residential, commercial, industry, transport, agricultures, non-energy), and energy service demands (at a sub-sectoral level) for the entire UK energy system. 

Data in the model takes the form of point estimates for technology costs rather than ranges. Learning curves are included and connected to prices, allowing technology costs to be partially endogenous, i.e. they are determined partly by learning due to factors within the model, and partly due to factors which are pre-set.

MARKAL is a sophisticated model containing over 500,000 data elements. Even so, the model necessarily makes a number of important simplifying assumptions. Perfect foresight is assumed, as if knowledge of future technologies and prices were fully available. Forward-looking and rational consumers are assumed to apply this foresight in the context of perfectly competitive markets, meaning that price distortions do not raise costs.

There are a number of versions of the MARKAL model: Standard, Macro, Elastic Demand, Stochastic, Spatial and Temporal. The two versions of relevance to this paper are: Elastic Demand, which assumes elastic energy service demands (i.e. consumers vary their demands for energy in response to changes in the price of supplying that energy) - this work was used to create UKERC’s Energy 2050 - Making the Transition to a Secure Low-Carbon Energy System and The UK energy system in 2050: Comparing Low-Carbon, Resilient Scenarios works; and Macro - a hybrid energy systems/macroeconomic model that was used to calculate the impact of decarbonisation on UK GDP growth. The other version of interest to ERP’s work is the Spatial Model, which is a multi-region model of the UK to explicitly analyse new supply-demand-infrastructure combinations. It is a 2-region model to examine devolved Scottish energy policy.
UK MARKAL has had a profound influence on UK decarbonisation policy. Studies using UK MARKAL underpinned the Energy White Papers (EWP) in 2003 and 2007, the Climate Change Bill 2008, the first report of the Committee on Climate Change (CCC) and the CCC and DECC fourth carbon budget reports.

UKERC’s Energy 2050 - Making the Transition to a Secure Low-Carbon Energy System
Source: http://www.ukerc.ac.uk/support/Energy+2050+Overview and http://www.ukerc.ac.uk/support/ApproachtoScenarios+ 

UKERC's Energy 2050 Book, Energy 2050 - Making the Transition to a Secure Low-Carbon Energy System, published in December 2010, addresses the UK Government's primary energy policy goals – delivering affordable and reliable energy to consumers, while meeting its legal commitment to reduce CO2 emissions by 80% by 2050. 

The book explores in detail those factors which could help or hinder the attainment of the UK’s climate change targets, and how these factors interact with the parallel objective of maintaining an affordable, robust and secure energy system. Later chapters of the book explore different aspects of the uncertainties that may enable or constrain the creation of a low-carbon, resilient UK energy system, related to accelerated technology development, the creation of an infrastructure to support de-centralised energy and microgeneration, lifestyle and behaviour change, public attitudes and the wider environmental impacts associated with energy system change.

The book takes an eclectic approach to scenario building. A Reference scenario has been constructed that reflects business-as-usual trends – where these trends derive from energy system realities and the state of UK policy at the time of the 2007 Energy White Paper. A back-casting dimension has then been added by defining objectives, which the UK aspires to achieve. 

The first objective is the current goal of cutting GHG emissions by 80 per cent by 2050. This has been interpreted as an 80 per cent reduction goal for energy-related CO2 emissions by 2050. The second set of objectives relates to energy security, or energy resilience, which has been translated into a quantified set of objectives.  Together, these two objectives plus the Reference scenario define, using the deductive 2 × 2 matrix approach, a four-scenario core set which are designated as Reference, Low Carbon, Resilient and Low Carbon Resilient. 

Up to this point the narrative, qualitative aspects of the scenarios have been minimal. Finally, to take account of the deep background uncertainties against which these goals must be pursued, elements of the exploratory approach are introduced. The business-as-usual assumptions are relaxed by considering a range of issues that will impact on the development of the energy sector. These include social attitudes, lifestyles and behaviours in respect of energy demand, the social acceptability of supply technologies based on their environmental characteristics, support for technological innovation, and uncertainties about global developments over which the UK will have no control. The social and economic background against which the primary goals might be met is described within the work.

UKERC’s: The UK energy system in 2050: Comparing Low-Carbon, Resilient Scenarios
Source: The UK energy system in 2050: Comparing Low-Carbon, Resilient Scenarios report

Phase 1 of the UK Energy Research Centre (UKERC) facilitated the development of a state-of-the-art MARKAL model of the UK energy system. 
Towards the end of UKERC’s Phase 1, in 2007-8, UK MARKAL was used for a major modelling exercise of different projections of the UK energy system to 2050, the results of which were published in Skea at al 2011. In the ensuing years, UK MARKAL was again used for major 2050-focused modelling projects: for the Committee on Climate Change (CCC) in 2010 (CCC 2010), for the Department of Energy and Climate Change (DECC) in 2011 (HMG 2011), and again for UKERC to update the Energy 2050 scenarios in 2012. The UKERC Research Report presents the main results of each of these modelling exercises, with a view to drawing out any key messages from the set as a whole.

Comparisons between such model runs, even of the same model, need to be drawn with care however. Various assumptions, including cost and other data inputs to the model, were changed between the model runs, to reflect policy and other developments, and to incorporate new information. Some of the technology representations in the model were also improved. These changes have two implications for comparisons between such model runs. The first is that detailed conclusions about the cost-preferability of particular technologies, unless they emerge as clear favourites across the whole set of runs, are unlikely to be robust. This is because the cost uncertainties of possible developments in these technologies and their competitors over four decades are very great. Where, as will be seen in these cases, the costs between the major low-carbon technologies are, or may be, of the same order of magnitude, then there are no strong grounds on the basis of these runs of preferring one over the others on cost grounds.

The second conclusion is more positive. Where consistent patterns of development of the energy system emerge across the different runs, despite the different inputs and the fact that the runs were carried out by different modellers and modelling teams, then more confidence may be placed in these patterns as likely features of the future UK energy system under the constraints applied, the principal constraint being reductions in greenhouse gas (GHG) emissions, or carbon dioxide (CO2) emissions in the case of the UK energy system, according to the provisions of the UK Climate Change Act of 2008. It is these consistent patterns that inform the main conclusions of this report, which are summarised here under a number of headings. The numbers on which these broad conclusions are based appear in the main report.

Other relevant models: 

1F: DECC’s Dynamic Dispatch Model

Source:https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/48383/5425-decc-dynamic-dispatch-model-ddm.pdf 

The Dynamic Dispatch Model (DDM) is a comprehensive fully integrated power market model covering the GB power market over the medium to long term. The model enables analysis of electricity dispatch from GB power generators and investment decisions in generating capacity from 2010 through to 20501. It considers electricity demand and supply on a half hourly basis for sample days. Investment decisions are based on projected revenue and cashflows allowing for policy impacts and changes in the generation mix. The full lifecycle of power generation plant is modelled, from planning through to decommissioning, and also allows for risk and uncertainty involved in investment decisions. The DDM enables analysis comparing the impact of different policy decisions on generation, capacity, costs, prices, security of supply and carbon emissions, and also outputs comprehensive and consistent Cost-Benefit Analysis results. 

The model does not assess job creation or impact on GDP/GVA but does assess welfare impacts.
The DDM is an electricity supply model, which allows the impact of policies on the investment and dispatch decisions to be analysed. The purpose of the model is to allow DECC to compare the impact of different policy decisions on capacity, costs, prices, security of supply and carbon emissions in the GB power generation market.

Dispatch decisions:

Economic, climate, policy, generation and demand assumptions are external inputs to the model. The model runs on sample days, including demand load curves for both business and non-business days, including seasonal impacts and are variable by assumptions on domestic and non domestic sectors and smart meter usage. Also, there are 3 levels of wind load factor data applied to the sample days to reflect the intermittency of on- and offshore wind. The generation data includes outage rates, efficiencies and emissions, and also planned outages and probabilities of unplanned outages. The Short Run Marginal Cost (SRMC) for each plant is calculated which enables the calculation of the generation merit order. Demand for each day is then calculated taking wind profiles into account and interconnector flows, pumped storage, autogeneration and wind generation. Once the required reserve is calculated the system SRMC is calculated by matching the demand against the merit order and taking the SRMC of the marginal plant to meet demand. The wholesale price is equal to the system marginal price plus the mark up. The mark up is derived from historic data and reflects the increase of system marginal price above marginal costs at times of reduced capacity margins. Plant income and utilisation are calculated and carbon emissions, unserved energy, and policy costs are reported.

Investment decisions:

The model requires input assumptions of the costs and characteristics of all generation types, and has the capability to consider any number of technologies. In investment decision making the model considers an example plant of each technology and estimates revenue and costs in order to calculate an IRR. This is then compared to a user specified technology specific hurdle rate and the plant that clears the hurdle rate by the most is commissioned. This is then repeated allowing for the impact of plants built in previous iterations until no plant achieves the required return or another limit is reached. The model is also able to consider investment decisions of both Vertically Integrated Utilities (VIUs) and merchant investors, see figure 2. Limitations can be entered into the model such as minimum and maximum build rates per technology, per year, and cumulative limits.

1G: UKTIMES

Source: http://www.bartlett.ucl.ac.uk/energy/research/themes/energy-systems/uk-times 

The UK MARKAL energy system model has underpinned UK decarbonisation pathways research and policy analysis for the last 10 years.

UCL’s Energy Institute project is developing a new UK energy system model, UK TIMES, to replace UK MARKAL. UK TIMES will represent all UK greenhouse gas emissions for the first time.  It will bring together a large number of UK MARKAL updates that have been produced from UKERC and other projects over the last few years.  The model will first be used to repeat the UKERC scenarios that were examined using UK MARKAL and have recently been published in a UKERC research report. 

The first version of UKTM is expected to be completed in mid-2014 and is based on the TIMES model generator, similar to TIAM-UCL and ETM-UCL. The entire design of UK MARKAL has been reviewed and revised as part of the UKTM design process.  UKTM also offers a number of new features:

· Sectors are realigned according to research and policy questions.  To enable different scenario baselines to be examined, taxes, policies and hurdle rates are added to the base model using separate modules.

· UK MARKAL research projects from the last few years have been reviewed and improved data has been added to UKTM where appropriate; these cover parts of the bioenergy, hydrogen, transport, residential, service, industrial and non-energy sectors.

· The model baseline year is now 2010 and the model baseline is calibrated to DUKES and NAEI data for 2010.

· UKTM includes emissions of all of the major greenhouse gases from energy and non-energy uses for the first time.  New technologies are available to reduce emissions from outside of the energy system.

The results from MARKAL and TIMES models are absolutely reliant on the generation of internally consistent scenarios.  In reality, consistency is seldom achieved as different high-level drivers are used to derive different demands.  UKTM will provide an easier way to compare input assumptions and resulting outputs. 

The model outputs are energy flows, energy commodity prices, GHG emissions, capacities of technologies, energy costs and marginal emissions abatement costs. 
1H: MDM-E3: UK Multi-sectoral Dynamic Model - E3
Source: http://www.camecon.com/MacroSectoral/MacroSectoraluk/ModellingCapability/MDM-E3UKMultisectoralDynamicModel.aspx and http://www.camecon.com/Libraries/Downloadable_Files/MDME3_Brief_Description_ver1.sflb.ashx 

MDM-E3, the Multi-sectoral Dynamic Model of the UK economy, is maintained and developed by Cambridge Econometrics as a framework for generating forecasts and alternative scenarios, analysing changes in economic structure and assessing energy-environment-economy (E3) issues and other policies. MDM-E3 provides a one-model approach in which the detailed industry and regional analysis is consistent with the macroeconomic analysis: in MDM-E3, the key indicators are modelled separately for each industry sector, and for each region, yielding the results for the UK as a whole. MDM-E3 is one of a family of models which share the same framework, general design, methodology and supporting software; the scope of the E3ME model is European; that of E3MG is global.

To analyse structure, the E3 models disaggregate industries, commodities, and household and government expenditures, as well as foreign trade and investment, and the models incorporate an input-output framework to identify the inter-relationships between industry sectors. The E3 models combine the features of an annual short- and medium-term sectoral model estimated by formal econometric methods with the detail and structure of input-output models, providing analysis of the movement of the long-term outcomes for key E3 indicators in response to economic developments and policy changes. The models are essentially dynamic simulation models estimated by econometric methods.

In summary MDM-E3 provides:

· annual comprehensive forecasts to the year 2030: 

· for industry output, prices, exports, imports and employment at a 86-industry level; for household expenditure by 51 categories; for investment by 27 investing sectors

· for the nine Government Office Regions, Wales, Scotland and Northern Ireland, projections of value added output and employment by 46 industries, plus aggregate household income and expenditure

· full macro top-down and industrial bottom-up simulation analysis of the economy, allowing industrial factors to influence the macro picture

· an in-depth treatment of changes in the input-output structure of the economy over the forecast period to incorporate the effects of technological change, relative price movements and changes in the composition of each industry's output scenario analysis, to inform the investigation of alternative economic futures and the analysis of policy.

The purpose of MDM-E3 is to abstract the underlying patterns of behaviour from the detail of economic life in the UK and represent them in the form of a key set of identities and equations. In a complex system, such as the UK economic system, the abstraction is very great. In any economic model the initiatives, responses and behaviour of millions of individuals is aggregated over geographical areas, institutions, periods of time and millions of heterogeneous goods and services into just a few thousand statistics of varying reliability. The aim of MDM-E3, then, is to best explain movements in the data and to predict future movements under given sets of assumptions.

A key contribution of the approach to modelling the UK economy in MDM-E3 is the level of disaggregation. The macroeconomic aggregates for GDP, household expenditures, fixed investment, exports, imports, etc are disaggregated as far as possible without compromising the available data.

One reason for disaggregation is simply that it is necessary to answer certain questions of economic interest. Some macroeconomic questions are intrinsically structural and if they are to be answered using a model then it must be disaggregated in some way. The disaggregation of agents and products is crucial in trying to understanding the behavioural responses of heterogeneous agents as it reduces the bias encountered in estimating aggregate relationships.

The principal economic variables in MDM-E3 are:

· the final expenditure macroeconomic aggregates, disaggregated by product, together with their prices

· intermediate demand for products by industries, disaggregated by product and industry, and their prices

· value added, disaggregated by industries, and distinguishing operating surplus and compensation of employees

· employment, disaggregated by industries, and the associated average earnings

· taxes on incomes and production, disaggregated by tax type 

· flows of income and spending between institutions and sectors in the economy (households, companies, government, the rest of the world)….at both sectoral and regional levels.

Some variables are also disaggregated by Government Office Region and Devolved Administrations. This applies particularly to value added, employment, wages, and household income and expenditure. Prices are not typically disaggregated by region, because of data limitations.

A social accounting framework is essential in a large-scale disaggregated economic model. The early versions of MDM-E3 were based on the definitions and estimation of a Social Accounting Matrix (SAM) for the UK and its associated input-output tables and time-series data. The principles of SAM have been extended and elaborated in detail in the UN’s revised System of National Accounts (SNA). Accordingly we now use the SNA for the accounting framework for the data and the model.

The national accounts provide a central framework for the presentation and measurement of the stocks and flows within the economy. This framework contains many key economic statistics including Gross Domestic Product (GDP) and gross value added (GVA) as well as information on, for example, saving and disposable income.
1I: Integrated Assessment Model (The Stern Review):

Source: http://www.pc.gov.au/__data/assets/pdf_file/0005/74723/sternreview.pdf and http://unfccc.int/adaptation/nairobi_work_programme/knowledge_resources_and_publications/items/5447.php 

The Review uses an Integrated Assessment Model (IAM), PAGE2002, to estimate damage costs for the cost–benefit analysis. IAMs simulate the key human and natural processes believed to be driving climate change and estimate the socioeconomic impacts. The Review opted to use PAGE2002 largely because it is able to simulate costs across a wide range of possible impacts and attach probabilities to the range of resulting damage cost estimates.

Overall damage estimates are derived using an Integrated Assessment Model, PAGE2002. The model deals with uncertainty through a ‘Monte Carlo’ simulation. Each scenario is run 1000 times with parameters chosen at random from the ranges given in the climate change literature, yielding a probability distribution of damage cost estimates (GDP losses). 

PAGE2002 is a spreadsheet probabilistic model written in Microsoft Office Excel with the @RISK add-in. The model calculates regional and global impacts of climate change, and social costs of different greenhouse gases. It also calculates the costs of abatement and adaptation. It is an Integrated Assessment Model starting from emission projections, and carrying uncertainties throughout the calculations.

1J: HMRC’s CGE model

Source:https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/263652/CGE_model_doc_131204_new.pdf 

HMRC’s CGE model is used to provide evidence on the macroeconomic effects of fiscal policy options over time. Modelling typically focuses on policies likely to have significant wider macroeconomic effects. 

Many different variables can be reported within this model, with percentage change in GDP being the primary result. GDP can be decomposed into individual components: consumption, investment, government spending, exports and imports; to see how these variables change over time. In addition, the model can report the distributional impact on households, changes in sector-level output and changes in tax revenue, to get an in-depth understanding of the underlying mechanisms in the economy.

For more information visit link above.
Appendix 2: Detailed Assessment Tables

Links to each of the full analysis tables relating to this project can be found by visiting the EVAP page on the ERP website here: http://www.energyresearchpartnership.org.uk/EVAP 
Appendix 3: Glossary of terms
Main source: https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/220541/green_book_complete.pdf (plus other research).
Carbon Price: A carbon price is the amount that must be paid for the emission of 1 tonne of carbon dioxide into the atmosphere. Such payments usually take the form of a carbon tax or the cost of purchasing emission allowances in a cap-and-trade system.

Capital expenditures (CAPEX or capex): Expenditures creating future benefits. A capital expenditure is incurred when a business spends money either to buy fixed assets or to add to the value of an existing fixed asset with a useful life extending beyond the taxable year.
Cost Benefit Analysis: Analysis which quantifies in monetary terms as many of the costs and benefits of a proposal as feasible, including items for which the market does not provide a satisfactory measure of economic value.
Cost-Effectiveness Analysis: Analysis that compares the costs of alternative ways of producing the same or similar outputs.

Cost of capital: The cost of raising funds (expressed as an annual percentage rate). 

Cost of variability in outcomes: This is the most a person is willing to pay to have a benefit that is certain, rather than one that is uncertain.

Discounting: A method used to convert future costs or benefits to present values using a discount rate.

Discount rate: The annual percentage rate at which the present value of a future pound, or other unit of account, is assumed to fall away through time.

Displacement: The degree to which an increase in productive capacity promoted by government policy is offset by reductions in productive capacity elsewhere.

Economic cost (or opportunity cost): The value of the most valuable of alternative uses.

Economic Efficiency: This is achieved when nobody can be made better off without someone else being made worse off.

Evaluation Retrospective: Analysis of a project, programme, or policy to assess how successful or otherwise it has been, and what lessons can be learnt for the future. The terms ‘policy evaluation’ and ‘post-project evaluation’ are often used to describe evaluation in those two areas.

Existence value: The value placed by people on the continued existence of an asset for the benefit of present or future generations. The latter is sometimes referred to as bequest value. See also Use value.

Expected value: The weighted average of all possible values of a variable, where the weights are the probabilities. 

Externality costs or benefits: The non-market impacts of an intervention or activity which are not borne by those who generate them.

Gross Domestic Product (GDP): The monetary value of all the finished goods and services produced within a country's borders in a specific time period, though GDP is usually calculated on an annual basis. It includes all of private and public consumption, government outlays, investments and exports less imports that occur within a defined territory.

GDP deflator: An index of the general price level in the economy as a whole, measured by the ratio of gross domestic product (GDP) in nominal (i.e. cash) terms to GDP at constant prices.

Gross Value Added (GVA): A productivity metric that measures the difference between output and intermediate consumption. Gross value added provides a dollar value for the amount of goods and services that have been produced, less the cost of all inputs and raw materials that are directly attributable to that production.

Hurdle Rates: The minimum rate of return on a project or investment required by a manager or investor. In order to compensate for risk, the riskier the project, the higher the hurdle rate.
Integrated Assessment Model: IAMs simulate the key human and natural processes believed to be driving climate change and estimate the socioeconomic impacts.
Internal rate of return (IRR): The discount rate that would give a project a present value of zero.

Investment Rates: A performance measure used to evaluate the efficiency of an investment or to compare the efficiency of a number of different investments. To calculate ROI, the benefit (return) of an investment is divided by the cost of the investment; the result is expressed as a percentage or a ratio.

Learning Rate: Cost reduction per doubling of installed capacity.

Market failure: An imperfection in the market mechanism that prevents the achievement of economic efficiency. 
Market value: The price at which a commodity can be bought or sold, determined through the interaction of buyers and sellers in a market.

Monte Carlo analysis: A technique that allows assessment of the consequences of simultaneous uncertainty about key inputs, taking account of correlations between these inputs.

Net Job Creation: total number of jobs created across the whole economy.

Net Present Value (NPV): The discounted value of a stream of either future costs or benefits. The term Net Present Value (NPV) is used to describe the difference between the present value of a stream of costs and a stream of benefits.

Operating Expense (Opex): A category of expenditure that a business incurs as a result of performing its normal business operations.

Opportunity cost (or Economic cost): The value of the most valuable of alternative uses.

Option appraisal: The appraisal of various options chosen to achieve specific objectives.

Option value: The value of the availability of the option of using an environmental or other asset (which in this context is usually non-marketed) at some future date. See also Use value.

Pathway: A way of achieving a specified result; a course of action.
Precautionary principle: The concept that precautionary action can be taken to mitigate a perceived risk. Action may be justified even if the probability of that risk occurring is small, because the outcome might be very adverse.

Present Value: The future value expressed in present terms by means of discounting.

Price index: A measure of the amount by which prices change over time. General price indexes cover a wide range of prices and include the GDP deflator and the Retail Price Index (RPI). Special price indices apply to one commodity or type of commodity.

Pure time preference: The preference for consumption now, rather than later.

Real price: The nominal (i.e. cash) price deflated by a general price index, e.g. RPI or GDP deflator, relative to a specified base year or base date.

Real terms: The value of expenditure at a specified general price level: that is a cash price or expenditure divided by a general price index.

Relative price effect: The movement over time of a specific price index (such as construction prices) relative to a general price index (such as the GDP deflator).

Relevant cost/benefit: All costs and benefits that can be affected by decisions and that are therefore related to the objectives and scope of the proposal in hand.

Required rate of return: A target average rate of return for a public sector trading body, usually expressed, for central government bodies, as a return on the current cost value of total capital employed.

Resources / resource cost: Terms used in a variety of senses, according to context. In resource accounting, ‘resource costs’ are accruals accounting costs expressed in real terms. In economic analysis a distinction is sometimes drawn between ‘transfers’, such as social security payments and ‘resource costs’ which are payments for goods or services. In departments and agencies ‘resources’ is a term sometimes used to describe expenditure from their budgets, or sometimes requirements of staffing.

Revealed preference: The inference of willingness to pay for something which is non-marketed by examining consumer behaviour in a similar or related market.

Risk: The likelihood, measured by its probability that a particular event will occur.

Scenario: A predicted or postulated sequence of events.
Sensitivity analysis: Analysis of the effects on an appraisal of varying the projected values of important variables.

Shadow price: The opportunity cost to society of participating in some form of economic activity. It is applied in circumstances where actual prices cannot be charged, or where prices do not reflect the true scarcity value of a good.

Social Benefit: The total increase in the welfare of society from an economic action - the sum of the benefit to the agent performing the action plus the benefit accruing to society as a result of the action.

Social Cost: The total cost to society of an economic activity - the sum of the opportunity costs of the resources used by the agent carrying out the activity, plus any additional costs imposed on society from the activity.

Stated preference: Willingness to pay for something that is non-marketed, as derived from people’s responses to questions about preferences for various combinations of situations and/ or controlled discussion groups.

Time preference rate: Preference for consumption (or other costs or benefits) sooner rather than later, expressed as an annual percentage rate.

Total Economic Value: The sum of the use, option and existence value of a good: a term used primarily in environmental economics.

Uncertainty: The condition in which the number of possible outcomes is greater than the number of actual outcomes and it is impossible to attach probabilities to each possible outcome.

Use value: Value of something which is non-marketed provided by people’s actual use of it. See also Existence value and Option value.

Willingness to Accept: The amount that someone is willing to receive or accept to give up a good or service. Willingness to Pay The amount that someone is willing to give up or pay to acquire a good or service.

Appendix 4: Existing guidelines for economic value assessments

The following documents have been created within UK government departments to provide guidance and continuity for those carrying out economic assessments:

HMT’s ‘The Green Book’ is a best practise guide, which describes how the economic, financial, social and environmental assessments of a policy, programme or project should be combined. The guidelines present the recommended framework for the appraisal and evaluation of all policies, programmes and projects, a framework known as ‘the “ROAMEF” (Rationale, Objectives, Appraisal, Monitoring, Evaluation and Feedback) policy cycle’ and also addresses how to value both market and non-market goods.

Guidance on how to economically evaluate (alongside evaluating other types of impacts / benefits e.g. environmental) is included, such as a recommended social discount rate of 3.5% for utilisation within project works and how to assess uncertainty.  There is acknowledgement that some benefits/impacts (non-financial/market) are hard to capture.  On the whole, the document is fairly process-driven e.g. create a business case, have SMART and guidance is provided at a more general level e.g. “The relevant costs and benefits to government and society of all options should be valued, and the net benefits or costs calculated. The decision maker can then compare the results between options to help select the best”.

Chapter 5 is most relevant to economic impact analysis with sections on ‘Valuing the costs and benefits of options’ and ‘Estimating the value of benefits’. Under ‘Valuing costs and benefits where there is no market value’, the guidance states that, ‘most appraisals will identify some costs and benefits for which there is no readily available market data. In these cases, a range of techniques can be applied to elicit values, even though they may in some cases be subjective. There will be some impacts, such as environmental, social or health impacts, which have no market price, but are still important enough to value separately’.

Another section on ‘Adjusting for relative price changes states: The valuation of costs or benefits should be expressed in ‘real terms’ or ‘constant prices’ (i.e. at ‘today’s’ general price level), as opposed to ‘nominal terms’ or ‘current prices’ and information on discounting, rates of return is provided.

Appendixes to the document provide more detailed guidance and addresses the rationale for government intervention. The meanings of terms such as ‘economic efficiency’ (Appendix 1) are explained, details on valuing non-market goods (Appendix 2); examples of how to assess the costs and benefits (CBA) of carrying out a project (Appendix 3) and how to address risk (e.g. Monte Carlo analysis, Appendix 4). 

In relation to valuing non-market impacts such as Social Cost Benefit Analysis, the guidance states - “The valuation of non-market impacts is a challenging but essential element of this (SCBA), and should be attempted wherever feasible” and suggests techniques for how to do this. The guidance also states: “Economists attempt to attach a monetary value to non-market goods by looking at the impact that these things have on utility. Utility, in the broadest sense, refers to the satisfaction that a person gets from consumption of a good, or to the change in their or well-being. Because it is difficult to observe utility directly, it has traditionally been inferred by observing the choices that people make within related or hypothetical markets. More recently, economists have attempted to measure directly the impact of non-market goods on life satisfaction”.

The Green Book can be found here: https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/220541/green_book_complete.pdf 

HMT’s ‘The Magenta Book’ is a best practise guide for evaluation, which works alongside ‘The Green Book’ and is aimed at Analysts and Policy Makers. The Book provides further and more detailed guidance on the evaluation stage of the “ROAMEF” policy process and calls for other central government departments and agencies to ensure that their manuals or guidelines are consistent with its principles.

The book discusses ‘Logic Models’, which may have relevance to how pathways and scenarios and used and developed: 

Logic Models are a common method for setting out the policy objectives and intended outcomes is to develop a logic model (also known as “intervention logic” or “programme theory”). A logic model describes the theory, assumptions and evidence underlying the rationale for a policy. It does this by linking the intended outcomes (both short and long-term) with the policy inputs, activities, processes and theoretical assumptions.1

Generally, a logic model will identify the following elements of a policy intervention:

· the issues being addressed and the context within which the policy takes place; 

· the inputs, i.e. the resources (money, time, people, skills) being invested; 

· the activities which need to be undertaken to achieve the policy objectives; 

· the initial outputs of the policy; 

· the outcomes (i.e. short and medium-term results); 

· the anticipated impacts (i.e. long-term results); and 

· the assumptions made about how these elements link together which will enable the programme to successfully progress from one element to the next. 

The Magenta Book can be found here: https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/220542/magenta_book_combined.pdf 

Green Book Supplementary Guidance – DECC’s Interdepartmental Analysts’ Group (IAG) guidance: valuation of energy use and greenhouse gas (GHG) emissions
Supplementary Green Book guidance to the HM Treasury Green Book on Appraisal and Evaluation in Central Government and for assessing climate change policies.

The document is a supplement to HM Treasury’s Green Book, providing specific guidance on how analysts should quantify and value energy use and emissions of greenhouse gases (GHGs). The guidance is appropriate for undertaking options appraisal for policies, programmes and projects; for use in building business cases; and for conducting impact assessments. It can also be used to inform the evaluation of policies. Properly valuing both energy use and greenhouse gas emissions is vital in ensuring that decision- making takes full account of important costs and benefits, and it is essential this is done in a consistent and agreed way. 

The guidance should be used to help assess proposals leading to an increase or a reduction in energy use or GHG emissions in the UK. It covers proposals that have a direct impact on energy use and supply and those with an indirect impact through planning, construction, land use change or the introduction of new products that use energy.

This is supplementary Green Book guidance for the Appraisal of Policies Programmes and Projects and should be used in conjunction with the Green Book.  An Excel-based calculation toolkit accompanies this guidance, which may be used to convert increases or decreases in energy consumption into changes in greenhouse gas emissions, and also value these changes. For many proposals with a relatively modest impact on energy use and/or emissions, the accompanying spreadsheet toolkit should complete all of the calculations required.

The guidance can be found here: https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/254083/2013_main_appraisal_guidance.pdf 
NB: There is soon to be an ‘Aqua’ Book created by Government to provide guidance on Quality Assurance.
� Optimisation models are sometimes referred to as ‘bottom-up’ models because they consider specific technical opportunities and their energy, cost and emission implications. In contrast, ‘top-down’ models analyse aggregate behaviour using historically-derived economic trends. Top-down models are more suitable for studying economy-wide responses to energy policies and other drivers, and can generate insights into income, GDP, and economic competitiveness, but technological detail and real-world constraints are generally aggregated and hence not modelled in 


detail. Top- down models include computable general equilibrium (CGE) models such as UKENVI[1] and macro- econometric models such as MDM-E3[2], and have been widely used to study economy-wide effects of energy policies and the transition to a low-carbon economy. In bottom-up models such as ESME the macro-economy is not modelled, but is usually represented via exogenous assumptions which are derived from other work.





