
 

` 

 

 

OWIC ‘Solving the Integration Challenge’ 

Task Force 
 

Workstream ‘A’ Final Report 

Chapters 1 to 3 

Introduction and Whole System Analysis 

 

 

 

 

23rd September 2020 

 

 

 

 

 



 

 

Document control 

 

ESC programme name Offshore Wind Industry Council’s  

‘Solving the Integration Challenge’ Task Force 

ESC project number ESC00341 

Version* 2.2 

Status Approved 

Restrictions* None 

Release date 23/09/2020 

External release ID n/a 

* Refer to the Information Classification Policy 

 

Review and approval 

 Name Position 

Author(s) Paul Guest, Adam Thirkill,  

Alasdair Muntz, Nick Eraut 

 

Reviewer(s) Alasdair Muntz, Amir Alikhanzadeh, 

Nick Eraut 

 

Approver Emma Harrison Business Lead, Systems Integration 

 

Revision history 

Date Version Comments 

06/05/2020 1.0 Issued as Interim Report for Task 1, complete with project 

introduction in section 2 and Task 1 content in section 3, which 

will ultimately become chapters of Workstream A Final Report. 

26/06/2020 2.0 Reissued with modifications following feedback from Expert 

Group. 

11/08/2020 2.1 A few further modifications incorporated following discussion with 

Expert Group members.  All chapters reissued together as Final 

Report. 

23/09/2020 2.2 Final version with minor amendments following feedback. 

 

 

DISCLAIMER 

This document has been prepared by Energy Systems Catapult Services Limited. For full copyright, legal 

information and defined terms, please refer to the “Licence / Disclaimer” section at the back of this 

document.  

All information is given in good faith based upon the latest information available to Energy Systems Catapult 

Services Limited. No warranty or representation is given concerning such information, which must not be 

taken as establishing any contractual or other commitment binding upon the Energy Systems Catapult 

Services Limited or any of its subsidiary or associated companies.  

https://energysystemscatapult.sharepoint.com/Policies/Catapult_Governance/IT00005%2520Information%2520Classification%2520Policy%2520v1.2.pdf


 

 

 

Contents 

1. Executive Summary .................................................................................................................................................. 1 

2. Introduction ................................................................................................................................................................ 2 

 Background and Context for the Project ............................................................................................. 2 

 Introduction to the “Solving the Integration Challenge (StIC)” Project ................................... 3 

 Workstream A:  System Requirements, Flexibility and Integration ............................................ 5 

 Introduction to the Energy Systems Catapult .................................................................................... 6 

 Structure of This Report ............................................................................................................................. 6 

3. Whole System Analysis ........................................................................................................................................... 7 

 Summary .......................................................................................................................................................... 7 

 Introduction .................................................................................................................................................. 11 

 Energy System Modelling Environment (ESME) .............................................................................. 12 

 Pathways and Scenarios ........................................................................................................................... 13 

 Introduction and Process for Definition of Pathways and Scenarios .................... 13 

 Further Ambition (ESC-FA) Pathway .................................................................................. 16 

 Alternative Net Zero (ESC-ANZ) Pathway ........................................................................ 17 

 Emissions headroom in ESC-FA and ESC-ANZ .............................................................. 18 

 Initial Exploratory ESME Study ............................................................................................................... 19 

 Key Variables and Exploratory Runs Conducted ........................................................... 19 

 Results of Exploratory ESME Study – Summary ............................................................. 21 

 Results of Exploratory ESME Study – Further Ambition ............................................. 22 

 Results of Exploratory ESME Study – Alternative Net Zero ....................................... 24 

 Results of Exploratory ESME Study – Key Observations ............................................. 26 

 Definition of Scenarios .............................................................................................................................. 29 

 Considerations for Selection of Scenarios for Detailed Analysis ............................. 29 

 Core Scenarios for Detailed Analysis ................................................................................. 31 

 Results from Analyses of Core Scenarios ........................................................................................... 32 

 Power Sector ............................................................................................................................... 33 

 Hydrogen Production and Consumption ......................................................................... 37 

 Storage .......................................................................................................................................... 40 

 Space Heat ................................................................................................................................... 41 

 Transport Sector ........................................................................................................................ 42 

 Sensitivities and Supplementary Analyses ........................................................................................ 43 

 Key Conclusions from Task 1 .................................................................................................................. 46 



 

 

 Appendix A: Modelling Approach to Support StIC Objectives .................................................. 50 

 Energy System Models: Typology and Use ..................................................................... 50 

 Energy System Modelling Environment (ESME) ............................................................ 50 

 Strengths and Weaknesses of ESME and Application for This Work .................... 51 

 CO2 and Other Greenhouse Gases (GHGs) ...................................................................... 52 

 Policy Neutrality and Cost of Capital ................................................................................. 52 

 Energy Islanding ........................................................................................................................ 53 

 Cost and Other Data Assumptions Used in the ESME Modelling .......................... 54 

 Appendix B: Assumptions on ‘Speculative’ Measures ................................................................... 56 

 Appendix C: Sensitivities and Supplementary Analyses ............................................................... 57 

 Sensitivities .................................................................................................................................. 57 

 Supplementary Analyses ........................................................................................................ 59 

 System Cost Comparisons .......................................................................................................... 60 

 

 

 

 



 

    Page 1 of 62 

1. Executive Summary 

 

Overall Executive Summary 

To aid accessibility, an overall Executive Summary – covering the whole of Workstream A – has 

been produced as a separate, free-standing document. 

 

Chapter Summaries 

This Workstream A Final Report is structured, as follows, in a series of chapters. 

• Chapter 2:   Introduction 

• Chapter 3:  Whole System Analysis (Task 1) 

• Chapter 4:  Storage and Flexibility Services Options (Task 2) 

• Chapter 5:  Other Technical and Commercial Considerations (Task 3) 

• Chapter 6:  Market Issues (Task 4) 

• Chapter 7:  Innovation Requirements (Task 5) 

Apart from Chapter 2 (‘Introduction’), the chapters are each quite substantive, and therefore  

each chapter commences with its own Executive Summary. 
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2. Introduction 

 Background and Context for the Project 

Achieving Net Zero UK greenhouse gas emissions around mid-century is most likely to involve 

integration of very high levels of renewables into the wider energy system. 

Indeed the entire energy system in 2050 will be very different to today’s system, if it is to achieve 

the Net Zero greenhouse gas target to which the government has committed.  For example, the 

Energy Systems Catapult’s recent Innovating to Net Zero analysis1 indicates that the UK energy 

system is expected to see a considerable increase in annual electricity generation, potentially more 

than doubling to 600-800TWh.  Similarly, the annual generation of hydrogen within the UK is 

expected to increase potentially to some 185-300TWh through the combined input of all 

production methods. 

The government’s March 2019 Offshore Wind Sector Deal2 provides a framework for continuing 

expansion of investment by the offshore wind sector, building on recent successes in achieving 

major cost reductions, and underpinned by greater certainty through commitments to Contracts 

for Difference auctions.  The government’s deployment target has since been increased to 40GW  

of offshore wind generating capacity by 2030, and beyond 2030 much higher deployment is 

possible. 

Nevertheless, the Sector Deal recognised that the integration of very high levels of renewables into 

the wider energy system whilst minimising increases in the cost of operating the energy system 

presents a considerable and multi-faceted challenge.  It was therefore agreed by the industry that it 

was necessary to consider the impact of very high levels of offshore wind on the system, and how 

this could be mitigated. 

Recognising this challenge, the industry – represented by the Offshore Wind Industry Council 

(OWIC) –established a Task Force to ‘Solve the Integration Challenge’ by identifying opportunities 

to strengthen offshore wind’s role in delivering innovative solutions to system integration. 

This represents an opportunity for the UK to establish a potentially world-leading position in 

exploiting the opportunities presented by deployment of both offshore wind and hydrogen. 

OWIC therefore commissioned the Energy Systems Catapult (ESC) and the Offshore Renewable 

Energy Catapult (OREC) to deliver a project to address this challenge. 

 

 

1 Innovating to Net Zero report available at https://es.catapult.org.uk/reports/innovating-to-net-zero/. 
2 BEIS Offshore Wind Sector Deal, 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/790950/BEIS_Offshore_Wind_Single_

Pages_web_optimised.pdf and https://www.gov.uk/government/publications/offshore-wind-sector-deal/offshore-wind-sector-deal 

https://es.catapult.org.uk/reports/innovating-to-net-zero/
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/790950/BEIS_Offshore_Wind_Single_Pages_web_optimised.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/790950/BEIS_Offshore_Wind_Single_Pages_web_optimised.pdf
https://www.gov.uk/government/publications/offshore-wind-sector-deal/offshore-wind-sector-deal
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 Introduction to the “Solving the Integration Challenge (StIC)” Project 

Activity has been split into two complementary work streams – ESC is responsible for delivery of 

Workstream A, and OREC is responsible for delivery of Workstream B.  The workstreams are 

summarised in Figure 1 below. 

 

 
Figure 1:  Overview of StIC Project Workstreams 

A number of key questions were identified for the project to address.  These are listed below.  A 

key feature of the scope is that it extends well beyond the electricity system;  references to the 

energy system include the considerations of the interconnected gas, heat and transport systems. 

1. What is the potential makeup of the UK energy system in a net-zero future? 

2. To what extent and under what conditions might offshore wind and other renewables be 

deployed to a very high degrees of penetration in such a system? 

3. What are the whole energy system costs, and what are the key system issues, associated 

with selected scenarios? 

4. What are the requirements for storage and flexibility services, and what are the options for 

provision of these services, and the associated whole system costs? 

5. What are the other system considerations relating to integration of large quantities of 

offshore wind and other intermittent and asynchronous generation into the electricity 

system, as well as geographical issues associated with locations of electricity generation 

and locations of hydrogen supply and demand? 

6. What are the present and likely future market, policy and regulatory issues, enablers and 

barriers, related to offshore wind generation and hydrogen systems? 
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7. What is the extent of sensitivities of the results to hydrogen technology characteristics, 

especially those of electrolysis? (This is primarily a technology perspective of potential 

cost curves for electrolyser cost reduction, complemented by a brief system perspective). 

8. What are the innovation needs and potential roadmap to electrolyser technology maturity 

(including development of hydrogen markets, extent of UK business opportunity, etc)? 

9. What should be the scope of a proposed future “challenge” project? 

Box 1:  Key questions addressed by the project 

 

To accompany these, a number of key answers were also identified that the project was expected 

to provide.  These are listed below. 

1. How to integrate a system with 75-100GW offshore wind in 2050, from a whole-energy 

system perspective, considering the full range of storage and flexibility options, including 

green hydrogen 

2. An overview of the policy, regulatory and market development pathways to enable high 

offshore wind with flexibility provision 

3. The green hydrogen cost reduction path.  The roadmap of R&D, demonstrations and test 

asset development required to support the innovation journey.  Competition with other 

hydrogen production routes 

4. Hydrogen market development – early markets, cost/price levels, volumes, policies, etc for 

stimulating hydrogen use at scale e.g. heavy transport, heat, industry 

5. An overview of the potential UK economic benefits – OEM and supply chain strengths, 

export opportunities, and expected global market scale 

6. The research priorities for a proposed challenge project on offshore wind and hydrogen – 

outline ISCF proposal 

7. The scale and nature of industry commitment to developing a joint challenge project with 

BEIS/UKRI/DAs 

Box 2:  Key Answers to be provided by the project 

 

A report has been produced for each workstream, detailing the analysis carried out, the results, 

conclusions and recommendations.  A separate overall summary report for the project provides a 

succinct summary of both workstreams together. 
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 Workstream A:  System Requirements, Flexibility and Integration 

Offshore wind (OSW) generation is now firmly established as a key part of the UK energy system.  

The StIC project aims to understand how even higher levels might be integrated, to understand the 

challenges and issues in doing so, to identify potential solutions, and to identify innovation 

priorities and opportunities. 

In order to do this, the project explores some very high wind penetration scenarios, along with the 

system storage and flexibility requirements arising from this, and the potential role of hydrogen.  

Several scenarios have been developed to understand the possible range of outcomes for wind 

integration and use of hydrogen, in potentially considerably different energy systems. 

Workstream A comprises five related tasks, summarised in Figure 2 below. 

 
Figure 2:  Overview of Tasks within Workstream A 

The first two tasks consist of whole system modelling, to understand the range of potential energy 

system solutions in the UK, and how very high levels of offshore wind in particular could interact 

with those system designs.  Task 1 uses the ESC’s Energy System Modelling Environment to assess 

the system at macro level.  Task 2 then builds on this, using the ESC’s Storage and Flexibility Model 

to assess the systems from Task 1 with greater time granularity, to determine the needs and 

options for provision of storage and flexibility services, and potentially to adjust the system 

designs. 

Task 3 considers a range of additional technical and commercial factors required for the operation 

of the energy system, and the impact of very high levels of wind generation on these. 

Task 4 considers market, policy and regulatory issues for wind generation, storage and flexibility 

services, to enable development of the energy systems required, the associated markets, and the 

deployment of high levels of wind and system support services. 

Finally Task 5 identifies needs, priorities and opportunities for innovation from each of the above 

tasks. 
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 Introduction to the Energy Systems Catapult 

Part of a world-leading network of innovation centres, Energy Systems Catapult (ESC) was set up to 

accelerate the transformation of the UK’s energy system and ensure UK businesses and consumers 

capture the opportunities of clean growth. 

We are an independent, not-for-profit centre of excellence that bridges the gap between industry, 

government, academia and research – with around 200 staff based in Birmingham and Derby with a 

variety of technical, commercial and policy backgrounds. 

We take a whole system view of the energy sector – from power, heat and transport to industry, 

infrastructure and consumers – helping us to identify and address innovation priorities and market 

barriers to decarbonise the energy system at the lowest cost. 

To overcome the systemic barriers of the current energy market, we work to unleash the potential 

of innovative companies of all sizes. Helping them to develop, test and scale the products, services 

and value chains required to achieve the UK’s clean growth ambitions as set out in the Industrial 

Strategy. 

 

 Structure of This Report 

This Workstream A Final Report is structured as follows.  Following this Chapter 2 (‘Introduction‘), 

Tasks 1 to 5 are each reported in a separate chapter.  Each chapter begins with an Executive 

Summary of the chapter. 

• Chapter 2:   Introduction 

• Chapter 3:  Whole System Analysis (Task 1) 

• Chapter 4:  Storage and Flexibility Services Options (Task 2) 

• Chapter 5:  Other Technical and Commercial Considerations (Task 3) 

• Chapter 6:  Market Issues (Task 4) 

• Chapter 7:  Innovation Requirements (Task 5) 
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3. Whole System Analysis 

 Summary 

Workstream A considers the impact of very high offshore wind penetration in the UK energy 

system, and assesses how best to integrate such a system.  Within Workstream A, Task 1 ‘Whole 

System Analysis’ is the first of two tasks carrying out whole energy system modelling. 

The modelling in this first task was conducted using ESC’s Energy system Modelling Environment 

(ESME).  ESME addresses primarily broad, long term aspects.  The results are further developed and 

refined in Task 2, adding a further layer to the analysis using the ESC’s Storage and Flexibility 

Model (SFM), which enables analysis of short-term system dynamics – This is reported in Chapter 4. 

The modelling methodology, tools and assumptions are described throughout this report. 

Two Pathways were defined, building on existing CCC scenarios with alignment to ESC 

methodologies: 

• ESC’s Further Ambition pathway:  Decarbonisation progress is significant, but no radical 

enhancements to technologies or changes to behaviour are possible, and the system 

achieves only a 96% greenhouse gas reduction, missing the Net Zero target.  Essential 

minimisation of greenhouse gas emissions completely eliminates fossil fuel based 

hydrogen production, in favour of “green hydrogen” sources, making this pathway 

important for study in this project. 

• ESC’s Alternative Net Zero pathway:  A series of “speculative” options enables the system 

to achieve Net Zero without having to deploy the most expensive abatement options.  

Residual emissions are therefore possible in the energy conversion, heat, transport and 

industrial sectors provided they are netted off with negative emissions, resulting in 

potentially radically different system designs to those in the Further Ambition pathway. 

An initial Exploratory Study mapped out the effects of specifying progressive increases in offshore 

wind generation within each pathway, in the context of a range of assumptions on availability of 

other plant such as nuclear generation. 

This initial exploratory analysis was used to inform the development of specific scenarios for more 

detailed study to complement the findings of the exploratory study, along with particular 

sensitivities and supplementary analyses: 

• Two of the scenarios – one in each pathway – had a specified minimum OSW deployment 

level of 125GW. 

• The third scenario – in the Further Ambition pathway – had no specified minimum level 

of OSW. 

A detailed analysis of this set of scenarios and sensitivities was then carried out. 
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The conclusions from each stage of the work within Task 1 are set out throughout this chapter, 

including in the following sections: 

• Key Conclusions are set out in section 3.9. 

• Results from the Exploratory ESME Study are summarised in Section 3.5.2, with detail in 

subsequent sub-sections. 

• Results from the analysis of the Core Scenarios are described in Section 3.7. 

• Results from the analysis of the Sensitivities and Supplementary Analyses are set out in 

Section 3.8, and in Appendix C: Sensitivities and Supplementary Analyses. 

 

The key findings arising from the Whole System Analysis in Task 1, are summarised in Box 3 below. 

Extent of Offshore Wind (OSW) Deployable: 

1. An extensive role for OSW (at least 50 GW) is envisioned in all of the modelling studies.  

In 2050 OSW is the largest source of electricity generation, even without specifying a 

minimum deployment level. 

2. Both low and high OSW deployment pathways (up to 150GW studied) appear consistent 

with economically and technically credible routes toward either a Net Zero, or near Net 

Zero, GHG energy system.  However, a wide set of actions within the energy system are 

needed, going beyond the power sector. 

Impact of Technology Development and Behavioural Measures: 

3. The macro-scale assumptions adopted with respect to “GHG tightness” (how the 

assumption sets and available technology characteristics make Net Zero in 2050 possible 

for one pathway but not the other) strongly influence the system design solutions for 

each scenario for differing levels of OSW deployment, including both the optimal mix of 

plant and the choices made to integrate OSW. 

Preference for Diversity: 

4. A diverse mixture of energy supply technologies is preferable, rather than any single 

dominant technology (whether OSW or any other).  In contrast, specifying ever greater 

minimum amounts of electricity grid connected OSW progressively moves the system 

away from this optimal balanced mix, making integration more difficult and more 

expensive  

Impact on Generation Mix: 

5. Very high OSW deployment (125-150 GW) results in considerably greater total system 

electricity generation capacity in all scenarios (of the order of 50-100% greater than that 

without a specified minimum OSW deployment level). 

6. Increasing levels of OSW deployment are supported by greater levels of dispatchable 

thermal generation (hydrogen-fuelled turbines and Combined Cycle Gas Turbines with 

CCS). 

7. In the Further Ambition pathway, nuclear deployment is maintained significantly, even in 

systems with over 100GW of OSW (for example, approximately 30GW when there is 

125GW of OSW).  This is driven by the substantial electrification of heating and transport 

in this pathway, and by nuclear’s ability to reliably meet this with relatively low costs and 

emissions.  However, when the levels of wind generation are sufficiently relatively high, 
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the characteristics of the nuclear plant conflict with those of the wind plant, making it 

difficult for nuclear to operate in an environment strongly supporting wind at the 

expense of nuclear. 

Requirements for Flexibility (note that these findings particularly are complemented by the 

flexibility centred analysis in Workstream A Task 2): 

8. OSW, and the system as a whole, is managed practically through extensive deployment 

of demand-side flexibility, initially through building-level and district-level heat storage 

and subsequently through hydrogen production and storage.  

9. Smart vehicle charging is required to minimise the impact on the electricity system in 

peak periods and to mitigate network reinforcement.  Electricity storage is utilised but to 

a lesser extent.  Within the power sector, hydrogen turbines are the key technology used 

to manage intermittency, particularly enabling balancing of supply and demand in peak 

cold spells and anticyclones. 

10. Over time, the predominant role of hydrogen turbines and thermal CCS plant becomes 

supporting system margin and peaking.  Gas-fired technologies remain vital to supply 

security. 

11. In both summer and winter, hydrogen is produced extensively, to support real-time 

needs within heating, industry and transport and to trickle-charge hydrogen storage. 

Extent of Hydrogen Production: 

12. Hydrogen production is vital due to its importance for decarbonisation in several sectors, 

and all scenarios include over 200 TWh of hydrogen production in 2050. 

13. This is determined more by the decarbonisation pathway choice in each scenario than by 

the extent of OSW within the system.  In Further Ambition scenarios production 

transitions to electrolysis and biomass gasification, whereas in the Alternative Net Zero 

scenario production remains primarily from fossil-based systems. 

Impact on Transport and Heating: 

14. The preferred transport and heat system designs vary little with scenario changes, 

including levels of OSW capacity.  Electrification of heating, via air-source heat pumps, 

and of transport is the typically preferred option. 

System Costs: 

15. The difference in assumptions between the Further Ambition and Alternative Net Zero 

pathways is more influential on transition cost than the adjustments to the energy mix, 

including increased OSW deployment, modelled in this project.  Increasing OSW 

deployment to very high levels does increase total system abatement cost, but not to a 

degree which is prohibitive (See notes on interpretation overleaf).  The reality of the 

interaction between fundamental technology cost and policy complicates this further. 

Box 3- Key modelling derived insights related to OSW 
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Interpretation of Results and Next Steps 

The findings from Task 1 have been derived from analysis using the ESC’s Energy System Modelling 

Environment (ESME), which is an excellent tool for assessing the system at macro level.  However, 

the conclusions should be framed and interpreted, with a little caution, against the limitations of 

whole system models of this kind (see Appendix A). 

Task 2 (reported in chapter 4) therefore builds on this ESME modelling, using the ESC’s Storage and 

Flexibility Model (SFM) to assess and test the system designs from Task 1 with greater time 

granularity, directly considering details of energy system dispatch.  This determines the needs for 

storage and flexibility services, and assesses options for their provision. 

This is a critical next step, which fine tunes the system designs and findings from this ESME 

modelling; the overall principle is that the ESME results act as a coarse filter for further study in the 

more granular second phase.  The results of both tasks should therefore be taken together to 

understand the final findings.  Chapter 4 also includes a discussion on the costs and both the 

technical and commercial viability of large quantities of low capacity factor plant. 

In order to correctly understand, interpret and use the results of the ESME and SFM modelling in 

Tasks 1 and 2, it is important to note that the results are not forecasts or projections of what will 

happen, nor recommendations as to what should happen.  Rather, a number of specific scenarios 

have been constructed in order to explore certain particular possibilities. 

The ESME and SFM models have then been used to create whole-energy-system designs which are 

optimised to achieve least-cost at overall system level.  The make-up of the system is a result of 

this optimisation;  it is not pre-defined, except insofar as to comply with set constraints and with 

specific objectives of certain scenarios (such as specified minimum levels of Offshore Wind in order 

specifically to study very high wind cases). 

It is also important to note that the optimisation in both tools is policy-neutral; it does not pre-

suppose any specific policy or market structures, nor does it model the operation of markets or 

business models.  As whole-system least-cost-optimisation tools, both ESME and SFM focus on 

determining this optimum system design for each specific scenario modelled.  This can then be 

used to inform development of policy and market structures – rather than the other way around. 

For example, modelling results might show a very rapid transition between technologies (resulting 

from the need to meet carbon targets in 2050 whilst optimising overall costs by delaying this 

expensive switch as late as possible).  In such a case, the results should not be interpreted as a 

recommendation for a very rapid and late switch;  rather, the results might highlight opportunities 

for investment or market incentivisation measures to accelerate development, cost-reduction and 

deployment of a particular technology, thus enabling a switch to be made more smoothly without 

significant increase in whole-system-costs. 

In parallel, Task 3 considers a range of additional technical and commercial factors required for the 

operation of the energy system, and the impact of very high levels of wind generation on these.  

Task 4 considers market, policy and regulatory issues for wind generation, storage and flexibility 

services, to enable development of the energy systems required, the associated markets, and the 

deployment of high levels of wind and system support services. 
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 Introduction 

Workstream A considers the impact of very high offshore wind penetration in the UK energy 

system, and assesses how best to integrate such a system.  It aims to enhance understanding of the 

potential role of electricity generation from offshore wind (OSW), in terms of its interaction with 

other technologies and the implications for system integration, storage and flexibility, including the 

potential role for hydrogen. 

The approach adopted is to utilise whole energy system modelling, alongside engineering and 

policy insight, to better understand plausible system designs and pathways that deliver on the UK’s 

climate change obligations (specifically the Net Zero greenhouse gases (GHG) emissions 

obligations), and OSW’s potential role within these systems.   

Crucially, to assess how OSW might be integrated into the energy system and what role it might 

have in the system, it is essential to study the whole multi-vector energy system into which it is 

being integrated.  Changing one part of the system, such as increasing OSW penetration, changes 

many other parts.  Furthermore, as the system itself varies considerably in different pathways to 

Net Zero, it is necessary to study multiple scenarios in order to understand the implications for 

integration. 

This chapter outlines the work carried out in, and the findings from, Task 1 of Workstream A – 

Whole System Analysis.  This analysis has been undertaken using the ESC’s Energy System 

Modelling Environment (ESME), which is described in section 3.3. 

ESME addresses primarily broad, long term aspects.  The results are further developed and refined 

in Task 2, adding a further layer to the analysis using the ESC’s Storage and Flexibility Model (SFM), 

which enables analysis of short-term system dynamics – This is reported in Chapter 4. 

This chapter, and associated appendices, firstly discusses the role of mathematical models in 

deriving insights for policymakers, and describes the ESME model and modelling approach 

employed, including strengths and weaknesses.  It then introduces two high-level pathways, with 

corresponding assumption sets, which have been specifically selected for the project to frame the 

energy system scenarios explored. 

It goes on to describe the initial exploratory analysis conducted to assess sensitivities and 

variations of these pathways, particularly variations in defined minimum levels of OSW and 

constraints on available levels of nuclear technologies, within both pathways.   

This initial exploratory analysis was used to inform the development of specific scenarios for more 

detailed study (within this Task 1), along with particular sensitivities and supplementary analyses. 

Finally this chapter sets outs the results of each part of the work, and the key conclusions. 
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 Energy System Modelling Environment (ESME) 

The modelling environment used to deliver this whole system analysis was ESME.  

ESME is a linear optimisation model of the whole UK energy system. The optimisation generates 

the lowest-cost energy system designs which satisfy constraints such as provision of energy service 

demands in buildings, transport and industry, subject to CO2 budgets. It is focussed on the physical 

components of such a system – infrastructure, energy flows and associated costs – and does not 

look at other layers of the system such as commercial aspects or communications between actors. 

A fuller description of its use, strengths and weaknesses is given in Appendix A.  The most 

interesting and relevant features of the model, and how it is used, for this analysis are: 

• Policy-neutrality is a fundamental principle when using scenarios built in ESME, wherein 

minimal second-guessing of how policy could de-risk investment in the future takes place.  

By adopting this principle, the energy system can be thought of as being designed centrally 

and technology risk is ameliorated.  

• Because ESME is designed to address long-term aspects of the system, the representation 

of the average days is too coarse to include practical features of supply and demand 

balancing; proxies are therefore used to ensure technologies are operated in reasonably 

representative patterns.  The more detailed Storage & Flexibility Model has been deployed 

as part of Task 2, to add further insight in this area.  

• The philosophy within ESME is of modelling the UK as an energy island.  This means that 

ESME designs do not rely on cross-border electricity infrastructure to absorb excess 

generation or import electricity when indigenous sources are not available.  This philosophy 

reflects a conservative position wherein the energy system is designed to function without 

relying excessively on services from stakeholders outside the UK.  This is discussed in more 

detail in Appendix A in section 4.6 
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 Pathways and Scenarios 

 Introduction and Process for Definition of Pathways and Scenarios 

Introduction 

Due to their potential lack of bias and focus on delivering designs that are cost-competitive, energy 

system models provide a powerful means of understanding the consequences of following deep 

decarbonisation targets.  However, models should be used carefully when forming robust pathways 

and blueprints. 

Many scenario studies take a strawman position, where features of the energy system and/or 

societal trends are combined to paint a rich picture of what the energy system might look like if 

specific features occur.  As such, scenarios are not typically considered to be forecasts or 

projections, but rather a tool from which to develop thinking about the consequences of choices 

made within the energy system. 

Decisions and policymaking should take into account modelling insights but also other features, 

such as the distributional impact of changing the energy system (for instance benefits in jobs or 

energy costs accruing to specific regions of the UK, or groups in society, whilst others see a lower 

benefit or an adverse impact).  These features often require consideration of elements that are 

outside of the scope of typical energy system models. 

In this StIC project, there are two features that are particularly notable: 

• target deployment levels of OSW (arising from policy support, or lack thereof, for OSW and 

alternative technologies); and 

• technological and behavioural responses from innovators and the wider population to 

support climate change mitigation activities. 

The former of these is of particular relevance, as the project aims to better understand the impact 

of integrating large quantities of OSW into Net Zero-compliant energy systems, whereas the latter 

is known to be a key enabler of deep decarbonisation from studies such as the CCC’s Net Zero 

report. 

There is also a third feature selected for consideration, which is the widespread availability of 

nuclear power.  As a competitor to OSW in the sense of being able to produce large quantities of 

zero carbon electricity, availability or policy support to nuclear development is likely to influence 

system choices and thus warrants specific study.  This is described more in section 3.5 (as well as 

section 3.8 and Appendix C: Sensitivities and Supplementary Analyses). 

It was therefore important for the studies in this project to assess the system impact of each of 

these features developing to a greater or lesser degree. 
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Pathways 

Two key Pathways to 2050 were therefore defined, and these are set out in the following two 

sections (3.4.2 and 3.4.3).  They are summarised in Figure 3. 

These two pathways form the basis of all the modelling in Workstream A Task 1 (ESME) and Task 2 

(Storage and Flexibility Modelling). 

 
Figure 3:  Key pathways 

 

Process for Definition of Scenarios 

The process employed is summarised in Figure 4 overleaf. 

Firstly, an initial exploratory ESME study was conducted, comprising a series of over 40 ESME 

model runs and analyses, in order to explore, relatively quickly, the system sensitivities to varying 

levels of OSW, coupled with varying availability of other key technologies, in the context of each of 

the defined pathways.  These are described in section 3.5, with the results summarised in section 

3.5.2. 

The results from these exploratory runs were then used to inform the definition of a small number 

of specific, coherent, narrative-based scenarios for further analysis, as described in sections 3.6.1 

and 3.6.2. 

Finally, the remaining detailed whole system analysis was carried out using these scenarios.  The 

results of this analysis are set out in section 3.7. 
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Figure 4:  Process overview 
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 Further Ambition (ESC-FA) Pathway 

The CCC defines a Further Ambition pathway wherein technological change3 and behavioural 

change4 is assumed to progress significantly but this is still insufficient to achieve a fully Net Zero 

system.  Within the current project, the ESC “Further Ambition” pathway reflects a similar strategic 

ambition – although progress is significant, no radical enhancements to technologies or changes to 

behaviour are possible, and the overall result is a system that also doesn’t quite achieve Net Zero 

greenhouse gases. 

There are slight differences between ESC and CCC assumptions:  ESC’s own current views on 

enhanced industrial decarbonisation options are used, in which decarbonisation is not quite as 

extensive as in the CCC’s position, and conversely a greater level of decarbonisation amongst 

power, hydrogen and heat is assumed to be achievable.  Due to these differences, this pathway 

does not fully align technically to the CCC’s Further Ambition pathway, and to distinguish from the 

CCC’s position, this is dubbed “ESC-FA” within this report. 

As a Net Zero target is not quite achieved, in practice the “ESC-FA” pathway is like other pathways 

that minimise GHG emissions, in that all available options to reduce emissions are taken up, 

whatever the cost. 

No scenarios built upon this pathway achieve Net Zero GHGs, but it is possible that these could be 

upgraded to Net Zero by exploiting some further options for decarbonisation; (In the CCC’s 

terminology these options, described in section 3.4.3 below, would be deemed “speculative”).  

Indeed such measures are already included within the Alternative Net Zero (ESC-ANZ) pathway 

outlined below. 

However, the two pathways are materially different and the characteristics of the Further Ambition 

pathway make it worthy of study in its own right, even though it does not initially appear to comply 

with the Net Zero target.  As it draws only on technologies that are available or close to availability 

now, there is a greater degree of confidence that the pathway, although ambitious, is realisable.  If, 

in time, speculative decarbonisation options (such as those leveraged in ESC-ANZ, or additional 

negative emissions technologies such as direct air capture) manifest, an avenue towards Net Zero 

could be opened.   

In addition, the elimination of fossil fuel based hydrogen production and deployment of only 

“green hydrogen” sources is of particular interest to the StIC project, potentially reduces the UK’s 

reliance on fossil fuel imports and could realistically be supported by markets and policy. 

 

3 For example, availability of macro-scale hydrogen production, or successful deployment of plant equipped 

with carbon capture. 
4 E.g. transportation mode-shifting (such as shifting passenger car travel to walking, cycling and public 

transport, or shifting freight from road to rail, or from heavy to light goods vehicles, etc); or dietary choices 

leading to a modest reduction in emissions from livestock. 
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 Alternative Net Zero (ESC-ANZ) Pathway 

As noted previously, the CCC identifies a series of “speculative” options that may be exploited in 

order to close the small net GHG emission gap remaining in its Further Ambition position.  These 

speculative options represent technological or behavioural change beyond the Further Ambition 

levels. 

If taken in combination, it is possible to exploit these options such that over-delivery against the 

Net Zero target may even be achieved, or instead to achieve Net Zero without having to deploy the 

most expensive abatement options.  This potentially adds flexibility to the system, creating a little 

headroom for residual emissions.  Thus a wider range of solutions is possible, wherein residual 

emissions are left in the energy conversion, heat, transport or industrial sectors. 

Within the StIC project, the “Alternative Net Zero” (ESC-ANZ) pathway developed assumes 

availability of a mixture of behavioural and technological enhancements, aligned with those 

indicated by the CCC:   

• The key technological enhancement is that of further innovation in capture rates within 

Carbon Capture and Storage systems – in particular, that of hydrogen production from 

methane (selective methane reformation or autothermal reforming). 

• Further behavioural change is assumed to take place which more deeply affects aviation 

demand and GHG sequestration/emissions from forestry and livestock (driven by changes 

in diet). 

A summary of the “speculative” measures, and the level of additional availability of each measure 

within ESC-ANZ compared to ESC-FA, is tabulated in Appendix B: Assumptions on ‘Speculative’ 

Measures.  This mix of options allows the Net Zero target to be achieved in full. 

Although the CCC does not have a corresponding net zero scenario per se, the ESC-ANZ pathway 

is based in part on CCC materials. 

This alternative philosophy allows a (potentially radically) different set of future energy system 

designs to be studied to those arising from ESC-FA, and given the uncertainty around future 

demands and success of technology innovation, it is critically important for actors within the 

energy system to be aware of different plausible trajectories and how success or failure in different 

areas can aid or hinder deployment of specific technologies (including OSW and hydrogen 

technologies). 
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 Emissions headroom in ESC-FA and ESC-ANZ 

Key fixed, hard-to-reduce emissions, combined with the levels of negative emissions 

(predominantly via BECCS) in ESC-FA and ESC-ANZ, are illustrated in Figure 5.  For each scenario, 

this visualisation represents the whole system’s minimum greenhouse gas emissions before 

consideration of buildings, transport, power production and additional emission removal (e.g. via 

direct air capture of CO2). 

 

Figure 5: Residual emissions in ESC-FA and ESC-ANZ5 

In ESC-FA, the (partial) emissions total even before accounting for buildings, transport and power 

production is roughly 26 MtCO2e.  This scenario thus requires further GHG removals in order to 

comply with a Net Zero emissions target – simply reducing the emissions from the energy sector is 

not enough to meet the decarbonisation objective. 

In contrast, the partial emissions total in ESC-ANZ is -8 MtCO2e.  The sizeable residual emissions in 

land use and aviation apparent in ESC-FA are mitigated through societal and behavioural factors 

(as outlined previously), and the available emission removals through BECCS are now greater in 

magnitude than the fixed positive emissions from land.  This means that if the buildings, power and 

transport sectors can be reduced to an emission total of less than 8 MtCO2e, zero net emissions 

can be achieved. 

 

5 WiC represents emissions sequestration through use of wood in construction 
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 Initial Exploratory ESME Study 

 Key Variables and Exploratory Runs Conducted 

Sensitivities form a key pillar of the scope of energy system modelling. 

Firstly, it is vital to be able to assess whether systems with high, moderate and low levels of OSW 

(and competitor technologies) can technically deliver on the GHG emissions targets (irrespective of 

cost), along with the consequences for the system (including cost) of favouring or marginalising 

specific technologies.  

A second key lever for energy systems to pull is the availability of other key technologies.  Whilst 

many could be selected for study, one of the most significant of these is the potential for nuclear 

power plant to support future system designs.  Nuclear power plant is a competitor to OSW in the 

sense of being a source of zero emissions electricity.  Although it is subject to a different set of 

deployment pressures, such as public acceptability, and of course it has very different operating 

characteristics and so supports the system in different ways to OSW, the extent of potential 

availability of nuclear plant in the system has a profound impact on the system and thus the impact 

of high OSW deployment.  Considering future innovations within nuclear power, such as the 

development of small modular reactors (SMRs) that are able to energise district heat networks in 

addition to producing electricity, it is clear that the interaction between the opportunity for OSW 

and different profiles of availability for nuclear power is important for the current project. 

To deal with these uncertainties directly in this project, over 40 exploratory ESME runs were carried 

out to review the solution space.  This exploratory modelling focused on three independent 

features of the energy system: 

• choice of Further Ambition (ESC-FA) or Alternative Net Zero (ESC-ANZ) pathway, 

• specified minimum level of deployment of OSW (implemented for the purposes of these 

runs as a “forced” minimum build constraint in the model), and  

• availability of nuclear plant. 

Whilst other features could also be explored by this methodology, these were felt to be the highest 

priority following expert stakeholder discussion, noting that for the exploratory runs the intention 

was not to conduct an exhaustive sensitivity analysis but to use these prioritised features to explore 

a representative range of system characteristics. 

A few carefully-selected additional sensitivities were also studied alongside the main scenarios 

defined later, and these are discussed in section 3.8. 

The modelling space is visualised on two of these axes in Figure 5, with the third dimension being 

that each point on the diagram is replicated for Further Ambition and Alternative Net Zero 

pathways. 
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Figure 5:  Modelling space showing exploratory runs conducted.  

Each star represents two modelling runs (1 x Further Ambition, 1 x Alternative Net Zero) 

 

This approach allows the relationship between the wind/nuclear balance and broader features of 

the energy system to be probed, including supporting electricity and storage capacities, hydrogen 

production methods and space heat supply mix.  
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 Results of Exploratory ESME Study – Summary 

In the previous sections, the choice of energy system model was described, followed by a 

description of how this model was deployed in the StIC project, and an outline of the pathways 

used to define the systems within which the impact of high OSW penetration has been studied. 

In this section, the key findings from the exploratory study are outlined, focusing in particular on 

the differences between the high-level Further Ambition (ESC-FA) and Alternative Net Zero (ESC-

ANZ) pathways. 

The logic wherein these exploratory studies were used to narrow down to a small number of core 

scenarios is then outlined in section 3.6. 

Selected results are summarised in Box 4 below.  

1. Where no minimum deployment level (or only a modest level) is specified for OSW, a 

mixture of technologies is typically preferred over a single dominant technology. 

2. Where higher levels of OSW are specified, the study indicates that energy systems with up 

to 150GW of OSW (the maximum studied) are likely to be viable, albeit at increased total 

system costs and with considerably greater total system electricity generation capacity.  As 

OSW levels were increased, system changes occurred smoothly, and there were no points 

of discontinuity seen (at which sudden changes in the system might occur).  The Storage 

and Flexibility modelling in Workstream A Task 2 provides further insight into the impact 

of flexibility requirements on this finding. 

3. Greater levels of OSW deployment are supported by greater levels of thermal generation 

(hydrogen-fuelled turbines and CCGT with CCS). 

4. Greater levels of OSW deployment gradually drive out nuclear generation (both large Gen 

III and Small Modular Reactors, if permitted). 

5. OSW, if deployed extensively, prevents growth (and repowering) of onshore wind. 

6. With nuclear plant excluded or significantly reduced in potential, the additional required 

renewable generation is considerable. 

7. Hydrogen production is controlled more by key differences between the Further Ambition 

and Alternative Net Zero pathways (described in section 3.4) than the balance of OSW 

within the system. 

8. Electric heating via air-source heat pumps is key to all scenarios. 

Combining these insights with stakeholder discussion, core scenarios for detailed analysis have 

been defined, alongside sensitivities and supplementary analysis.  The results of this more 

detailed analysis follow in subsequent sections. 

Box 4- Key insights from exploratory runs, valid across scenarios 
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 Results of Exploratory ESME Study – Further Ambition 

Each of the Further Ambition scenarios achieves similar levels of decarbonisation against the Net 

Zero GHG target, all delivering approximately 96% GHG reduction versus the Kyoto reference. 

In runs in which nuclear power is constrained to be unavailable to the model, the absence of 

nuclear power does not significantly degrade modelled technical progress against targets, although 

the consequences in terms of system cost or changes to the system design may be severe. 

Figure 6 provides three snapshots (between 2035 and 2050) of the power generation mix for cases 

with low and high offshore wind deployment – the low case being the ‘Unforced’ condition with no 

specified minimum deployment of OSW or any other plant, resulting in approximately 56GW of 

OSW, and the high case being the condition with a 150GW specified minimum OSW deployment. 

In the low OSW case, the generation fleet is reasonably balanced, with nuclear and wind supplying 

much of the volume of electricity, solar power contributing significantly to summer generation, and 

gas-fired systems (mostly fuelled by hydrogen) providing system balancing and contributing more 

heavily to supply in cold spells. 

In the high ‘150GW OSW’ case, OSW deploys rapidly, squeezing out nuclear deployment first and 

then solar power fully by 2050, with gas systems (predominantly fuelled by hydrogen but also 

some CCGT plant with CCS) supporting the system margin through stressful periods, and providing 

management of intermittency. Note that where technologies come out of the capacity mix, the 

model is generally only closing plant at the end of its economic life, and choosing not to replace or 

repower the plant with the same technology.  

 

  
Figure 6:  Power generation fleet for two example ESC-FA exploratory runs, for three snapshots in time 
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One feature of note is the increase in total generation capacity between the Unforced and 150GW 

cases in 2050, being of the order of a 50% increase.  Both cases initially appear technically viable 

and, although the high wind case is more expensive, this is not as prohibitive as might be imagined 

for such a significant capacity increase.  System costs are discussed more in Appendix C: 

Sensitivities and Supplementary Analyses, section 6.2.  Note that this analysis should be read 

together with the analysis from Workstream A Task 2 (see chapter 4), as the impacts of 

flexibility requirements lead to some differences in results.  Chapter 4 also includes a 

discussion on the costs and both the technical and commercial viability of large quantities of 

low capacity factor plant, which is further addressed in Chapter 6. 

Conversely, the exploratory runs show a smaller difference in their hydrogen production profile for 

both quantity and source of hydrogen produced, as shown in Figure 7.  Fossil-derived hydrogen 

and biomass-derived hydrogen make up the bulk of the hydrogen produced until the tightening 

GHG target strongly penalises any residual emissions, at which point the system switches rapidly to 

predominantly electrolysis-derived hydrogen.   

IMPORTANT:  It is important to note that this relatively late and complete switch from fossil to 

electrolysis based hydrogen production is the result of techno-economic optimisation from which 

insight can be drawn;  It is neither a recommendation nor a forecast.  In this case this is an 

indication of system stress – the Further Ambition pathway is delaying deployment of the more 

expensive electrolysis until it is unavoidable (in 2050) to achieve the tightened carbon constraints.  

This points to a need and opportunity for early investment in greater electrolysis cost reduction, as 

well as the inherent stress and cost in the Further Ambition pathway. 

  
Figure 7:  Hydrogen production for selected example ESC-FA exploratory runs 

Hydrogen is consumed in industry, transport (for international shipping, in particular), power 

generation and to supply domestic/commercial heat.  As none of the ESC-FA scenarios reach a Net 

Zero target, hydrogen supply is in direct support of the objective of minimising emissions; this 

prescribes much of the hydrogen demand and thus the total supply varies only modestly. 
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 Results of Exploratory ESME Study – Alternative Net Zero 

As noted previously, the enlarged option set available for the Alternative Net Zero scenarios allows 

a true Net Zero system to be delivered.  While ESC-FA scenarios have a deficit of circa 29 MtCO2e 

across the board, ESC-ANZ scenarios all achieve Net Zero GHGs.   

At a high level, the designs provided appear quite similar to ESC-FA, but there are some clear 

differences.  For example, from 2040 onwards, the ESC-ANZ scenarios deploy a lower total 

electricity generation capacity than ESC-FA, and typically the mix of technologies in 2050 is less 

diverse – with significant forcing of OSW, nuclear power is marginalised, whereas the unforced case 

now sees little role for solar power (Figure 8). 

 

 
Figure 8:  Power generation fleet for two selected example ESC-ANZ exploratory runs, for three snapshots in time 

A clear driver of this difference is the availability in ANZ of hydrogen production methods at 

enhanced carbon capture rates, due to the carbon headroom available for the energy sector.  

Although this is confounded slightly because reductions in aviation demand and other behavioural 

responses reduce the technical challenge of achieving Net Zero, the availability of technologies 

which produce hydrogen whilst capturing 99% of the associated CO2 emissions (for a premium that 

proves non-prohibitive) is a key technical addition.  In practice such technologies are usually fuelled 

by methane. 

The requirement in ESC-FA to use hundreds of TWh of electricity to supply hydrogen electrolysis 

systems (Figure 7) is therefore eliminated in ESC-ANZ (Figure 9), mitigating the need to expand the 

electricity system to the same extent as in ESC-FA.  There are also implications in terms of the 

amount of seasonal storage required:  for a system where hydrogen is predominantly generated 

from fossil fuel, the seasonality of demand and renewable generation is not a particularly 

significant factor to accommodate and therefore the levels of seasonal hydrogen storage (and 

storage of natural gas for reformation) may differ. 

As with the Further Ambition pathway, for Alternative Net Zero there is an even greater increase in 

total generation capacity between the Unforced and 150GW cases in 2050, being of the order of a 

100% increase for ANZ, although (as noted above) the total capacity is marginally lower than the 

equivalent for Further Ambition.  Again, both cases initially appear technically viable and, although 
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the high wind case is more expensive, the relative change to the overall cost of decarbonisation is 

small despite such a significant capacity increase.  System costs are discussed more in Appendix C: 

Sensitivities and Supplementary Analyses, section 6.2. 

Note that this analysis should be read together with the analysis from Workstream A Task 2 

(see chapter 4), as the impacts of flexibility requirements lead to some differences in results.  

Chapter 4 also includes a discussion on the costs and both the technical and commercial 

viability of large quantities of low capacity factor plant, which is further addressed in 

Chapter 6. 

A further feature of note is the difference between the total hydrogen production volumes in ESC-

ANZ (without specifying a minimum OSW deployment level) and ESC-ANZ-150 (Figure 9).  The 

decrease of some 70TWh of hydrogen production in ESC-ANZ-150 is due to the impact of the 

additional wind generation on the heat system – specifically a greater use of electric resistive 

heaters (supported by building thermal storage), instead of drawing upon hydrogen solutions for 

these properties, predominantly fed by gas produced from methane reformers.  This is the 

opposite outcome (in this particular case) to the assumption of some stakeholders that very high 

OSW is necessarily best accommodated by very high hydrogen production (although it is still just a 

little less than 200TWh). 

 

 
Figure 9:  Hydrogen production for selected example ESC-ANZ exploratory runs 
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  Results of Exploratory ESME Study – Key Observations 

An illustration of the electricity supply mix is provided below in Figure 10 for ESC-FA exploratory 

runs:  (a) with all nuclear plant available and (b) with nuclear SMR plant excluded.  Figure 11 

(beneath it) provides equivalent material for ESC-ANZ exploratory runs.  In these charts the x-axis 

represents the specified minimum level of OSW, while the vertical axis represents the optimised 

capacity of alternative plant in response to each specified level of OSW. 

 

 
Figure 10:  Electricity generating technology deployment for ESC-FA cases  

with (a) all technologies available (left) and (b) no nuclear SMR plant available (right) 

 
Figure 11:  Electricity generating technology deployment for ESC-ANZ cases  

with (a) all technologies available (left) and (b) no nuclear SMR plant available (right) 

As noted in sections 3.5.3 and 3.5.4 above, as OSW is increased to 150GW, the total system 

generation capacity increases (relative to the unforced condition) by approximately 50% in ESC-FA 

and approximately 100% in ESC-ANZ. 

Similar assessments were made of the impacts on hydrogen production quantity and mix, and on 

space heat supply quantity and mix.  Although the charts have been omitted for brevity, the key 

insights are included within the points overleaf. 
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Based upon the whole suite of exploratory runs, several observations can be made: 

With limited technology forcing, a mixture of technologies is typically preferred over a single 

dominant technology 

In most of the unconstrained simulations – in which no minimum deployment level (or only 

a modest level) is specified for OSW or other technologies – a mixture of solar power, wind 

(offshore and onshore) and nuclear power supplies electricity.  This mix allows the supply 

and demand on each modelled day to be more readily balanced – often solar power is 

deployed rather than wind, making use of the higher summer generation (on average) in 

support of electrolysis and helps avoid oversupply in low demand periods such as overnight 

in summer. 

Where higher levels of OSW are specified, system changes occur smoothly and systems appear 

viable up to 150GW, although costs increase 

Where higher levels of OSW are specified, the study indicates that energy systems with up 

to 150GW of OSW (the maximum studied) are likely to be viable, albeit at increased total 

system abatement costs and with considerably greater total system electricity generation 

capacity.  As OSW levels were increased, system changes occurred smoothly, and there 

were no points of discontinuity seen (at which sudden changes in the system might occur).  

The Storage and Flexibility modelling in Workstream A Task 2 provides further insight into 

the impact of flexibility requirements on this finding. 

Greater levels of OSW deployment are supported by greater levels of thermal generation 

This thermal generation is a mixture of hydrogen-fuelled turbines and CCGT (mostly with 

CCS), required to provide the flexibility to respond to peaks and troughs in demand and in 

OSW output.  It is also critical to deal with wind droughts (up to 5-day droughts are tested 

in the modelling), particularly in winter.  Deploying electrolysers allows trickle-charging of 

hydrogen storage which is then discharged as required, into the power sector but also into 

industry and transport.  Task 2 gives a more detailed analysis.  

Greater levels of OSW deployment gradually drive out nuclear generation (both large Gen III 

and Small Modular Reactors, if permitted) 

Nuclear plant offers a firm source of electricity (plus heat, in the case of SMR plant, where 

permitted sufficiently close to heat demand).  However, when the levels of wind generation 

are relatively high, the characteristics of the nuclear plant conflict with those of the wind 

plant, making it difficult for nuclear to operate in an environment strongly supporting wind 

at the expense of nuclear.  Dispatchable thermal plant (hydrogen turbines or CCGT with 

CCS for example) – with a higher operating cost contribution but lower capital cost – 

becomes a plausible option in this case. 

OSW, if deployed, extensively forces out onshore wind 

As a pure LCOE comparison, onshore wind is assumed to undercut OSW throughout, 

although limited deployment is permitted reflecting permitting and acceptability challenges 

that onshore wind faces.  With extensive deployment of OSW, substantial management of 

intermittency is already required, and deploying onshore wind is likely to add little value to 

the system. 
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With nuclear plant excluded or significantly reduced in potential, the additional required 

renewable generation is considerable 

Even where carbon capture is successful and deployed widely, baseload operation of large 

quantities of abated natural gas-fired plant is not supported, since the residual emissions 

are too great.  It therefore becomes necessary for renewable sources to substitute for 

perhaps 300 TWh of nuclear-sourced electricity.  This could be provided by an additional 70 

GW of OSW, or perhaps 300 GW of solar power – though in practice optimisation models 

will choose a mixture of plant to meet the seasonal needs.  There may also be some 

operability concerns around such a system – Workstream A Tasks 2 and 3 address these 

points in detail. 

Hydrogen production is controlled more by the macro-level option set that can be drawn upon 

than the balance of OSW within the system 

In reality, wind intermittency is likely to offer greater levels of potential oversupply that would need 

to be managed for both ESC-FA and ESC-ANZ, and this means that electrolysis (or further demand-

side options) is likely to be more favourable than a coarse-grained model like ESME will suggest 

(This is explored further with the subsequent Storage and Flexibility Modelling in Workstream A 

Task 2). 

The choice of hydrogen source in this modelling is dominated by electrolysis in Further 

Ambition pathways and dominated by methane reformation in Alternative Net Zero 

pathways.  Across the simulations within each pathway, the mix is broadly unchanged; 

electrolysis only begins deployment at the 150 GW OSW level in ESC-ANZ.  This suggests 

that the tightness of the emissions target is a much stronger influence on the mixture of 

hydrogen production sources than the availability of high levels of electricity generation to 

call upon. 

Electric heating via air-source heat pumps is key to all simulations 

None of the model runs suggests that a heat system predominantly fuelled by hydrogen is 

economically attractive.  An extreme case of 100% heat supply from hydrogen boilers would 

require a further 400+ TWh of hydrogen produced or imported in addition to the 200 TWh 

deployed in the simulations to date.  At this point the emissions from extensive use of 

methane reformers even at high capture rates are likely to be unacceptable, therefore the 

bulk of this supply will need to come from electrolysis of renewable generation. 

As the peak demand days involve very low levels of renewable output, this would require 

significant electrolysis in summer and winter to charge seasonal stores capable of 

supporting sufficient outflows in cold spells, with a relatively large hydrogen network 

required. 

Because of the combination of these factors, a more balanced energy system where 

hydrogen is used predominantly to support hybrid heat pumps is favoured, as this avoids 

peak-sizing of electricity networks and deploys a cost effective level of seasonal hydrogen 

storage. 
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 Definition of Scenarios 

 Considerations for Selection of Scenarios for Detailed Analysis 

Based on the conclusions of the exploratory modelling, a small number of specific scenarios were 

defined for deeper study;  (refer to Figure 4 in section 3.4.1 above).  The requirements and 

considerations for selection of these scenarios can be summarised as follows: 

• Consideration of systems with high and low GHG tightness (corresponding to the Further 

Ambition and Alternative Net Zero pathways respectively) adds additional value by 

highlighting the role of electrolysis within the system.  As electrolysis is fundamentally 

dependent on several elements of the energy system (electricity production and 

transmission, hydrogen transmission and storage) it is of clear relevance to include 

scenarios which exploit this technology to varying degrees.  The Further Ambition pathway, 

where electrolysis is extensive and mandatory, provides insights into such a system (such as 

the optimal ways in which extensive electrolysis could be powered).    

• There is justification for study of high-wind systems involving both high and low availability 

of nuclear generation, in order to understand the impact on the system of varying nuclear 

availability (e.g. the extent to which OSW is then deployed and the differing requirements 

for aspects of system integration which arise from the different system mixes). 

• As the evolution of the modelled systems with increasing wind is fairly smooth, one or two 

wind deployment trajectories are enough to provide a rich enough system picture for 

deeper study.  Focusing on optimised (unforced) wind capacity plus a second, constrained 

125GW-minimum OSW scenario, say, are perhaps the sweet spots in terms of providing 

insights to the project.  As noted earlier, none of the options should be treated as forecasts 

but rather chosen to illustrate the broad consequences of adopting a particular energy 

system design. 

• In addition, a mixed renewable picture rather than a specifically OSW-constrained scenario 

adds additional value, especially when considering the implications of the interaction 

between production patterns for such plant.  These are best delivered via restrictions to 

new nuclear Generation III+ plant only.  This also illustrates some changes to the heat 

supply system, where nuclear SMR units energising district heat networks are promoted.  

(See additional discussion below regarding nuclear and particularly Small Modular Reactor 

options). 

• Focusing on a scenario supported by a less diverse mix of technologies, such as a “high 

hydrogen” case supported by 300+ TWh of production through electrolysis, would not be 

particularly valuable since such systems are not generally the most cost-effective solutions. 
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Separate discussions, both with internal stakeholders and with experts appointed to the project, 

have overlaid further requirements for the analysis, given the current context: 

• There is perceived value in drawing out insights (at least at a high level) from a range of 

OSW deployment levels.  Much of the whole system modelling that would underpin such 

insights was carried out in the initial exploratory ESME study (described in section 3.5 

above), but some further analytical effort was deemed to be valuable. 

• The prominent role of nuclear plant was noted – particularly that of Small Modular Reactors 

(‘Nuclear SMRs’) that are capable of energising district heat networks as well as supplying 

electricity. 

o Techno-economic modelling does not capture all practical issues around technology 

deployment:  public acceptability, although a point of debate for all technologies (e.g. 

onshore renewables), is particularly relevant when considering nuclear plant and SMRs 

specifically, given the need to site such plant near demand centres. 

o An option available would be to exclude Nuclear SMR technology altogether but, as a 

technology-agnostic party, ESC does not support this.  A considerable amount of 

research effort has been expended understanding where and how Nuclear SMRs could 

be deployed in the UK, and various organisations are actively researching this 

technology.  It is undoubtedly valuable to the OSW industry to understand the system-

level features of decarbonisation trajectories including Nuclear SMRs, as a likely future 

competitor to provide low carbon energy. 

o However, as the focus of this project is the challenge of operating the UK energy system 

as OSW penetration increases, having to contend with questions about the viability of 

Nuclear SMRs may not help the project narrative. 

o Nuclear SMRs were therefore excluded from the core scenarios in this project, and their 

potential impact assessed instead by means of a specific sensitivity run.  The 

sensitivities are introduced overleaf, and then discussed in more detail in section 3.8 

and in Appendix C: Sensitivities and Supplementary Analyses. 
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 Core Scenarios for Detailed Analysis 

Based upon these results, ESC proposed and agreed three core Scenarios for more detailed study, 

as shown in Figure 12 below. 

• Two scenarios were defined with a specified minimum OSW deployment of 125GW: 

o one within the Further Ambition pathway (FA-125) and  

o the other within the Alternative Net Zero pathway (ANZ-125). 

• A third scenario was defined without any specified minimum OSW deployment (‘unforced’), 

also within the Further Ambition Pathway (FA-UNF). 

The first two (125GW) scenarios, as a pair, enable exploration of the impacts of GHG tightness (how 

the assumption sets and available technology characteristics make Net Zero in 2050 possible for 

one pathway but not the other) between the two pathways. 

The third (‘unforced’) scenario, paired with the FA-125 scenario, enables probing of OSW 

deployment levels.  These two scenarios differ only in terms of the required deployment of OSW, 

and are judged to be the sweet spots for maximum insight.  The underlying demand set for these is 

Further Ambition, since the extreme nature of that scenario offers more insightful systems 

integration learning.  The equivalent permutation for the Alternative Net Zero pathway will be 

addressed more briefly through a sensitivity run (ANZ-UNF described later). 

 

 
Figure 12:  Three core scenarios 

 

ESC also proposed and agreed additional targeted Sensitivities and Supplementary Analyses, .   

The primary focus of study is these three core scenarios.  These are augmented by a limited 

amount of additional study of: 

• specific Sensitivities that looked at a greater breadth of nuclear deployment, exploring the 

impact of varying nuclear generation assumptions on the impact of high wind; and 

• Supplementary Analyses of incremental levels of OSW capacity. 

These are described in Section 3.8 and Appendix C: Sensitivities and Supplementary Analyses. 
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 Results from Analyses of Core Scenarios 

Building on the findings of the initial exploratory ESME study set out in section 3.5, this section 

presents the analysis of the core scenarios (defined in section 3.6) .  

There is a significant quantity of detailed findings throughout this section.  Although it is difficult to 

summarise for a diverse audience, as different stakeholders will be interested in different aspects, a 

few key insights are summarised in Box 5 below. 

 

• The insights from the exploratory study (set out in section 3.5) remain valid and form a 

key part of the results. 

• The Further Ambition scenarios transition to a fully “green hydrogen” supply comprising 

electrolysis and biomass gasification, whereas in the Alternative Net Zero scenario the 

less onerous target and high level of technological innovation permit fossil-based 

systems to remain the main source of hydrogen. 

• There is a huge growth in electricity production required for all three scenarios.  The 

requirement for the Further Ambition scenarios to transition to electrolysis-sourced 

hydrogen, rather than hydrogen from fossil fuel, drives the higher total electricity supply 

in these two scenarios. 

• Over time, the predominant role of hydrogen turbines and thermal CCS plant becomes 

supporting electricity system margin and peaking.  Gas-fired technologies remain vital to 

supply security. 

• Over winter, the 60%+ capacity factor of OSW can be difficult to manage in conjunction 

with inflexible nuclear plant, especially in low demand periods. 

• In both summer and winter, hydrogen is produced extensively, to support real-time 

needs within heating, industry and transport and to trickle-charge hydrogen storage.  

• The high quantities of OSW and nuclear (to the extent available within each scenario) 

marginalise the gas-fired technologies; however, they remain vital to ensuring adequate 

supply security including operation through wind droughts and cold spells. 

• A sizeable quantity of flexibility is present in the system designs, but this tends to be heat 

and hydrogen storage, rather than diurnal electricity storage; Task 2 further assesses the 

role of storage. 

• The overall trend for heat is a gradual transition to electric heating systems 

(predominantly air source heat pumps).  District heat and hydrogen, although 

contributing less than one-quarter of total heat supply, are critical to the operation of a 

viable low-carbon heat system. 

• In all scenarios, the road transport system evolves towards a battery-dominated endpoint 

for light vehicles.  Differences between scenarios are small. 

Box 5- key insights from the core scenario analysis 
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 Power Sector 

The optimised mix of generation from 2020 to 2050 for the three core scenarios is shown in Figure 

13.  This clearly illustrates the huge growth in electricity production required for all three scenarios, 

and the particularly rapid deployment of OSW required from 2030 to achieve the targeted 

capacities in excess of 100 GW.  The requirement for the two Further Ambition scenarios to 

transition to electrolysis-sourced hydrogen, rather than hydrogen from fossil fuel, drives the higher 

total electricity supply in these two scenarios. 

The role of hydrogen and CCS plant shifts as the GHG target tightens, from volume-focused supply 

in the 2030s and early 2040s to predominantly supporting the system margin and peaking in the 

late 2040s.  The high quantities of OSW and nuclear (to the extent available in each scenario) 

marginalise the gas-fired technologies; however, they remain vital to ensuring adequate supply 

security including operation through wind droughts and cold spells.  

 

 
Figure 13:  Electricity generated for the three core scenarios 

Although a detailed perspective on the within-day operation of the energy system is not a key 

strength of a broad and shallow model such as ESME, some useful insights can be derived from the 

resolution of the “typical days” that are at the heart of the model.  Figure 14indicates that, on 

average, lower summer demands (predominantly driven by lower heating and lighting demands) 

are well-matched to lower typical seasonal OSW output, permitting summer baseload operation of 

the available nuclear plant. 

It is notable that winter proves more problematic, with the OSW capacity factor of greater than 

60% in this period being difficult to manage in conjunction with inflexible nuclear plant, especially 

in low demand periods.  The modelled solution elects to de-load nuclear plant, avoiding some 

operating costs, but in practice it may be preferred to curtail wind generation or to augment 

storage systems to prevent a systematic two-shift of nuclear plant; (this is assessed further in the 

Storage and Flexibility modelling in Workstream A Task 2).  Some diurnal storage (existing pumped 

hydro alongside some battery and thermo-mechanical systems) is utilised to support balancing 

within-day, but the overall role of electricity storage is relatively small. 
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Figure 14:  Supply and demand balance for “typical days” in 2050 within FA-125 
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Figure 15:  Supply and demand balance for “typical days” in 2050 within FA-UNF 
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In both summer and winter, hydrogen is produced extensively, to support real-time needs within 

heating, industry and transport and to trickle-charge hydrogen storage.  Hydrogen production and 

consumption thus represents a key source of flexibility within the systems.  Within the ESME model, 

this storage takes the form of inter-seasonal storage, which in practice is exploited predominantly 

to support colder winter periods through extraction of energy from the store.  In both summer and 

winter average days, hydrogen is trickled into the store, rather than summer being net charge and 

winter being net withdraw. 

One of the few findings of this ESME modelling which is amended by the more detailed analysis of 

storage and flexibility provision in Workstream A Task 2, is that the Storage and Flexibility Model 

has the option of hydrogen linepack available within it.  Both models show predominantly daily 

rather than seasonal use and, since seasonal hydrogen storage is not found to be necessary (see 

discussion in Chapter 4), the SFM selects linepack – which is used in a similar manner to the above 

to provide daily flexibility. 

The peak period represents the power system’s operation in a 1 in 20 year cold period, setting the 

network requirements which ensure adequate security.  In such periods the generation from wind is 

severely diminished6, and the system elects to use the 40+ GW capacity of hydrogen and natural 

gas turbines to meet the shortfall.  On the demand-side, the electric heating systems deployed are 

turned up to match the peak demand, supported by charging of heat stores overnight; this 

represents another critical source of flexibility that the system exploits extensively. 

Figure 15 provides the equivalent dispatch profile for the FA-UNF scenario.  The key difference here 

is that a more balanced mixture of renewable sources influences matching of supply and demand 

across the year.  Commercial and industrial demands are well-matched to solar generation in 

summer, and the increased levels of electric heating match a wind-dominated system in winter.  

The challenge of meeting peak demand remains, albeit with a slightly greater contribution now 

from nuclear power, being less challenged economically compared with the scenario including 

competition with 125 GW of OSW. 

Neither of these scenarios illustrate any oversupply – the difference between supply and demand is 

due to losses through transmission and distribution networks.  On a typical day (with average 

demand and generation) no curtailment of wind is required.  However, it is entirely feasible that in 

periods of high inflexible supply and low demand there may be insufficient demand-side and 

technological flexibility to capture all generated electricity.  This practical challenge is studied 

quantitatively within the more granular Storage and Flexibility modelling in Workstream A Task 2. 

 

 

6 Additionally, at all times the system has a requirement to hold adequate capacity to manage a 5 day wind-

free (‘drought’) period. 
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 Hydrogen Production and Consumption 

The hydrogen production and consumption patterns broadly reflect the observations associated 

with the exploratory runs.  For production, the Further Ambition scenarios transition to a fully 

“green hydrogen” supply supported by biomass gasification and electrolysis, whereas in the 

Alternative Net Zero scenario the less onerous target and high level of technological innovation 

permit fossil-based systems to remain the main source of hydrogen (Figure 16). 

As discussed in section 3.5.3 (Results of Exploratory Study), it is important to note that the relatively 

late switch in the Further Ambition scenarios from fossil to electrolysis based hydrogen production 

is the result of techno-economic optimisation from which insight can be drawn;  It is neither a 

recommendation nor a forecast.  In this case this is an indication of system stress – the Further 

Ambition pathway is delaying deployment of the more expensive electrolysis until it is unavoidable 

(in 2050) to achieve the tightened carbon constraints.  This points to a need and opportunity for 

early investment in electrolysis cost reduction to enable the economic smoothing of this transition, 

as well as the inherent stress and cost in the Further Ambition pathway. 

 

 
Figure 16:  Hydrogen production profile for the three core scenarios 

Consumption of hydrogen is quite similar across all scenarios (Figure 17), with industry leading the 

transition and hydrogen replacing much industrial fossil fuel use in all of the scenarios.  As already 

noted, the role of hydrogen turbines shifts across the pathway, with rapid deployment in the 2030s 

to support electricity volume generation, transitioning to a peaking and security role in the later 

years (this would generate a commercial challenge to pivot the business model for their operation, 

which is outside the scope of this modelling).  Hydrogen to heat domestic and tertiary sector 

buildings (via Local Distribution Networks) deploys in the late 2030s and early 2040s, supported by 

the availability of CCS to provide low-carbon hydrogen.  Hydrogen use in transport also deploys in 

a similar timescale. 
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Figure 17:  Hydrogen consumption profile for the three core scenarios 

Although the above shows quite similar levels of hydrogen demand across the scenarios (200-250 

TWh, consistent with other work), it is theoretically possible that significantly higher levels of 

demand could be created.  Figure 18 shows three possible sets of hydrogen demand in 2050. 

• The Low Case, on the right, corresponds to the ANZ-125 scenario (as above). 

• The Potential Case, on the left, is a maximum bound, being the theoretical potential energy 

demand if all demands which could be met by hydrogen were indeed switched to 

hydrogen. 

• The High Case, in the middle, represents a realistic likely maximum which takes into 

account competing alternatives to hydrogen and therefore assumes that only a proportion 

of each demand will be met by hydrogen (and not the sections marked with brackets on 

the left which are assumed to be met by alternate solutions that may be more cost-

competitive).  This High Case corresponds to the ANZ-NONUC sensitivity, in which no new 

nuclear plant is deployed after Hinkley C (as defined in section 3.8). 

Figure 18:  Hydrogen demand uncertainty in 2050 
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The hydrogen applications with significant competing solutions include: 

(a) Hydrogen substitution for industrial and building heat has electrification alternatives that 

are likely to be competitive on costs, and in some cases benefit from a coefficient of 

performance effect. 

(b) For passenger and light-duty freight vehicles, hydrogen fuel-cell vehicles are currently 

considerably more expensive than battery electric vehicles and are unlikely to be deployed 

to their full technical potential 

The cases illustrated here do not allocate a potential for the use of hydrogen for system balancing.  

In practice systems involving large quantities of intermittent generation will probably store 

hydrogen for later use in turbines and elsewhere.  However, the technical potential of this 

hydrogen use pathway is less clearly bounded than the other features of the energy system (e.g. if 

hydrogen was sufficiently cheap to produce and zero-carbon it could be fed directly into turbines 

in place of other generation sources). 
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 Storage 

As noted in Appendix A, a broad model such as ESME does not contain adequate temporal 

resolution for deep implications of sub-hourly balancing to be included.  Workstream A Task 2, 

utilising the ESC’s Storage and Flexibility model, focuses on these insights (and, importantly, adapts 

the system design should the mix of technologies prove practically insufficient).  However, it is of 

value to assess how flexibility and intermittency is managed within the broad ESME model as a 

starting point, setting some context for the subsequent deep-dive. 

Figure 19 illustrates the mix of storage systems deployed within the three core scenarios. 

 
Figure 19:  Storage capacity within the three core scenarios 

 

It is apparent that heat and hydrogen storage are the key sources of flexibility exploited within all 

cases and, in energy volume terms, these are considerably larger than pure electricity storage 

options (batteries at less than 1GWh and ‘other electric’ comprising pumped hydroelectric storage, 

thermo-mechanical storage, etc, which use and regenerate electricity). 

The integration of energy carriers – i.e. the use of electric heating systems coupled to thermal 

storage, and hydrogen systems making use of storage – is the primary source of flexibility used to 

balance the system; (see notes in section 3.7.1 about the nature of this storage as seasonal or 

linepack).  The model also assumes a flattening of supply for technologies such as battery electric 

vehicles; overnight and off-peak charging of vehicles is needed for systems to achieve the required 

emissions targets.  Successful deployment of these charging solutions, to at least some extent, is 

assumed to be a key enabler of the transition pathways studied.   

The main observation is therefore that a sizeable quantity of flexibility is present in the system 

designs, but this tends not to be diurnal electricity storage.  However, the requirements for 

additional energy services (reserve and balancing) and intermittency are taken into account more 

extensively in the Storage and Flexibility modelling in Workstream A Task 2. 
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 Space Heat 

The space heat supply is similar across all scenarios and thus is described only generically here 

(Figure 20).  The overall trend is a gradual transition to electric heating systems (predominantly air-

source heat pumps although ground-source heat pumps and direct electric heating supply modest 

levels of heat in all scenarios).  The smooth pathway towards significant electrification is reflective 

of a number of requirements such as consumer acceptance and a build-up of supply chains to 

install and support these new technologies – up-skilling of the installer workforce needs to be 

planned and implemented some time in advance. 

District heat and hydrogen, although contributing less than one-quarter of total heat supply, are 

critical to the operation of a viable low-carbon heat system.  District heat can be deployed for 

hard-to-treat housing (e.g. large, thermally poor properties), and hydrogen is a key technology 

within hybrid heat pump systems, avoiding the need to size the local electricity distribution 

network to meet the 1 in 20 peak conditions.  For some households, there could be a phased 

transition firstly from gas boilers to natural gas-fired hybrid heat pumps, and then to hydrogen-

fired hybrid heat pumps (or pure heat pump systems where the building fabric can be upgraded 

sufficiently). 

 
Figure 20:  Space heat supply in FA-125 scenario (well-representative of other core scenarios) 
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 Transport Sector 

In all scenarios, the road transport system evolves towards a battery-dominated endpoint for light 

vehicles.  As with deployment of heat pumps, supply chains are built up gradually to the point that 

BEVs can make up all new car deployments from the 2040s.  There is a slight difference between 

the FA and ANZ scenarios in that the emissions headroom freed up through behavioural and 

technological change in the ANZ scenarios allows the transport sector to exhibit a small positive 

CO2 budget in 2050, although this residual is small.  A mixture of mild and plug-in hybrids may be 

deployed whilst still maintaining alignment with the Net Zero GHG target7. 

Figure 21 shows the development of the light vehicle fleet.  The heavy vehicle fleet, and rail, 

shipping and aviation sectors also deploy appropriate decarbonisation options, although these are 

not discussed here.  Their energy demands, however, are included in the discussion of total system 

abatement costs in section 6.2.1.1. 

 
Figure 21:  Light vehicle (car & LGV) fleet in the three core scenarios 

 

7 In February 2020, announcements were made around the future banning of vehicles having an internal 

combustion engine – thus applying to hybrid and plug-in hybrid vehicles as well as conventional 

petrol/diesel vehicles.  This new policy steer has not been directly included within the modelling. 
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 Sensitivities and Supplementary Analyses 

As described in Section 3.6.2 (and shown in Figure 12), in order to limit the number of core 

scenarios in the main body of the work, it was decided to focus on the 125GW OSW deployment 

level within both the Alternative Net Zero and Further Ambition pathways (ANZ-125 and FA-125 

scenarios respectively), and a third scenario at an ‘Unforced’ OSW level (no specified minimum 

deployment constraint) within the Further Ambition pathway (the FA-UNF scenario). 

In support of the analysis of the core scenarios, specific sensitivities that looked at a greater 

breadth of nuclear deployment, and a supplementary analysis of incremental levels of OSW 

capacity, were also conducted.  These are summarised in Figure 22 below, with the three Core 

Scenarios in the left column, the Sensitivities in the central column, and the Supplementary 

Analyses in the right column.  The top row of the chart represents simulations related to the 

Alternative Net Zero pathway, with the bottom row representing simulations related to the Further 

Ambition pathway. 

 

Figure 22:  Relationship between core scenarios, sensitivities and supplementary analyses 
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Sensitivities 

The first additional sensitivity defined was the corresponding ‘Unforced’ OSW condition for the 

Alternative Net Zero pathway.  This was treated as a sensitivity, and studied in slightly less detail 

than the core scenarios, simply to prioritise resources. 

The remaining sensitivities addressed further nuclear deployment options. 

All three Core Scenarios include new nuclear plant.  However, (as discussed in section 3.6.1 above), 

the potential role of Small Modular Reactor (‘Nuclear SMR’) technology was discussed with the 

project stakeholders.  The ESC’s view is that this technology may well have a role, and it has 

included some Nuclear SMR deployment in other system modelling and analysis which it has 

carried out in other projects.  Nevertheless, the Committee on Climate Change remains cautious 

regarding deployment acceptability and assumes in its own modelling that Nuclear SMR will not be 

deployed.  Therefore, for the purposes of the modelling in this StIC project, it was requested that 

the assumptions on Nuclear SMR deployment be aligned with those of the CCC. 

Consequently, a constraint was added to the model such that Nuclear SMR technology would not 

be deployed in any of the Core Scenarios. 

Given the importance of nuclear plant to the system, sensitivities were therefore agreed to examine 

two further options: 

• firstly, the possibility that no new nuclear plant at all might be deployed (reflecting political 

and economic uncertainties in the sector), resulting in a sensitivity for each pathway (ANZ-

NONUC and FA-NONUC sensitivities respectively); and 

• secondly, the possibility that Nuclear Small Modular Reactors might be deployed, resulting 

in a single sensitivity within the Further Ambition pathway in which Nuclear SME plant (but 

not other new nuclear plant) is deployed (FA-SMR sensitivity). 

Supplementary Analyses 

Further analysis of incremental levels of OSW capacity were conducted. 

 

Findings 

Appendix C provides the detail of the studies of both the Sensitivities and the Supplementary 

Analyses.   

Some key points are extracted overleaf in Box 6. 
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Sensitivities: 

• As noted already, a diverse mix of renewables is typically preferred over a system 

dominated by OSW alone.  Within the ANZ sensitivities, an OSW system backed up by 

low carbon thermal generation may be viable and more economic. 

• If nuclear Small Modular Reactors are permitted to be deployed, the optimisation does 

so extensively, supporting power and district heat supply.  OSW capacity drops to 57 GW 

in this case, compared to 70 GW for the FA-UNF scenario (or 125 GW at FA-125). 

• With no new nuclear plant available (Gen III or Small Modular Reactors), district heat 

remains important. District heat sources are necessarily renewable in this scenario, with 

significant implications for local systems, given the highly constrained nature of these 

sources. 

• Hydrogen production and consumption is similar between the groups of sensitivities. 

• Under ANZ, the high capture rate of methane reformation creates cheap hydrogen that 

can increase hydrogen’s contribution to heat supply, and suggests a role for (hybrid) 

hydrogen boilers in some locations. 

Supplementary Analyses: 

• Within the ESC-ANZ sensitivities, additional wind is supported by additional dispatchable 

plant. 

• Under ESC FA, nuclear deployment is maintained significantly even within systems with 

over 100GW of OSW. 

• The three core scenarios exhibit 2050 (annual) abatement costs of about £90bn to 

£120bn, corresponding to roughly 2% to 3% of GDP.  (See note below on the cost 

difference and potential amendment of this finding). 

• The ANZ-125 scenario is the lowest-cost option of the three core scenarios, which 

highlights the transformational impact of the ‘speculative’ behavioural measures 

(assumed cost-free in this analysis). 

• The cost difference between the two FA scenarios, resulting from the increase in specified 

OSW level to 125GW, is relatively small (£7bn annual cost in 2050, 6% of transition costs 

or 0.2% of GDP).  It should be noted, however, that this would be strongly influenced by 

real investor costs of capital, and therefore it is not meaningful to think of this as a 

forecast of the actual system cost premium.  Note also that this analysis should be read 

together with the analysis from Workstream A Task 2 (see chapter 4), as the impacts of 

flexibility requirements lead to some differences in results.  Chapter 4 also includes a 

discussion on the costs and both the technical and commercial viability of large 

quantities of low capacity factor plant, which is further addressed in Chapter 6. 

• OSW and integration costs form only a moderate subset of the investment required into 

the whole energy system. 

Box 6- Insights from the sensitivities and supplementary analyses 
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 Key Conclusions from Task 1 

 

The conclusions from each stage of the work within Task 1 are set out throughout this chapter, 

including in the following sections: 

• Results from the Exploratory ESME Study are summarised in Section 3.5.2, with detail in 

subsequent sub-sections. 

• Results from the analysis of the Core Scenarios are described in Section 3.7. 

• Results from the analysis of the Sensitivities and Supplementary Analyses are set out in 

Section 3.8, and in Appendix C: Sensitivities and Supplementary Analyses. 

 

Drawing these results together, the key findings from the modelling and supporting analysis are 

outlined as follows:   

Extent of Offshore Wind (OSW) Deployable 

• An extensive role for OSW (at least 50 GW) is envisioned in all of the modelling studies 

conducted, even when pre-existing policy-driven incentives are removed or harmonised.  

The projected LCOE of OSW is sufficiently competitive in the long-term to promote some 

deployment even without any specific requirement to align to policy or aspiration.  The 

increased electricity generation in 2050 required to achieve the Net Zero greenhouse gas 

commitment results in OSW being the largest source, even without specifying a minimum 

deployment level. 

• Within the modelling framework utilised in this StIC project, both low and high  OSW 

deployment pathways (up to 150GW studied) appear consistent with credible routes 

toward either a Net Zero, or near Net Zero, GHG energy system.  However, a wide set of 

actions within the energy system are needed, going beyond simply the specific actions 

needed within the power sector and addressing buildings, industry, heat and transport, 

integrating multiple vectors. 

Impact of Technology Development and Behavioural Measures 

• The macro-scale assumptions adopted with respect to “GHG tightness” (how easily a 

system can achieve the GHG target set) strongly affect the balance of supply technologies 

and thus the overall system design.  Therefore, in this StIC project, scenarios are defined 

based on two underlying pathways to 2050:  ‘Further Ambition’ and ‘Alternative Net Zero’.  

These are characterised primarily by different GHG levels achievable and by differing 

availability of certain ‘speculative’ developments in technology and behaviour.  These 

strongly influence the system design solutions from each scenario for differing levels of 

OSW deployment, including both the optimal mix of plant and the choices made to 

integrate OSW. 
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Preference for Diversity 

• The preference highlighted within the model is for a diverse mixture of energy supply 

technologies, rather than any single dominant technology (whether OSW or any other).  

This mitigates some of the starker features in terms of supply and demand balance.  For 

example, if permitted this may promote a switch of some OSW to solar power which can 

complement the OSW and thus aid management of high levels of OSW in low demand, 

summer overnight periods.  In contrast, specifying ever greater minimum amounts of OSW 

progressively moves the system away from this optimal balanced mix, making integration 

more difficult and more expensive. 

Impact on Generation Mix 

• As OSW levels were increased, system changes occurred smoothly, and there were no 

points of discontinuity seen (at which sudden changes in the system might occur), either in 

the power sector or on other sectors. 

• Very high OSW deployment (125-150 GW) results in considerably greater total system 

electricity generation capacity in all scenarios (of the order of 50-100% greater than that 

without a specified minimum OSW deployment level). 

• Increasing levels of OSW deployment are supported by greater levels of dispatchable 

thermal generation (hydrogen-fuelled turbines and natural gas combined cycle turbines 

with CCS). 

• Under Further Ambition, nuclear deployment is maintained significantly, even in systems 

with over 100GW of OSW. 

• However, over winter, the 60%+ capacity factor of OSW can be difficult to manage in 

conjunction with inflexible nuclear plant, especially in low demand periods.  Therefore, 

nuclear generation (both large Gen III and Small Modular Reactors, if permitted) is 

gradually driven out if high wind deployment is specified.  150GW of OSW reduces the 

nuclear generation from ~50GW to ~20GW.  (This finding is further strengthened by the 

Storage and Flexibility modelling in Workstream A Task 2, resulting in figures of 37GW and 

8GW respectively). 

• OSW, if deployed extensively, also forces out onshore wind. 

• If nuclear plant is excluded or significantly reduced in potential, the additional required 

renewable generation is considerable (potentially leading to total nameplate renewable 

capacity of over 200 GW in some cases). 

• If nuclear Small Modular Reactors are permitted to be deployed (as studied in one of the 

sensitivities), the optimisation does so extensively, supporting power and district heat 

supply.  OSW capacity drops to 57GW in this case, compared to 70GW for the scenario with 

no specified minimum OSW deployment under Further Ambition. 
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Requirements for Flexibility 

• OSW, and the system as a whole, is managed practically through extensive deployment of 

demand-side flexibility, initially through building-level and district-level heat storage and 

subsequently through hydrogen production and storage.   

• Smart vehicle charging is required to minimise the impact on the electricity system in peak 

periods and to mitigate network reinforcement.  Electricity storage is also utilised, but its 

deployment emerges as a second-order effect compared with the other flexibility options.   

• Within the power sector, hydrogen turbines are the key technology used to manage 

intermittency, particularly enabling balancing of supply and demand in peak cold spells and 

anticyclones.  

• Over time, the predominant role of hydrogen and CCS plant becomes supporting system 

margin and peaking.  Natural gas-fired technologies remain vital to supply security. 

• In both summer and winter, hydrogen is produced extensively, to support real-time needs 

within heating, industry and transport and to trickle-charge hydrogen storage. 

Extent of Hydrogen Production 

• Hydrogen production is vital due to its importance for decarbonisation in selected sectors 

(e.g. industry, shipping and heavy vehicles), and thus over 200 TWh of hydrogen production 

from very low or zero GHG emission sources is required in 2050 in all cases. 

• Hydrogen production is determined more by the macro-level option set that can be drawn 

upon (represented as Further Ambition and Alternative Net Zero decarbonisation 

pathways), than by the balance of OSW within the system.  The Further Ambition scenarios 

transition to a fully “green hydrogen” supply comprising electrolysis and biomass 

gasification, whereas in the Alternative Net Zero scenario the less onerous target and high 

level of technological innovation in capturing carbon permit fossil-based systems to remain 

the main source of hydrogen. 

• In some cases, increased OSW deployment can even decrease the hydrogen production by 

pushing other parts of the system to greater electrification. 

• These results were not very sensitive to electrolyser capital cost assumptions (although an 

important insight of the modelling is that driving down these costs is still valuable as 

indicated by the late and complete switch to electrolysis for hydrogen in some scenarios).  

This is largely because of the system-wide implications of specifying higher levels of 

electricity generation, and because the cost of electricity is such a strong driver of the 

electrolysis versus reformer choice.  This is studied further in Workstream A Task 2. 

Impact on Transport and Heating 

• The preferred transport and heat system designs are fairly robust to model and scenario 

decisions made, including levels of OSW capacity.  The tendency of the optimiser to favour 

balanced systems does not result in systems which have large amounts of domestic heat 

provided by hydrogen (such as those offered as strawmen, for example, in the Clean 

Growth Strategy).  Instead, electrification both of heating – via air-source heat pumps – and 

of transport is the typically preferred option (when measured in terms of the volume of 

energy supplied). 
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Localisation 

• There are likely to be local resources and needs that will act to promote or disfavour 

specific technologies in specific locations.  These are not captured in broad-brush national 

system modelling and would need case-specific analysis (such as detailed Local Area 

Energy Planning using tools such as ESC’s EnergyPath NetworksTM). For example, 

infrastructure-specific considerations such as geography, the labour available, local 

consumer acceptance, synergies with existing industry and region specific commercial 

factors, could all improve or be a detriment to significant projects such as hydrogen or heat 

networks.  

System Costs 

• System transition costs for 2050 are of the order of 2% to 3% of GDP annually.  The macro-

scale assumptions (i.e. the choice of Further Ambition versus Alternative Net Zero 

pathways) are more influential on transition cost than the adjustments to energy mix, 

including increased OSW deployment, modelled in this project.  Increasing OSW 

deployment to very high levels does increase total system abatement cost, but initial 

analysis suggests that this is not to a degree which is prohibitive; (See notes on 

interpretation below, as this finding is refined slightly by Workstream A Task 2).  The reality 

of the interaction between fundamental technology cost and policy complicates this 

further. 

 

 

Interpretation of Results and Next Steps 

The findings from Task 1 have been derived from analysis using the ESC’s Energy System Modelling 

Environment (ESME), which is an excellent tool for assessing the system at macro level.  However, 

the conclusions should be framed and interpreted, with a little caution, against the limitations of 

whole system models of this kind (see Appendix A). 

Task 2 (reported in chapter 4) therefore builds on this ESME modelling, using the ESC’s Storage and 

Flexibility Model (SFM) to assess and test the system designs from Task 1 with greater time 

granularity, directly considering details of energy system dispatch.  This determines the needs for 

storage and flexibility services, and assesses options for their provision. 

This is a critical next step, which fine tunes the system designs and findings from this ESME 

modelling.  The results of both tasks should therefore be taken together to understand the final 

findings.  Chapter 4 also includes a discussion on the costs and both the technical and commercial 

viability of large quantities of low capacity factor plant. 

In parallel, Task 3 considers a range of additional technical and commercial factors required for the 

operation of the energy system, and the impact of very high levels of wind generation on these.  

Task 4 considers market, policy and regulatory issues for wind generation, storage and flexibility 

services, to enable development of the energy systems required, the associated markets, and the 

deployment of high levels of wind and system support services. 
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 Appendix A: Modelling Approach to Support StIC Objectives 

 Energy System Models: Typology and Use 

National energy systems are highly complex entities, with layers of interactions and dependencies 

that can be challenging to understand intuitively.  However, the fact that energy conversion and 

flow through networks is governed by well-understood physical laws means that quantitative 

models may be used to form insights that might not be immediately obvious. 

Within a decarbonisation trajectory, it is likely that many energy demands will be met by different 

energy carriers to those used today (e.g. a migration to heating and transport systems fuelled by 

electricity or hydrogen).  It will therefore be particularly important to develop integrated system 

designs that deliver the practical needs of consumers, whilst maintaining levels of supply security 

when demands both increase and change in their dynamic properties. 

It is theoretically possible to propose system blueprints based on intuition and personal preference, 

perhaps supported by tools akin to the DECC 2050 Calculator.  However, the challenge of assuring 

that any designs are cost-competitive (bearing in mind that the ultimate funder of the energy 

system is the population as a whole) suggests an important role for tools based on mathematical 

optimisation, where pathways that minimise the costs of decarbonisation are prioritised. 

The MARKAL and TIMES family of models, and the Energy Systems Catapult’s ESME tool, are some 

of the more extensively used tools over the past decade, supporting analysis on the Clean Growth 

Strategy8, the 2007 Energy White Paper9, the Future of Heating strategy10, reports by the 

Committee on Climate Change (CCC) on biomass11 and hydrogen12 in a low carbon economy, plus 

many other institutional and academic studies. 

Where model simplifications and level of detail challenge the meaningfulness of any insights 

produced via broad-spectrum system models, other more targeted tools may be more appropriate 

– such as Imperial College’s WeSIM and IWES tools13, or the ESC’s Storage and Flexibility model14.  

Consequently, the modelling carried out in this project using ESME represents a first illustration of 

the types of systems selected whole system models, and this analysis is supplemented by other 

modelling tasks in the project, including notably the Storage and Flexibility modelling in 

Workstream A Task 2. 

 Energy System Modelling Environment (ESME) 

The ESME model was developed by the Energy Technologies Institute (ETI) to help understand and 

steer prioritisation of innovation in technology and policy.  The rights to further develop and use 

ESME were transferred to ESC in 2018, and ESC continues to use ESME to develop insights about 

 

8 https://www.gov.uk/government/publications/clean-growth-strategy 
9 https://www.gov.uk/government/publications/meeting-the-energy-challenge-a-white-paper-on-

energy 
10 https://www.gov.uk/government/publications/the-future-of-heating-a-strategic-framework-for-

low-carbon-heat 
11 https://www.theccc.org.uk/publication/biomass-in-a-low-carbon-economy/ 
12 https://www.theccc.org.uk/publication/hydrogen-in-a-low-carbon-economy/ 
13 See, e.g., https://www.theccc.org.uk/publication/analysis-of-alternative-uk-heat-decarbonisation-

pathways/ 
14 https://es.catapult.org.uk/news/balancing-supply-and-demand/ 

https://www.gov.uk/government/publications/clean-growth-strategy
https://www.gov.uk/government/publications/meeting-the-energy-challenge-a-white-paper-on-energy
https://www.gov.uk/government/publications/meeting-the-energy-challenge-a-white-paper-on-energy
https://www.gov.uk/government/publications/the-future-of-heating-a-strategic-framework-for-low-carbon-heat
https://www.gov.uk/government/publications/the-future-of-heating-a-strategic-framework-for-low-carbon-heat
https://www.theccc.org.uk/publication/biomass-in-a-low-carbon-economy/
https://www.theccc.org.uk/publication/hydrogen-in-a-low-carbon-economy/
https://www.theccc.org.uk/publication/analysis-of-alternative-uk-heat-decarbonisation-pathways/
https://www.theccc.org.uk/publication/analysis-of-alternative-uk-heat-decarbonisation-pathways/
https://es.catapult.org.uk/news/balancing-supply-and-demand/
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the interactions between technology, policy, behaviour and deep decarbonisation, and the overall 

consequences for UK innovation. 

ESME is a linear optimisation model of the whole UK energy system15.  The optimisation generates 

the lowest-cost energy system designs which satisfy constraints such as provision of energy service 

demands in buildings, transport and industry, subject to CO2 budgets. 

To provide the extensive level of sectoral coverage whilst maintaining adequate solve time, ESME 

typically uses a simplified representation of both space and time.  For ESME to produce system 

designs that are reasonably credible in terms of their ability to meet demands in appropriately 

challenging conditions (e.g. 1 in 20 peak cold spells), this representation includes geographical 

disaggregation down to a standard statistical regional level, and temporal representation of within-

day demand and supply variations, including a fully-modelled peak day. 

ESC’s use of ESME differs from the approaches of some other modelling groups in some important 

ways: 

1. Firstly, policy-neutrality is a fundamental principle when using scenarios built in ESME.  This 

is described in more detail in section 4.5 below. 

2. Secondly, the philosophy within ESME is of modelling the UK as an energy island.  This 

philosophy and potential use of interconnectors is described in more detail in section 4.6 

below.  

Historically, ESME was built to generate insights associated with the 80% target as initially specified 

in the Climate Change Act.  Within the life of the StIC project (but independently from it), the ESME 

model was upgraded such that plausible trajectories towards the revised Net Zero target could be 

delivered.  This upgrade was strongly influenced and supported by the Committee on Climate 

Change’s Net Zero publications16, and some of the terminology from that CCC work has been 

adopted by ESC for use in this StIC project. 

 Strengths and Weaknesses of ESME and Application for This Work 

The key strength of ESME and models like it is its whole system coverage, meaning that 

decarbonisation effort in completely different parts of the energy system is placed on equal terms.  

It is possible to derive priorities, interdependencies and constraints, and the level of model detail is 

balanced such that it enables a large number of simulations to be completed relatively quickly 

whilst maintaining sufficient engineering detail.  ESME has also benefited from project work carried 

out by ESC and ETI before it, to produce a robust, internally consistent assumption set, available 

publicly17. 

Conversely, the compromise on detail means that the features of some more extreme scenarios are 

not captured fully.  Where the representation of the average days is too coarse to include practical 

features of supply and demand balancing, proxies are used to ensure technologies are operated in 

reasonably representative patterns.  ESME also, at present, excludes the demands for electricity 

services such as reserve and balance (save a few judiciously chosen security of supply proxies), and 

thus neglects some key sources of service offering for highly dynamic technologies such as 

batteries.  Both of these points are addressed by the use of the ESC’s Storage and Flexibility Model, 

 

15 A summary of the tool can be found via https://www.eti.co.uk/library/modelling-low-carbon-energy-

system-designs-with-the-eti-esme-model 
16 https://www.theccc.org.uk/publication/net-zero-the-uks-contribution-to-stopping-global-warming/ 
17 See https://es.catapult.org.uk/news/esme-data-references-book/ 

https://www.eti.co.uk/library/modelling-low-carbon-energy-system-designs-with-the-eti-esme-model
https://www.eti.co.uk/library/modelling-low-carbon-energy-system-designs-with-the-eti-esme-model
https://www.theccc.org.uk/publication/net-zero-the-uks-contribution-to-stopping-global-warming/
https://es.catapult.org.uk/news/esme-data-references-book/
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in Workstream A Task 2, to ensure that the cost and value of storage and flexibility services is fully 

considered, and if the ESME analysis on its own results in any underestimates of the level of 

interventions required to accommodate very high levels of wind in the system then these estimates 

are refined during that additional analysis. 

The features noted above of policy-neutrality and energy islanding offer a contrast to some other 

models, and ESC sees these as being strengths – for the reasons discussed in sections 4.5 and 4.6 

below.  It should be borne in mind that the results of models such as ESME should be considered 

to be scenarios rather than forecasts (i.e. a starting point for any further analysis). 

 CO2 and Other Greenhouse Gases (GHGs) 

As with all UK legal emissions targets, the Net Zero target applies to all GHGs.  ESME accounts for 

all GHGs, aiding the presentation of designs that comply with Net Zero GHGs. 

It should be noted that a system consistent with Net Zero GHGs could be required to be Net Zero 

in CO2 emissions, or could be allowed to emit some (net) CO2, or could even be required to be net 

negative in CO2.  The latter of these options is always the case for scenarios developed in this 

project, where non-CO2 GHG emissions are assumed to remain positive even in 2050. 

 Policy Neutrality and Cost of Capital 

As outlined previously, energy system modelling is best thought of as a means of understanding 

how the energy system could evolve rather than being a forecast of the future.  The role of policy is 

critical in terms of shaping technology deployment and cost recovery in the near-term, but this 

could and will change in the mid- to long-term.  Modelling using the ESME tool typically follows a 

policy-neutral philosophy, wherein minimal second-guessing of how policy could de-risk 

investment in the future takes place.  By adopting this principle, the energy system can be thought 

of as being designed centrally and technology risk is ameliorated.   

Clearly this philosophy is, at least superficially, at odds with the current situation within the UK 

energy system.  For example, there is currently a pipeline of OSW projects backed by Contracts for 

Difference (CfDs), driven by technical innovation enabling cost reductions.  It is likely that the 

security of the CfD income is enabling developers to draw upon low costs of capital to fund these 

projects.  The headline strike prices for OSW have now significantly undercut alternatives, and 

sources consider OSW to be at or near a subsidy-free position.  (CfDs are discussed in detail in the 

Market Issues chapter). 

In practical terms, policy-neutrality within ESME studies means that technology discount rates are 

typically considered to be constant.  This is clearly not fully aligned with the current position, in 

which some technologies have been de-risked at least partly by the policy landscape in which they 

operate.  However, this situation may change over time and, because of the sensitivity of solutions 

to these assumptions, ESC does not consider it appropriate to simply adopt the best current view 

of Weighted Average Cost of Capital (WACC) for all technologies. 

However, choosing uniform discount rates will promote some technologies at the expense of 

others:  the clearest example of this is nuclear power, where ESME tends to deploy significant 

quantities of new nuclear plant as greenhouse gas targets tighten.  If, instead, the cost of capital for 

nuclear were increased in the model, or that of alternatives such as OSW were decreased, this 

would likely affect deployment to favour the financially de-risked alternatives.  Within a “policy 

neutral” position uniform discount rates are appropriate, but there is a clear conflict between this 

position and that of the current pipeline. 
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The alternative to this interpretation of policy-neutrality is to adopt a levelized-cost-of-energy 

(LCOE) position for technologies, wherein policy assumptions are made (either directly or implicitly) 

and technology costs inclusive of policy are used within the modelling tools.  There are examples in 

the literature where LCOE forecasts are declared for certain technologies, making assumptions 

about cost of capital.  However, there is no clear exemplar of how to unify such LCOE’s in a clear, 

internally consistent and unbiased way and, for some actors in the energy system, the cost of 

capital is extremely difficult to define.  Therefore, the equal cost of capital approach is adopted as 

standard within ESME modelling studies. 

 Energy Islanding 

ESME has been used to model the UK as an energy island.  Apart from being able to make use of 

globally traded commodities such as gas, oil and biomass, the UK is required to satisfy its demands 

using technologies sited within its borders. 

This means that ESME designs do not rely on cross-border electricity infrastructure to absorb 

excess generation or import electricity when indigenous sources are not available.  This philosophy 

reflects a conservative position in which the energy system is designed to function without relying 

excessively on services from stakeholders outside the UK. 

Firstly, there are considerable political uncertainties and matters of national and international policy 

which are presently unknown.  Secondly, there are many engineering uncertainties as to whether or 

not any given capacity of interconnection would actually be available for import or export at any 

particular moment, and similarly whether or not there would be sufficient supply or demand 

available internationally, or (equally importantly) at what prices energy would be traded – all of 

which would be dependent on the national systems to which the UK were interconnected. 

If this philosophy were to be relaxed, ESME would need to be presented with reliable, internally 

consistent prices for electricity import and export, and ideally these prices would need to be 

generated from the same model. 

Thus, although there are pros and cons to every potential approach, this philosophy enables a 

prudent position to be taken. 

From this starting point, further analysis is then possible.  The ESC’s Storage and Flexibility Model, 

used in Workstream A Task 2, incorporates an adapted version of ESME as its Long Term Module.  

This does allow use of the interconnectors.  Although there are considerable uncertainties, 

availability and pricing assumptions are built into the SFM model (based on further independent 

modelling).  These are described in more detail in the Task 2, Storage and Flexibility Options 

chapter. 
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 Cost and Other Data Assumptions Used in the ESME Modelling 

The base technology assumptions set is documented in the ESME Data Book.  This is accompanied 

by the ESME Data References Book which cites specific sources for all the data. 

Both documents have been extensively peer-reviewed and are available in the public domain18. 

Data is generally updated on an approximately annual basis, in order to avoid imbalances or biases 

caused by updates to individual technologies without corresponding updates to other 

technologies.  The current (2019) dataset is the basis for the work in this StIC project. 

A small excerpt of the dataset is reproduced below, showing certain technologies of interest. 

Monetary values are in 2010 £s.  
 
 

Technology Capex- 
£/kW in 

2010 

Capex- £/kW 
in 2050 

Fixed O & M 
Costs- £/kW 

in 2010 

Fixed O & M 
Costs- £/kW 

in 2050 

Variable O & 
M Costs- 

£/kW in 2010 

Variable O & 
M Costs- 

£/kW in 2050 

Offshore wind, 
fixed 

2963.20 1018.60     0.04 0.02 

Offshore wind, 
floating 

3000.00 1261.00 86.00 48.50     

Nuclear (Gen III) 
 

3800.00 3040.00 67.80 67.80 0.01 0.01 

Nuclear (Gen IV) 4560.00 3648.00 67.80 67.80 0.01 0.01 

Nuclear (SMR) 4700.00 4700.00 120.00 105.00 0.01 0.01 

H2 Plant 
(Electrolysis) 

1265.78 610.56 54.88 20.42 0.001 0.001 

H2 Plant (Coal 
Gasification with 

CCS) 

950 698 26 26 0.00046 0.00046 

H2 Plant 
(Biomass 

Gasification) 

1060.878 762.5059 42.9282 30.85464 0.005769 0.004147 

H2 Plant 
(Biomass 

Gasification with 
CCS) 

1204.112 827.8267 48.72413 33.49784 0.006548 0.004502 

H2 Plant (SMR) 329 270 14.2 14.2 0.000123 0.000123 

H2 Plant (SMR 
with CCS) 

586 459 21.6 21.6 0.000123 0.000123 

 

Box 7- Selected cost assumptions for key technologies 

 

 

  

 

18 The ESME Data Book is available at  https://www.eti.co.uk/strategy.  The ESME Data Refences Book is 

available at  https://es.catapult.org.uk/brochures/esme-data-references-book/ 

https://www.eti.co.uk/strategy
https://es.catapult.org.uk/brochures/esme-data-references-book/
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Sensitivity to Assumptions 

Values for certain technologies were discussed with some of the project stakeholders, and the 

sensitivity of modelled results and findings to changes in assumptions was queried – one particular 

example being electrolysis price assumptions. 

Test runs conducted showed results were not very significantly different to those from the core 

scenarios, indicating that the results were not as sensitive to electrolysis costs as one might guess 

from looking at one technology in isolation.  This is largely because of the system-wide 

implications of specifying higher levels of electricity generation, and because the cost of electricity 

is such a strong driver of the electrolysis versus reformer choice.  This is studied a little further in 

Workstream A Task 2. 
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 Appendix B: Assumptions on ‘Speculative’ Measures 

 

The assumptions relating technology availability and behavioural / non-energy emissions differ 

between the two Pathways used within the current project.  These assumptions are outlined below. 

Table 1- Assumptions on ‘Speculative’ Measures 

System feature ESC-FA Pathway ESC-ANZ Pathway 

CO2 sequestration from forestry Follows CCC’s Further Ambition 

assumptions (circa 30,000 kha of 

forestry planted per annum), 

leading to 22 MtCO2 sequestered 

in 2050 

Follows CCC’s Speculative 

assumptions (circa 50,000 kha of 

forestry planted per annum), 

leading to 33 MtCO2 sequestered 

in 2050 

Demand reduction from aviation Standard ESME demand 

assumptions, leading to overall 

aviation emissions of 32 MtCO2 in 

2050 

Aviation demand growth held to 

20% versus 2005 levels, leading 

to overall aviation emissions of 24 

MtCO2 in 2050 

Hydrogen production Technologies available are 

methane reformation, biomass 

gasification (both having 95% of 

CO2 emissions capturable) and 

electrolysis 

As ESC-FA but with option to 

deploy methane reformation 

having 99% of CO2 emissions 

capturable 

Power generation with CCS Biomass and gas-fired 

technologies available, having 

CCS with 95% carbon capture 

As ESC-FA but with option to 

deploy CCGT with CCS with 99% 

carbon capture 

Meat and dairy consumption Follows CCC’s Further Ambition 

assumptions (i.e. a decline in 

meat/dairy consumption of c. 

20% in 2050 versus 2016) 

Follows CCC’s Speculative 

assumptions (assumes a decline 

in meat/dairy consumption of 

50% in 2050 versus 2016) 

Direct Air Capture of CO2 Available at “test” level, capturing 

1 MtCO2 by 2050 

Available at “test” level, capturing 

1 MtCO2 by 2050 
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 Appendix C: Sensitivities and Supplementary Analyses 

 

The Sensitivities and Supplementary Analyses are set out in Section 3.8 above, along with a 

summary of the findings from them.  This appendix provides further detail. 

 

 Sensitivities 

The sensitivity runs – relaxing and tightening constraints on nuclear power and assessing how 

those choices impact the system designs – are presented here. 

Selected results are shown in Figure 23 overleaf, which compares: 

• the electricity generation (energy) mix – on the left hand side; and 

• the space heat (energy) supply mix. – on the right hand side 

Further Ambition Sensitivities are shown in the top row, and Alternative Net Zero Sensitivities in the 

bottom row. 

 

Key features of the sensitivities are: 

• As noted already, a diverse mix of renewables is typically preferred over a system 

dominated by OSW alone.  (This is particularly apparent when no new nuclear plant is 

permitted to deploy beyond Hinkley Point C).  Where a small increase in the positive 

emissions budget is feasible (i.e. within the ANZ sensitivities), an OSW system backed up by 

low carbon thermal generation may be viable and more economic  (noting that in many of 

the scenarios and sensitivities there is a significant quantity of low capacity factor plant 

whose commercial viability would require assessment). 

• If nuclear Small Modular Reactors are permitted to be deployed, the optimisation does so 

extensively, supporting power and district heat supply.  OSW capacity drops to around 57 

GW in this case, compared to 70 GW for the FA_UNF scenario (or 125 GW at FA-125). 

• With no new nuclear plant available (Gen III or Small Modular Reactors), district heat 

remains important.  District heat sources are necessarily renewable (heat pumps, 

geothermal energy and heat recovery), with significant implications for local systems, given 

the highly constrained nature of these sources. 

• Hydrogen production and consumption is similar between the groups of sensitivities.  

There is a slight decline in hydrogen production from electrolysis in the two sensitivities 

when compared with FA-125, reflective of slightly lower demands for hydrogen for use in 

heating. 

• The ability to produce cheap hydrogen with very low emissions (from high capture rate 

methane reformation) enables a greater volume of hydrogen to contribute to heat supply 

in the ANZ sensitivities.  This may suggest a role of (hybrid) hydrogen boilers in some 

locations, rather than being tied more directly to hybrid heat pumps systems. 
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Figure 23:  Selected modelled results from sensitivity runs (electricity supply and heat supply in 2050) 
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 Supplementary Analyses 

A brief further review of the response of the system when increasing levels of wind are 

incorporated is provided in this section.  The supporting evidence herein is a series of (constrained) 

optimal system designs when OSW is specified to have particular minimum deployment levels, 

increasing in 25GW increments, along with the Unforced condition having no specified minimum. 

Illustrations of the response of the power system to these constraints are provided in Figure 24, 

showing the changes in generation capacity for each generation type. 

 
Figure 24:  Supplementary modelling of ESC-FA and ESC-ANZ scenarios,  

with OSW forced in at Unforced, 75GW, 100GW, 125GW and 150GW levels in 2050 

Although there are some exceptions to this general observation, the supplementary modelling 

indicates a typically smooth transition between different deployment options in response to a 

gradual increased OSW deployment.  Within the ESC-ANZ sensitivities, additional wind is 

supported by additional dispatchable plant.  The emissions headroom in this case leaves gas-fired 

plant with CCS as a viable option, with hydrogen turbines deployed as a supplement.  The CCS 

option is less appropriate for the ESC-FA sensitivities, meaning that nuclear deployment is 

maintained significantly, even within systems with over 100GW of OSW.  

Many of the features of these supplementary simulations have already been described in the 

context of the exploratory and core scenarios, and thus no further expansion is deemed necessary 

here. 
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 System Cost Comparisons 

In this report, abatement cost is used as the primary cost metric, defined as the additional 

modelled cost of the energy system over a hypothetical counterfactual case where GHG emissions 

targets do not apply.  The models employed in this project do not respond endogenously to 

success or failure of global action on climate change by adjusting adaptation costs, thus the 

abatement cost metric should not be interpreted as implying a true cost of decarbonisation.  It 

does, however, offer a means of comparing system costs across simulations within the policy-

neutral ethos outlined previously. 

In the context of integration of the high levels of OSW considered in the StIC project, the most 

relevant cost comparison is between the two FA scenarios.  It has already been noted that the FA-

125 scenario is associated with higher levels of technologies that assist integration of wind energy 

(e.g. hydrogen storage), so it would be expected to see higher costs for some parts of the energy 

system regardless of the cost assumptions for OSW.  The ANZ scenarios offer a contrary position in 

that the wind integration strategy is slightly different, influenced by the preference to produce 

hydrogen from fossil fuel rather than electrolysis. 

ESME, like similar models, optimises the (discounted and amortised) energy system cost along the 

pathway to 2050.  It is therefore of interest to assess the abatement cost along the pathway in its 

entirety but also at specific snapshot years.  Particular attention is paid to the 2050 abatement cost, 

being the target year for Net Zero GHG emissions. 

 

Abatement Costs 

The three core scenarios exhibit 2050 (annual) abatement costs of about £90bn to £120bn, 

corresponding to roughly 2% to 3% of GDP, as shown in Figure 25. 

The ANZ-125 scenario is the lowest-cost option of the three core scenarios, which highlights the 

transformational impact of the ‘speculative’ behavioural measures (assumed cost-free in this 

analysis), as well as technological innovation, in delivering a low-cost net-zero GHG energy system. 

The FA scenarios are more costly for the energy sector and, as noted previously, do not quite 

deliver a Net Zero energy system.  The cost difference between the FA scenarios, resulting from the 

increase in specified OSW level to 125GW, is relatively small (£7bn annual cost in 2050, or 0.2% of 

GDP), and it should be noted that in practice this cost difference would be strongly influenced by 

real investor costs of capital.  It is not meaningful to think of this as a forecast of the actual system 

cost premium.  

One caveat should be noted, that this assumes certain commercial and business models 

whose viability needs to be assessed (e.g. those for low capacity factor plant), and which 

could influence these costs. 
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Figure 25:  Abatement cost by year for the three core scenarios,  

expressed as (a) % of GDP (left), and (b) per-year abatement cost (right) 

An alternative visualisation of system costs is provided by extracting the implied energy system 

capital flows from the scenario designs (Figure 26).  These do not include amortisation but rather 

represent the overnight capital costs (corrected to include interest during construction) accrued in 

each five-year period. 

The important observation from this chart is of the sectoral breakdown of costs.  The area where 

the greatest level of capital must be injected to meet GHG targets is within transport, with 

infrastructure19, building/heat technologies and the power system all contributing roughly equal 

amounts of capital investment to remain consistent with Net Zero.  This provides a clear example of 

the power of a whole energy system approach, reinforcing the point that activity across the whole 

of the energy system is needed to achieve a reasonable level of decarbonisation.  OSW and 

integration costs form only a moderate subset of the investment required into the whole energy 

system. 

 

 
Figure 26:  Energy system capital investment, 2025-2050, for FA-125 scenario 

  

 

19 “Infrastructure” in this context refers to transmission and distribution of electricity, heat, hydrogen and gas. 
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makes it available. The Information is licensed ‘as is’ and ESC excludes all representations, warranties, obligations and liabilities in 

relation to the Information to the maximum extent permitted by law.  

ESC is not liable for any errors or omissions in the Information and shall not be liable for any loss, injury or damage of any kind 

caused by its Use. This exclusion of liability includes, but is not limited to, any direct, indirect, special, incidental, consequential, 

punitive, or exemplary damages in each case such as loss of revenue, data, anticipated profits, and lost business. ESC does not 

guarantee the continued supply of the Information. 

Governing law  

This licence and any dispute or claim arising out of or in connection with it (including any noncontractual claims or disputes) 

shall be governed by and construed in accordance with the laws of England and Wales and the parties irrevocably submit to the 

non-exclusive jurisdiction of the English courts.  

Definitions  

In this licence, the terms below have the following meanings: ‘Information’ means information protected by copyright or by 

database right (for example, literary and artistic works, content, data and source code) offered for Use under the terms of this 

licence. ‘ESC’ means Energy Systems Catapult Limited, a company incorporated and registered in England and Wales with 

company number 8705784 whose registered office is at Cannon House, 7th Floor, The Priory Queensway, Birmingham, B4 6BS. 

‘Use’ means doing any act which is restricted by copyright or database right, whether in the original medium or in any other 

medium, and includes without limitation distributing, copying, adapting, modifying as may be technically necessary to use it in a 

different mode or format. ‘You’ means the natural or legal person, or body of persons corporate or incorporate, acquiring rights 

under this licence. 
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