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Abstract 
As part of a growing body of research into potential ways of achieving a secure transition to a 

low-carbon energy system, this paper assesses the future security of the UK electricity system in 

a low-carbon context.  A new mixed-method set of indicators for assessing security of both 

supply and demand has been developed and applied to a set of three transition pathways for the 

UK electricity system, all of which seek to reduce UK carbon emissions by 80% by 2050. This 

paper uses the results to highlight some of the key risks and trade-offs which may emerge under 

different routes to a low-carbon electricity transition. In particular, the results indicate that a 

major risk may be experienced by a lack of flexible, responsive supply capacity in low-carbon 

electricity pathways. A trade-off is also identified between ‘affordability’ and ‘environmental 

sustainability’ objectives. The paper finds that energy security is often conceptualised as the 

avoidance of causes of insecurity (such as insecure fuel imports), but that an equally important 

aspect of security lies in maximising responses to insecurity, for example by increasing the 

flexibility and responsiveness of both supply and demand. 
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1 Introduction 

 
In recent years, energy security has taken a central place on the policy agenda in many 

industrialised nations. Instability in the Middle East, the rise of ‘resource-nationalism’ in key 

fuel exporting nations such as China and Russia, emerging consensus on the seriousness of 

climate change, and growing global energy demand have all contributed to a rising awareness of 

the importance of securing energy supplies (Barrett et al 2010; Bielecki 2002; Cherp and Jewell 

2011; Grubb 2014; Jansen and Seebregts 2010; Kuzemko 2014).  

 

Energy security is highly context-specific (Ang et al 2015; Bielecki 2002; Blumer et al 2015; 

Sovacool et al 2012), therefore the analysis in this paper will focus on one country. The UK is 

chosen as a case study because its energy system is in a major period of transition, causing 

energy security to become a central feature of energy policy discussions, and unlike many other 

industrialised nations the UK has a specific energy security strategy (Chaudry et al 2011; 

Department of Energy and Climate Change [DECC] 2012a). This resurgence of interest has been 

induced by three main drivers (MacKerron 2009; POST 2012; Winstone et al 2007). Firstly, 

increasing concerns over anthropogenic climate change may force a shift to a low-carbon 

energy economy: in 2008 the UK agreed to legally-binding carbon-reduction targets of 80% on 

1990 levels by 2050 (DECC 2008), meaning that dependence on cheap, abundant and flexible 

fossil fuels may need to be significantly reduced. Secondly, domestic production of oil and gas 

from the UK Continental Shelf, and of coal from domestic mines, has declined, and the UK is now 

a net importer of all major fossil fuels (DECC 2013a; Energy Information Administration [EIA] 

2014). Finally, the retirement of older power plants has led to steadily declining capacity 

margins in the power sector (Ofgem 2012a; 2014). Many other industrialised countries, both in 

Europe and further afield, are experiencing similar pressures on their electricity systems, 

meaning that the UK can act as a useful basis for exploring energy security in other national 

contexts. 

 

1.1 Energy security in a low-carbon context  
The term ‘energy security’ has become commonplace in both academic and policy discussions. 

However, there is a considerable array of overlapping and competing conceptualisations, and 

despite much literature on the subject the term resists a commonly-accepted definition. Many of 

the most commonly-cited definitions stipulate that the energy required for an economy or 

jurisdiction must be physically available, at reasonable prices (Bielecki 2002; International 

Energy Agency [IEA] 1985; Yergin 2006). However, there has recently been some evidence of a 

broadening of the energy security discussion; increasing awareness and scientific consensus 

around climate change has led to an emerging new dimension of ‘sustainability’ and 

‘environmental stewardship’ (e.g. Ang et al 2015; Asia Pacific Energy Research Centre 2007; 

Elkind 2010; Hughes 2012; Kruyt et al 2009; Sovacool and Brown 2010). In 2011, the IEA 

extended its definition of energy security to “the uninterrupted physical availability [of energy] 

at a price which is affordable, while respecting environment concerns” (IEA 2011). This new 

perspective has been challenged by some who argue that the energy security agenda should not 

be broadened to include environmental sustainability; for instance, Luft et al (2011) suggest 

that this would “open the floodgates” to far too many second-order effects. Whilst this argument 

is definitely worth bearing in mind, it nevertheless seems somewhat redundant to talk about 

security without acknowledging its temporal aspects; a system should be secure in both the 
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present-day and into the future, implying that longer-term sustainability is a fundamental part 

of what we mean by security (Narula and Reddy 2015). Moreover, the practicalities of 

complying with environmental legislation mean that any aspect of energy policy must now take 

environmental impacts into account.  

 

1.2 The policy challenges of low-carbon electricity 
The energy security literature sometimes displays a bias towards issues concerning fossil fuels, 

especially oil, despite the fact that electricity now represents an equally significant (and 

growing) proportion of energy use (Chester 2010). Electricity is an important focus of policies 

to reduce emissions, partly because technologies for producing electricity from low-carbon 

sources are often more advanced and cost effective compared to technologies for producing 

low-carbon heat or for transport. As such, it is often argued that electricity will need to 

decarbonise more quickly so that heat and transport can subsequently be ‘electrified’. It has 

been suggested that in order to put the UK on a trajectory to meet its carbon reduction 

commitments, the electricity sector will need to be largely decarbonised by 2030 (DECC 2011; 

UK Committee on Climate Change 2013). Furthermore, electricity provision creates unique 

challenges for security, because electricity is costly and difficult to store, meaning that 

electricity markets are unique in that they require constant and instantaneous balancing of 

supply and demand (Creti and Fabra 2007; Roscoe and Ault 2010). In the UK, like most 

industrialised nations, it is seen as imperative that the electricity system can deliver affordable 

energy in the volume and quality required at any given moment; politicians are reminded of the 

very real threat to their political legitimacy in the event of electricity shortfalls (RAEng 2014). 

 

Policy recommendations in the UK are sometimes given on the basis of ‘improving energy 

security’ and ‘reducing carbon emissions’, without detailed empirical assessment of future 

energy security in the context of a low-carbon transition (e.g. DECC 2011; 2012a; 2013b; 2013c; 

2014). There may be numerous trade-offs between various objectives as electricity systems 

undergo this transition (Froggatt and Levi 2009; Jewell et al 2014; Jonsson et al 2015), 

therefore there is a real need to understand exactly where these trade-offs may lie, yet there is a 

lack of existing work which examines these synergies and trade-offs in a systematic and 

empirical manner. As such, the purpose of this paper is to identify a set of indicators and metrics 

which are appropriate for assessing the relative security of low-carbon transition pathways, and 

to use this framework to carry out an empirical assessment using a set of recognised carbon-

reduction scenarios for the UK electricity system. This paper therefore makes a contribution by 

demonstrating a way of turning the rather amorphous literature on energy security into 

something more practical. Multiple elements of this approach could be generalisable to other 

country contexts; however, it is always necessary to be aware of the limitations of broad 

generalisation, and to pay due attention to the particular technical, social and historical context 

of the country in question.  

 

The following section outlines the methodology which has been employed for an empirical 

energy security assessment. Section 3 presents the results of the analysis; section 4 then 

discusses the results, drawing attention to some of the key trade-offs which have been 

highlighted and some key uncertainties which arise. Finally, section 5 concludes, and offers 

policy recommendations arising from the research. 
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2 Methodology 

2.1 An analytical framework for assessing low-carbon electricity security 
One of the most common means of assessing energy security is through sets of indicators and 

metrics. It should be noted that there is still much debate over the best means of assessing 

energy security, and indicator approaches are not immune from shortcomings (see for example 

Gracceva and Zeniewski 2014; Jewell et al 2014; Ren and Sovacool 2014). However, some of the 

drawbacks can be overcome by avoiding the temptation to attempt to create a generalisable 

indicator set which is applicable to any situation; instead, the research should identify its 

specific aim (in this case, assessing UK low-carbon electricity security), and indicators should be 

developed which are ‘fit for a purpose’ (Axon et al 2013). As pointed out by Gracceva and 

Zeniewski (2014) and Mitchell and Watson (2013), the choice of security indicators is 

subjective and often highly political and contested, and therefore a ‘one size fits all’ approach is 

undesirable. Instead, it is preferable to offer a ‘dashboard’ of indicators (Mitchell and Watson 

2013), which allows the inclusion of multiple approaches and methodologies (both quantitative 

and qualitative), and which doesn’t attempt to aggregate such disparate methodologies into a 

single composite index. This approach is useful because it can also assist in the identification of 

trade-offs and synergies between objectives.  

 

A review of the existing literature found that it is critical to take into account multiple 

timescales when discussing low-carbon electricity security. Much of the social sciences 

literature focuses on large-scale, long-term dynamics such as global markets and geopolitics 

(Chester 2010). On the other hand, there is a body of work from the physical sciences and 

engineering which focuses on short-term aspects such as second-by-second grid balancing 

(Boston 2013; Chaudry et al 2011; Creti and Fabra 2007). This divide can be conceptualised as a 

differentiation between gradual ‘stresses’, such as resource depletion or geopolitical tensions, 

and sudden ‘shocks’, such as a technical fault at a plant or a powerline failure (Stirling 2014; 

Hoggett et al  2014). This conceptualisation can be used as the basis for an analytical framework 

which can assess the security of the UK electricity system in a low-carbon context. The ability to 

withstand longer-term ‘stresses’ can be thought of in terms of electricity availability, 

encompassing aspects such as geopolitical tensions, internal politics and fuel supply source; this 

dimension is mainly rooted in the social sciences and international relations literature. 

Meanwhile the ability to respond to short-term ‘shocks’ can be thought of in terms of system 

reliability, encompassing aspects such as capacity margins, hour-by-hour system adequacy, and 

short-term system resilience; this dimension is crucial to electricity security, and is mainly 

rooted in the physical sciences and engineering literature. Further to this, it is important to 

consider a price dimension, which (as shown previously) is widely recognised as being 

fundamental to the pursuit of energy security; this can be thought of as affordability. Finally, the 

previous discussion on broadening conceptions of energy security suggests that a fourth 

dimension should be added, that of environmental sustainability.  Thus a four-way framework 

of key characteristics is arrived at – a secure electricity system must ensure that the electricity 

is ‘available’, ‘reliable’, ‘affordable’ and ‘sustainable’ (Elkind 2010).  

 

Following from the creation of this analytical framework, a set of indicators which suits the 

explicit purpose of assessing the electricity security of low-carbon transition pathways was 

identified from a detailed review of indictors available in the existing literature. In doing so, this 

paper builds on previous work by Jewell et al (2014), which assessed the security of global 

carbon reduction scenarios according to indicators relating to trade and diversity, and also the 
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work of Jonsson et al (2015), which pointed out that there is a real need for a broader framing of 

energy security which includes qualitative aspects such as social and political dynamics. The 

indicators were identified by narrowing the vast field of indicators available in the literature 

(for example, see those identified by Sovacool and Mukherjee 2011) according to those which 

are appropriate for assessing the security of transition pathways for the electricity system. 

Indicators were also narrowed down considerably according to data availability constraints. 

Table 1 presents an overview of the methods used for each indicator. Appendix B gives more 

detail on the calculations and assumptions for each indicator and metric. Appendix C gives the 

literature sources from which each indicator is derived.
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Table 1: Overview of indicators, calculation methods and data sources 

 

Dim. Sub-Dimension Indicator Overview of methods Quant/ 

Qual 

A
v

a
il

a
b

il
it

y
 

Likelihood of 

domestic disruption 

to electricity 

availability 

Approval ratings of 

generation mix 

Results from a nationally-representative public survey (Demski et al 2013) are applied to the generation mixes 

of the pathways, to show proportion of the mix (in Gigawatts [GW] and %) which is ‘approved’ and 

‘opposed’ by the general public 

 

Quant 

Risk of disruptive 

opposition 

The reasons people protest are complex (e.g. Devine-Wright et al 2009), and data is limited; therefore 3 

proxies are used on the basis that increased proximity is more likely to result in opposition (Batel et al 2013; 

Devine-Wright 2005): land required for generation infrastructure (weighted 70-30 for onshore-offshore); 

additional onshore transmission infrastructure required; domestic extraction of primary fuel resources 

 

Quant 

Participation in 

decisions 

Qualitative indicator; uses transitions pathways storylines to assess the level of public participation in energy 

provision and in decision-making 

 

Qual 

Likelihood of non-

domestic disruption 

to electricity 

availability 

Diversity of fuel types 

in the electricity mix 

Shannon-Wiener diversity calculation: -∑ Pi*(Ln(pi)), as used by DECC (2012b); Lehr (2009); Pfenninger 

and Keirstead (2015); Stirling (1998) 

 

Quant 

Dependence on fuel 

imports 

Pathways data used to show % of fuel mix from imports for coal, gas and oil 

Uranium estimates from current stockpile data 

Biomass estimates using total indigenous biomass potential (estimate from pathways data) 

Quant 

Diversity & stability of 

fuel imports 

Insufficient data in pathways for analysis  

A
ff

o
rd

a
b

il
it

y
 Cost to the system 

Levelised Cost of 

Electricity (LCOE) 

LCOE calculation includes capital costs (pre-development, construction), fixed operating costs (including 

connection charges, insurance) and variable operating costs (including fuel, carbon costs) (e.g. Pfenninger and 

Keirstead 2015). Cost data from DECC (2013d) and Mott Macdonald (2010) 

 

Quant 

Transmission upgrade 

costs 

Onshore upgrade costs calculated using Electricity Networks Strategy Group (ENSG) estimates of upgrades 

required for different levels of new capacity (ENSG 2012) 

Offshore upgrade costs calculated using estimated unit costs (from National Grid 2013a, Technology 

Appendix) 

Quant 

Distribution upgrade 

costs 

Distribution upgrade costs for the pathways modelled by Pudjianto et al (2013) 

 

Quant 

Cost to the 

consumer 
Annual retail bills 

Wholesale prices calculated using hourly demand data (from Transition Pathways modelling; see also Barton 

et al 2013) used to create Load Duration Curves; price-setting fuel defined by merit-order stacks; LCOE data 

used to give average yearly wholesale price; demand weighted seasonally 

Wholesale prices added to a ‘consumer uplift’: 19% of bill for supplier costs and margins, 9% social and 

environmental policies, 20% network charges (DECC 2013e). VAT (5%) not included in estimate. 

 

Quant 
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S
u

st
a

in
a

b
il

it
y

 
Carbon Carbon intensity 

Total carbon intensity = Fuel-type intensity * (fuel-type generation TWh/y / Total generation TWh/y) 

Baseline estimate from the pathways data (Foxon et al 2013) 

Life-cycle carbon intensity range calculated using range of estimates from global power station data 

(Moomaw et al 2011) 

 

Quant 

Resources 

Primary fuels depletion 

Qualitative scoring approach from the existing literature and from the indigenous fuels data used in the 

‘import dependence’ indicator. Each fuel is scored from 1 to 10 (1 = no risk of depletion). Scores are applied 

to the fuel mix in the pathways to give a ‘depletion index score’ from 1 to 10. 

 

Mixed 

Secondary materials 

depletion 

32 crucial materials are identified from Moss et al (2011) and listed from ‘highly critical’ to ‘not critical’ 

according to risk of depletion 

Generating types are scored from 1 to 10 based on quantity and criticality of secondary materials required, to 

give a depletion index score (as above) 

 

Mixed 

Water 
Water consumption & 

withdrawals 

Data on water withdrawals and water consumption of different types of power generation (Davies et al 2013) 

Projections on types of cooling to be employed in UK thermal powergen in future (Kyle et al 2013) 

These are applied to the generation mix to show water consumption and water withdrawals (in m3 and 

m3/MWh) 

Baseline results weighted 70-30 to show greater  environmental impact of freshwater vs seawater 

 

Quant 

R
el

ia
b

il
it

y
 

System adequacy 
De-rated Capacity 

Margins 

Indicative fuel-type margins from National Grid (2012: 30) are applied to the generation mix. Fuel type 

margin is weighted according to generation mix, and subtracted from peak demand 

Capacity margin (%) = ((total available capacity-peak demand) / peak demand) * 100 (RAEng 2013) 

 

Quant 

Resilience to 

sudden and 

unexpected changes 

in the supply-

demand balance 

Flexible supply: 

Frequency Response 

capability 

Power station data from National Grid (available on request) is used to calculate average Frequency Response 

(FR) capability of different generation types; this is applied to the fuel mix in the pathways. Maximum and 

mean FR capability shown for primary FR (<30 seconds) and secondary FR (30 seconds to 30 minutes) 

 

Quant 

Flexible supply:  

Short-term Operating 

Reserve & black-start 

capability 

Calculates percentage of generation mix which would be capable of providing short-term operating reserve 

(STOR) and black-start capability (see National Grid 2011).  

STOR results shown for short-term STOR (<45 minutes) and long-term STOR (45 minutes to 4 hours) 

Quant 

Response & Reserve 

requirements 

Increasing requirements for FR and STOR are calculated on the basis of decreasing system inertia, increasing 

impact of wind forecasting error, and increased credible in-feed loss due to increase of unit size. All data from 

National Grid (2011) 

 

Quant 

Flexible demand 

Calculates technically and realistically shiftable potential for 2010 (in GW), using data from Sustainability 

First (AECOM 2011; Dudeney et al 2014; Element Energy 2012) 

Estimates ‘realistically shiftable’ potential for 2030 and 2050 in % and GW 

 

Mixed 
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2.2 Applying the set of indicators 
The aim of this paper is to apply the set of indicators illustrated above to a set of existing low-

carbon transition pathways for the UK electricity system. Transition pathways are especially 

useful because they generally take a whole-systems view, which explores how all parts of the 

wider energy system work together. For ease of making comparisons and to reduce the 

uncertainties which would be caused by attempting to compare pathways from different studies, 

one set of three pathways was chosen for the application of the security assessment framework. 

The framework is designed to be applicable to any set of pathways, provided that the raw data is 

available.  

 

The pathways used for the initial analysis were developed by the Transition Pathways to a Low-

Carbon Economy consortium (Foxon 2013) (see Appendix A for more detail on these 

pathways).1 The consortium asked what kinds of socio-political governance systems could 

emerge over the next 40 years, and how the overriding ‘governance logic’ of the system could 

affect the transition options taken.2 From this, the consortium developed three pathways, each 

of which corresponds to a different governance logic: 

 Market Rules (MR): this pathway envisages the continued dominance of a market-led 

system in the UK, in which the government sets high-level goals but otherwise interferes 

little in the market.  

 Central Coordination (CC): this pathway envisages that landscape pressures lead to a 

stronger role for government to deliver carbon reductions, leading to a top-down, 

centrally-controlled transition.  

 Thousand Flowers (TF): this pathway envisages a decentralised, bottom-up transition 

led mainly by civil society and consumers.  

 

These pathways were chosen because their socio-technical, co-evolutionary approach 

represents a departure from the technological or economic modelling methodologies usually 

used for creating transition pathways (see for example Anandarajah et al 2008; Day 2014; DECC 

2010; Strachan et al 2008; UK Committee on Climate Change 2008). Energy systems do not 

usually emerge on the basis of economic rationality; rather, they are the result of a messy 

combination of socio-technical, political and economic drivers. Furthermore, these pathways 

offer an opportunity to compare the security of centralised and decentralised options for the 

electricity system. This is particularly interesting, because it opens up the space to discuss 

energy security issues in the context of the normative question of how the emerging system 

should look, if we are to achieve a low-carbon, affordable and secure electricity system. It should 

be emphasised that all transition pathways are constructed on the basis of multiple assumptions 

(for more on the assumptions of these pathways see Barnacle et al 2013; Barton et al 2013; 

2015; Foxon 2013). The pathways and the results of the security assessment carried out in this 

paper are not intended to provide predictions of the future, but rather to explore some of the 

risks and trade-offs which could occur under various alternatives for a low-carbon transition. 

                                                           
1
 http://www.lowcarbonpathways.org.uk/ 

2
 ‘Governance’ is defined as the structures and processes influencing the decisions made by various actors, and how these choices give rise 

to changes within the system (Foxon 2013; Smith 2009) 
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3 Results 

3.1 Availability 

3.1.1 Public approval ratings 

As pointed out by Pidgeon and Demski, there is often a sense that achieving a transition to a low-

carbon energy system will be a purely technical and economic process: “a key assumption is that 

new technologies, fostered though appropriate market instruments, will lead to the necessary 

reductions in emissions” (2012: 42). They go on to point out that this is a great 

oversimplification of the issue. In reality, the constraints upon system transitions are often 

related to socio-political issues, such as the acceptability of various options (Parkhill et al 2013). 

 

Figure 1 shows the weighted proportion of the generation mix which would be ‘approved of’ by 

the public, minus the weighted proportion which would be ‘actively opposed’, extrapolated from 

the results of a nationally representative survey of the acceptability of generation technologies 

(Demski et al 2013). The results show that public approval improves greatly compared to 2010 

for all pathways; this reflects the fact that approval tends to be much higher for renewable 

energy sources (RES) than for fossil fuels. Lower levels of coal and gas in the TF pathway lead to 

generally high levels of public approval.  

 

Fig. 1: Public approval ratings of the pathways, in GW and in % of total fuel mix 3 

 
 

3.1.2 Risk of direct opposition 

High levels of general public support don’t always mean that specific projects are approved of, 

and many installations which have high national approval ratings fail to gain support at the local 

level, sometimes resulting in the failure of the installation project (Batel et al 2013; Devine-

Wright 2005). Therefore it is necessary to take a closer look into some of the forms of opposition 

which can arise. Figures 2 and 3 show the results from three metrics which are used as proxies 

for possible levels of disruptive opposition: the amount of new generating infrastructure 

required; the amount of new onshore transmission infrastructure required; and domestic 

extraction of fuel resources. 

 

                                                           
3 The 2010 results differ very slightly between the different pathways. This is an artefact of the Transition Pathways model, which 

uses 2008 data as the baseline, and therefore this is the case for multiple indicators in this results section. 
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Figure 2 shows that the pathways are actually fairly similar in terms of land requirements for 

generation infrastructure. The levels of disruption to be expected due to new capacity are driven 

overwhelmingly by new additions of wind and solar. The level of onshore transmission upgrades 

required (figure 2 secondary axis) suggests that the TF pathway will be least vulnerable to this 

type of disruption, due to lower demand and decentralisation which reduces the need for 

transmission additions. The CC pathway has high requirements for onshore transmission 

additions through to 2030, driven by high penetration of nuclear and onshore wind; this could 

result in disruption due to unpopularity of the pace of change. Figure 3 shows that domestic 

extraction of fuels (coal, gas and biomass) decreases significantly for all the pathways. Extraction 

levels are actually very similar for the pathways, despite the emerging differences in fuel mixes; 

this is because the MR and CC pathways both experience some domestic extraction of gas and 

coal required for the high penetration of abated gas and coal in these pathways, whilst the TF 

pathway has much higher biomass requirements.  

 

It is worth reiterating the fact that acceptability and opposition are highly complex and context-

specific, and are driven by numerous socio-economic, demographic and psychological factors 

(Burningham et al 2006; Devine-Wright et al 2009). For example, location is an extremely 

important variable, but strong attachment to a location can create either positive or negative 

sentiment depending on how the project is perceived and framed (Devine-Wright 2011; Moula 

et al 2013). Therefore, high levels of generation and transmission infrastructure and high levels 

of domestic extraction would not necessarily translate into opposition, especially not if the 

installations are perceived as positive for the local area. However, a detailed appraisal of the 

likelihood of opposition is not possible without huge amounts of detailed data on people, 

attitudes and contexts, which is generally not available in transition pathways data. Therefore 

the proxies described above are a necessary simplification of a complex issue. For this reason, it 

is important that this indicator is viewed alongside the other ‘domestic disruption’ indicators, as 

all capture slightly different aspects. 

 

Fig. 2: Disruption due to public opposition: additional generation and transmission infrastructure 
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Fig. 3: Disruption due to public opposition: domestic extraction of resources 

 
 

3.1.3 Participation and engagement 

Greater levels of public participation in decisions will often lead to higher levels of public 

acceptance and to reduced likelihood of disruption and delays (Bell et al 2005; Cohen et al 2014; 

Jones and Eiser 2009). It is not possible to generate detailed results using the information 

provided in the pathways, meaning that this aspect of acceptability must rely on the ‘storylines’ 

of the pathways. The MR and CC pathways are both organised according to a centralised model 

in which decisions are mostly taken top-down, with less participation from the general public 

than the TF pathway. This could create risks, because a system which fails to allow the public to 

feel that they have a stake in the decisions being made could be more vulnerable to acceptability 

problems (Fast and Mabee 2015). The TF pathway on the other hand is organised around 

bottom-up, local and civil-society led decisions, in which people will often have a direct route to 

the decision-making process for individual plans and choices around energy, and in which 

citizens will often have a direct stake in their electricity supply via microgeneration or 

community energy projects. This pathway would potentially be able to mitigate many concerns 

regarding domestic disruption, because people are more likely to accept something if they have 

been directly involved in the process from the start or if they have a direct stake in the project 

(Barton et al 2015; Fast and Mabee 2015; Warren and McFayden 2010).  

 

3.1.4 Fuel mix diversity 

Figure 4 shows that diversity (measured using the Shannon-Weiner index) increases for all 

pathways, with the CC pathway experiencing the greatest increase in diversity. The TF pathway 

scores lowest, reflecting a considerable reliance on biomass as a back-up for intermittent 

sources. It should be noted that the results from the Shannon-Wiener index are dependent on 

the level of aggregation used for the different fuel types: increased disaggregation will result in a 

higher diversity score, therefore diversity scores are of limited usefulness viewed in isolation, 

and are most useful when making comparisons (Grubb et al 2006). 
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Fig. 4: Fuel mix diversity 

 
 

3.1.5 Imports 

Figure 5 shows that import dependence increases in all the pathways. The MR pathway has the 

highest levels of import dependence, driven by rising demand and dependence upon imported 

coal and gas. The TF pathway, despite achieving significant reductions in overall energy demand, 

also sees steep increases in import dependence, driven mainly by reliance on imported biomass. 

These results demonstrate that contrary to received wisdom, dependence on fuel imports does 

not ‘inevitably’ decrease as the result of a low-carbon transition.  

 

It is important to note that import dependence per se is a rather poor indicator of energy 

security, because imports are not necessarily less secure than domestic supplies (Performance 

and Innovation Unit 2002; Watson and Scott 2009). Therefore it is important to view import 

dependence alongside results showing the diversity and stability of energy imports. 

Unfortunately, there is not enough information in the pathways to accurately predict import 

stability or diversity to 2030 and 2050. There are a vast number of variables which could 

influence where the UK sources its fuels from in future, the majority of which are impossible to 

predict. It is the contention of this research that any robust assessment of the energy security of 

transition pathways would rely on being able to make better projections of the likelihood of 

disruption to imports. Therefore, if pathways are to be deemed ‘secure’, it is imperative that they 

incorporate information about where imports are coming from and the routes taken.  

 

Fig. 5: dependence on imported fuels, in TWh/y 
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3.2 Affordability 

3.2.1 Affordability: Levelised Cost of Electricity Generation 

Figure 6 shows that the Levelised Cost of Electricity Generation (LCOE) increases significantly 

for all the pathways in 2030 and 2050. The TF pathway experiences the most significant 

increases in generation costs; this reflects the enormous scale of the transition which would be 

required for such an ambitious phase-out of fossil fuels and nuclear.  These high costs are also 

driven by large amounts of spare capacity and low load factors in the TF pathway, meaning that 

much of the power generation is only running for limited hours throughout the year; this has the 

effect of significantly increasing the LCOE. However, this pathway also has by far the biggest 

range of results, reflecting considerable uncertainty over costs of distributed generation and 

biomass.  

 
Fig. 6: Levelised cost of electricity generation, £bn 

 

3.2.2 Network upgrade costs 
Fig. : Cumulative network upgrade costs 

 
 

Network costs also increase through to 2050 for all the pathways, as shown in figure 7. Total 

cumulative network costs in 2050 are expected to be between £70bn and £120bn, whichever 

route to transition is taken. These costs are at least as high as the costs of generation shown in 

the previous section; this illustrates the fact that often, policy and public discourse focuses on 

the costs of generating the power, and doesn’t give enough attention to the costs of getting the 
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increase in network upgrade costs, mainly driven by a shift towards distributed generation and 

reductions in demand. 

 

3.2.3 Annual bills to consumers 
Fig. 8: Annual retail electricity bills, 2030 and 2050 

 

A highly interesting comparison comes when the levelised costs of generation and network costs 

results are used to calculate the annual bills to consumers (figure 8). Unsurprisingly, in all cases, 

annual electricity bills are set to increase considerably, reflecting the demands of a transition to 

a low-carbon electricity system. Once again, the TF pathway looks highly ambitious out to 2030; 

the bill increases are much higher in the shorter-term for the TF pathway, which could raise 

severe feasibility issues. However, these results also illustrate the impact of reducing demand; if 

the same costs per unit are assumed for all pathways, the TF pathway has the lowest bill 

increases in 2050, despite having higher generation costs. It is worth noting that the demand 

reductions in the TF pathway are achieved through considerable amounts of behaviour change, 

leading to greater reductions in overall energy demand than would be achieved through energy 

efficiency alone. 

 

3.3 Long-term environmental sustainability 

3.3.1 Carbon emissions 
Fig. 9:  Life-cycle carbon intensity 
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The TF pathway is the most sustainable for the ‘life-cycle carbon intensity’ metric shown in 

figure 10. The increasing penetration of small-scale, decentralised energy and RES and a steep 

decline in the share of fossil fuels in the generation mix all act to reduce emissions. This result 

may help to highlight trade-offs between the low-carbon agenda and some of the other 

dimensions explored in this paper. The large range of TF results is due to considerable 

uncertainty over the potential for negative emissions from biomass. 
 

3.3.2 Resource depletion 

In terms of primary fuels, gas and biomass are most at risk from depletion. Global proven 

reserves of natural gas at the end of 2014 stood at roughly 197 trillion cubic metres (tcm) 

(Energy Information Administration 2015). BP estimates that this is enough to meet around 55.1 

years of global demand under Business-as-Usual (BAU) demand scenarios (BP 2013). However, 

global gas supply has also increased significantly, and the shale gas boom in the US has 

somewhat undermined suggestions that we are nearing ‘peak gas’ (BP 2013; Helm 2011). 

Biomass is more complicated than non-renewable resources, because it is renewable but can 

still be depleted, and there is a complex relationship between land for food and land for 

bioenergy. A report by the UK Energy Research Centre (UKERC) suggests a mid-estimate of 

global biomass potential between 100 to 600 Exajoules (EJ), dependant on numerous 

assumptions (Slade et al 2011). To put this in context, estimated global proved reserves of 

natural gas (197tcm) would provide approximately 7,336 EJ (calculated using the Delek Drilling 

gas volume converter [Delek Drilling 2015]). Therefore it can be seen that even though there is 

potentially considerable biomass availability under some of the more optimistic assumptions, 

the reserves are not nearly as large as natural gas. The TF pathway suggests that in 2050 41% of 

electricity consumption will be from biomass, with only 7% from natural gas. If other countries 

were to pursue similarly ambitious biomass strategies, this could put serious strain on global 

biomass feedstock availability. 

 

Coal, meanwhile, is less at risk of imminent depletion; in fact, the main factor which is likely to 

influence coal production and consumption is the impact of carbon reduction policies rather 

than depletion of the physical resource (von Hirschhausen et al 2010). Coal is still more at risk of 

depletion than renewable non-depletable fuels, but is generally not considered at risk of global 

depletion through to 2050. Finally, uranium is generally judged to be at low risk of depletion, 

although it is still a non-renewable fuel; the OECD Nuclear Energy Agency suggests that “the 

uranium resource base… is more than adequate to meet projected requirements for the 

foreseeable future” (2014: 15).  

 

A growing concern for the sustainability of a low-carbon transition is the supply of secondary 

materials used in power production, such as specific metals and Rare Earth Elements (REEs). 

Speirs et al (2014) note that demand for these materials is likely to increase considerably in the 

future, especially in the context of increasing penetration of low-carbon technologies such as 

wind turbines, solar photovoltaic panels and battery-powered vehicles, as well as in other 

energy components such as the superalloys used in advanced thermal power generation. There 

has been particular concern over REEs, because their supply is currently limited to relatively few 

localities: China produces by far the largest quantities of REEs, which raises concerns over 

potential bottlenecks in the supply chain (Stegen 2015; Umbach 2012). Moss et al (2011) 

assessed the criticality of supply of 32 of the most significant materials for energy generation in 

the EU through to 2030 under a low-carbon trajectory (table 2).  
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Table 2: 32 critical materials for power generation (Moss et al 2011) 

  

 

 

 

 

 

 

 

 

Using the existing literature which has been briefly outlined here, this paper assesses the 

depletion risk of major generation types, and scores them from 1 to 10 (where 1 indicates no 

risk of depletion) (figure 10). It is then possible to apply the scores shown in figure 10 to the fuel 

mixes in the pathways, to show the proportion of each pathway which would be at risk of 

resource depletion. The graph in figure 11 shows that the depletion scores for the pathways are 

all actually remarkably similar, despite having very different fuel mixes. All three pathways are 

more at risk of secondary resource depletion than of primary fuels, reflecting the greater share 

of RES (and therefore a greater share of REEs). This is actually relatively promising from a 

security perspective, as there is likely to be higher levels of substitutability for secondary 

materials; in fact, research is already underway to find substitutes for some of the REEs named 

above. 
 

Fig. 10: Depletion risk of major generation types 

 
 

Fig. 11: Primary and secondary resource depletion 
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3.3.3 Water use 

As shown in figure 12, the MR pathway is the least sustainable for the ‘water consumption and 

withdrawals’ metrics. This is driven by large amounts of fossil generation in this pathway, which 

requires cooling water, as opposed to the non-thermal and renewable resources which are 

relied upon in the other two pathways. It is worth emphasising that life-cycle water 

requirements are outside the scope of this paper, therefore this indicator does not show water 

usage for mining or for biomass feedstock production. There is considerable variability in the 

water requirements of biomass depending on the specific feedstock, but the prevalence of 

biomass in the TF pathway could result in challenges for life-cycle water requirements. 

 

Fig. 12: Water consumption and withdrawals 

 
 

3.4 Reliability 

3.4.1 Shock resilience: Loss of Load Expectation and de-rated capacity margins 

For the electricity system, a common means of assessing system adequacy is by Loss of Load 

Expectation (LOLE) (DECC 2013f; Ofgem 2013). The LOLE is the reliability standard which is set 

and maintained by the regulator, and uses a probabilistic approach to represent the number of 

hours per year when supply will not meet demand.4 The pathways have all been modelled with 

hour-by-hour system adequacy in mind (Barnacle et al 2013; Barton et al 2013), therefore all 

should be assumed to meet the national reliability standard. 

 

However, the de-rated capacity margins (DRCM) shown in figure 13 illustrate that system 

adequacy could potentially be a real risk for two of the pathways. Both the MR and CC pathways 

see DRCM of close to zero in 2030 and negative in 2050, driven by high penetrations of wind and 

solar. A tight margin suggests that the system could struggle to meet peak demand if the system 

were to experience an unexpected change in the supply-demand balance, for instance due to a 

fault at a large power plant. The mismatch between these results and the system adequacy 

modelling of the pathways suggest that they may have been overly optimistic in their 

assumptions regarding planned and unexpected outages at thermal plant and peak generation of 

intermittent sources. These results therefore emphasise the benefits of using more than just one 

system adequacy metric, because all metrics are dependent upon multiple assumptions.  

 

                                                           
4 It is worth emphasising that this is a probabilistic reliability standard and not a measure of the actual loss of power which will be 

experienced by consumers – the actual number and duration of load losses will vary yearly and regionally, and the vast majority of losses of 

a certain level of load will be managed by the Grid with no impact on power availability to consumers. 
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Conversely, the TF pathway shows a very high DRCM throughout, reflecting the need for large 

amounts of spare capacity to back up intermittent RES, and hence low load factors for 

conventional generation. Therefore the real issue for the TF pathway may be in the feasibility of 

attracting investment in this spare capacity. Attracting sufficient investment is critical to energy 

security, but is extremely challenging to assess. 

 
Fig. 13: De-rated capacity margins base case (DRCM), % 

 
 

3.4.2 Shock resilience: flexible supply 

Figure 14 shows a clear disparity between declining capabilities and increasing requirements 

for frequency response and short-term operating reserve services, for all three pathways. The 

declining capability reflects the increasing penetration of inflexible sources such as RES and 

nuclear, and also the impact of low load factors; if a plant is switched off at the time of the 

response or reserve request, it cannot come on-line quickly enough to provide backup services. 

The increasing requirement reflects the impact of increasing wind generation (leading to bigger 

impact of inevitable wind forecasting errors), decreasing system inertia, and an increase in the 

credible potential in-feed loss due to an increase in unit size (National Grid 2011; Ulbig et al 

2014).  

 
Fig. 14 Response and reserve capabilities and requirements5 

 

                                                           
5
 Frequency response = the ability of the system to respond to unexpected fluctuations in electricity frequency, over very 

short timescales (<30 seconds). Short-Term Operating Reserve (STOR) = the ability of the system to return to normal 
operating conditions, under slightly longer timescales (< 4 hours). 
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3.4.3 Shock resilience: flexible demand 

One means of mitigating the risks caused by declining response and reserve capabilities would 

be to increase flexibility of demand. Unfortunately, the demand data in the pathways is limited, 

and therefore it is very difficult to estimate flexible demand capability. All three pathways 

include a smart grid by 2050, and therefore it could be assumed that peak load is to some extent 

already being shifted. However, the pathways creators point out that currently, there is very 

little data on the actual likely uptake rates of widespread demand-side response, especially for 

the residential and public sectors (DSR) (Foxon 2015; Hargreaves et al 2013). This means that it 

is difficult to make assured estimates of uptake of more complex DSR technologies such as smart 

grids for residential areas. 

 

Dudeney et al (2014) found that the technical potential for shiftable electricity load across all 

sectors today may be up to ~18GW (out of 54GW peak) on a January weekday winter evening. 

However, the amount that is realistically shiftable is unclear, but is certainly much less. 

Consumers may be willing to accept some interruption of some household appliances for 

financial benefit; however, there might be a limited match between what currently contributes 

to peak demand (lighting, TV, heating, cooking) and most of the shiftable appliances (washing 

machines, dishwashers etc). If 10% of the electricity load were realistically shiftable (to take a 

relatively conservative estimate based on figures from Dudeney et al [2014], Element Energy 

[2012] and AECOM [2011]), the MR pathway would still have higher peak demand in 2050 than 

the other two pathways. The error bars in figure 15 show the impact of a reduction of 20% of 

peak demand: even under this more optimistic assumption, neither the MR nor the CC pathway 

reduce their peak demand to the same level as the TF pathway. This corroborates the conclusion 

from Dudeney et al (2014) which suggests that greater gains may be made from reducing overall 

demand, rather than load-shifting. 

 

 
Figure 16: peak demand. Error bars show 20% reduction of peak due to shifting 

 
 

4 Discussion: risks, trade-offs and uncertainties 

 
The results from a broad assessment of future electricity security can help to reveal some of the 

synergies and trade-offs which may be experienced between different objectives in a transition 

to a low-carbon energy system. The results show that there are no clear winners; all routes to a 

low-carbon transition involve vulnerabilities in certain areas, and one of the challenges will be to 

identify the areas in which we are most prepared to accept compromises.  
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The results show that the dimension in which all three pathways experience most risk in general 

is the ‘affordability’ dimension, whereas the least risky dimension is the ‘environmental 

sustainability’ dimension. To some extent, this is to be expected, because the pathways all set out 

to reduce carbon emissions and the other ‘sustainability’ indicators (resources and water) 

appear to improve as the result of a transition away from fossil fuels. The pathways did not, on 

the other hand, set out to create the cheapest electricity system possible. This high-level 

overview supports the conventional wisdom that one of the key trade-offs in a transition to a 

low-carbon electricity system will be between environmental sustainability and affordability. 

The results indicate that a transition away from high-carbon electricity production results in 

synergies with some other security objectives: for example, increasing penetration of RES tends 

to increase diversity and public approval. On the other hand, certain trade-offs between 

objectives have been identified. For example, the results show that increasing penetration of RES 

could increase the risk of opposition due to proximity to generation and transmission 

infrastructure, and could result in reliability risks as discussed in the following paragraph. 

Furthermore, the results show that contrary to received wisdom, fuel imports do not necessarily 

decrease in a low-carbon transition, therefore it would probably be wise to abandon the rhetoric 

of the supposed desirability of fewer imports, and instead focus on improving the resilience of 

the system to disruption, for instance by improving the diversity and stability of supplies.  

 

The three pathways experience risk in several of the various ‘reliability’ indicators, mainly due 

to a lack of flexible, responsive supply capacity (section 3.4). The Market Rules and Central 

Coordination pathways both have very low capacity margins and a wide divergence between the 

capability and requirements for short-term system balancing measures. The results for the 

Market Rules pathway suggest that high demand plus high penetration of intermittent RES may 

generate risks for system security; meanwhile the results for the Central Coordination pathway 

suggest that heavy reliance on large inflexible generation technologies such as nuclear and 

offshore wind may be risky. The only example of secure capacity margins in the three scenarios 

is in the Thousand Flowers pathway, where is it achieved via large amounts of spare capacity on 

the system and resultant high generation costs. It is worth noting that all these reliability risks 

could be mitigated by alternative flexibility options such as DSR, and potentially increased 

electricity storage and interconnection; the pathways assessed here do not contain enough data 

to make an accurate assessment of the ability of the system to support significant levels of 

demand-side flexibility, but this represents an important area for future research.  

 

Reduction of overall energy demand was found to generate security benefits for multiple 

indicators, and should therefore be a policy priority; this finding supports the literature which 

suggests that demand reduction can be a win-win for lower emissions and for energy security 

(Adelle et al 2009; Berk et al 2006; Froggatt and Levi 2009; Hoggett et al 2013; Pye et al 2014). 

However, the Thousand Flowers pathway which capitalises most on these co-benefits achieves 

highly ambitious demand reductions by maximising consumer engagement and behaviour 

change as well as simply energy efficiency. Much of the literature focuses on improving security 

by minimising causes of insecurity (Jonsson et al 2013), but this paper shows that this approach 

sometimes neglects the critical issue of maximising responses to insecurity, for instance by 

improving flexibility and responsiveness of both supply and demand.  

 

4.1 Uncertainties and limitations 
Four major areas of uncertainty stand out as worthy of note, as they occur in a large number of 

the indicators: 
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 Investment: realising any transition pathway will be dependent on securing the 

investment required for infrastructure on both the supply-side and the demand-side. 

This aspect is often not explicitly addressed in transition pathways outputs, and is highly 

challenging to assess. 

 Biomass: the Thousand Flowers pathway especially is heavily reliant on biomass, 

because it can provide an extremely useful source of flexible low-carbon generation. 

However, there are high levels of uncertainty over many aspects of biomass supply, 

including its sustainability and the likely scale and direction of future international 

resource flows. Closing down these gaps in knowledge may require continued 

experimentation with existing biomass power generation (e.g. the large conversion 

project at Drax) in order to explore emerging supply chains.  

 Costs: it is notoriously difficult to project costs, and like most other cost projections the 

results here will probably prove to be inaccurate. This dimension is particularly 

vulnerable to uncertainties which cascade from one indicator to the next. 

 Demand patterns: several of the assessment results are dependent on information 

about demand volume; however, it is highly likely that the key indicator in the future will 

be the way in which we use electricity, rather than the amount we use. It is therefore the 

contention of this research that a robust security assessment of any pathway will require 

detailed information about future demand patterns. 

 

The results in section 3 offer a very high-level view of the future security of the UK electricity 

system in a low-carbon context. Clearly, this high-level approach creates limitations of the 

analysis, both in terms of subjectivity and uncertainty. Multiple assumptions must be made, 

which in some cases tend to cascade. One important outcome of this analysis is in highlighting 

three key areas in which improved data or granularity in the inputs or outputs of pathways 

models would assist in identifying security risks: 

 More detailed information on imports, especially regarding country of origin and route 

of transit.  

 Information on demand patterns, potentially including data on consumer behaviour, 

smart appliances, demand elasticity of electricity, and rebound effects. 

 Locational data, especially of generation sites and transmission maps. 

 

5 Conclusions and Recommendations 

 
This paper has presented the initial results from a broad assessment of the security of three low-

carbon transition pathways for the UK electricity system. A new framework for the assessment 

of future low-carbon electricity security has been developed, which seeks to widen the security 

discussion to include social, economic and environmental aspects. The aim has been to create a 

‘dashboard’ of quantitative and qualitative indicators which can be used without aggregation. 

This indicator set is designed to be broadly applicable to the security assessment of any set of 

transition pathways, provided that the raw data is available. The application of these indicators 

has helped to identify key issues and trade-offs which could occur when undergoing a transition 

to a low-carbon electricity system, and has helped to identify areas in which data unavailability 

makes security assessment highly challenging. 

 

The analysis has shown that a major trade-off occurs between sustainability and affordability 

dimensions. This has major implications for the UK’s ability to achieve a ‘balanced’ trilemma. 
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This analysis has also shown that increased flexibility on both the demand-side and the supply-

side will be imperative to mitigate the security risks of increasing penetration of intermittent 

generation. As such, policy should immediately recognise the future importance of biomass in 

providing renewable yet flexible power generation; in particular, more sustainable indigenous 

forms of biomass, such as energy-from-waste, should be prioritised. Moreover, policy should act 

now in support of system flexibility, including smart demand-side response, storage and 

interconnection. Energy security in both policy and the academic literature tends to focus on 

minimising causes of insecurity; this paper has demonstrated that it is just as important to focus 

on maximising responses to insecurity by improving system flexibility. 
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Appendix A: Transition pathways to a low-carbon economy 

 

The development and design rationale of the Transition Pathways is described in detail in the 

Special Issue of Energy Policy, Volume 52 (2013). The theoretical background is elaborated in 

Foxon (2013); more detailed development can be found in Barnacle et al (2013) and Barton et al 

(2013; 2015). These papers also provide more detail about the multiple assumptions upon 

which these pathways were constructed. 

 

All the pathways aim to reduce UK carbon emissions by 80% by 2050. However, the consortium 

did not assume that all the pathways succeed in doing this; in fact, only the CC and TF pathways 

succeed, with the MR pathway only reducing overall emissions by 72% in 2050. All pathways 

assume some electrification of heat and transport; for this reason, despite improvements in 

efficiency, electricity demand increases in both the MR and CC pathways. The fuel mix for the 

pathways is illustrated below.  

 

 

Market Rules: 

Large-scale, centralised, market-led 

Fossils, nuclear, CCS, wind 

Electrification of heating and transport 

Large increase in overall energy demand 
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Central Coordination:  

Large-scale, centralised, government-led 

Nuclear, wind, energy efficiency 

Electrification of heating and transport 

Some increase in overall energy demand 

 

 
 

 

Thousand Flowers: 

Decentralised, small-scale, civil-society led 

Biomass, Combined-heat-and-power, micro-scale RES 

Electrification of heating and transport 

Reductions in overall energy demand, behaviour change 
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Appendix B: Indicator methods and example calculations 
 

Indicator / metric Calculations and examples Notes, data, assumptions 

Public approval 
ratings 

Example: Coal is ‘approved’ by 19% of population, ‘opposed’ by 46%. MR pathway has 
17.31GW of coal in 2030. (17.31*0.19)+(-17.31*0.46)= -4.6737. Technology totals summed to 
give pathway total (in GW). This divided by total pathway capacity to give %. 

Nationally-representative survey data n=2441; methods given in Demski et al 2013 
 

Direct opposition: 
land requirements 

Example: 11.182GW of new nuclear capacity of added between 2010 and 2030 in CC 
pathway. Average land requirement of nuclear is 1860465m

2
/MW.  

Land requirement = 1118.2*1860465.  
Technology totals summed to give pathway total in m

2
; weighted 70-30 for onshore-offshore 

Tech land requirements from publically available data on existing power stations 
(online) and MacKay 2009.  
Biomass feedstock not included; covered in ‘domestic extraction’ 
CCS assumed same land requirement as unabated generation 

Direct opposition: 
transmission capacity 

See ‘transmission costs’ indicator  

Direct opposition: 
resource extraction 

Levels of domestic extraction of coal, oil, gas and biomass identified in ‘import dependence’ 
indicator (in TWh/y).  

Includes biomass feedstock 
Uranium not considered: ‘domestic’ resources are stockpiles not mined 

Public participation Qualitative indicator; see Section 3.1.3 for details  

Fuel type diversity Example: pathways in 2010 have 24.93% coal, 35.75% gas, 11.30% nuclear….  
SW = (0.2493*(Ln(0.2493)))+(0.3575*(Ln(0.3575)))+(0.113*(Ln(0.113))) etc 
This gives a minus number, which is inverted to give the diversity index score 

Fuel source (e.g. coal, gas, oil) grouped by type. RES disaggregated by type (e.g. 
wind, solar, tidal). Onshore and offshore wind aggregated together. 

Import dependence Proportion of fuels from imports available in Transition Pathways data (available on request)  

LCOE CAPEX = Pre-development + Construction costs (in £/MW). Discount rate 10% 
CAPEX LCOE (£/MWh) calculated in excel using the PMT function, which calculates the yearly 
financial payment using the capital cost, the economic lifespan of the plant, and the discount 
rate. This is then divided by the number of load hours (capacity*capacity factor) to give 
CAPEX LCOE in £/MWh 
 
OPEX = (Fixed O&M + Insurance + Connection and UoS charges) +  (Fuel + Variable O&M + 
Decommission). OPEX LCOE: Fixed cost (in £/MW/Year) divided by full load hours and added 
to the variable OPEX (in £/MWh)  
 
Total LCOE (in £/MWh) = CAPEX + OPEX. Total LCOE (in £/MW) = Total/MWh*Load hours. 
Total LCOE for the capacity in the pathway = Total/MW * Capacity 

All cost data from DECC (2013d) and Mott Macdonald (2010). Disaggregated 
according to large, medium and small-scale, and FOAK and NOAK 
Newer technologies assumed CAPEX reduction due to learning (using DECC lower 
estimates) 
Costs differentiated by technology scale where data available (TF pathway uses 
small-scale) 
 

Network costs: 
transmission 

Offshore: unit costs for offshore wind farms and  interconnectors applied to Round 3 wind 
sites and planned interconnectors 
Onshore example: regional upgrade cost estimate (Scotland) of £245098/MW. MR pathway 
has 66.31GW of new capacity added by 2030, 87% of which centrally connected (57.69GW) 
Upgrade cost = 245089*57690.  

Offshore wind and interconnection sites and unit costs from National Grid 
Onshore upgrade cost estimates from ESNG (2012:36) 
Cable distances for interconnection obtained from project planning documents 
Regional spread of onshore generation assumed to stay constant 
Distributed generation proportions from central load estimates in pathways data 

Distribution costs See Pudjianto et al 2013   

Annual bills Price-setting fuel calculated using Load Duration Curves (LDC): generation types stacked 
according to merit order 
Annual wholesale cost = ∑ (LCOE variable cost for tech X * hours p/a when tech X is setting 

Load duration and demand weighted temporally: winter/summer 50/50; peak/off-
peak 75/25 
Gas price assumed 20% higher in winter 
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the price) 
Full cost = wholesale cost (47%) + network cost (20%) + costs and margins (19%) +  social & 
environmental programs (9%) 
Annual bill = Average household demand (in MWh) * full cost (in £/MWh) 

Merit order given in Pathways data 
Interconnector prices assumed higher than wholesale cost; sensitivity analysis 
shows that interconnector price not an important consideration 
VAT not included 

Carbon intensity  Example for MR pathway 2030, with 36.7 TWh unabated gas, 7.5 TWh unabated coal and  
37.7 TWh onshore wind. Total output = 467 TWh 
Mid-estimate life-cycle carbon intensities (50

th
 percentile, 2030): Unabated gas = 

469gCO2/kWh. Unabated coal =  1001gCO2/kWh. Onshore wind = 12gCO2/kWh 
Carbon intensity = (469*(36.7/467)) + (1001*(7.5/467)) + (12*(37.7/467)) etc 

Life-cycle emissions intensity range estimates from IPCC (Moomaw et al 2011).  
Raw data low estimates assume negative emissions from biomass 
CCS mid-range estimate assumed to be mid-way between low and high estimates 
CHP estimate from Woods and Zdaniuk (2011) 

Resource depletion 
(primary and 
secondary) 

Depletion index score (DIS) for each fuel type established qualitatively (see Section 3.3.2). 
Application of scores to pathways example:  
For fuels: ∑((Nameplate capacity*Load factor)/pathway output)*(DIS/100) 
For renewables: (Nameplate capacity/pathway output)*(DIS/100) 

CCS decreases plant efficiency, therefore fuel type output reduced according to 
efficiency impact for each type 
CHP fuel requirements halved to account for heat production 
Coal plant efficiency disaggregated IGCC / ASC 

Water Water usage (million m
3
/y) = Fuel water intensity estimate (m

3
/MWh) * fuel output (TWh/y) 

Results weighted for type of plant cooling.  
Example MR 2030: nuclear = 90% wet-tower, 10% 1-thru, estimated 193m

3
/MWh for wet-

tower and 4.17m
3
/MWh for 1-thru, and a power output of 79.56 TWh: 

Water withdrawals (million m
3
/y) = ((193*79.56)*0.9)+((4.17*79.56)*0.1) 

Total water usage weighted 70-30 freshwater-seawater (nuclear all seawater) 
Water intensity (m

3
/MWh) = Water usage (m

3
) / electricity output (MWh) 

Does not calculate life-cycle water intensity (out of scope) 
Water intensity estimates from Kyle et al (2013) and Davies et al (2013) 
Cooling type projections from Kyle et al (2013) 
Onshore-offshore estimates from National Grid 10-yr statement projections 
Coal disaggregated IGCC / ASC 
Climate change impacts out of scope 

DRCM Example: coal has capacity credit of 89%, MR pathway 2030 has 6GW coal 
2030 MR pathway peak electricity demand = 86.35GW 
Total available capacity of coal for MR 2030 = 6*0.89 
Pathway DRCM = (((∑Fuel 1,2… n)-86.35)/86.35)*100 

Capacity credits from National Grid (2012:30) 
Imports capacity credit 50%. Solar 0%.  
CCS assumed same capacity credit as unabated 
Capacity credits assumed to not change over time  

Frequency response 
capability 

Example: Unit FR per MW = unit FR capability / unit capacity 
Pathway FR = ∑ (Output 1,2…n * Unit FR) 
 

Unit FR capability from National Grid plant data (available on request) 
FR capability calculated for primary FR only 
FR capability calculated for a large frequency deviation of 0.8Hz  
Biomass data limited, therefore assumed same FR as coal 

STOR capability Pathway STOR capability (%) = ∑(Capacity of thermal plant / total pathway capacity) 
Nuclear capacity adjusted for on/off using load factors 

Nuclear plant minimum load factor 40% 

FR / STOR 
requirements 

Pathway inertia capability (%) = GW capacity of all generation minus wind, marine, solar and 
imports 
Credible in-feed loss increase projected by National Grid for 1800MW unit connection.  
TF pathway assumed smaller unit sizes than CC and MR 
Wind forecasting error from Nat Grid projections; % increases applied to % increase in 
capacity in pathway 

FR/STOR requirement increase due to wind forecast error and credible in-feed loss: 
projections from National Grid (2011) 

Flexible demand Pathway peak load plotted to show impact on peak demand of a 20% (optimistic) reduction 
due to demand shifting 
Future technical and realistic shiftable potential projections: see Section 3.4.3 
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Appendix C: Relevant literature to indicators 
 

 Indicator Relevant literature 

“A
v

a
il

a
b

il
it

y
” 

Public approval ratings Axon et al (2013); Demski et al (2013); Falk (2011); Hayashi and Hughes 
(2013); Whitmarsh et al (2011) 

Disruptive opposition Axon et al (2013); Batel et al (2013); Burningham et al (2006); Cherry et al 
(2014); Cohen et al (2014); Devine-Wright (2005); Devine-Wright et al (2009); 
Greenberg and Truelove (2011) 

Public participation in decisions Barton et al (2015); Bell et al (2005); Cohen et al (2014); Fast and Mabee 
(2015);  Johansson (2013); Jones and Eiser (2009; 2010); Sovacool et al (2012); 
Warren and McFayden (2010) 

Diversity of fuel types in 
generation mix 

Axon et al (2013); DECC (2012b); Grubb et al (2006); Jewell et al (2014); Lehr 
(2009); Pfenninger and Keirstead (2015); Stirling (1998) 

Dependence on fuel imports Axon et al (2013); Frondel and Schmidt (2014); IEA (2011); Jewell et al (2014); 
Kruyt et al (2009); Le Coq and Paltseva (2009); Pfenninger and Keirstead 
(2015); POST (2012); Umbach (2010); Victor et al (2014) 

Diversity and stability of fuel 
exporting nations 

Axon et al (2013); DECC (2012b); European Commission (2014); Frondel and 
Schmidt (2014); Jewell et al (2014); Jonsson et al (2015); IEA (2007); Kruyt et al 
(2009); Le Coq and Paltseva (2009); Lilliestam and Ellenbeck (2011); Neumann 
(2007) 

“A
ff
o
rd
a
b
il
it
y
” 

Levelised cost of electricity 
generation (LCOE) 

Centrica (n.d); DECC (2012a; 2013d); Greenleaf et al (2009); Hayashi and 
Hughes (2013); Kruyt et al (2009); Mott MacDonald (2010); Pfenninger and 
Keirstead (2015) 

Cost of transmission upgrades Bolton and Hawkes (2013); Boston (2013); ENSG (2012); Jamasb and Pollitt 
(2008); National Grid (2011); Strbac et al (2014) 

Cost of distribution upgrades Bolton and Hawkes (2013); Boston (2013); Greenpeace (2005); Jamasb and 
Pollitt (2008); Pudjianto et al (2013) 

Annual retail electricity bills Centrica (n.d.); DECC (2013e); Elkind (2010); Hughes (2012); IEA (2007); Kruyt 
et al (2009); Sovacool (2011); Sovacool et al (2012); Sovacool and Brown 
(2010) 

“S
u
st
a
in
a
b
il
it
y
” 

Carbon emissions and carbon 
intensity 

Axon et al (2013); Bollen et al (2010); Elkind (2010); Falk (2011); Hughes 
(2012); IEA (2007); Ladislaw et al (2009); McCollum et al (2011); Sovacool et al 
(2012); Sovacool and Brown (2010); Winzer (2011) 

Primary fuels depletion Axon et al (2013); Asif and Muneer (2007); Capellan-Perez et al (2014); Kruyt et 
al (2009); Kuzemko and Bradshaw (2013); Mitchell and Watson (2013); Nuttall 
and Manz (2008); POST (2012); Sovacool (2011); Sovacool et al (2012); Watson 
(2010); Winzer (2011) 

Secondary materials depletion Gholz (2014); Humphries (2013); Krishna-Hensel (2012); Moss et al (2011); 
Speirs et al (2014); Stegen (2015); Umbach (2012)  

Water consumption and 
withdrawals for cooling 

Carrillo and Frei (2009); Davies et al (2013); King et al (2008); Koch and Vögele 
(2009); Kyle et al (2013); McDermott and Nilsen (2012);  Sovacool et al (2012); 
Van Vliet et al (2012) 

“R
e
li
a
b
il
it
y
” 

De-rated capacity margins DECC (2011; 2012b); Greenleaf et al (2009); House of Lords (2015); National 
Grid (2012); Newbery and Grubb (2014); Ofgem (2011; 2012a); RAEng (2013) 

Electricity storage and 
interconnection 

European Council (2011); Grünewald (2012); House of Lords (2015); IMechE 
(2012); National Grid (2013b); Newbery et al (2013); Strbac et al (2012a; 
2012b); World Energy Council (2008) 

Frequency response (FR) 
capability 

EirGrid/SONI (2011); Kiriyama and Kajikawa (2014); National Audit Office 
(2014); National Grid (2011);  Ruttledge and Flynn (2015); Strbac et al (2012) 

Short-term Operating Reserve 
(STOR) capability 

EirGrid/SONI (2011); National Audit Office (2014); National Grid (2011); Strbac 
et al (2012) 

Response and Reserve 
requirements 

EirGrid/SONI (2011); National Audit Office (2014); National Grid (2011); 
Ruttledge and Flynn (2015) 

Flexible demand Bolkesyø et al (2014); DECC (2012a); Dudeney et al (2014); Drysdale et al 
(2015); Energy and Climate Change Committee (2011); E3G (2014); Mitchell 
and Watson (2013); Nistor et al (2015); Strbac et al (2012) 
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