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Abstract 
The effects of increasing water and energy demand due to a growing population and climate 

change pose a growing threat to national infrastructure strategies. There is concern that a 

future lack of available water will compromise the UK’s current energy policy to meet an 

increasing demand for electricity with more thermal generation. This research asks what 

impact a lack of available water will have on UK thermal generation by 2050 and aims to 

quantify this impact in terms of cost, type of generation technology, and cooling method. The 

future national water demand of the UK’s thermal electricity generation for nine generation 

pathways was modelled. The regional water demand of one pathway; the Energy 

Technologies Institute’s ESME.MC pathway was then modelled. This identified how 

technology and cooling method combinations drive demand and regionally, where the 

increase in water demand is likely to be greatest. The ESME.MC pathway was modified to 

allow the cost and technology implications of a lack of water to be modelled. This research 

found it is likely that relying on freshwater alone will constrain the levels of thermal 

generation present by 2050 and increase the cost of the UK energy system by £12.5bn per 

annum. Relying on sea and estuarine water is a feasible mitigation option but will result in 

trade-offs with the environmental standards of the UK’s waterbodies. It is recommended that 

when considering these trade-offs the societal and economic benefits of a cost competitive 

electricity generation system is given due weight. Additionally it is recommended that 

alternative, less water intensive, renewable energy dominated electricity generation pathways 

in tandem with financially viable energy storage, continue to receive substantial levels of 

Government, academic and commercial interest. 
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Chapter 1 - Introduction 

1.1 General 

It is recognised that adequate provision of infrastructure is fundamental for the prosperity of a 

nation’s economy (Infrastructure and Projects Authority, 2016, Martin-Utrillas et al., 2015). 

Globally, both the World Bank and the International Monetary Fund have in recent reports 

stated that with the world economy still recovering from the financial crash of 2008, greater 

infrastructure investment is required to boost economic growth (IMF, 2016, World Bank 

Group, 2016). At a national level, a number of studies have made the same case specifically 

for the UK (Aghion et al., 2016, Coelho and Dellepiane, 2016, Green-Wilkes, 2014). 

Different literature sources often refer to different infrastructure sectors, but much of the UK 

literature and Government policy refers to a relatively narrow range of sectors, most 

commonly, but not exclusively, energy, transport, communications (ICT), water and waste 

(Hall et al., 2014, Rhodes, 2016). For over a decade there has been a growing global 

acknowledgement that infrastructure sectors cannot be considered as isolated and 

individualistic systems, but rather as a series of interconnected, interdependent networks (Fu 

et al., 2014, Hunker, 2002, Min et al., 2007, Rinaldi et al., 2001). Figure 1.1 demonstrates in 

generalised terms the interdependent nature of these infrastructure networks. While the 

interdependent nature of infrastructure systems provides many benefits in terms of operational 

efficiency (Chan and Dueñas-Osorio, 2014), it also results in an increased vulnerability, as a 

failure in one infrastructure system can produce a cascading effect leading to degraded service 

in  another (Brummitt et al., 2012, Huang et al., 2014, Pescaroli and Alexander, 2016). This 

vulnerability is likely to be exacerbated as the effects of climate change and a rising 

population put increased pressure on infrastructure and their interdependencies (Kelly et al., 

2015, Utne et al., 2011). 
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Figure 1.1 Infrastructure Interdependencies (AEA-Ricardo, 2009) 

Examples of cascading infrastructure effects include;  

1. In October 2012 Hurricane Sandy hit the North-East US causing substantial damage to 

infrastructure, including widespread power failures. These power failures then in turn 

caused major damage to communication (wireless and internet) infrastructure. Oil and 

gas assets were also forced to shut down due to power failure (Comes and Van de 

Walle, 2014, Hasan and Foliente, 2015). 

2. In November 2009 the UK and Ireland suffered a number of flooding events, with the 

county of Cumbria one of the most badly affected areas. In one instance a bridge was 
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destroyed, which not only provided a transport route but also carried a number of fibre 

optic communication cables, which served some 40,000 customers including police 

services. Therefore the initial damage to transport infrastructure led to damage to 

communications infrastructure, which in turn compounded the disruption caused to the 

transport sector (Bissell, 2010, Fu et al., 2014, URS, 2010). 

1.2 The Water-Energy Nexus 

Water and energy infrastructure sectors provide an example of two highly interdependent 

networks. Figure 1.2 illustrates some of the interdependencies between these networks which 

include; water
1
 for fossil fuel extraction and cooling power plants, and energy for water 

purification and pumping (Siddiqi et al., 2013). An example of the adverse impacts which can 

result from the interdependence of the water and energy sectors is provided by the 2003 

power blackout which occurred in the North-East and Mid-West US as well as Ontario, 

Canada. Due to a software fault, power was lost across these areas which shut down water 

treatment plants and pumping stations, this resulted in raw sewage contaminating public water 

supplies, which led to approximately 8 million people being advised to boil water before 

drinking (Hasan and Foliente, 2015, Wilbanks and Fernandez, 2014). 

                                                           
 

1
 This thesis adopts the terminology that the term water when used applies jointly to mean freshwater, seawater, and 

estuarine water.   
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Figure 1.2 Water and Energy Interdependencies (NREL, 2015) 

Despite the previous example, sudden, catastrophic events, are not the only, or necessarily 

even the most significant pressure, that results from water and energy interdependence. A 

report from the United Nations identified freshwater and energy as being critical to human 

well-being and sustainable socio-economic development (UNESCO, 2014). The importance 

of water and energy interdependencies in global affairs is that energy availability is the driver 

of global wealth, this in turn makes it a precursor of the world population’s economic 

wellbeing. However thermal energy production depends on the availability of large amounts 

of water, predominantly for cooling (UN WWAP, 2015), and many countries already find the 

required levels of freshwater are unavailable during the hot/dry season. For instance, over the 

last decade, several heat-waves have led to low river flows, which have forced thermal power 

stations across central and southern Europe to reduce their load, in some cases leading to 
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increased energy prices and power cuts (Eisenreich, 2005, Fink et al., 2004, Koch and Vögele, 

2009, Olsson, 2013). The effects of climate change and a growing population are predicted to 

further reduce freshwater availability in the future (Miletto, 2015, Wong and Johnston, 2014). 

Conversely it has been estimated that for many countries electricity demand accounts for up 

to 40% of the total operating cost of their water and wastewater utilities (UN WWAP, 2015, 

van den berg and Danilenko, 2011).  

In order for the UK to meet its future energy demand this suggests the case for a more 

detailed understanding of the interdependencies that exist between the UK water and energy 

networks, from now on referred to as the water-energy nexus, and how their interdependency 

may threaten them individually. The interdependencies between water and energy are often 

considered alongside their interdependencies with the food and agriculture sectors; the water-

food-energy nexus (Allan et al., 2015, Smajgl et al., 2016). Whilst it is acknowledged that this 

is an important research area, this research will concentrate on the water-energy nexus only.  

There is a growing concern that the lack of availability of cooling water for thermal power 

stations will compromise the UK’s ability to meet its increasing future demand for a secure 

and affordable supply of electricity (Byers et al., 2014, Byers et al., 2015, Schoonbaert, 2012, 

The Royal Academy of Engineering et al., 2011). Of particular note, the Committee on 

Climate Change (CCC), an independent body established to advise the UK Government (the 

Government) on preparing for climate change, produced an evidence report to inform the 

UK’s second climate change risk assessment. This report identified, with a high level of 

confidence, that lack of freshwater available for abstraction for a number of sectors including 

thermal energy generation presented a high risk to the UK by the 2050’s (CCC, 2016). 
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For the UK, as is the case globally, this is again largely due a rising population (Environment 

Agency, 2013b), and the effects of climate change (Charlton and Arnell, 2011). Alongside 

this, increasingly stringent environmental regulations governing the abstraction process will 

decrease the volumes of all water sources available to UK power stations (Kelly, 2014). This 

can increasingly call in to question the ability of UK thermal power stations to deliver their 

planned contribution. Particularly as it is predicted that the growth in UK electricity demand 

will rise from 359TWh in 2013 (MacLeay et al., 2014), to a possible 610 TWh by 2050 

(DECC, 2013a, HM Government, 2011a), and the expectation is a large proportion of this 

growth will come from an expansion of thermal generation (DECC, 2015a, HM Government, 

2011a, White et al., 2016).   

1.3 Research Question, Aim and Objectives 

The water-energy nexus is a broad, multifaceted subject, therefore any research project within 

this topic needs to define its scope. To help focus the scope a research question to be 

answered by this thesis was developed. As there are already concerns regarding whether there 

will be enough water by 2050 for the suggested levels of thermal generation in the UK this 

thesis asks; what impact will a lack of available water have on UK thermal generation by 

2050, in terms of physical make-up and associated costs?   

With this in mind this thesis identifies future availability of water and its possible impact on 

future UK electricity generation policy out to 2050 as its subject area. Within this subject a 

number of system boundaries are set. The electricity system is defined as being all UK 

infrastructure that contributes to the UK’s generation and supply of electricity.  The energy 

system is defined as being the electricity system plus all UK infrastructure that facilitates 

transport or contributes to the generation and supply of heat. Thermal generation refers to all 

generation of electricity where thermal energy is converted into electricity. Although the 
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water system is often defined as being all infrastructure that contributes to the supply of 

freshwater this research does not focus specifically on the water system but rather on water 

resource which is defined as Fresh, Estuarine and Sea water. Freshwater is defined as 

groundwater and all non-tidal surface water including rivers. Estuarine water is defined as 

tidal water (determined by tidal limits) which has not yet reached the sea.  

As discussed above (section 1.2) food and agriculture systems are not considered in this 

research. This alongside a lack of any detailed consideration of the water system places some 

limitations on this research, particularly in regards to competition for water resource and the 

energy demand of the water system. However it was felt that a relatively narrow scope would 

lead to a more detailed analysis that concentrated specifically on the research question rather 

than a broader, but potentially more dilute analysis. Additionally some consideration is given 

to competition of water resource where appropriate (section 6.2.1.)  

While the UK has generally recognised the importance of the interdependencies between 

infrastructure networks (HM Treasury, 2011), it has been relatively slow in translating this 

into any significant academic effort in respect of its water-energy nexus. This is particularly 

so when compared to other nations (Gu et al., 2014, Stillwell et al., 2011), although it may be 

argued that the nexus poses less threat in the UK than is the case of many other countries. 

Nevertheless, this thesis will show that there are significant constraints on development 

options and therefore policy directions, posed to the future UK electricity sector by its water-

energy nexus and, in particular, in respect of the UK’s future water availability. 

Based on this and the research question, the aim of this thesis is; to quantify the impact of 

future water availability on the UK thermal generation power station fleet by 2050, in terms 

of cost, type of generation technology, and cooling method chosen.  
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To achieve this the following objectives will need to be met: 

1. Identify the key water constraints to UK thermal generation and determine the role 

water availability plays as a constraining factor. Also consider the current mitigation 

and adaptation options.  

2. Determine water demands of different thermal electricity generation and cooling 

method combinations which are applicable to the UK. 

3.  Review and develop an existing water demand framework to model the future 

national water demand of the UK electricity sector. Downscale these results to the 

regional level to identify regions most likely to be constrained by water availability. 

4. Develop a range of regional water availability scenarios to allow the modelling of 

future water availability alongside water demand. Determine the costs of different 

thermal electricity generation and cooling method combinations.  

5. Model future water availability alongside the water demand, and cost of, thermal 

electricity generation and cooling method combinations, allowing the impact of future 

water availability on the UK thermal generation power station fleet to be quantified 

and discussed. 

1.4 Thesis Structure 

To answer the research question and achieve the aim and objectives set out, the remaining 

chapters of this thesis are structured in the following way: 

Chapter 2 – Literature Review 

An initial summary of infrastructure interdependencies is presented, followed by a more 

detailed examination of the current literature on the water-energy nexus, where the 

implications of future water resource availability on current UK thermal generation policy are 

discussed. The uncertainty of current climate change modelling, and the challenges this 
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presents when considering the future freshwater resource available to power stations is also 

presented. The key findings of this review were published as a journal paper in the Water and 

Environment Journal which is included as Appendix A.1. 

Chapter 3 – The Energy Technologies Institute (ETI) and the Energy Systems Modelling 

Environment (ESME) 

The Energy Technologies Institute (ETI) have developed the Energy Systems Modelling 

Environment (ESME), a least cost optimised, UK energy system model. ESME is the main 

tool used in this research to meet the stated thesis aim and objectives. This chapter explains 

the ETI’s involvement with this research, and why ESME was selected above other UK 

energy system models. It gives an overview of the ESME model, including its background 

and how it operates. 

Chapter 4 - Future UK National Water Demand Modelling 

To identify the risks associated with the water demand of specific electricity generation 

technologies, the unconstrained national water demands of proposed electricity generation 

pathway scenarios are modelled. To do this a framework for modelling future water demand 

of the generation options is introduced. A methodology for applying this framework to 

proposed UK electricity generation pathways, including those of the ESME model, is then 

produced. Water abstraction and consumption figures relevant to UK power station generation 

technology and cooling methods combinations are prepared. A validation of the modelling 

framework, and the UK abstraction and consumption figures used is undertaken. The 

modelled national water demands of the pathways selected in 2030 and 2050, and the historic 

2010 demand, are presented, compared and the implications discussed. The UK abstraction 

and consumption figures obtained are compared to those based on U.S. power stations, which 
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were used previously for a similar UK study. The results of this chapter formed the first part 

of a two-part submission to Energy Policy which is currently under review, the title page 

including the abstract are included as Appendix A.2. 

Chapter 5 – Future UK Regional Water Demand Modelling 

To bring the unconstrained national UK water demands of Chapter 4 to the more relevant 

regional level, the modelling framework used in Chapter 4 was modified. Now by applying 

the UK abstraction and consumption figures to the ESME.MC pathway, and using the 

modified framework, unconstrained UK regional water demands were attributed to the 

ESME.MC’s regional generation pathway. The results produced are compared to the national 

results, and conclusions are drawn as to the regional results practical relevance, which then 

leads onto Chapter 6’s interest in regional water availability. The results found in this chapter 

were presented at the WASET 18th International Conference on Water, Energy and 

Environmental Management, Spain. The conference paper is included as Appendix A.4. 

Chapter 6 – Constraining the ESME.MC Pathway by Water Availability 

A methodology was devised to enable the ESME.MC pathway‘s cost optimising process to 

select at the UK regional level, those thermal generation technologies and associated cooling 

methods required on the basis of their relative cost, while  recognising the availability of 

preset levels of freshwater and, sea and estuarine water. Here the objective was to explore for 

the UK the change in generation technologies and commercial advantage, if any, that coastal 

cooling provides relative to inland cooling given any lack of freshwater availability. The 

results of this chapter formed the second part of a two-part submission to Energy Policy 

which is currently under review, the title page including abstract are included as (Appendix 

A.3) 
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Chapter 7 – Discussion of Results 

The results produced in this thesis and their limitations are discussed at length. In particular, 

the chosen generation technology and associated cost implications water availability has on 

the global competitiveness of future UK thermal generation. A discussion as to the trade-offs 

policymakers will have to make when deciding how to best mitigate some of the negative 

implications is also undertaken. 

Chapter 8 – Conclusions and Recommendations for Further Work 

Conclusions are made from the work undertaken in this thesis and related back to the original 

aim and objectives. A number of areas where further work may be of benefit are then 

proposed. 
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Chapter 2 - Literature Review 

2.1 Infrastructure Interdependencies 

Infrastructure is a broad term often used as a catch-all covering many services and sectors 

required for an economy to function. A number of studies have tried to provide a definition of 

infrastructure (Miles, 2015, Moteff and Parfomak, 2004), however Snieska and Simkunaite 

(2015) suggest that there is not yet a generally accepted one. This would seem to be 

confirmed by the Government who in a recent briefing paper used two definitions of 

infrastructure: “[the] economic arteries and veins; roads, ports, railways, airports, power 

lines, pipes and wires that enable people, goods, commodities, water, energy and information 

to move about efficiently” and then “the physical assets underpinning the UK’s networks for 

transport, energy generation and distribution, electronic communications, solid waste 

management, water distribution and waste water treatment” (Rhodes, 2016). From the 

viewpoint of this thesis it is important to note that under both infrastructure definitions water 

and energy assets are named. For this thesis the definition of infrastructure that will be used, 

which again covers energy and water assets, is that of the UK Infrastructure Transitions 

Research Consortium, that is “A collection of technological and human organisational 

structures that come together to form interdependent networks that provide reliable flows of 

goods and services leading to economic productivity and human wellbeing” (Pant and Hall, 

2012). 

Infrastructure is becoming increasingly interconnected due to the need to improve efficiency, 

and monitor and control infrastructure processes (Taft and Becker-Dippmann, 2015). This 

leads to an increase in infrastructure interdependencies. Rinaldi et al. (2001) was the first to 

present a conceptual framework for considering these interdependencies. Rinaldi et al. (2001) 

defines an infrastructure dependency as ‘a connection between two infrastructures through 

which the state of one infrastructure is influenced by the state of the other’. It defines an 
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interdependency as ‘a bidirectional relationship between two infrastructures through which 

the state of each infrastructure is influenced by the state of the other’. Whilst much of the 

‘interdependence’ work since is based upon Rinaldi et al. (2001), the definition of 

infrastructure interdependencies is now often generalised to include infrastructure 

dependencies (Pant and Hall, 2012).  

The global challenges of a rising population and climate change is driving international 

interest, both commercial and academic, in infrastructure interdependencies and how they will 

be impacted by these challenges (Booth, 2012, Kelly et al., 2015, Lienert and Lochner, 2012, 

Utne et al., 2011, Wilbanks et al., 2015). Much of the work focuses on improving the 

resilience of infrastructure to extreme events, driven by climate change, and other factors, 

which increasingly now includes terrorism (Chopra and Khanna, 2015, O'Rourke, 2007, 

Ouyang and Wang, 2015, Varga and Harris, 2014). Some recent studies also consider other 

aspects of infrastructure interdependence such as the their application to novel business 

models and how they can be used to create added value (Bouch et al., 2015, Rosenberg and 

Carhart, 2013). 

The Government does recognise the importance of the interdependencies between 

infrastructure networks (HM Treasury, 2011, HM Treasury, 2013, Infrastructure and Projects 

Authority, 2016), and recognises that understanding the complex relationships that constitute 

infrastructure interdependencies is vital to quantifying the future risks, including cascading 

failures, they could inflict on critical UK infrastructure systems (DEFRA, 2012, Pescaroli and 

Alexander, 2016). A further advantage of this process is that gaining a better understanding of 

infrastructure interdependencies can uncover opportunities to improve operational efficiency 

(Frontier Economics, 2012) 
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This has led to a significant and increasing body of academic literature on UK infrastructure 

interdependencies (Kelly et al., 2015, Metz et al., 2016, Sircar et al., 2013, Tran et al., 2014). 

However, there has been relatively little research within a UK context concentrating on the 

interdependencies between the water and energy infrastructure networks, the water – energy 

nexus, and how they may impact each other. This is in contrast to many other nations and 

international organisations, including the USA and United Nations, who now recognise the 

importance of the water-energy nexus (Bhaduri and Liebe, 2013, Gu et al., 2014, Stillwell et 

al., 2010, UNESCO, 2014, Vilanova and Balestieri, 2015). Indeed the growing importance of 

the water-energy nexus is evidenced by the inclusion for discussion of the subject ‘The 

Water-Energy Nexus’ in the United Nations Conference on Sustainable Development in Rio 

de Janeiro (United Nations, 2012), there have also been several other UN-backed initiatives 

with a water-energy nexus focus since (Endo et al., 2015). 

2.2 The Water Energy Nexus and Thermal Power Generation 

As discussed in section 1.2, energy availability is a prerequisite of the world population’s 

economic wellbeing, but thermal energy production depends on the availability of large 

amounts of water. International Energy Agency (2012) suggests the global water use for 

energy production in 2010, represents some 15% of the world’s total yearly freshwater 

withdrawals, second only to agriculture. Worldwide, many thermal power stations are already 

unable to withdraw the water they require during the hot/dry season. This is a situation made 

worse by the increasing effects of climate change and population growth (Miletto, 2015, 

Wong and Johnston, 2014). International Energy Agency (2012) predicts annual world energy 

demand will grow by 56% from 2010 to 2035, with fossil fuels and nuclear generation 

continuing to be the major providers. Under current policies it is claimed this growth will 
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increase the global energy water withdrawal by 36% by 2035 (International Energy Agency, 

2012). 

Thermal power stations require water for many purposes (e.g. flue gas desulphurisation, dust 

removal, boiler feed-water) (Delgado and Herzog, 2012, Gerdes and Nichols, 2009), but the 

main need is for cooling the exhaust heat from the generators. Byers et al. (2014) estimates 

this use to be as much as 90% of total water abstracted. When water availability is not a 

concern, once-through cooling (Figure 2.1) is used and large amounts of water are abstracted 

to cool the exhaust heat and then discharged back into the water body. This is acknowledged 

as the Best Available [cooling] Technique (BAT) (European Commission, 2001). While a 

reduction in water withdrawal for fossil fuel and nuclear power plants is possible by using 

alternative cooling systems, including recycled evaporative cooling water options (Figure 

2.2); air options (Figure 2.3); as well as evaporative and air cooled hybrid systems, these all 

incur higher capital costs and losses in plant efficiency. This is particularly so when ambient 

temperatures are high. Another trade-off required when deploying less water intensive cooling 

methods is that while they reduce withdrawal demand they incur greater water consumption. 

This, in water stressed areas, reduces the water available to other downstream users. The 

advantage water has over air for cooling is its high density and thermal capacity make it a 

much more efficient and less costly cooling medium (Turnpenny et al., 2010). The choice of 

cooling method therefore depends on balancing water availability, against the additional cost 

and loss of generating efficiency of using the less water intensive alternative cooling methods 

(Cooling Tower Solutions, 2012).   
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Figure 2.1 Once-through Cooling Schematic 

 

 

Figure 2.2 Evaporative Cooling Schematic 
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Figure 2.3 Direct Air Cooling Schematic 

Another alternative cooling medium to freshwater for power stations is the use of seawater (and 

estuarine water). Seawater comprises 96.5% of the world’s potential combined power station 

cooling water resource (Lal, 2015). For countries with large coastlines like Japan, Korea, 

Australia, and the UK, the use of seawater as a suitable, abundant and secure source of power 

station cooling water has been proved (International Energy Agency, 2012). Despite its 

availability some countries do not always see seawater as being the means of resolving their 

energy policy’s otherwise increasing demand for freshwater cooling, and accept the inefficiency 

penalties. The arguments against seawater can be that: 

 

1. The ‘physics’ of cooling mean that, due to its salinity, seawater is a less efficient 

cooling medium than freshwater (Turnpenny et al., 2010). 

2. Coastal generation can be remote from demand centres.  

3. The arguments for protecting the marine environment are judged to outweigh the 

arguments for limiting the use of freshwater (Energy UK, 2014).   

Thermal power stations obtain their water from adjacent rivers, estuaries and the sea. For the 

purpose of this thesis, groundwater, and all non-tidal surface water including rivers are regarded 

as being freshwater. Over the past decade, thermal power stations in mainland Europe and in the 

USA that obtain freshwater from rivers, have experienced increasing difficulty in abstracting the 

water they require because of more frequent low flow rates. To compensate for reduced 
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freshwater availability, generation loads have had to be reduced, or generation stopped altogether 

(Bartos and Chester, 2015, Förster and Lilliestam, 2010, Paskal, 2010, Tweed, 2013). Based on 

spatial analogues, which is the method of studying regions that currently have a climate similar to 

a study area in the future (Horvath et al., 2009), it is likely that the predicted increase in ambient 

air and water temperature, as well as the reduction in summer precipitation due to climate 

change, will in future expose the UK to similar problems.   

2.2.1 Water Abstraction and Consumption Requirements of Thermal Power Generation 

There was little specific data available regarding the abstraction and consumption needs of the 

different technology/ancillary systems of the UK’s electricity generation fleet. However, US 

figures published by the National Renewable Energy Laboratory (NREL) (Table 2.1),  

provide a starting point for the water demand of thermal power stations (Macknick et al., 

2011). Schoonbaert (2012) compared the NREL figures with the limited UK data available 

and concluded that whilst the abstraction values for the UK tended to be higher, the 

consumption values were lower. Neither Byers et al. (2014) nor Schoonbaert (2012) were able 

to obtain enough UK specific water abstraction or consumption data, on which to base their 

research. 
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Table 2.1 Water Withdrawal and Consumption by Fuel and Cooling Type (Macknick et al., 

2011) 
 

Fuel 

Type 

 

Cooling 

 

Technology 

 

Number of 

Samples 

(Abstraction, 

Consumption) 

 

Abstraction (L/MWh) 

 

Consumption 

(L/MWh) 

Median Min Max Median Min Max 

Natural 

Gas 

Once-

through 

CCGT 2,3 43,078 28,391 75,708 379 76 379 

Steam 1,2 132,489 37,854 227,125 908 360 1,102 

Evaporative 

CCGT 6,5 958 568 1,071 750 492 1,136 

CCGT + CCS 2,1 1,843 1,878 1,915 1,431 1,431 1,431 

Steam 2,4 4,554 3,596 5,527 3,127 2,506 4,429 

Air CCGT 2,2 8 0 15 8 0 15 

Coal 

Once-

through 

Generic 4,4 137,600 75,708 189,271 946 379 1,200 

Subcritical 3,3 102,539 102,380 102,634 428 269 522 

Supercritical 3,3 85,512 85,365 85,592 390 242 469 

Evaporative 

Generic 4,5 3,804 1,893 4,542 2,601 1,817 4,164 

Subcritical 7,6 2,010 1,753 2,567 1,783 1,491 2,514 

Subcritical + 

CCS 
2,1 4,834 4,633 5,031 3,566 3,566 3,566 

Supercritical 7,6 2,305 2,203 2,532 1,866 1,734 2,249 

Supercritical + 

CCS 
2,1 4,251 4,156 4,346 3,202 3,202 3,202 

IGCC 11,7 1,476 1,355 2,290 1,408 1,204 1,662 

IGCC + CCS 6,3 2,218 1,813 2,567 2,044 1,976 2,112 

Biomass 

Once-

through 
Steam 1,1 132,489 75,708 189,271 1,136 1,136 1,136 

Evaporative 
Steam 2,4 3,324 1,893 5,527 2,093 1,817 3,653 

Biogas -,1 N/A N/A N/A 890 890 890 

Air Biogas -,1 132 132 132 N/A N/A N/A 

Nuclear 

Once-

through 
Generic 4,4 167,883 94,635 227,125 1,018 379 1,514 

Evaporative Generic 4,4 4,168 3,028 9,842 2,544 2,199 3,199 

Assuming the NREL figures are indicative of the UK they attribute an order of relative water 

demand for different electricity generation technology and cooling method combinations.  

They show for abstraction, for example, a Natural Gas Combined Cycle Gas Turbine (CCGT) 

power station’s water demand with BAT, once-through cooling is 43,078Litre/Megawatt 

hour; with the less water intensive evaporative cooling this is reduced to 958L/MWh, and, 

virtually eliminated by air cooling. For water consumption the position changes, the volume 

lost with the once-through method is 379L/MWh; with evaporative cooling 750L/MWh are 
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lost; with air cooling the water loss again remains negligible. The deployment of carbon 

capture and storage (CCS) to abate carbon emissions is shown to require a noteworthy 

increase in a thermal power station’s water demand; approximately double the non-CCS 

equivalent which is in accord with other studies (Byers et al., 2016, Cormos et al., 2013, 

Koornneef et al., 2012, Zhai and Rubin, 2011) 

The major reduction in water demand by thermal power stations achieved in changing from 

water to air cooling appears to provide a panacea for any future freshwater shortages.  

However, the change from once-through to alternative cooling options incurs cost and 

efficiency penalties (Table 2.2). A loss in power station efficiency of up to 10-11% (for air 

cooling relative to once-through) reported by Byers et al. (2014) and World Nuclear 

Association (2013) is significant when compared to distribution losses which are typically 

around 7% (MacLeay et al., 2016). Mills et al. (2012) put the cost penalty for new 500MW 

evaporative and dry cooled thermal power stations in terms of average annualised capital and 

operational cost, in the region of £1.3 - £2.8Million and £6.3 - £11.9Million above that of 

BAT once-through cooling, respectively. With total annualised costs of a 500MW thermal 

power station likely to be in the region of £200-£400Million, these penalties are noteworthy 

(DECC, 2013b). 

Thermal power stations pay these efficiency penalties by increasing their fossil fuel burn, 

thereby also increasing their CO2 emissions. With a higher ambient temperature dependent 

penalty clause, without greater certainty on future summer ambient temperatures, adapting to 

future freshwater shortages by trying to factor in the less/no water cooling alternatives could 

be found to be a convoluted process.   
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Table 2.2 Power Station Cooling Technologies 

 Cooling Technology 

Once-through Evaporative Air 

Advantages 

Lowest cost option 

both in terms of capital 

and operational cost 

(RWE npower, 2005). 

Relatively low water 

consumption. 

Significantly lower water 

abstraction compared to 

once-through cooling. 

Negligible/no water 

abstraction or 

consumption required. 

Disadvantages 

High water abstraction, 

so much so that in the 

UK direct cooling is 

only used where 

stations are near to an 

estuary or the sea. 

Discharges large 

volumes of warmed 

water back into water 

bodies. 

More costly than once-

through cooling and tends to 

have a reduction in 

generation efficiency, 

especially when ambient 

temperature is high 

(Turnpenny et al., 2010). It 

also has a comparatively 

high level of water 

consumption. 

Most costly cooling 

technology, also has the 

greatest reduction in 

generation efficiency, 

especially when 

ambient temperature is 

high (Carney, 2011, 

Turnpenny et al., 2010). 

2.3 UK Water and Energy Policy 

With the literature clearly identifying risks to thermal generation from a future lack of 

available water, and with this thesis focus on the UK, the question arises as to how is UK 

energy and water policy proposing to manage this threat. The UK energy system is in a state 

of transition, ageing energy infrastructure, including the current power generation fleet, needs 

to be replaced in a way that provides an energy system that is secure, affordable and 

decarbonised. There are many organisations involved in this process and there is a wealth of 

literature on the subject, much of which records the convoluted process this has become 

(Ginige et al., 2012, Ngar-yin Mah and Hills, 2014, Poortinga et al., 2014). 

One casualty is the water- energy nexus; with societal, environmental and electricity 

generation policy arguments being made more on the basis of the immediate environmental 

concern, rather than the more distant consequences for secure and affordable generation. 

The UK energy transition is not just about replacing outdated plant, there is also a need to 

increase generation, potentially by as much as 250TWh/annum from 2013 to 2050. The 

UK’s current approach sees this growth coming largely from an expansion of thermal 



22 
 

generation (DECC, 2015a, HM Government, 2011a), which requires more cooling water 

when, particularly in future summers, the best predictions suggest there will be less 

(Environment Agency, 2011, Environment Agency, 2013b, Wade et al., 2013, Watts et al., 

2015). 

2.3.1 UK Water Over-abstraction 

The Government first addressed the shortage of freshwater through a series of publications, 

the foremost being the ‘Water for Life’ White Paper (DEFRA, 2011). Precipitated by Cave 

(2009) the need for the white paper was confirmed by two further studies. Firstly, the 

Environment Agency (2011) argued that due to over-abstraction, the majority of the UK’s 

freshwater water-bodies no longer had fully functioning ecosystems. Secondly, OFWAT and 

Environment Agency (2011) warned there would be increasingly less freshwater to meet the 

greater demand of an increased population that would put even more pressure, on even more 

ecosystems. This led to the Government committing to introduce “a reformed water 

abstraction regime resilient to the challenges of climate change and population growth and 

which will better protect the environment” (DEFRA, 2011).   

The DEFRA (2011) approach to protecting UK ecosystems from over-abstraction was set out 

in the Government White Paper “The Natural Choice” (HM Government, 2011b). OFWAT 

(the UK’s water services financial regulation authority) with the task of initiating the reform 

required, also identified that seawater abstraction and discharge was an issue stating “changes 

in seawater temperature could adversely affect maritime biodiversity” (OFWAT, 2011). The 

Environment Agency (2011) over-abstraction case was based on its Catchment Abstraction 

Management Strategy (CAMS) that gauged for each UK water catchment how much water, 

after protecting the environment, was available for abstraction. On this basis Environment 

Agency (2011) concluded additional abstraction of freshwater for cooling water could not be 
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relied upon in the future for large areas of England and Wales. The environmental flow for 

catchment protection is legislated by the EU Water Framework Directive (WFD) (Directive 

2000/60/EC) and Habitats Directive (Council Directive 92/43/ECC), and is assessed using 

Environmental Flow Indicators (EFI), (Collins et al., 2012, Morris et al., 2014). 

OFWAT and Environment Agency (2011) accepted the problem of over-abstraction and the 

resultant future reduced freshwater availability case. The primary reason for the over-

abstraction was that abstraction licences were issued believing there was surplus water which 

with time had now proved incorrect. Hence, both the Water Resources Act 1991 (HM 

Government, 1991), and the Water Act 2003 (HM Government, 2003), had allowed the 

issuing of unsustainable abstraction licenses. The conclusion of OFWAT and Environment 

Agency (2011) was that reforming abstraction will inevitably reduce the volumes licensed for 

abstraction. However, it was accepted that despite less summer rainfall and higher summer 

temperatures, thermal power generation would need more cooling water. The solution offered 

was that energy generators should invest more in technology that does not require water for 

cooling. However, this takes no account of the higher costs and additional emissions penalties 

incurred when using alternatives to once-through cooling for power stations (DeNooyer et al., 

2016, Turnpenny et al., 2010). 

This advice is also contrary to the opinion that the use of saline (sea and estuarine) water for 

power station cooling water would resolve any lack of freshwater issues (section 2.3.2). 

DEFRA’s (Department for Environment, Food & Rural Affairs) instructions to OFWAT on 

tackling over-abstraction were succinct  (DEFRA, 2013a). OFWAT should achieve the reform 

through its regulatory functions with the management of ecosystems being consistent with 

their environmental wellbeing as prescribed by HM Government (2011b). Ultimately, the 

environmental argument was that the damage to the UK’s ecosystem was neither being 
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recognised, nor being attributed. The societal case was that this damage would eventually 

have to be acknowledged and would then subsequently increase household and business 

energy charges. Environment Agency (2013c) suggested restoring sustainable abstraction 

should be based on the EA’s EFI strategy, and in future water abstraction licences should not 

be regarded as being inviolate. The detail as to how the UK Government proposed to meet its 

commitment to reform the water abstraction management system in England and Wales was 

set out in a consultation paper (DEFRA, 2013b). 

2.3.2 Water Abstraction of the UK Electricity Sector 

DEFRA (2011) acknowledged, when it came to licensed abstraction, electricity generation is 

unique in being the largest abstractor. It accepted the new UK infrastructure rebuild necessary 

to meet an increased generation demand, and new legally-binding emission targets all 

suggested the demand for water would increase. The position of electricity generators would 

therefore be assessed as a study undertaken by the Government, the Environment Agency 

(EA) and the power sector. This study’s publication (Environment Agency, 2013b), coincided 

with the abstraction reform consultation (DEFRA, 2013b). After considering four UKCP09 

Regional Climate Model simulations applied to future electricity demand, the view was that 

power stations would in future rely on “saline/tidal” water so that there would be no lack of 

freshwater cooling impact. A concurrent paper (Environment Agency, 2013d), appeared 

equally positive on coastal generation by deciding any linking of EFI freshwater flow 

restrictions could threaten the UK’s ability to meet generation demand. This paper also 

recognised coastal generation had other advantages that would promote investor confidence. 

They were:  

1. Large quantities of cooling water resource available. 
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2. Large water bodies with their high thermal capacities are capable of receiving the 

necessary high levels of cooling water discharge.  

3. In the case of seawater, relative to freshwater and estuary abstraction, complying with 

regulatory requirements of coastal discharge is more easily managed. 

2.3.3 Coastal v Freshwater Water Sources for UK Power Stations 

However, the reality of UK coastal generation is not straightforward. An examination of 

recent nuclear energy policy provides a good, but not isolated, example. Similarly, the case of 

the CCGT power station at Pembroke provides another relevant example (Lewis, 2015) 

(section 2.3.4). A Strategic Siting Assessment consultation to find suitable sites in England 

and Wales for new nuclear infrastructure, taking a wide range of planning constraints into 

account, was launched by the Department for Business Enterprise and Regulatory Reform 

(BERR, 2008). All sites found to be suitable were at coastal or estuarine locations, yet with 

some 7,000 miles of coastline, DECC (2011a) finally confirmed only eight suitable sites were 

found. The Government accepted these eight sites were the only possibilities which were 

subsequently listed by the UK’s Overarching National Policy Statement for Energy (EN-1) 

(DECC, 2011b). This now allows decisions taken by the Infrastructure Planning Commission 

on these sites to recognise national strategic interest. 

Poor implementation of energy policies have at times provoked public opposition to a wide-

range of energy matters; particularly nuclear power generation. For example, the Government 

consultation (DTI, 2007), intended to promote nuclear power, was when publically 

challenged, judged by a High Court ruling to be procedurally “misleading”, “seriously 

flawed”, and “manifestly inadequate and unfair” (Warburton, 2009). This effectively 

undermined the UK Government’s authority to now set any energy policy without 
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microscopic scrutiny (Ngar-yin Mah and Hills, 2014). Coastal generation, given its 

association with nuclear infrastructure, thus becomes a casualty.  

Leading UK electricity generators, in view of the new legislative and regulatory thinking, 

initiated The Joint Environmental Programme (JEP) to consider the future water demand of 

the electricity sector by 2050, along with possible environmental implications (Gasparino, 

2012). The study found there was such uncertainty over the makeup of any future UK 

generation fleet, and the type and amount of water that will be available, that no firm 

conclusion could be reached. Their view was if the Government’s preference remained 

thermal generation, provided the right investment opportunities are created, the Government 

could either opt to use saline water instead of freshwater for cooling, or adopt less freshwater 

intensive cooling methods.  

Energy UK’s (the trade association for the UK energy industry) response to the abstraction 

reform consultation (DEFRA, 2013b), was more forthcoming, but there was scepticism over 

Government policy (Energy UK, 2014). A concern expressed was that although there was 

likely to be less freshwater available, because of increasing environmental pressures at coastal 

sites, the generators’ expectation was that water-dependant thermal power stations would still 

be expected to operate on English rivers for decades to come. The level of protection being 

considered by DEFRA for the environment was also queried. The challenge was the 

disproportionate priority being given to protecting the ecological status of water bodies, in 

contrast to that given to the wider societal need for energy by the population. The concept of 

power stations being required to use less water intensive cooling methods was questioned. It 

was in direct contradiction with the EU Directive on Industrial Emissions 2010/75/EU that 

acknowledged once-through cooling to be the BAT cooling method (European Commission, 

2001). As a consequence the increased efficiency compared to other cooling methods 
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provided more electricity per unit of fuel employed thereby reducing greenhouse gas 

emissions and generation costs. The Government’s argument for reforming freshwater water 

abstraction is that the eventual ongoing ecosystem damage will lead to increases in future 

household and business energy costs. There is, however, no thought given to the additional 

costs that will inevitably be incurred, by households and businesses, by limiting the cooling 

water available to thermal power stations. This will be considered in greater detail later in this 

thesis (section 6.4). 

2.3.4 UK Environmental Regulation Impact on Thermal Generation Cooling 

There has been a sea-change in the regard ecosystems, and the environment, are entitled to 

over the last few decades, which in part drove the issues discussed above. For example, under 

the EU Habitats Directive power stations are required to demonstrate that activities such as 

abstraction, and discharge, do not have an unacceptably adverse impact upon protected Natura 

2000 sites (Environment Agency, 2012, Morris et al., 2014). Natura 2000 sites were 

developed as a result of the EU Habitats Directive (along with the EU Birds Directive), and 

are a series of ecologically important areas which are protected to conserve Europe’s rare 

species and habitats (Joint Nature Conservation Committee, 2016). They are broken down 

into Special Areas of Conservation and Special Protection Areas. 

The European Commission (2016b) claims Natura 2000 sites are not strict reserves from 

which all human activity should be excluded. Nevertheless, Energy UK stated in evidence to 

the UK Government’s Science and Technology Committee, that planning permission for 

some thermal power stations had been complicated, or made controversial, due to the 

perceived adverse impact they would have on Natura 2000 sites (HM Government, 2013). 

These perceived impacts include the effects of thermal discharge, and chemical treatment of 

cooling water systems, which will be most severe under the once-through cooling regime. 
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With Natura 2000 sites covering over 18% of the EU’s land mass, and 6% of its marine 

territory (European Commission, 2016b), they clearly have the potential to disrupt the 

development of new power stations across Europe, particularly those wishing to use once-

through cooling. 

The WFD was adopted by the European Union (EU) in 2000, and commits all member states 

to achieve good ecological status of freshwater, transitional (estuarine), and coastal water 

bodies by 2015 (Collins et al., 2012). The WFD also has a number of daughter directives, 

including the Environmental Quality Standard Directive, which lays down environmental 

quality standards with the aim of achieving a good chemical status in surface waters 

(European Environment Agency, 2016). 

The WFD places emphasis on aquatic ecology when making management decisions (Hering 

et al., 2010), and recognises the environment as a critical user of water, almost on par with 

human activities (White and Howe, 2003). In the case of freshwater bodies abstraction 

licenses are now being monitored to avoid flows becoming reduced to levels that damage 

their ecology. Some non-coastal thermal power stations have “hands-off” conditions 

incorporated into their abstraction licenses that limit, and sometimes stop, freshwater 

abstraction during periods of low flow (Environment Agency, 2013c).   

The temperature of a thermal power station’s discharged cooling water is another determinant 

used by the WFD to classify the ecological wellbeing of the recipient water body. While lack 

of water resource does not apply to estuarine and seawater abstraction they are not absolved 

from complying with the WFD’s ecological temperature specifications. The WFD requires 

that a thermal power station’s discharge temperature should not cause recipient cold water 

bodies (that do not support cyprinids) to exceed 23
o
C;  for warm water bodies (that do support 
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cyprinids) to exceed  28
o
C (WFD UK TAG, 2008). In continental Europe where the problems 

of water shortages and climate change are that much greater, complying with WFD 

temperature requirements, as with low river flows, has caused reduced generation, and power 

cuts. Such disruptions increase the cost paid by customers for their electricity (Eisenreich, 

2005, Fink et al., 2004, Koch and Vögele, 2009, Olsson, 2013).  

Thermal power stations, when abstracting water, can bring aquatic fauna onto the screens 

intended to stop debris entering and damaging a power station’s generation system 

(Turnpenny et al., 2010, Shepherd et al., 2016). From an ecological standpoint the extent of 

fauna impact can seriously affect an area’s species population (Greenwood, 2008), and 

damage its attributed WFD ecological status. Whilst the volume of water abstracted by those 

thermal power stations which use water from estuaries and the sea are not constrained by low 

flow thresholds they still have to adhere to the WFD discharge temperature standards and 

fauna impacts. Both have the potential to restrict the UK from mitigating and adapting to a 

future shortage of inland freshwater by finding a once-through cooling water solution for 

thermal power stations at the coast.   

A further example of how environmental regulations are pushing thermal power stations 

inland, where they must then rely on a scarce freshwater resource is shown by Figure 2.4. It 

shows a number of environmental designations for the UK (excluding Northern Ireland), 

within 5 miles of the coast, which to varying degrees can hinder the siting of a thermal power 

station. Only national designations are shown; some are missing due to the relevant datasets 

not being publicly available. Nevertheless it can be seen that the vast majority of the UK’s 

coastline has an additional level of environmental protection above that which applies to the 

UK as a whole. 
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Figure 2.4 UK Coastal Environmental Designations; data taken from (Natural England, 

2016, Scottish Natural Heritage, 2014) 
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An interesting case study which gives context to the impact these environmental regulations 

can have on thermal power stations is the 2000MW CCGT power station at Pembroke, which 

uses once-through cooling taken from the mouth of the estuary at Milford Haven. The 

European Commission has stated that it is having a damaging effect on the nearby ecosystem 

due to the cooling method employed, resulting in an environmental quality standard and the 

EU Habitats Directive being breached (European Commission, 2014a). This case is still (in 

2016) ongoing, although, if the European Commission decides to pursue infringement action 

this will likely result in RWE Npower (the operator of the station), having to modify the 

power stations cooling processes, or even shut the station all together (Lewis, 2015). 

However, as the case is against the Government for providing the required permissions, it is 

likely that any costs incurred by this action will ultimately have to be covered by the 

Government, not RWE Npower. 

As this section shows, many of the environmental regulations governing thermal power 

stations are EU directives. On 23rd June 2016 the UK public voted in a referendum to leave 

the EU; there is great uncertainty to the implications of this, but if the UK leaves these 

directives may no longer apply, and environmental regulations may be lowered (Travers, 

2016). However, if the UK wishes to remain in the single market then it may still have to 

adhere to many of the EU’s environmental policies, as in the example of Norway (Dhingra 

and Sampson, 2016). In addition, environmental regulation was not an area that was high on 

the political agenda during the lead up to the referendum, nor is it an area where the UK has 

in the past regularly voted against EU policy (Hix et al., 2016). Therefore it would appear 

reasonably likely that general UK environmental regulations will not substantially change, 

although there may still be specific environmental exemptions for power stations. None of 

this is guaranteed, but as the bulk of this thesis research considers a range of pathways and 
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scenarios it makes relatively little difference to the validity of the results found, although it 

does add uncertainty as to exactly where the future water demand will lie within the range of 

results found. 

2.4 Water Resource for UK Thermal Power Generation 

For the UK it is clear that there will be less freshwater available in the future for power 

stations, but the question has to be asked exactly how much will be available? In 2008, the 

EA acknowledged that in England and Wales 15% of river catchments were over-abstracted at 

low flows and an additional 35% of catchments had no additional freshwater available for 

abstraction (Environment Agency, 2008). There is no underlying data available, but the EA 

provide an associated map for catchments in England and Wales showing the annual 

percentage of time that different areas currently have freshwater available for additional 

abstraction (Environment Agency, 2013c). To illustrate the affect this already has on the 

energy sector, the location and cooling methods of the thermal power stations in England and 

Wales in 2010, with an installed capacity greater than 150MW (including the then under 

construction West Burton and  Pembroke stations),  were superimposed on this map (Figure 

2.5), with the data being obtained from a number of sources (Byers et al., 2014, MacLeay et 

al., 2011, MacLeay et al., 2013, Schoonbaert, 2012). 

The result shows the only thermal power stations in England and Wales deploying the most 

efficient/least cost once-through cooling method (38% of total UK capacity) are those situated 

on an estuary, or at the coast. For the remaining inland power stations, it is noted cooling 

water abstraction is already limited to the less water intensive, more inefficient, more costly 

and greater carbon emitting evaporative, hybrid and air cooling methods. 
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Figure 2.5 UK Thermal Power Stations and Freshwater Abstraction Availability; data taken 

from (Byers et al., 2014, Environment Agency, 2013c, MacLeay et al., 2011, MacLeay et al., 

2013, Schoonbaert, 2012) 
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The Environment Agency prepared  sixteen outcomes that modelled 2050 freshwater profiles 

(Figure 2.6), that compared the likely total freshwater demand for all purposes, and the likely 

availability of freshwater under Q70 summer flow conditions, defined as “the long-term 

average flow which is exceeded 70 per cent of the time” (Environment Agency, 2011). The 

sixteen outcomes shown in Figure 2.6 represent four climate change scenarios applied to two 

different freshwater demand scenarios, which are then in turn applied to two levels of 

environmental standard. The climate change scenarios are based on UKCP09 and denoted as 

A, C,  G, and J, with scenarios A and C showing relatively mild reductions in freshwater flow 

due to climate change and scenarios G and J showing more significant reductions. The two 

demand scenarios are classified as “sustainable behaviour” which foresees a reduction in 

current freshwater demand of approximately 15% by 2050, and “uncontrolled demands” 

which foresees an increase in freshwater demand of approximately 35%. The two levels of 

environmental standard used are “fixed at current levels” and “reduces in proportion to 

climate change impacts”, the latter standard is less severe as it allows the flow of freshwater 

which must be maintained for environmental protection to reduce as the net flow of 

freshwater also reduces. 

To obtain a comparison between 2010 and 2050, the thermal power stations used in Figure 

2.5 were superimposed onto the Environment Agency’s scenario map G: uncontrolled 

demands and fixed environmental protection, to produce Figure 2.7. This worst case scenario 

was chosen as it acknowledges the suggestion that the climate change projections used by the 

Environment Agency (based on UKCP09), for various reasons, have a tendency to 

underestimate the effect of climate change (Brown and Castellazzi, 2015, Brysse et al., 2013, 

Cavan, 2011, Cowtan and Way, 2014, Frigg et al., 2013).  
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Fundamentally, Figure 2.7 shows there will be less freshwater available for cooling water 

abstraction in 2050 than in 2010. By 2050 any inland thermal power station, unlike 2010, is 

now in a freshwater environment where, under summer flows, the majority of catchment areas 

of England and Wales are unable to meet their freshwater demand, whilst satisfying 

environmental need. A further concern is that the lack of summer freshwater will likely 

coincide with an increase in ambient summer water temperatures, which can only increase the 

inefficiency penalties that have to be paid when using the less water intensive cooling 

methods. 
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Figure 2.6 2050 Freshwater Supply Relative to Freshwater Demand Scenarios; data taken from 

(Environment Agency, 2011)  
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Figure 2.7 2050 Freshwater Supply Relative to Freshwater Demand, Worst Case Demand; data 

taken from (Byers et al., 2014, Environment Agency, 2011, MacLeay et al., 2011, MacLeay et al., 

2013, Schoonbaert, 2012) 
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Linnerud et al. (2011) report a rise in ambient cooling water temperature of 1
o
C can lead to a 

drop in power output of 0.15-0.5%. However, as will be discussed later (section 2.6), the 

extent of this increase in ambient temperature is uncertain. This should therefore also be taken 

into account when deciding the form and location of the UK’s 2050 thermal power generation 

infrastructure. 

Overall, the past century has witnessed global and UK outputs of the power sector rise 

dramatically (Davies et al., 2013a), and this growth has come predominantly from an 

expansion of thermal power generation. For the UK the first half of the twenty-first century 

will see this growth in generation continue; from 359TWh in 2013 (MacLeay et al., 2014), to 

a possible 610TWh by 2050 (DECC, 2013a). With the government’s enthusiasm for shale gas 

(White et al., 2016),  and the opportunity it provides to reduce carbon emissions by switching 

coal fired generation capacity to gas; along with an adoption of CCS; additional biomass and 

nuclear power stations (DECC, 2015a), thermal power generation would seem the obvious, if 

most questionable, means of providing this increase. Any attempt to do this by investing in 

inland thermal power generation, in tandem with less available freshwater, would almost 

certainly be committing to an increase in the proportion of the UK’s generating capacity that 

requires the less efficient, alternative cooling methods. This generation would be subject to 

the unknown cost and carbon emission consequences that are governed by the vagaries of 

uncertain ambient summer temperatures. Byers et al. (2014), Tran et al. (2014) and 

Schoonbaert (2012) all researched water requirements for thermal power stations in England 

and Wales under a number of pathways to 2050, and concluded that a lack of freshwater 

resource will if not mitigated, constrain UK power generation.  
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2.4.1 Alternative Water Sources 

Despite the potential environmental and ecological regulatory requirements identified, a 

solution that has already been noted would be to move all, or a far greater proportion, of the 

UK’s thermal power stations to coastal, or estuarine locations. In the UK, with no load 

location being more than 70 miles from the coast, and with some 7,000 miles of coastline in 

England and Wales alone, this should not be dismissed as a potential solution (Frost, 2010, 

Haran, 2003). To increase the adoption of sea/estuarine water for thermal power station 

generation there are, besides the environmental and policy hurdles to be cleared (section 2.3), 

the more engineering-focussed issues shown by Table 2.3 to be considered. Although here the 

UK’s long learning curve of coastal nuclear generation since 1956 is of inestimable value 

(DECC, 2012a). 
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Table 2.3 Effects and Consequences of Seawater Cooling 

Effect Consequence 

Increased scaling, corrosion 

and abrasion due to the 

slightly alkaline nature of 

salt water 

Can lead to increased costs as more expensive corrosion‐resistant 

materials are required (Maulbetsch and DiFilippo, 2008). 

 

Sedimentation 

Sedimentation can be a problem for all thermal power stations which 

use some form of wet cooling; it can reduce abstraction capacity and 

cause damage to the pumping system (Mahgoub, 2013). However,  

macrotidal estuaries such as the Humber, Trent, Ouse, and Severn are 

particularly vulnerable to sedimentation (Mitchell and Uncles, 2013). 

Reduced vapour pressure 

and specific heat of salt 

water 

 More water is required per KWh generated resulting in a larger 

cooling tower, if evaporative cooling is being employed (Turnpenny et 

al., 2010). 

 

Concentration of salts if 

evaporative cooling is used 

There is the potential for salts to become concentrated in the makeup 

water, this can damage the condenser so more makeup water is 

required than for a freshwater cooling system (Maulbetsch and 

DiFilippo, 2008), this will result in additional cost. 

 

 

Salt drift 

Drift is water which is blown out of the cooling towers, and if the 

system uses saltwater then there is the potential for the drift to cause 

damage to any nearby sensitive equipment such as transformers and 

switch gear, this can however be mitigated by sensible design (Nelson, 

1986). There is also the potential for salt drift to damage surrounding 

vegetation (TRC Environmental Corporation, 2009), although very 

small drift levels are achievable (Nelson, 1986). 

 

Rising Sea Levels 

This increases the risk of flooding to coastal power stations, 

particularly nuclear plants with longer lifetimes  (The Royal Academy 

of Engineering et al., 2011). Although less likely to be significant a 

further potential impact of rising sea levels is coastal erosion (British 

Geological Survey, 2012, Kopytko and Perkins, 2011). 

 

Globally, countries that do not have such a sea, or estuarine water solution are looking at a 

number of non-traditional water sources for power station use, particularly as cooling water. 

They include treated public wastewater, water from mining processes, and water from ash 

settling ponds at coal-fired power plants (Chien, 2009). Of these water sources public 

wastewater is currently the most likely possibility due to its wide availability; (Li et al., 2011, 

Vidic et al., 2009). At present there are three UK thermal power stations which use (at least 

some) wastewater (Schoonbaert, 2012), and this comparatively small take-up may be as a 

result of some as yet unresolved issues associated with this technology. These include an 

increased level of scaling and biofouling (Safari et al., 2013), health concerns related to 

bacteria, and viruses, that may be present in the cooling tower drift (Cooper, 2012), and the 
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additional energy (180-780kWh/ML) required to treat the wastewater (Stillwell et al., 2010). 

The economic incentive to solve these issues will come from the rising marginal cost of 

water, as it is appreciated freshwater is a raw material that is increasingly becoming more 

valuable. 

2.5 The Water-Energy Nexus and its Implications on Non-thermal UK Electricity 

Generation 

This research focuses on thermal electricity generation, however, in the process of this 

review, a number of interdependencies between non-thermal aspects of UK electricity 

generation (renewable energy) and water infrastructure networks which could result in 

adverse impacts to the energy sector were identified. For completeness these 

interdependencies are discussed here.  

Future lack of resource has the potential to constrain electricity generation from renewable 

energy sources which use water directly. Indeed a study of the Elbe river basin by Koch et al. 

(2014) found that generation from hydroelectric schemes would decline by approximately 

13% between 2010 and 2050. However, water was only used directly to generate 2.6% of the 

UK’s electricity in 2014, through ‘run of river’ hydroelectric schemes (1.7%), and pumped 

hydroelectric storage (0.9%) (MacLeay et al., 2015). This is only a small percentage of the 

UK’s current electricity generation, and whilst the UK’s stated ambitions to reduce GHG 

emissions by 80% by 2050, and increase renewable energy uptake, have the potential to 

increase the electricity production of these technologies in the future, it is likely to be limited.  

The Government appear to confirm this; neither approach is identified as being one of the 

technologies thought capable of providing 90% of the renewable energy required by 2020 

(DECC, 2011c). Furthermore, it is generally felt that there are few remaining suitable sites for 

pumped storage on any significant scale (Energy Research Partnership, 2011), although 

Gimeno-Gutiérrez and Lacal-Arántegui (2015) suggest there is realisable potential to double 
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the installed capacity of pumped storage. Even then pumped storage would provide a small 

percentage of the UK’s electricity generation, and would only go a small way to meeting the 

near 10 fold increase in grid connected electricity storage it is suggested will be needed by 

2050 (Goater, 2015). 

Similarly, wave and tidal devices also require a dynamic water resource. Whilst the electricity 

generated by these technologies is currently negligible, it does have the potential to become 

more significant in the future (DECC, 2011c, Wright, 2016). However, as these devices are 

located in coastal, or estuarine waters, resource availability is not considered to be a 

constraint, although the environmental impact of these technologies still needs to be taken 

into account, and may provide a constraint to development (Frid et al., 2012, Magagna and 

Uihlein, 2015, Uihlein and Magagna, 2016).   

Bioenergy is also likely to play a key role in the UK’s future energy mix (DECC, 2011c, 

DECC, 2012b, HM Government, 2010, Sinclair et al., 2015). While some of this may be for 

thermal electricity generation, much of it will be for heat and transport. However, the biomass 

required to produce bioenergy requires a significant amount of freshwater for growth, the 

exact levels will depend amongst other variables, on the crop type and climate. No UK data is 

available regarding the freshwater footprint for a given quantity of bioenergy, although a 

study in the Netherlands (which has  a similar climate to the UK) showed that 24m
3
 of 

freshwater were required per GJ of bioenergy produced (Gerbens-Leenes et al., 2009). This 

translates to a freshwater requirement of 86,400L/MWh, and is additional to any water 

required by the thermal generation cooling process. This is likely to put significant pressure 

on UK freshwater resources which may already be in short supply. One alternative would be 

to import any biomass the UK requires for energy generation. 
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2.6 Climate Change 

One of the first references to modern Climate Change in academic literature was in 1975 

when Wallace Broecker used the term Global Warming in his paper “Climatic Change: Are 

We on the Brink of a Pronounced Global Warming?” (Broecker, 1975). Today climate change 

is regarded as posing an irreversible, and dangerous long term threat to the global community 

(IPCC, 2014), and is considered by many to be the biggest global health threat of the 21
st
 

century (Wang and Horton, 2015). The EU alone is to spend at least 20% of its budget for 

2014-2020 on climate change related action (European Commission, 2016a), and there is 

already an enormous body of research on the subject. 

With regard to the water-energy nexus and water resource, the primary interest is on how 

climate change will impact the availability of freshwater. However, the uncertainty over the 

extent of the change in future summer ambient temperatures, and precipitation levels, presents 

a fundamental problem for deciding how to adequately mitigate, and adapt to its 

consequences. Higher temperature is the pervasive manifestation of climate change (Rohde et 

al., 2013), and for the UK the likely increases are made available via the probabilistic  2009 

UK Climate Projections (UKCP09). Acknowledging the anthropogenic generator is carbon 

dioxide emissions, UKCP09 provides temperature projections for the 2050’s under Low, 

Medium, and High Emission scenarios (UK Climate Projections, 2014). As an example the 

10% - 90% probabilistic temperature range for the North and South of the UK are shown in 

Table 2.4. Even with the probabilistic range of temperatures within each scenario, UK 

Climate Projections (2014) makes it clear that no one scenario should be favoured. 

Subsequently their usefulness in quanitfying the impact of, and developing appropriate 

mitigation and adaptation strategies to, the water-energy nexus, becomes blurred by the range 

of possibilities. Additionally there are suggestions that the UKCP09 projections tend to 
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underestimate the effect of climate change (Brown and Castellazzi, 2015, Brysse et al., 2013, 

Cavan, 2011, Cowtan and Way, 2014, Frigg et al., 2013). 

Table 2.4 UKCP09 Projected 2050 Temperature Rise Ranges; data taken from (UK Climate 

Projections, 2014) 

 

Region 

Emissions 

Scenario 

10% Probability Level 

(temperature rise very 

unlikely to be less than) 
o
C 

90% Probability Level  

(temperature rise very unlikely 

to be greater than) 
o
C 

South of UK 

(London, S.E 

England, S.W 

England regions) 

Low 1.0 3.6 

Medium 1.2 4.0 

High 1.4 4.4 

North of UK 

(Scotland East, 

Scotland West, 

Scotland South, 

N.E England, 

N.W England 

regions) 

Low 0.8 2.9 

Medium 0.8 3.1 

High 0.9 3.5 

A number of studies question the approach taken by UKCP09 which adds further uncertainty 

to the results produced. Murphy et al. (2010) and Street et al. (2009) accept that the decision 

by UKCP09 to characterise  climate change using an ensemble of several global climate 

models provides a more robust basis for UK climate change assessments than previous 

attempts. Both papers, however, point out the method has its limitations. Fundamental 

challenges still remain in developing a spatially coherent framework to combine different 

climate models into one probabilistic assessment. Combining global climate models to 

provide future data in a regional climate probabilistic format is also questioned by Christensen 

et al. (2010). That study’s conclusion was the value of ensemble model weighting has not 

been demonstrated, and remains highly controversial. At the time UKCP09 was in progress, 

Fowler and Kilsby (2007) argued while probabilistic methods appear to offer a more robust 

way of assessing climate change impacts more research is needed. Furthermore industry often 

finds probabilistic forecasts of climate change hard to understand and therefore difficult to use 

(Dilling and Lemos, 2011). 
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In his book ‘A Vast Machine: Computer Models, Climate Data, and the Politics of Global 

Warming’, Edwards (2010) went further and argued against obtaining regional climate 

outcomes by first making global data, and then using increasingly sophisticated computer 

models to analyse, and reanalyse results derived from many sources. Preferably he argues, to 

produce regional climate models (RCM) one should reverse the process and start with 

regionally focused national weather records. Muerth et al. (2013) and Foley (2010) both found 

RCMs obtained by global downsizing simulations can be interpreted in many different ways, 

and they are often adjusted by reference to local historic climatology. This again leads to 

increased uncertainty.  

When it comes to climate model uncertainty, Maslin and Austin (2012) make the point that 

improving our understanding of complex climate processes is likely to produce wider, rather 

than smaller ranges of uncertainty in predictions. This is because climate models are not 

reality, and by their very nature cannot capture all the factors involved in a natural system. 

This uncertainty therefore makes it difficult to accurately quantify the impact climate change 

will have on available freshwater resource. If there is to be inevitable, and enduring 

uncertainty as to what extent the UK energy system can, or cannot, rely on the availability of 

freshwater during the summer; and uncertainty over the cost and efficiency penalties that will 

have to be paid by the use of the less water intensive cooling methods, then any future use of 

freshwater for cooling should be approached with caution. 

2.7 Literature Review Discussion 

For policymakers charged with finding a mitigation and adaptation strategy to protect the UK 

energy system from a future lack of available water resource, finding a solution is complicated. 

There is a growing demand for the protection of freshwater ecosystems from over abstraction. 

Future freshwater availability is unknown, and is characterised by the wide range of scenarios 
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obtained using climate projections modelled by the Environment Agency, that it is accepted are 

subject to a wide range of uncertainty. Maslin and Austin (2012) argued a reduction in the 

uncertainty that pervades anthropogenic warming and climate change is unlikely. From the 

policymaker’s perspective, it is therefore prudent to consider how thermal power stations would 

cope if there were no available freshwater.  

To obtain the essential, abundant and secure source of water required by nuclear stations since 

1956, 36 nuclear reactors at 13 different coastal or estuarine locations have been built (DECC, 

2012a). Currently 15 coastal/estuarine reactors generate about 21% of the UK’s electricity 

(World Nuclear Association, 2016). Indeed, in almost 60 years of operation no reactor has 

suffered from a physical lack of its primary water resource. Placing a higher proportion of the 

UK’s thermal power generation capacity at the coast is already, albeit implicitly, a government 

considered option; it is the UK’s high nuclear pathway (DECC, 2013a, HM Government, 2011a). 

Minimising freshwater abstraction for energy generation by placing non-nuclear thermal power 

stations at the coast has been adopted by Japan, Korea and Australia (International Energy 

Agency, 2012).    

While more coastal generation could resolve any scarcity of freshwater, this review has 

highlighted that high levels of estuarine and seawater abstraction do have associated 

environmental issues. Environmental regulation including the WFD concerns itself with, and 

monitors, the temperature of all cooling water discharges, including those at estuarine and 

seawater locations. Historically, some nuclear power stations in the UK have been required to 

reduce their operational load to comply with temperature standards (EDF Energy PLC, 2011). 

Ginige et al. (2012) also considered potential nuclear developments on the Severn estuary, 
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and found impingement and entrainment of fauna could have a significant impact on the 

estuaries marine ecology.   

Coastal location was also the interest of a UK Government Strategic Siting Assessment, 

which concluded there were only 8 sites potentially suitable for the development of nuclear 

power stations, all of which were situated at coastal or estuarine locations (DECC, 2011a). If 

cooling water discharges and ecological damage are to be a consideration of coastal 

generation, then the height at which environmental regulatory hurdles are set, along with the 

emphasis given to other environmental considerations, will be factors that decide how many 

future thermal power stations can be situated at the coast. 

This review also highlighted that there is already no inland thermal power generation, with a 

capacity greater than 150MW (Figure 2.5), that uses the most effective once-through cooling 

process; instead it is the less water demanding evaporative, hybrid, or air cooling systems, 

that have been adopted. It is reasonable to assume, if in the future there is less freshwater 

available (Environment Agency, 2011), and an increase in thermal generation is required, this 

form of cooling for any inland thermal power generation would remain the norm, with most 

likely a greater preponderance of air cooling. The consequence of this will have to be 

acknowledged by the energy pathway models that invariably optimise for minimal cost and 

low carbon emissions. With efficiency loses in the order of 10-11% suggested, this becomes a 

significant commercial factor further complicated by the uncertainly over the UK’s future 

summer temperatures. Currently committing to any long-term evaporative, hybrid or air 

cooling strategy as a means of enabling any additional future inland thermal generation, 

should be regarded as a questionable decision.   
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A third solution to the issues surrounding available cooling water, outside of the water-energy 

nexus, is an increased adoption of certain renewable energy technologies. Renewable energy 

technologies such as wind and solar photovoltaic generation require no water during the 

operational phase. The large scale uptake of renewable energy technologies has many 

barriers, both technical, financial and in some instances political (Kandpal and Broman, 2014, 

Yaqoot et al., 2016). Overall, it is felt that when trading-off the advantages of, and the barriers 

to renewable energy, it will be important to fully recognise the benefits these technologies 

may make in mitigating any lack of available water resource for thermal generation. Never the 

less thermal generation still plays an important role in the UK’s current approach to its future 

energy strategy (DECC, 2015a, HM Government, 2011a). 

There are numerous other approaches that could make a contribution to resolving any future 

shortage of freshwater the UK may experience, such as a reduction in leakage in the water 

supply system or the use of desalination plants to produce potable water (Loftus and March, 

2016, Venkatesh et al., 2014). Improved agricultural practices is seen as another worthwhile 

opportunity (Finley and Seiber, 2014), for while it makes only a modest demand on total 

freshwater availability (1% of UK abstraction), it is a demand that has to be met when there is 

least freshwater available (dry, hot summers). This is when pressure on the public water 

supply system, and the environment, is at its highest (DEFRA, 2008). Such possibilities for 

mitigating future UK shortages of freshwater are important, but are not applications directly 

relevant to the thermal generation of electricity, and so have not been considered further in 

this thesis. 

2.8 Literature Review Conclusion 

This chapter has reviewed the literature on the subject of the UK water-energy nexus. It had 

the aim of identifying how a range of subject publications approach the way in which a future 
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lack of available water resource may impact a future UK thermal power generation fleet. It 

highlights the fact that the future water resource available to the UK generation fleet is likely 

to be greatly reduced. This is not only due to the effect of climate change, and a rising 

population on freshwater resources, but also due to the need to maintain the environmental 

well-being of the UK’s fresh, sea and estuarine water resources. 

A number of options for mitigating the impact of a lack of future water resources on thermal 

power generation were identified.  These ranged from continuing the shift from once-through 

cooling to the less water intensive alternative cooling methods, to a greater use of the UK’s 

estuarine and seawater resources. The use of other freshwater saving possibilities was also 

identified, but not developed. The environmental barriers associated with the cooling method 

and water source options were identified and discussed. The suggestion is the future lack of 

freshwater will help crystallise the trade-offs that have to be made. In this respect more work 

is needed to quantify the monetary and environmental trade-offs that have to be made. This is 

particularly so when one of the key determinants, the exact impact climate change will have, 

remains so uncertain. The intention is to give further consideration to these trade-offs in the 

course of this thesis.
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Chapter 3 - The Energy Technologies Institute (ETI) and the 

Energy Systems Modelling Environment (ESME) 

3.1 UK Energy System Models  

To achieve the aim and objectives of this thesis it was recognised that a tool capable of 

modelling the UK energy system would be required. There is a wide range of models 

available which broadly can be broken down into two categories; top-down and bottom-up 

models. Top-down models consider aggregate behaviour using historic economic trends, 

whereas bottom-up models tend to focus on the system or sectoral level allowing specific 

technical opportunities to be considered (UKERC, 2011). As water demand of thermal 

generation is dictated by specific technical choices, e.g. fuel type and cooling method it was 

felt that a bottom-up model would be most appropriate for this thesis. 

Bottom-up models tend to be simulation or optimisation models. Simulation models simulate 

the performance of a system given an in-depth specification of its properties whilst 

optimisation models look to optimise a specific property of a system, often its cost (Heaton, 

2014). There are disadvantages to both types of model; simulation models can often be 

complex and lack transparency around the performance assumptions made. On the other hand 

optimisation models are normally data intense and tend to assume a least-cost solution which 

is not always favourable (Hall and Buckley, 2016). As there would be a need to modify any 

model used to include assumptions regarding the water requirements of thermal generation 

technologies, it was felt that starting with a model whose operational assumptions were 

inherently opaque should be avoided. Furthermore with the clear need for energy supply to be 

affordable (section 2.3) optimising for least cost was not felt to be inappropriate, therefore 

only optimisation models were considered.  

There are a number of UK energy system optimisation models but UKTM (the successor to 

UK MARKAL) and the Energy Technologies Institute’s (ETI) Energy System Modelling 
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Environment (ESME) are arguably the most important UK-focussed models. Both are whole 

system, least cost optimised, UK energy system models and both have had their strategic 

importance to the UK confirmed by their use by both the Department of Energy and Climate 

Change (DECC) and the CCC (CCC, 2013, CCC, 2015, Heaton, 2014, HM Government, 

2011a). However, UKTM unlike ESME does not have a Monte Carlo option for dealing with 

uncertainty that besides providing an averaged result, also shows the range of possibilities that 

constitute this result. Furthermore ESME has a regional functionality that UKTM lacks. When 

considering the analysis to be undertaken in this thesis being able to disaggregate national 

water demand and availability, both of which vary regionally, to region levels is a 

fundamental advantage. The sensitivity analysis the Monte Carlo approach allows to be 

carried out is also extremely useful in identifying the range of uncertainty that policymakers 

have to consider when taking decisions. Therefore it is the ESME model which will be used 

in this thesis to consider, identify, and quantify, any impacts reduced availability of cooling 

water could have on UK thermal generation by 2050. 

It is, however, acknowledged that the different modelling biases of other UK energy models, 

may have contributions to make when deciding the ‘best’ make-up of a future UK electricity 

system that will face water availability constraints. Section 8.2.6 will therefore consider this 

and recommend further research along these lines. Ultimately, however, irrespective of 

whatever UK energy system modelling tool is used, the validity of the output obtained will 

always depend on the legitimacy of the modelling data being used. 

3.2 The ETI 

The ETI is a collaboration between industry and the public sector. It was formed in 2007 to 

accelerate the development of new energy technologies for the UK's transition to a low carbon 

economy (Heaton, 2014). The ETI’s members are: BP, Caterpillar, EDF Energy, Rolls-Royce, 
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Shell, Engineering and Physical Sciences Research Council, Department for Business, Energy 

and Industrial Strategy, and Innovate UK (ETI, 2016a). The ETI’s main role is to provide 

targeted investment to build knowledge, and develop and demonstrate projects across the 

energy sector to promote affordable, secure, and sustainable technologies. The aim is to help 

the UK achieve its long term emissions reduction targets as well as delivering nearer term 

benefits (ETI, 2015a). The ETI has a number of diverse technology programmes spread across 

the energy sector to help it undertake this role, but one essential tool which underpins much of 

its decision making, is the ETI’s Energy Systems Modelling Environment (ESME) energy 

system modelling tool. 

3.3 Energy Systems Modelling Environment (ESME) 

The ETI’s internationally peer reviewed Energy System Modelling Environment (ESME) 

models the UK energy system to 2050. It was initially developed in 2007, as a tool to help the 

ETI identify and design investments in technology development, and innovation programmes 

that meet the ETI’s objective of accelerating the development of new energy technologies for 

the UK's transition to a low carbon economy (Heaton, 2014). ESME has since become a 

powerful energy system model for the UK, and is employed by the ETI, its members, and 

academic institutions.  

Due to its use in supporting the ETI’s investment decisions, ESME is a design tool rather than 

a forecasting tool. ESME adopts a least-cost optimisation approach, and works with 

annualised costs averaged over the whole lifetime of a technology. Annualised capital costs 

are calculated assuming a discount rate of 8%, which represents the commercial cost of 

borrowing money. A commercial rate is assumed as ESME assumes that investments made in 

energy infrastructure will be made by the private sector A second discount rate of 3.5% is 

used for all net present value calculations in ESME, including the calculation of future total 
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energy system costs (ETI, 2016). This second discount rate is used for calculations which 

compare costs that occur in different years and reflects the “time preference rate”, that is the 

general preference of society to receive benefits sooner rather than later. A value of 3.5% is 

chosen as this is recommended by the UK Treasury to convert all future costs and benefits to 

present values (Office for National Statistics, 2013). ESME employs this cost optimisation 

approach to modelling the UK energy system while still adhering to a number of specified 

targets and constraints. These targets and constraints include emission reduction targets, 

resource availability, technology build rate, and meeting the projected energy demand. ESME 

is only constrained by CO2 emissions rather than all greenhouse gas emissions (GHG), 

although the expected pathway of all GHG emissions are taken into account when 

determining the levels of CO2 allowed (Heaton, 2014). 

When modelling the future UK energy system, ESME adopts a whole system scope which 

includes all the major flows of energy: electricity generation, fuel production, energy use for 

heating, industrial energy use and the transportation of people and freight. A range of 

technology options are available encompassing all the energy flows above, including power 

stations, vehicle and heater type, each with a number of input parameters such as available 

resources, fuel prices and technology costs (ETI, 2016c). This energy system is described in 

five, or 10 year time steps, from 2015 to show the progression to 2050. ESME also provides a 

historic view of the energy system in 2010 which acts as a baseline for the model. A 

generalised flow chart of the ESME model is provided in Figure 3.1.  
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Figure 3.1 ESME Flow Chart 

ESME can also define demands and resources at the UK regional level. This broadly shows 

the physical location of future energy infrastructure options (HM Government, 2011a), and 

allows variations in resource supply and demand across the UK to be better accounted for 

(UCL, 2014). The regions modelled by ESME are shown by Figure 3.2. 
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Figure 3.2 ESME Regions 

3.3.1 Monte Carlo Approach 

Any model has inherent uncertainties, particularly one as complex and broad as ESME. While 

it is impossible to entirely remove these uncertainties, ESME uses the Monte Carlo technique 

to manage and quantify them. Rather than producing a single model run, ESME produces 

hundreds, or even thousands of runs, known as simulations, where the input parameters (e.g. 
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energy resources, fuel prices and technology costs) vary for each simulation according to the 

probabilistic distribution of the considered parameter, as developed by the ETI in consultation 

with industry experts. As well as showing the individual model results, a final result is 

produced by finding the mean average of the results across an ensemble of simulations.  

This approach allows a range of possible future energy systems to be considered. From this 

technologies can be identified that initially appear to have little chance of contributing to the 

future energy system, as well as those which appear highly likely to contribute, and those 

which may contribute depending on how the input parameters change in the future. 

3.3.2 ESME Pathways 

For this thesis, Version 4.0 of ESME, released in August 2015 will be used (ETI, 2016b). 

When ESME is perturbed using a standard probabilistic distribution for each input parameter 

using the Monte Carlo approach, the final results are (in this analysis) referred to as the 

ESME.MC pathway; ESME’s standard outcome. It represents ESME’s best design of the 

future make-up of the UK energy system, it focuses on achieving the UK’s 2050 CO2 

emission reduction and energy generation targets at the least-cost. While ESME models the 

whole UK energy system, this thesis will focus on its modelling of the future UK electricity 

generation system to 2050 under the ESME.MC pathway, alongside, for the first time, any 

water constraints that are identified. Figure 3.3 shows the electricity generation profile of the 

ESME.MC pathway and is taken directly from the ESME model (ETI, 2015). It can be seen 

that to meet future demand it primarily relies on the use of nuclear and CCGT + CCS power 

stations, supported by renewables   
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Figure 3.3 Monte Carlo Pathway Electricity Generation per Annum (ETI, 2015) 

This research will predominantly consider the ESME.MC pathway as it represents ESME’s 

best design of the future UK energy system and its Monte Carlo approach allows some 

consideration to be given to the uncertainty a single sets of results hides (section 5.1). 

However ESME can also be perturbed in a deterministic way where just a single run is 

undertaken allowing ‘what-if?’ scenarios to be tested. The ETI has two such published 

scenarios, they are, the ‘Clockwork’ pathway, and the ‘Patchwork’ pathway. For 

completeness these will also receive initial consideration. The Clockwork pathway assumes 

that well-coordinated, long term national investment allows new energy infrastructure to be 

installed like clockwork. It favours additional nuclear generation to meet baseload, and 

unabated gas generation continues to play a role for meeting peak demand into the 2030’s 

until it is gradually replaced by hydrogen fired turbines.  CCGT + CCS plants and renewable 

energy, particularly onshore and offshore wind, are also expected to contribute to the 
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generation mix (Milne and Heaton, 2015), Figure 3.4. This pathway resembles the ESME.MC 

pathway, nevertheless it is a recognised and distinct ESME pathway.  

 

Figure 3.4 Clockwork Pathway Electricity Generation per Annum (Milne and Heaton, 2015) 

The Patchwork pathway sees central government taking less of a leading role and envisages a 

patchwork of distinct energy strategies developing at the regional level. Decarbonisation is 

achieved by the adoption of ad hoc renewable energy technologies, particularly offshore 

wind, although onshore wind, solar PV, hydro power and marine renewable energy all have a 

role to play by 2050. Nuclear and  CCGT + CCS generation are still present in the energy mix 

but on smaller scales than in the Clockwork pathway (Milne and Heaton, 2015), Figure 3.5. 
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Figure 3.5 Patchwork Pathway Electricity Generation per Annum (Milne and Heaton, 2015) 

Whilst the ESME.MC and Clockwork pathways are relatively similar the Patchwork pathway 

is noticeably different. The ESME.MC and Clockwork pathways both essentially envisage a 

centralised future UK energy system with nuclear and CCGT+CCS generation meeting the 

majority of demand by 2050. Whereas the Patchwork pathway foresees a more decentralised 

future UK energy system where renewable energy generation meets the majority of demand. 

From this perspective analysing the Patchwork pathway provides an interesting contrast to the 

other two ESME pathways. On the other hand it must be recognised that the Patchwork 

pathway is considered by the ESME model to be a more expensive option, largely due to the 

need to balance an energy system with a large amount of intermittent generation, and is 

therefore only selected when ESME is run in a more deterministic scenario-driven mode. 
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Chapter 4 – Future UK National Water Demand Modelling 

4.1 Introduction 

To achieve the ultimate aim of this study it will become necessary to constrain the water 

available to the ESME.MC pathway at the regional level. However, first, consideration will be 

given to the unconstrained future national water demand at 2030 and 2050 of the UK 

electricity sector, relative to 2010, using the three ESME pathways. This will identify the 

relative magnitude of increase in cooling water demand from 2010, through 2030, to 2050 by 

these UK electricity sector pathways, while also establishing a water demand profile by 

proposed generation technology. 

This is not the first study to consider the water demand of future electricity generation 

systems. Feeley et al. (2008) and Macknick et al. (2012) analysed the future freshwater 

demand of electricity generation in the USA and found that despite a greater demand for 

freshwater, abstraction may have to decrease due to lack of resource, while actual 

consumption  is likely to go up. This would be particularly true if there is a large adoption of 

Coal + CCS and nuclear generation with evaporative cooling. In Spain, Carrillo and Frei 

(2009) modelled future water demand of total energy generation (electricity, transport, 

domestic, agriculture and industrial sectors) and found that by 2030  water abstraction for 

electricity generation may rise, with consumption likely to increase. The International Energy 

Agency projected global future water demand of energy generation to 2035. Their forecast is 

that both water abstraction and consumption will increase, and in the case of consumption it 

could be a significant increase in the region of 85% (International Energy Agency, 2012). 

For the UK, a number of studies have modelled the water demand of the future electricity 

sector to 2050 (Byers et al., 2014, Schoonbaert, 2012, Tran et al., 2014). Schoonbaert (2012) 

focussed on England and Wales, whereas Tran et al. (2014) and Byers et al. (2014) modelled 
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the whole of the UK, including Northern Ireland. All three studies came to broadly similar 

conclusions; future UK water demand is uncertain but any significant uptake of thermal 

generation technologies is likely to increase water demand, with CCS technologies 

particularly likely to increase freshwater abstraction and consumption, whilst nuclear 

technologies are likely to result in a significant increase in sea and estuarine water abstraction 

demand. 

Byers et al. (2014) produced a model framework to quantify the future operational water 

requirements of electricity generation networks in terms of their water abstraction and 

consumption; per generation technology, per cooling method, per time-frame. It also 

distinguished between the source of cooling water with the options being freshwater, estuarine 

and sea water. Byers et al. (2014) used this method to model the water demands of six 

possible future electricity pathways, (section 4.2).  

Tran et al. (2014) used the same approach as Byers et al. (2014) but considered regional water 

demand, albeit only for freshwater, whereas Byers et al. (2014) only considered the national 

water demand. However, neither Byers et al. (2014), Tran et al. (2014) nor Schoonbaert 

(2012),  considered the water demand of the ESME model’s electricity pathways. All three of 

these studies, with no UK data available, used water abstraction and consumption figures 

largely based on a study carried out by the USA’s NREL (Table 2.1) (Macknick et al., 2011). 

This project has been given access to specific UK water abstraction and consumption figures 

compiled by the JEP, and provided through the EA, (section 4.3.2.3). For the remainder of 

this thesis these figures are referred to as the UK abstraction and consumption figures.  

The primary intention of this chapter, is to apply the UK abstraction and consumption figures 

to the Byers et al. (2014) framework to quantify the unconstrained national water demands at 
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2030 and 2050 of the three ESME pathways, relative to 2010. This will be the first step in 

reconciling the suggested future water demand of UK thermal power generation, with 

suggested future water availability. 

4.2 Carbon Plan Pathways 

The analysis carried out by Byers et al. (2014) using the NREL abstraction and consumption 

figures (Table 2.1) modelled the water demands of six possible future electricity pathways by 

2050, four taken directly from the UK Government’s Carbon Plan (HM Government, 2011a), 

(High Nuclear, High Renewables, High CCS, UK MARKAL 3.26), and two modified 

versions of the Carbon Plan pathways (CCS+ and UKM+), defined in Table 4.1. Here the 

opportunity will be taken to update the water demands of the six pathways analysed by Byers 

et al. (2014) with the UK abstraction and consumption figures. 

Table 4.1 Carbon Plan Pathways  

High Nuclear 
A low uptake of energy efficiency measures and CCS not being commercially 

viable lead to a large adoption of nuclear generation. 

High Renewables 

Increased uptake of renewable energy due to reduction in cost as well as 

increased use of energy efficiency measures, result in a generation mix of 

wind, solar, marine and back-up gas generation. 

High CCS 

CCS proves to be commercially viable resulting in a large uptake of CCS 

generation, largely driven by natural gas imports and exploitation of shale gas. 

Also assumes negative emissions through biomass CCS.  

UK MARKAL 3.26 

Least-cost optimised model results in a large uptake of energy efficiency 

measures and subsequent reduction in demand as well as a balanced 

generation mix including renewable energy, CCS and nuclear. 

CCS+ 
Similar to High CCS with nuclear now replaced with further coal CCS, 

biomass and renewable energy. 

UKM+ 
Similar to UK MARKAL 3.26 but with an increased energy demand met by a 

balanced generation mix of renewable energy, CCS and nuclear. 

4.3 Methodology 

4.3.1 General Methodology 

An in-depth description of the Byers et al. (2014) model framework, and the assumptions it 

makes are described in that paper and will not be repeated here. However, an overview of the 

framework’s principles is necessary, as is an explanation of the additional assumptions and 

modifications that are made in this chapter (section 4.3.2). The model framework designates a 
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generation pathway by its year (t) and an annual generation output given in TWh, of each 

individual pathway technology (g), represented by a matrix G with dimensions ( tn x gn ). The 

framework then requires the distribution of cooling water source (w) (freshwater, estuarine, 

seawater) and the distribution of cooling method used (m) (once-through, evaporative, hybrid, 

air cooling), for each generation technology, for each time period to be identified. This 

defines a 4-D array S with dimensions ( wn x mn x gn x tn ). Known water abstraction and 

consumption figures per generation technology, per cooling method, can then be introduced 

and are represented by matrices A and C respectively, with dimensions ( gn x mn ),  and given 

in ML/TWh. For this paper matrices A and C are populated by the UK abstraction and 

consumption figures.  

Element-wise multiplication of the arrays GSA and GSC gives total water abstraction and 

consumption results for each water source and cooling method combination, per generation 

technology for the year in question: ( , , , ,g , , ,g,w m g t t g m w m ttotalA G A S ,  , , , ,g , , , ,w m g t t g m w m g ttotalC G C S

); summation of the relevant combinations will allow total water abstraction and consumption 

of any given pathway generation technology, for any time period, to be calculated (

,g, , , ,

1

mn

w t w m g t

m

total totalA A


 , , ,g,

1

wn

g t w t

w

total totalA A


 , ,g, , , ,

1

mn

w t w m g t

m

total totalC C


 , , ,g,

1

wn

g t w t

w

total totalC C


 ). 

Similarly, summation of all combinations would produce the total pathway water abstraction 

and consumption for any given time period ( ,
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4.3.2 Applying the Model Framework 

4.3.2.1 Generation Technologies 

The pathways considered each give their projected generation by technology for 2030 and 

2050. For 2010, generation by technology was taken from the Digest of UK Energy Statistics 
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(DUKES) (MacLeay et al., 2011). The thermal generation technologies considered by this 

analysis are those present in 2010, or those the ESME model and Carbon Plan pathways 

chosen, include in their thermal generation portfolios, namely, nuclear (includes all large scale 

nuclear power plant variants), nuclear small modular reactors (SMR), gas (CCGT), coal 

(includes incineration of waste and biomass, as well as a number of coal power plant variants, 

but all assumed to be sub-critical), CCGT + CCS, coal + CCS, waste gasification and waste 

gasification CCS. Oil represents only 1.3% of all thermal generation in 2010 (MacLeay et al., 

2011); the ESME and Carbon Plan pathways predict by 2050 oil will have been phased out, 

the ESME.MC pathway also identifies geothermal technology as providing 0.25% of the 

UK’s energy by 2050. On the basis of their small take-up both of these technologies have 

been omitted from this study. ESME identifies three gas generating technologies; CCGT, 

CHP plants fired by gas produced by anaerobic digestion, and hydrogen fired turbines. After 

email consultation with the ETI gas team (Gammer, 2015), it was agreed that the water use of 

these technologies would be similar; they are therefore treated as one technology, namely 

CCGT. 

The pathways modelled choose Coal + CCS generation that uses either a super-critical system 

with post-combustion carbon capture, or an integrated gasification combined cycle (IGCC) 

system with pre-combustion carbon capture, or in some instances, a combination of both. For 

the purpose of this chapter they are principally treated as one technology referred to as coal + 

CCS, except for the abstraction and consumption figures where there is a noticeable 

difference. Here, the coal CCS abstraction and consumption figures used for each pathway are 

weighted according to the ratio of each coal CCS technology adopted by that pathway. 

Nuclear SMR power stations are a new technology, being smaller than traditional nuclear 
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power stations it is assumed for modelling purposes that there will be fewer siting constraints 

(Middleton, 2015); for this reason they are classed as a separate technology.  

4.3.2.2 Distribution Array 

To produce the cooling method and water source array S for 2010, which defines how the 

cooling methods and water sources are distributed for a given generation technology for 2010, 

DUKES was first used to find the installed capacity of nuclear, CCGT, and coal/biomass 

power stations in the UK for 2010 > 15MW (MacLeay et al., 2011). Neither DUKES, nor any 

official source, provides cooling water method and water source information by power station 

for UK thermal generation. This was a problem Schoonbaert (2012), Byers et al. (2014) and 

Tran et al. (2014) also had to resolve. This was achieved for those studies by consulting 

satellite imagery, online records, site visits, and contacting generation companies. Their 

results were revisited and, with only minor changes, produced Table 4.2. Appendix B shows 

the raw power station data obtained. In the absence of specific power station generation 

information, the cooling method and water source distributions were attributed relatively by 

using power station installed capacity. Whilst this may introduce a level of error into the 

results produced, a validation of the methodology being used will be carried out to confirm 

the scale of any error is acceptable. 

Table 4.2 also shows the cooling method and water source distribution for technologies not 

yet operational in the UK but predicted to be by 2050; they are waste gasification, nuclear 

SMR, CCGT + CCS, coal + CCS and waste Gasification + CCS. The assumptions made for 

these distributions are shown as a footnote to Table 4.2. 
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Table 4.2 Distribution of Cooling Method and Water Source 

 
Cooling Method 

Generation 

Technology 

2010 Installed 

Capacity 

(MW) 

Water 

Source 

Once-

through 

(%) 

Evaporative 

(%) 

Hybrid 

(%) 

Air 

(%)
a
 

Nuclear 10,125 

Freshwater 0 0 0 0 

Estuarine 

Water 
15.84 0 0 0 

Seawater 84.16 0 0 0 

Air 0 0 0 0 

Nuclear SMR
b
 N/A 

Freshwater 0 17 0 0 

Estuarine 

Water 
0 41 0 0 

Seawater 42 0 0 0 

Air 0 0 0 0 

CCGT 

(including H2 

Turbines and 

Anaerobic 

Digestion) 

32,169 

Freshwater 0.48 11.91 5.19 0 

Estuarine 

Water 
20.56 13.28 19.62 0 

Seawater 5.58 0 0 0 

Air 0 0 0 23.38 

Waste 

Gasification
c
 

N/A 

Freshwater 0 68.07 0 0 

Estuarine 

Water 
0 0 0 0 

Seawater 0 0 0 0 

Air 0 0 0 31.93 

Coal 

(including 

Biomass) 

28,971 

Freshwater 0 34.50 0 0 

Estuarine 

Water 
18.32 34.00 1.38 0 

Seawater 11.25 0 0 0 

Air 0 0 0 0.55 

CCGT CCS
d
 N/A 

Freshwater 0.48 11.91 5.19 0 

Estuarine 

Water 
20.56 13.28 19.62 0 

Seawater 5.58 0 0 0 

Air 0 0 0 23.38 

Coal CCS
e
 N/A 

Freshwater 0 34.50 0.00 0 

Estuarine 

Water 
18.32 34.00 1.38 0 

Seawater 11.25 0 0 0 

Air 0 0 0 0.55 

Waste 

Gasification 

CCS
e
 

N/A 

Freshwater 0 34.50 0 0 

Estuarine 

Water 
18.32 34.00 1.38 0 

Seawater 11.25 0 0 0 

Air 0 0 0 0.55 
aAir cooling requires negligible volumes of water; this was assumed to be freshwater due to air cooling’s use when water is 

scarce. 
bNuclear SMR distribution based on discussion with the ETI and informed by Middleton (2015).  
cWaste gasification distribution calculated from all operational and consented sites as well as those in the planning process.   
dCCGT CCS distribution the same as CCGT.  
eWaste gasification CCS distribution the same as coal CCS which in turn is the same as coal.  
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It was decided when it came to determining the water demands of the ESME and Carbon Plan 

pathways for 2030 and 2050, that it would again be the 2010 distributions shown by Table 4.2 

that would be used, effectively assuming a ‘business-as-usual’ situation. Regarding the 2030 

and 2050 cooling method and water source distribution, both Byers et al. (2014) and Chapter 

2 of this thesis found that one of two possible options, or a combination of both from 2010 

would be likely to apply. Either, greater use of the less water intensive cooling methods that 

incur higher costs and CO2 emissions, or a greater adoption of estuarine and seawater sources 

with the caveat that environmental and ecological regulation could constrain this solution. 

With such uncertainty it was reasoned that any UK national comparison of water demands of 

the study’s selected pathways at 2030 and 2050, relative to 2010, can only identify a 

generalised overview of the magnitude of potential national water demand issues. In reality, 

the availability of freshwater and seawater resource, as well as the demand for power, as 

already noted, varies significantly regionally (Mitchell and McDonald, 2015),  and it is 

therefore at this level of detail that the real issues will lie. On this basis applying the 2010 

national cooling distribution array relatively to 2030 and 2050, serves this chapter’s 

comparison methodology purpose.   

4.3.2.3 Abstraction and Consumption Figures 

This chapter uses the abstraction and consumption figures for UK power stations, compiled 

by the JEP and made available by the EA. The JEP is made up of eight of the UK’s leading 

electricity generators (RWE npower, Eon, Drax Power, Scottish and Southern Energy, EDF 

Energy, International Power, Eggborough Power, Scottish Power) (Gasparino, 2012). The 

JEP has a research and development objective to understand and expand the knowledge of the 

environmental science and impacts, related to the generation of fossil fuel electricity. A 

specific interest is to better understand the water use of UK power stations. 
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Macknick et al. (2011) discusses at length the wide ranging variability found in the published 

data, when attempting to consolidate the literature of water use by various electricity 

generation technologies in the United States. That study’s research objective was to obtain 

figures that could “be incorporated into energy-economic models to estimate generation-

related water use under different projected electricity portfolio scenarios”. It was found that 

despite significant differences in the methodologies used to compile the data based on 

generation technology, it invariably resulted in wide-ranging high and low values for water 

abstraction and consumption. However, compiling the data by the cooling method employed 

invariably produced significantly different, and more definitive, water demand magnitudes. 

The conclusion was that water use needs of thermal power stations should be categorised by 

cooling method rather than generation technology.   

With regard to the UK abstraction and consumption figures compiled by the JEP, these were 

based upon the Resource Efficiency Physical Index Data for 2010, and the data previously 

prepared for the DG Environment Blueprint. The Combustion Industry Sector Group, and the 

UK Water Working Group were also consulted to help improve the quality of the data. The 

water use figures provided were in the form of lower and upper limits, for abstraction and 

consumption for various generation technology and cooling method combinations. The CCS 

water rates provided were based on Parsons Brinckerhoff (2012). In the case of coal and coal 

+ CCS technologies, the load factor at which they are run can make a significant difference to 

their water demands, subsequently values for High Load Factors (HLF, capacity factor   

46%) and Low Load Factors (LLF, capacity factor < 46%) were given. The data provided is 

acknowledged to be wide ranging with some omissions, but with no other UK specific data 

available, it was felt to be adequate, subject to the validation process not identifying large 

errors (section 4.4). The variability present in the UK’s abstraction and consumption data 
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supports the view of Macknick et al. (2011) that variability in power station water abstraction 

and consumption data would inevitably be found, irrespective of the country the data relates 

to.  

The UK abstraction and consumption figures shown (Tables 4.3a and 4.3b) are those required 

in 2010 or by either the ESME model, or Carbon Plan pathways. Some are for yet-to-be-

developed technologies. The abstraction and consumption figures shown are the mid-points of 

the ranges of the data provided. With the wide-ranges present this was an arbitrary, although 

logical decision, but will also be judged by the validation process. The values in standard font 

are the abstraction and consumption figures which are the calculated mid-points of the JEP 

data. The values in bold are the calculated figures for those technology and cooling method 

combinations not in the JEP data provided. These unknowns were derived by finding the 

Ratio (Table 4.3a; Table 4.3b) between the provided cooling methods, and then applying 

these ratios to the known figure(s) of a generation technology and cooling method(s) 

combination to find the unknown(s). When viewed in the context of the Macknick et al. 

(2011) conclusion, that for the United States water use of thermal power stations could be 

categorised by cooling method, the evidence of the available UK abstraction and consumption 

figures finds this is also so for the UK. 
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Table 4.3a Abstraction Figures (x10
3
ML/TWh) 

Cooling 

Method 
Nuclear 

 

Nuclear 

SMR 

CCGT 
Coal 

(HLF) 

Coal 

(LLF) 

Waste 

Gasification 

CCGT 

+ CCS 

Coal IGCC + 

CCS (HLF) 

Coal CCS 

post-

combustion 

(HLF) 

Waste 

Gasification 

+ CCS 

Ratio 

OT 172.85 172.85 79.85 160.90 217.75 138.61 141.35 191.83 259.05 191.83 N/A 

Evap 7.00 7.00 2.33 3.85 5.25 4.05 4.13 5.60 7.56 5.60 0.03 

Hybrid 4.35 4.35 1.45 2.39 3.27 2.52 2.57 3.48 4.70 3.48 0.62 

Air 0.45 0.45 0.15 0.25 0.34 0.26 0.27 0.36 0.49 0.36 0.10 
OT: Once-through Cooling, Evap: Evaporative Cooling 

Table 4.3b Consumption Figures (x10
3
ML/TWh) 

Cooling 

Method 
Nuclear 

 

 

Nuclear 

SMR 

CCGT 
Coal 

(HLF) 

Coal 

(LLF) 

Waste 

Gasification 

CCGT 

+ CCS 

Coal IGCC + 

CCS (HLF) 

Coal CCS 

post-

combustion 

(HLF) 

Waste 

Gasification 

+ CCS 

Ratio 

OT 0.15 0.15 0.10 0.15 0.30 0.16 0.10 0.18 0.15 0.18 N/A 

Evap 3.00 3.00 0.96 1.20 1.55 1.55 0.96 1.75 1.44 1.75 9.58 

Hybrid 1.88 1.88 0.60 0.75 0.97 0.97 0.60 1.10 0.90 1.10 0.63 

Air 0.47 0.47 0.15 0.19 0.24 0.24 0.15 0.27 0.23 0.27 0.25 
OT: Once-through Cooling, Evap: Evaporative Cooling
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Waste gasification is a relatively new technology (Lightowlers, 2012, Persson and Münster, 

2016), and there are no ‘live’ abstraction and consumption figures available, however the JEP 

and EA do provide a value for Integrated Gasification Combined Cycle Coal + CCS, for 

evaporative cooling.  Discussion with the ETI gas team confirmed in the absence of an actual 

value, this would be a reasonable value to use for evaporative waste gasification with CCS 

(Gammer, 2015). This now allowed values to be calculated for the other cooling methods in 

the same way as for any other omitted data.  For waste gasification without CCS with once-

through cooling, abstraction and consumption figures were obtained by finding the ratio 

between non-CCS technologies and their CCS equivalents; (CCGT + Coal(HLF)) ÷ 

(CCGT+CCS + Coal IGCC+CCS (HLF)
2
), and multiplying the  now  calculated Waste 

gasification + CCS with once-through cooling abstraction and consumption figures by this 

result (0.72 and 0.89 respectively). This now enabled the remaining waste gasification 

abstraction and consumption figures to be found.   

Nuclear SMR is also a relatively new technology and also has no available abstraction and 

consumption data; however it is still a nuclear fission based process. So for the purpose of this 

paper it was assumed that the abstraction and consumption figures would be the same as those 

for traditional nuclear generation. 

4.4 Validation 

To confirm the methodology employed, and the assumptions made, do not produce 

unacceptable inaccuracies when modelling pathway water demands, a validation of the results 

obtained was carried out. The EA receives data annually showing the water abstracted from 

                                                           
 

2
 Waste gasification is only selected by ESME, all coal CCS selected by ESME is IGCC pre-combustion; therefore 

for consistency IGCC pre-combustion was used for this calculation rather than coal post-combustion. 
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freshwater and estuarine (not seawater) sources for power stations in England and Wales; 

figures for Scotland and Northern Ireland were not available which this thesis will recognise. 

This data for the years 2006-2010 was obtained with the main interest being 2010, the year for 

which the UK abstraction and consumption figures obtained apply. This is another data source 

that does not associate power stations with cooling technologies, but this was a problem 

resolved when preparing Table 4.2. Not all the EA data sent could be used as in some 

instances it was incomplete. The original data provided by the EA was for thirty England and 

Wales power stations (35,820MW). The twenty-three power stations used had a total 

generating capacity of 29,215MW, Table 4.4. This is a 42% sample of the English and Welsh 

total installed thermal generating capacity of 70,040MW in 2010 (MacLeay et al., 2011).  

Table 4.4 Power Stations Used in Validation Process 

Power Station Installed Capacity (MW) Fuel Type Water Source Cooling Method 

Little Barford 714 CCGT FW Evaporative 

Glanford Brigg 260 CCGT          FW Evaporative 

Medway 688 CCGT EW Evaporative 

Roosecote 229 CCGT EW Open loop 

South Humber 

Bank 
1,285 CCGT EW Open loop 

Killingholme A 665 CCGT EW Hybrid 

Killingholme B 900 CCGT EW Hybrid 

Great Yarmouth 420 CCGT EW Open loop 

Barking 1,000 CCGT EW Open loop 

Keadby 710 CCGT EW Open loop 

Ironbridge 940 Coal FW Evaporative 

Eggborough 1,960 Coal FW Evaporative 

Ratcliffe 1,960 Coal FW Evaporative 

Rugeley 1,006 Coal FW Evaporative 

Drax 3,870 Coal EW Evaporative 

Kingsnorth 1,940 Coal EW Open loop 

Cottam 2,008 Coal EW Evaporative 

West Burton 2,012 Coal EW Evaporative 

Ferrybridge C 1,960 Coal/Biomass FW Evaporative 

Fiddler’s Ferry 1,961 Coal/Biomass EW Evaporative 

Tilbury B 1,063 Biomass EW Open loop 

Hartlepool 1,180 Nuclear EW Open loop 

Oldbury 434 Nuclear EW Open loop 

 
FW: Freshwater 

EW: Estuarine water 
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When matching generation technologies with water demand the question arises whether for 

2010 the correct choice for coal was coal low load factor, or coal high load factor. This has a 

profound effect on water demand. In an exchange of correspondence with the EA, their opinion 

was that with the large number of operational mode influences that a generating plant has to 

respond to on a daily basis, with the information available there could be no definitive answer 

(Brierley, 2014). In line with this opinion it was decided to show the validation with both the 

coal LLF and coal HLF values. The results obtained for the years 2006 – 2010 are shown, 

Table 4.5. 

Table 4.5 Validation Results; Percentage Error between Modelled Results and EA Validation 

Data 

Validation using Coal HLF Validation using Coal LLF 

 

Freshwater 

(% error) 

Estuarine 

Water (% 

error) 

Freshwater 

+Estuarine 

Water (% 

error) 

 

Freshwater 

(% error) 

Estuarine 

Water  (% 

error) 

Freshwater 

+Estuarine 

Water (% 

error) 

2010 -3.01 3.39 3.23 2010 28.80 17.08 17.37 

2009 3.52 14.90 14.62 2009 37.26 29.06 29.26 

2008 23.57 -6.16 -5.58 2008 64.10 7.40 8.51 

2007 2.12 -0.16 -0.10 2007 36.15 15.11 15.66 

2006 12.98 19.65 19.46 2006 51.37 38.67 39.03 

Avg. 7.83 6.32 6.33 Avg. 43.53 21.47 21.97 

Table 4.5 shows the closest correlation for the years tested is for coal HLF, with the error for 

2010, for which the UK abstraction and consumption figures relate, being just 3.23%. When 

considering the HLF result over the whole validation period it is felt that whilst the error 

varies significantly, with the large changes in operational mode known to occur this could be 

expected. This result validated the methodology’s use of the UK abstraction and consumption 

figures to attribute ‘relative’ 2010 national water demands to 2030 and 2050. For the 2030 

and 2050 pathways both the ESME and Carbon Plan pathways provide their load factor for 

coal and coal + CCS technologies; for the ESME pathways it is LLF, for the Carbon Plan 

pathways it is HLF (DECC, 2013a). Their respective factors have been used.  
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4.5 Results 

4.5.1 ESME and Carbon Plan Pathways 2030 and 2050 National Water Demand 

With thermal generation being the favoured means of electricity generation, the current 

preferred technologies are nuclear and fossil fuels + CCS, supported by renewables. For the 

UK the water demands this incurs at 2030 and 2050 for the electricity generation pathways 

studied in this chapter, relative to 2010, are shown by Figures 4.1-4.8. Regarding these figures 

the methodology’s total water demand refers to all water sources, but it is predominantly sea 

and estuarine water due to their association with the large take-up of once-through cooling, 

especially in the case of nuclear. 

 
Figure 4.1 2030 Total Water Abstraction 
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Figure 4.2 2050 Total Water Abstraction 

 
Figure 4.3 2030 Freshwater Abstraction 
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Figure 4.4 2050 Freshwater Abstraction 

 
Figure 4.5 2030 Total Water Consumption 
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Figure 4.6 2050 Total Water Consumption 

 
Figure 4.7 2030 Freshwater Consumption 
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Figure 4.8 2050 Freshwater Consumption 

Interpreting Figures 4.1-4.8, knowing at 2050 there will be no physical shortage of estuarine 

and seawater, but there will be a serious shortage of UK freshwater, the figures clearly 

identify potential issues. It is noticeable that the ESME.MC and Clockwork pathways are total 

water intensive while the Carbon Plan thermal generation pathways are on balance more 

freshwater intensive. As would be expected the Carbon Plan’s High Renewables and the 

ESME Patchwork pathways have lower water demands. This underlines the success high 

renewable pathways have in avoiding a need for large volumes of water in 2030 and 2050.  In 

this context it should, however, be noted that even high renewable pathways have water 

demands that will have to be met.    

4.5.2 Sensitivity Analysis 

The ESME.MC pathway with its Monte Carlo approach to uncertainty (section 3.2.1) rather 

than producing a single result produces a range of possibilities known as simulations, 

normally 100. The inputs of each simulation are from probabilistic ranges reflecting a 
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parameter’s future range of uncertainty over the form a future UK energy system could take 

(Heaton, 2014). These individual simulations are then averaged to provide the mean average 

ESME.MC electricity generation results of Figure 3.3, from which its corresponding water 

demands in Figures 4.1-4.8 were calculated using this chapter’s methodology. The spread of 

the simulations is indicative of the level of uncertainty that an averaged result, and indeed the 

results produced using the other non Monte Carlo pathways, hides. In order to know this level 

of uncertainty, a sensitivity analysis was carried out. This was achieved by applying this 

chapter’s methodology to each of the ESME.MC pathway’s simulations, and showing the 

water demand results for 2030 and 2050 in a box and whiskers form, Figures 4.9-4.12. In this 

case the extremes shown are the highest and lowest water demands found.  

 
Figure 4.9 ESME. MC Pathway Total Water Abstraction - Box and Whiskers Plot 
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Figure 4.10 ESME.MC Pathway Total Water Consumption - Box and Whiskers Plot 

 

 
Figure 4.11 ESME.MC Pathway Freshwater Abstraction - Box and Whiskers Plot 

 



81 
 

 
Figure 4.12 ESME.MC Pathway Freshwater Consumption - Box and Whiskers Plot 

Figures 4.9-4.12 show that the simulations are spread more widely for 2050 than 2030, which 

is not unexpected given the greater uncertainty at the longer timeframe. With the exception of 

freshwater abstraction, the distribution of all the other 2050 datasets is negatively skewed, 

whilst all 2030 datasets and 2050 freshwater abstraction are positively skewed. For the 

ESME.MC pathway, the mean result is more likely to be an overestimate of those datasets 

with a positive skew, and an underestimate of those with a negative skew. 

Table 4.6 shows how the first and third quartile of each dataset varies from the median. With 

the exception of the third quartiles of the 2050 and 2030 freshwater abstraction datasets 

(<14%), all are within 10% of the median, with the majority <7%. Table 4.6 then shows that 

the difference between the ESME.MC modelled mean average generation water demands of 

Figures 4.1-4.8, and the median values of the data shown in Figures 4.9-4.12, are in even 

closer agreement. This confirms that using the ESME.MC pathway’s Monte Carlo approach 
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of producing an average generation result from numerous simulations, does provide a water 

demand that is representative of the individual simulations.   

Table 4.7 compares the range of water demand results produced for the ESME.MC pathway’s 

100 simulations, with the water demands of the other pathways calculated in section 4.5.1. It 

can be seen that with the exception of 2030 freshwater consumption, the first and third 

quartiles of the ESME.MC dataset always fits within the range of water demands presented by 

the other pathways. In the majority of instances the maximum and minimum of the 

ESME.MC data also fits within this water demand range, and as these are the extremes of the 

dataset, some variation away from this range is to be expected, and does not represent the 

ESME.MC dataset as a whole. Table 4.6 showed that the bulk of the ESME.MC simulations 

have water demands that are relatively tightly spread. Table 4.7 now shows that even towards 

the extremes of this dataset, the vast majority of water demands which could relate to the 

ESME.MC pathway, are within the range of demands covered by the other pathways 

considered in this chapter. 
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 Table 4.6 Percentage Differences from the Median   

Table 4.7 Water Demands of ESME.MC Simulations Compared to Other Pathways (x10
6
 ML/Annum) 

 2030 2050 

 
Total Water 

Abstraction 

Total Water      

Consumption 

Freshwater 

Abstraction 

Freshwater 

Consumption 

Total Water    

Abstraction 

Total Water 

Consumption 

Freshwater 

Abstraction 

Freshwater 

Consumption 

ESME.MC Minimum 21.77 0.10 0.13 0.03 44.27 0.15 0.15 0.04 

ESME.MC Q1 22.47 0.11 0.15 0.03 58.34 0.25 0.22 0.06 

ESME.MC Median 23.04 0.11 0.17 0.03 60.42 0.27 0.25 0.07 

ESME.MC Q3 23.58 0.12 0.19 0.04 61.98 0.28 0.28 0.07 

EMSE.MC Maximum 24.75 0.16 0.22 0.06 65.05 0.32 0.36 0.09 

2010 20.58 0.19 0.29 0.08 20.58 0.19 0.29 0.08 

High Nuclear 41.07 0.13 0.17 0.04 100.70 0.10 0.03 0.01 

High Renewables 14.72 0.10 0.17 0.04 26.34 0.10 0.18 0.03 

Markal 3.26 24.98 0.14 0.24 0.05 52.88 0.21 0.36 0.08 

High CCS 19.54 0.14 0.26 0.05 41.14 0.23 0.50 0.09 

CCS+ 11.03 0.15 0.31 0.06 19.49 0.28 0.65 0.12 

UKM+ 28.03 0.15 0.27 0.06 63.23 0.29 0.53 0.12 

ESME Patchwork 17.22 0.09 0.14 0.04 26.38 0.09 0.16 0.03 

ESME Clockwork 27.30 0.11 0.20 0.04 59.59 0.13 0.20 0.04 

 2030 Total 

Water 

Abstraction 

2050 Total 

Water 

Abstraction 

2030 Total 

Water 

Consumption 

2050 Total 

Water 

Consumption 

2030 

Freshwater 

Abstraction 

2050 

Freshwater 

Abstraction 

2030 

Freshwater 

Consumption 

2050 

Freshwater 

Consumption 

% Difference 

Between 

Median and Q1 

-2.48 -3.44 -4.40 -6.55 -11.82 -13.16 -6.58 -8.26 

% Difference 

Between 

Median and Q3 

2.34 2.58 4.64 5.02 10.45 10.97 9.58 6.39 

% Difference 

Between 

Median and 

ESME MC 

Average Value 

-0.10 -0.73 2.00 -2.01 -0.47 0.52 4.90 -1.75 
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4.5.3 Comparison of USA and UK Abstraction and Consumption Figures 

The previous studies (Byers et al., 2014, Schoonbaert, 2012, Tran et al., 2014), that looked at 

how the scarcity of cooling water may compromise future UK thermal electricity generation, 

in the absence of UK data were carried out principally using the United States’ NREL data 

(Macknick et al., 2011). With UK abstraction and consumption figures now being available a 

comparison with the NREL figures used is appropriate, Tables 4.8a and 4.8b achieve this. The 

water demands for thermal generation with air cooling is negligible and so was not included. 

The hybrid figures were calculated assuming a 0.65:0.35 ratio between evaporative and air 

cooling as in Byers et al. (2014). Table 4.8a finds for abstraction, the NREL figures for the 

once-through, evaporative and hybrid cooling processes underestimate the UK demand and, 

with the exception of nuclear generation, the difference is significant. Table 4.8b shows for 

water consumption in most instances the opposite is found to be the case with the relative 

differences, while being large, relating to much lower levels of demand.   
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Table 4.8a Comparison of USA and UK Abstraction Figures (x10
3
ML/TWh) 

OT: Once-through Cooling, Evap: Evaporative Cooling 

Table 4.8b Comparison of USA and UK Consumption Figures (x10
3
ML/TWh) 

 Nuclear CCGT CCGT+CCS Coal (HLF) Coal+CCS Post-combustion (HLF) 

 OT Evap Hybrid OT Evap Hybrid OT Evap Hybrid OT Evap Hybrid OT Evap Hybrid 

NREL 1.27 2.66 1.71 0.38 0.72 0.47 0.9 1.36 0.88 0.78 1.77 1.17 2.1 3.22 2 

UK 0.15 3.06 1.88 0.1 0.96 0.6 0.1 0.96 0.6 0.15 1.2 0.75 0.15 1.44 0.9 

OT: Once-through Cooling, Evap: Evaporative Cooling 

 Nuclear CCGT CCGT+CCS Coal (HLF) Coal + CCS Post-combustion (HLF) 

 OT Evap Hybrid OT Evap Hybrid OT Evap Hybrid OT Evap Hybrid OT Evap Hybrid 

NREL 164 3.88 2.52 47.6 0.93 0.59 90 1.82 1.19 118 2.11 1.33 220 4.29 2.79 

UK 173 7 4.45 79.85 2.22 1.45 141 4.13 2.57 161 3.85 2.39 259 7.56 4.7 
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4.6 Discussion 

The aim of this chapter was to attribute a cooling water demand to the UK’s predicted 2030 

and 2050 thermal electricity generation relative to 2010, and to consider the implications of 

the results obtained with respect to the water likely to be available. The future water demands 

obtained were found to be heavily pathway dependent, but with the significant increase in the 

2050 electricity demand, not surprisingly the majority of pathways showed a corresponding 

significant increase in their total and/or freshwater demands.  

This increase has to be judged bearing in mind that for the years to 2050 it is forecast that 

there will be less inland freshwater available (Environment Agency, 2011, Environment 

Agency, 2013b, Wade et al., 2013, Watts et al., 2015), with a policy to build more thermal 

generation infrastructure to meet the increase in electricity demand. Should policymakers fail 

to recognise this thermal generation is water intensive, and therefore low cost generation 

depends on substantial levels of water being available for the BAT cooling. Then this would 

increase the UK’s cost of electricity generation, thereby implicitly reducing the UK’s global 

commercial competiveness. Already for the UK there is no inland thermal generation with a 

capacity greater than 150MW that can operate with its optimum cooling water (2.4 Water 

Resource for UK Thermal Power Generation). This chapter found the increased water 

demands in 2030 and 2050, relative to 2010, are significant and policymakers need to factor 

this into their policy decisions.  

In this respect this chapter’s findings, especially for 2050 underline why this is important. The 

Carbon Plan’s thermal generation pathways are far more dependent on freshwater than are 

those of ESME, with the Carbon Plan’s High Nuclear pathway being the exception. This is 

predominantly due to a reliance on CCGT, or fossil fuels with CCS. These stations are often 

seen to be placed inland and to use freshwater. Here they will have to rely on the less 
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abstraction intensive, but more consumptive, and more costly evaporative and hybrid cooling 

methods, as well as air cooling. Conversely, the ESME.MC and Clockwork pathways, with 

their cost optimising goals favour coastal nuclear generation using the abstraction intensive, 

but least-consumptive once-through cooling, as does the Carbon Plan’s high nuclear pathway. 

This results in high total water, but low freshwater demand. If large volumes of sea and 

estuarine water were not available at the coast then the scarcity of freshwater (Naughton et al., 

2012), will present policymakers with a major nuclear feasibility rethink, that is, if cost of 

generation is still to remain a consideration.   

While there will be scarcity issues for any 2030 and 2050 thermal generation policy that 

envisages employing freshwater cooling, in so far as sea and estuarine water abstraction is 

concerned its physical availability cannot be a limiting factor. Nevertheless, there are issues 

that could be limiting. Environmental and ecological regulation (including The WFD and EU 

Habitats Directive) is limiting new coastal nuclear site availability. Historically, UK nuclear 

power stations have been required to reduce their load to comply with thermal discharge 

temperature standards (EDF Energy PLC, 2011). Additionally it has already been noted in 

section 2.8 that nuclear development could result in significant impact on marine ecology 

(Ginige et al., 2012). Despite an extensive study, the Government with 7,000 miles of 

England and Wales coastline, have only identified eight potential coastal sites suitable for the 

development of nuclear power (DECC, 2011a).  

In this context while nuclear generation often raises public safety concerns there are other 

serious issues that should be considered such as the more general barriers to coastal 

generation of habitat, environmental protection, and planning objections such as visual 

pollution which cover much of the UK’s coastline (Boyle, 2015, Energy UK, 2014). These 

have the capacity to restrict any form of coastal thermal generation, everywhere. This has 
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ominous connotations for any 2050 progressive energy policy that has to satisfy the high 

water intensity demands of the envisaged nuclear, or fossil fuel + CCS generation, with little, 

or no freshwater available, restricted access to sea and estuarine water resources, and with an 

affordable and secure electricity supply ambition.  

Although both the ESME Patchwork, and the Carbon Plan’s High Renewable pathway’s 

generation output at 2030 and 2050 is of the same order as for the ESME.MC and Clockwork 

pathways, their relative water demands (Figures 4.1 -4.8) show they are far less dependent on 

water. To this extent they provide an alternative solution to any lack of required freshwater. 

However, their Achilles’ heel is at 2050 they need support from fossil fuel + CCS generation, 

both as complimentary generation, and to provide base load. Any approach that allied the 

provision of this high water intensity fossil fuel + CCS generation with freshwater, would 

have to factor-in a high level of expensive air cooling. This would quickly lead to questions 

about the realisability of these crucially important renewable pathways 

4.7 Chapter Conclusion 

This chapter aims to provide an estimate of the increase in the UK national water demand, 

relative to 2010, of thermal electricity generation at 2030, and then at 2050. A methodology 

was developed and applied that looked at cooling methods, and cooling water demand trends 

of UK thermal power stations in 2010. Using these trends, it then attributed a total and 

freshwater demand to the 2030 and 2050 ESME model, and Carbon Plan generation 

pathways.  

It found that while water demand is very pathway dependent, relative to 2010 values, the total 

water abstraction demand has increased for the majority of pathways considered by 2030, 

with a further significant increase in demand by 2050. For total water consumption, as well as 

freshwater abstraction and consumption, demand had dropped by 2030 for all the pathways, 
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with the exception of freshwater abstraction under the CCS+ pathway. Although by 2050, 

many pathway water demands were now greater than their 2010 values. Broadly, those 

pathways which foresee a large role for thermal generation in the future, rather than those 

which rely more heavily on energy efficiency measures and renewable energy technologies, 

were the ones found to have the significantly greater water demands. 

However, when it comes to the 2030 and 2050 generation water demands this chapter simply 

provides a first order assessment of thermal generation water demand issues, when in reality 

electricity generation, and water availability issues will be regionally specific. Identifying the 

UK regional water demand issues, and then trying to attribute cost consequences to them 

using the ESME.MC’s UK regional modelling capability, will be the task of Chapters 5 and 6. 
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Chapter 5 - UK Regional Water Demand Modelling 

5.1 Introduction 

Chapter 4 modelled the unconstrained national water demands of a number of future 

electricity generation pathway scenarios, some sympathetic to the UK’s current policy to meet 

much of its future electricity demand with additional thermal generation, whilst still adhering 

to its emission reduction targets. This identified a number of related water availability issues 

that have the potential to limit the thermal electricity generation output this policy foresees. 

They ranged from the threat of a reduction in future freshwater availability for cooling 

purposes, to environmental and ecological regulation limiting the deployment of coastal 

generation which could, as an alternative, make use of the UK’s abundant estuarine and 

seawater resource. Furthermore these issues would be made that more exacting, by the UK’s 

hope to increase the use of the more water intensive CCS thermal generation technologies in 

order to comply with future emission targets. 

While comparative present and future national UK electricity thermal generation water 

demand results are of interest, the demand for power varies significantly from UK region to 

region, as does water demand, as does water availability. So for policymakers national figures 

are of limited practical use. To provide the level of detail required on these matters, it 

becomes necessary to now bring the national water demand modelling of Chapter 4 to the UK 

regional level. 

The Carbon Plan pathways modelled in Chapter 4 cannot disaggregate their national 

generation projections to a regional scale, which is a prerequisite for quantifying the UK’s 

regional water demands. This does not apply to the identified national electricity generation 

demands of the three selected ESME pathways (section 3.2.2), where the disaggregated 

regional generation projections for 2030 and 2050 are known. 
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When considering the use of these three pathways, it was shown in Chapter 4, that in the case 

of the Patchwork pathway, due to its large uptake of non-water requiring renewables, its water 

demands in 2050 were less than in 2010. This was with the exception of total water 

abstraction which had a relatively small increase. This low water demand may initially seem 

to make the Patchwork pathway an interesting candidate for further study as a potential option 

for adapting to constrained water availability. However as discussed in section 3.3.2 its high 

level of intermittent renewable energy generation makes it a costly option. It was therefore 

considered that it would not be informative to include the Patchwork pathway in this regional 

study. As described in section 3.2.2, the generation make-up of the Clockwork pathway is 

very similar to that of the ESME.MC pathway and, as such the water demands of both would 

be similar. This was generally confirmed in Chapter 4. It was therefore decided for this 

regional study to proceed with just the ESME.MC regional pathway for 2030 and 2050. The 

thermal generation by technology, for each region, according to the ESME.MC pathway for 

2030 and 2050 is shown by Figures 5.1a – 5.1b Taking this decision was reinforced by the 

fact that the ESME.MC pathway represents the ESME models’ best design of the future UK 

energy system, and it has been shown to be in accord with current UK energy policy. The 

greater depth of information that the Monte Carlo facility can make available should also 

broaden the width of the information obtained.   
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Figure 5.1a ESME.MC Pathway Regional Thermal Generation by Technology – 2030 

 

Figure 5.1b ESME.MC Pathway Regional Thermal Generation by Technology – 2050 
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At a regional level, future water demand for the UK electricity sector has only been 

previously attempted by the Infrastructure Transitions Research Consortium (Tran et al., 

2014), but not using the ESME.MC model. Furthermore, Tran et al. (2014) primarily used the 

USA’s NREL water abstraction and consumption figures (section 4.1), which as shown in 

section 4.5.3, were found to be significantly different from the UK figures. Using the 

ESME.MC pathway’s regional generation at 2030 and 2050, and the UK abstraction and 

consumption figures, the associated UK 2030 and 2050 regional abstraction and consumption 

demands were found.  

5.2 Methodology 

The model framework used to find the regional water demands is broadly similar to that 

developed by Byers et al. (2014), and described in section 4.3. However, further modifications 

were necessary to allow the framework to model the water demand of the ESME.MC pathway 

at a regional level.  

5.2.1 Modification of Model Framework 

5.2.1.1 Regional Generation 

The twelve UK regions represented by the ESME.MC pathway comprise the nine English 

Government Office Regions (Office for National Statistics, 2015), and Scotland, Wales and 

Northern Ireland (Figure 3.2). To account for the water demand of each region’s generation 

pathway the original generation array G (section 4.3.1) now becomes Gregion.. This creates 

twelve ESME.MC regional generation pathway arrays for 2030 and 2050, each of which is 

populated with the corresponding thermal generation values for a single region, shown in 

Figures 5.1a-5.1b. As with the analysis in Chapter 4, the 2010 water demand was modelled to 

provide a baseline, but this time at a regional level. MacLeay et al. (2011) provides national 

generation figures per technology for 2010. To proceed, the assumption was made that for 

each technology in 2010, the proportion of its generation located in any given region would 
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be the same as the proportion of its installed capacity which was located in the same region. 

This was found when producing Appendix B (4.3.2.2 Distribution Array). 

5.2.1.2 Abstraction and Consumption Figures 

It was deemed unlikely that the UK abstraction and consumption figures for each generation 

technology would vary significantly from region to region. As such the figures used were the 

same UK abstraction and consumption figures used for the national modelling undertaken in 

Chapter 4, therefore arrays A and C remained the same as those in section 4.3.2.3.  

5.2.1.3 Cooling Method and Water Source Distribution 

For the array S; which defines cooling method and water source distribution, a similar 

approach was taken as for generation. Instead of a single array S, there now became 12 x 

Sregion arrays representing the generation technology’s cooling method and water source 

distribution for each region. It was recognised that the distribution of water source and cooling 

method may vary from region to region. Reflecting this in a manner that produced credible 

outcomes of regional water demands at 2030 and 2050 presented a challenge for this 

modelling analysis. In acknowledging this it was realised that this chapter’s objective was not 

to just predict what the future regional water demands of the power sector would be. It was 

also to identify what additional risks these future regional water demands, under the 

ESME.MC pathway, may pose, and to identify those regions where there were in the future, 

potential serious issues that could threaten the UK’s energy policy intentions.  

Therefore, it was decided that as for the national analysis in Chapter 4, the ‘business-as-usual’ 

2010 cooling method and water source distributions, could again be used to determine the 

relative change in the ESME.MC regional generation pathways’ cooling water demand from 

2010 to 2030, and then to 2050. To apply this business-as-usual approach the Sregion arrays 

were populated with the respective regional water source and cooling method distributions 
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that applied in 2010 using the methods described in section 4.3.2.2. For the CCS technologies 

not in operation in 2010, it was assumed the distribution would be as per their respective non-

CCS technologies.  

There were a number of instances where this approach could not be applied. Nuclear SMR is 

a new technology, which being smaller than traditional nuclear power stations, it is assumed 

would have less rigorous siting constraints (Middleton, 2015). For this reason, and for this 

study, they are therefore classed as a separate technology. As a new technology no current 

siting history exists, therefore as in section 4.3.2.2, the cooling method and water source 

distribution assumed by this study is based on discussions held with the ETI’s nuclear team 

and informed by Middleton (2015). By 2050 coal, or its CCS equivalent, is projected to be 

present in the South West when neither were present in 2010. To ensure water sources which 

are available in that region are being used, the distribution of a generation technology which 

was present in the South West in 2010 was chosen, in this case CCGT. For nuclear generation 

any region that does not have nuclear generation in 2010, but is projected to in 2030, or 2050, 

is assumed to use seawater with once-through cooling, as does the majority of nuclear 

generation on the national scale.  

The exception to this is the West Midlands. The West Midlands is expected by 2050 to have a 

level of large scale nuclear generation. Traditionally nuclear generation is sited on the coast 

and uses once-through cooling. For the West Midlands, with only freshwater available, it will 

be assumed this generation will instead use evaporative cooling using freshwater as the 

coolant, as air and hybrid cooling are ruled out by DECC due to cost and efficiency penalties 

(DECC, 2011a, World Nuclear Association, 2013). All the regional distributions produced 

using the Methodology’s assumptions are shown by Table 5.1.  
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5.2.2 Validation 

The validation data used in Chapter 4 (4.4 Validation) was not sufficiently comprehensive to 

use at the regional level. The regional generation figures used in this chapter’s methodology 

were produced by the ESME.MC pathway, which had been subject to an international peer 

review, so these could be viewed with a level of confidence (Heaton, 2014). However with no 

authoritative UK regional power station water use data available, a validation of the regional 

water demand results produced could not be carried out. As already noted, Tran et al. (2014) 

did undertake a similar study, and calculated the UK power sector’s regional freshwater 

demand for a number of generation trajectories to 2050. However the regions and trajectories 

used are not directly comparable with the ESME.MC pathway and only a summary of the 

results is publicly available, so it was not possible to use this study for validation purposes. 

Nevertheless the general model framework used is the same as that in Chapter 4 which was 

successfully validated. Therefore the underlying principles of the framework used in this 

chapter’s methodology have been demonstrated to be sound and further validation was not felt 

to be required. 
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Table 5.1 Regional Distribution of Cooling Method and Water Source 

 Nuclear % CCGT and CCGT CCS % Nuclear SMR % Coal, Biomass and Coal CCS % 

OT Evap Hybrid Air OT Evap Hybrid Air OT Evap Hybrid Air OT Evap Hybrid Air 

 

 

East: 

FW 0 0 0 0 0 18 0 0 0 17 0 0 0 0 0 0 

EW 0 0 0 0 11 0 0 0 0 41 0 0 93 0 0 0 

SW 100 0 0 0 0 0 0 0 42 0 0 0 0 0 0 0 

Air 0 0 0 0 0 0 0 71 0 0 0 0 0 0 0 7 

 
  

Total: 100 
  

Total: 100 
  

Total: 100 
  

Total: 100 

 

 

E.Mids: 

FW 0 0 0 0 0 40 0 0 0 17 0 0 0 33 0 0 

EW 0 0 0 0 0 26 8 0 0 41 0 0 0 67 0 0 

SW 0 0 0 0 0 0 0 0 42 0 0 0 0 0 0 0 

Air 0 0 0 0 0 0 0 26 0 0 0 0 0 0 0 0 

 
  

Total: 0 
  

Total: 100 
  

Total: 100 
  

Total: 100 

 

 

London: 

FW 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

EW 0 0 0 0 71 0 0 0 0 100 0 0 0 0 0 0 

SW 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Air 0 0 0 0 0 0 0 29 0 0 0 0 0 0 0 100 

 
  

Total: 0 
  

Total: 100 
  

Total: 100 
  

Total: 100 

 

 

N. East 

FW 0 0 0 0 0 2 0 0 0 17 0 0 0 80 0 0 

EW 100 0 0 0 0 98 0 0 0 41 0 0 0 0 20 0 

SW 0 0 0 0 0 0 0 0 42 0 0 0 0 0 0 0 

Air 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 
  

Total: 100 
  

Total: 100 
  

Total: 100 
  

Total: 100 

 

 

N. West 

FW 0 0 0 0 0 65 18 0 0 17 0 0 0 0 0 0 

EW 0 0 0 0 17 0 0 0 0 41 0 0 0 100 0 0 

SW 100 0 0 0 0 0 0 0 42 0 0 0 0 0 0 0 

Air 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 
  

Total: 100 
  

Total: 100 
      

Total: 100 

 

 

N. 

Ireland 

FW 0 0 0 0 0 0 0 0 0 17 0 0 0 0 0 0 

EW 0 0 0 0 40 0 0 0 0 41 0 0 0 0 0 0 

SW 0 0 0 0 60 0 0 0 42 0 0 0 100 0 0 0 

Air 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 
  

Total: 0 
  

Total: 100 
  

Total: 100 
  

Total: 100 
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Table 5.1 Regional Distribution of Cooling Method and Water Source cont. 

  Nuclear % CCGT and CCGT CCS % Nuclear SMR % Coal, Biomass and Coal CCS % 

 

 

Scotland 

 OT Evap Hybrid Air OT Evap Hybrid Air OT Evap Hybrid Air OT Evap Hybrid Air 

EW 0 0 0 0 0 0 0 0 0 41 0 0 66 0 0 0 

SW 100 0 0 0 100 0 0 0 42 0 0 0 33 0 0 0 

Air 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 

 
  

Total: 100 
  

Total: 100 
  

Total: 100 
  

Total: 100 

 

 

 S.East 

FW 0 0 0 0 1 0 31 0 0 17 0 0 0 51 0 0 

EW 0 0 0 0 37 15 0 0 0 41 0 0 49 0 0 0 

SW 100 0 0 0 0 0 0 0 42 0 0 0 0 0 0 0 

Air 0 0 0 0 0 0 0 17 0 0 0 0 0 0 0 0 

 
  

Total: 100 
  

Total: 100 
  

Total: 100 
  

Total: 100 

 

 

S.West 

 

FW 0 0 0 0 0 0 0 0 0 17 0 0 0 0 0 0 

EW 33 0 0 0 28 0 41 0 0 41 0 0 28 0 41 0 

SW 67 0 0 0 0 0 0 0 42 0 0 0 0 0 0 0 

Air 0 0 0 0 0 0 0 30 0 0 0 0 0 0 0 30 

   
Total: 100 

  
Total: 100 

  
Total: 100 

  
Total: 100 

 

 

W.Mids 

FW 0 100 0 0 0 100 0 0 0 100 0 0 0 100 0 0 

EW 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

SW 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Air 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 
  

Total: 100 
  

Total: 100 
  

Total: 100 
  

Total: 100 

 

 

Wales 

FW 0 0 0 0 0 0 0 0 0 17 0 0 0 0 0 0 

EW 0 0 0 0 0 14 51 0 0 41 0 0 0 0 19 0 

SW 100 0 0 0 0 0 0 0 42 0 0 0 81 0 0 0 

Air 0 0 0 0 0 0 0 35 0 0 0 0 0 0 0 0 

 
  

Total: 100 
  

Total: 100 
  

Total: 100 
  

Total: 100 

 

 

York + 

Hum 

FW 0 0 0 0 2 4 0 0 0 17 0 0 0 50 0 0 

EW 0 0 0 0 31 19 44 0 0 41 0 0 0 50 0 0 

SW 100 0 0 0 0 0 0 0 42 0 0 0 0 0 0 0 

Air 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 
  

Total: 100 
  

Total: 100 
  

Total: 100 
  

Total: 100 
OT: Once-through Cooling, Evap: Evaporative Cooling, FW: Freshwater, EW: Estuarine Water, SW: Seawater 
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5.3 Results 

Using this chapters methodology, regional abstraction and consumption values by water 

source for the ESME.MC pathway in 2030 and 2050, as well as the 2010 baseline, were 

produced and are shown by Table 5.2. The major change Table 5.2 finds when applying the 

adapted methodology to the ESME.MC pathway, is the large increase there is in the total 

water abstraction (fresh, estuarine and seawater) needed from 2010 through to 2050, which 

increases from 21,079 to 59,111 x10
3
ML/annum. However, of this increase 58,726x10

3
ML/ 

Annum is sea, or estuarine water. For freshwater abstraction the change is a relatively modest 

one, from 298 to 385x10
3
ML/annum. The volume of sea and estuarine water consumed is not 

a factor, due to abundant resource, but total water consumption rises from 188 to 

327x10
3
ML/annum. The change in freshwater consumption from 2010 to 2050 is from 79 to 

135x10
3
ML/annum. The ESME.MC pathway is therefore defined by its high sea and estuarine 

water, low freshwater demand. This increase in sea and estuarine water demand results from 

the ESME.MC pathways large adoption of thermal, particularly, nuclear generation. A similar 

order of increase can therefore be reasonably expected to apply to the UK’s future energy 

policy, which foresees a generation portfolio similar to the ESME.MC pathway (section 2.3). 

The results shown in Table 5.2 are presented proportionally by Figures 5.2-5.9. For total water 

abstraction the regions with highest demand at 2030 are the North West, South West and 

London; at 2050 the East, South West and East Midlands.  For freshwater abstraction the high 

demand regions at 2030 and 2050 are the same being the West Midlands, Yorkshire and 

Humber, South East and North West, with the West Midlands being by far the greatest. For 

freshwater consumption in 2030 and 2050, it is the same regions with high demand, with the 

East additionally having relatively high demand.
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Table 5.2 Regional Abstraction and Consumption, (x10
3
 ML/Annum) 

 2010 Abstraction 2010 Consumption 2030 Abstraction 2030 Consumption 2050 Abstraction 2050 Consumption 

Regions FW EW SW Tot FW EW SW Tot FW EW SW Tot FW EW SW Tot FW EW SW Tot FW EW SW Tot 

East 12 888 1,258 2,158 6 1 1 8 10 1,134 1,272 2,416 4 1 1 7 15 862 10,182 11,060 6 4 9 19 

E.Mids 50 78 0 128 18 26 0 44 6 5 2,340 2,351 2 2 2 7 11 39 8,098 8,147 4 16 7 28 

London 0 438 0 439 0 1 0 1 2 3,212 0 3,215 2 15 0 17 2 2,636 0 2,637 1 52 0 53 

N.E. 4 1,262 0 1,266 1 3 0 4 1 1,098 36 1,135 0 5 0 6 8 2,198 457 2,662 3 10 0 14 

N.W 12 126 2,503 2,641 5 10 2 17 24 164 3,845 4,033 8 4 3 15 37 174 6,794 7,005 13 21 6 41 

N.I. 0 292 878 1,170 0 0 1 1 0 89 151 240 0 0 0 0 0 164 273 436 0 0 0 0 

Scotland 0 1,539 3,549 5,088 0 1 3 5 0 60 2,762 2,822 0 0 3 3 0 77 2,542 2,619 0 0 2 2 

S.E. 64 2,045 1,099 3,208 15 6 1 22 22 510 2,442 2,974 4 4 2 10 57 1,032 5,371 6,461 11 19 5 34 

S.W. 1 829 923 1,752 1 5 1 6 0 1,193 2,279 3,472 0 2 2 4 4 2,769 5,784 8,557 2 6 5 13 

Wales 1 24 2,083 2,108 1 10 2 13 0 8 104 113 0 3 0 4 3 8 3,804 3,816 1 4 3 8 

W.Mids 31 0 0 31 10 0 0 10 123 0 0 123 52 0 0 52 214 0 0 214 86 0 0 86 

York & 

Hum 

121 968 0 1,090 21 36 0 57 34 720 188 943 4 15 0 19 34 316 5,147 5,496 6 17 4 27 

Totals 298 8,488 12,293 21,079 79 98 11 188 223 8,194 15,419 23,837 77 52 14 142 385 10,275 48,451 59,111 135 150 42 327 

FW: Freshwater, EW: Estuarine Water, SW: Seawater, Tot: Total Water 
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Figure 5.2 2030 Regional Total Water Abstraction (x10

3
 ML/Annum) 

 

 
Figure 5.3 2050 Regional Total Water Abstraction (x10

3
 ML/Annum) 
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Figure 5.4 2030 Regional Total Water Consumption (x10
3
 ML/Annum) 

 

 

Figure 5.5 2050 Regional Total Water Consumption (x10
3
 ML/Annum) 
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Figure 5.6 2030 Regional Freshwater Abstraction (x10
3
 ML/Annum) 

 

Figure 5.7 2050 Regional Freshwater Abstraction (x10
3
 ML/Annum) 
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Figure 5.8 2030 Regional Freshwater Consumption (x10
3
 ML/Annum) 

 

 
Figure 5.9 2050 Regional Freshwater Consumption (x10

3
 ML/Annum) 
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5.3.1 Results by Generation Technology 

Figures 5.10-5.13 expand on both Table 5.2 and Figures 5.2-5.9 by now showing the 2010, 

2030 and 2050 comparative total and freshwater abstraction and consumption, broken down 

by technology for each region, and time period.  

 

Figure 5.10 Total Water Abstraction by Generation Technology (x10
3
 ML/Annum) 
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Figure 5.11 Total Water Consumption by Generation Technology (x10

3
 ML/Annum) 

 

 

Figure 5.12 Freshwater Abstraction by Generation Technology (x10
3
 ML/Annum) 
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Figure 5.13 Freshwater Consumption by Generation Technology (x10

3 
ML/Annum) 

 

Figure 5.10 finds that the large increase in the ESME.MC pathway’s total water abstraction 

from 2010 to 2050, and particularly from 2030 to 2050, is as a result of the methodology 

extending the 2010 preference for nuclear with estuarine and seawater once-through cooling to 

the 2030 and 2050 regional generation. Of the regions with (relatively) high total water 

abstraction the only ones that do not have significant nuclear generation are London, and 

Scotland (only in 2050) where there is a high adoption of CCGT and CCGT + CCS, as well as 

nuclear SMR in London. 

In terms of generation technologies, total water consumption (Figure 5.11), is more complex 

with a matrix of generation technologies being deployed around the regions that decide their 

total consumption demand, although by 2050 nuclear SMR is seen to be the main technology 

driving consumption demand. This regional consumption increases significantly from 2030 to 

2050. This is mainly due to the large increase in nuclear SMR which for all regions, but 
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especially London and the West Midlands, is assumed by the methodology, to adopt a high 

level of evaporative cooling, which is the most consumptive of all the cooling methods. 

Figure 5.12 shows the technologies that make-up the regional freshwater abstraction demand, 

and identifies CCGT + CCS and nuclear SMR as the main abstractors. These are, after large 

scale nuclear, favoured by the ESME.MC pathway with its low CO2, least cost optimised 

interest. The exception to nuclear at the coast is the West Midlands, which despite being 

landlocked has some nuclear generation with freshwater evaporative cooling. This, in addition 

to the inclusion of nuclear SMR and CCGT + CCS generation, is the reason for the extremely 

high growth in freshwater abstraction demand found in the West Midlands. The freshwater 

consumption (Figure 5.13) across the regions goes in tandem with freshwater abstraction, and 

for similar reasons is seen to exhibit from 2010 to 2050 a similar high level of growth in 

demand for the West Midlands. 

5.3.2 Comparison of the National and Regional Modelling 

Summing the total water demands of all the regions determined in this chapter gives the water 

demand of the UK. These UK summed regional water demands are compared to those 

calculated for the ESME.MC Pathway in the national analysis undertaken in Chapter 4 

(section 4.5), the results are shown in Table 5.3. On first reflection it may be expected that the 

total summed water demand of the regional analysis would equate to that of the national. As 

can be seen in Table 5.3 this is not the case. For the regional analysis, the general trend of 

total water abstraction and consumption from 2010, through to 2030 and 2050, is the same as 

that of the national analysis. However, for freshwater abstraction and consumption, the 

regional analysis, unlike the national analysis, sees a rise by 2050 relative to 2010 values. 

The regional analysis is not simply a disaggregated version of the national analysis, but rather 

it adds an extra layer of detail that subsequently can lead to a different projection of the 
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national water demand. Specifically, the three water sources modelled (freshwater, estuarine 

and seawater) are all available on a UK-wide scale, however they are not all present within 

each region, for example there is only freshwater present in the West Midlands, and in 

London there is no seawater. This is duly reflected in the regional water resource and cooling 

method distribution shown in Table 5.1.  

Although the regional distribution is calculated from exactly the same data as the national 

distribution, the ESME.MC pathway forecasts in the future different levels of generation in 

each region, therefore the averaged distribution of all the regions combined is skewed towards 

the distribution of those regions with the most generation, and away from the national 

distribution used in Chapter 4. This should not be the case for 2010, as this is the same year 

the distribution was calculated for, and therefore corresponds to the regional generation. It can 

be seen this is the case as the error for 2010 is significantly smaller than that for 2030 and 

2050. Any remaining error, although small, is due to the fact that because of a lack of data, 

regional generation was calculated from installed capacity per power station rather than 

electricity generated (section 4.3.2.2). 

This demonstrates the potential error incurred by applying national assumptions to something 

as dependent on regional variables as future water demand of power stations. Nevertheless, as 

Table 5.3 shows, the national assumptions did provide a reasonable first order approximation 

of future water demand in most cases. The greatest errors (2030 and 2050 freshwater 

consumption and 2050 freshwater abstraction), are largely due to the ESME.MC pathway 

placing nuclear and nuclear SMR generation, which under the national distribution used 

predominantly sea and estuarine water, in the West Midlands which only has access to 

freshwater. 
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Table 5.3 National and Regional Water Demand Comparison 

 2010 Abstraction 2010 Consumption 2030 Abstraction 2030 Consumption 2050 Abstraction 2050 Consumption 

 FW EW SW Tot FW EW SW Tot FW EW SW Tot FW EW SW Tot FW EW SW Tot FW EW SW Tot 

National 295 8,312 11,978 20,585 81 101 11 192 177 6,270 16,581 23,028 41 66 15 121 259 11,172 48,552 59,983 72 155 42 269 

Regional 298 8,488 12,293 21,079 79 98 11 188 223 8,194 15,419 23,837 77 52 14 142 385 10,275 48,451 59,111 135 150 42 327 

∆ Regional 

- National 

(%) 

1 2 3 2 -3 -3 3 -2 26 31 -7 4 90 -21 -5 18 48 -8 -0.2 -1 87 -3 -0.1 22 

FW: Freshwater, EW: Estuarine Water, SW: Seawater, Tot: Total Water 
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5.4 Discussion 

Regarding future UK freshwater abstraction and consumption, as Figures 5.6 – 5.9 illustrate, 

for some regions high levels of demand are predicted by the ESME.MC pathway, particularly 

for the West Midlands, but also for Yorkshire and Humber, North West and the South East. 

This makes the likely lack of freshwater a potential risk in these regions. Although the results 

are not directly comparable, a related study produced similar results; finding high regional 

freshwater abstraction and consumption for a number of regions, particularly when CCS 

technologies are present including in Yorkshire and Humber (Tran et al., 2014). It is felt these 

findings lend additional support to this chapters results. This is further underlined by areas in 

the West Midlands and the South East being already classified by DEFRA as being water-

stressed (DEFRA, 2008). The Environment Agency have also produced a number of 2050 UK 

regional scenarios for freshwater that express demand as a percentage of supply. The South 

East, Yorkshire and Humber, North West and the West Midlands, are all identified as being 

regions with areas where 2050 demand is expected to exceed availability of supply during 

summer flows (Figure 2.6) (Environment Agency, 2011). For both total and freshwater 

consumption, the respective levels of abstraction are always substantially greater, therefore it 

is the abstraction that will be the limiting factor. 

It is clear from the results obtained that in general the high regional total water abstraction of 

the ESME.MC pathway is, as it was in Chapter 4’s national analysis, a result of the high 

uptake of nuclear which relies on sea and estuarine water, with resource availability therefore 

not an issue. This unreservedly permits the use of the abstraction intensive, BAT, once-

through cooling method. Whilst water resource is not a concern there are the serious 

environmental and ecological regulation impediments that were discussed at length in Chapter 

2, that do have ominous connotations. Such regulation clearly undermines the Government’s 
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declared wish to reduce regulatory and planning barriers for low carbon generation (Eadson, 

2016, HM Government, 2011a). Effectively, it limits the use of ESME.MC type pathways 

(high coastal thermal generation uptake), from providing the UK with a means of 

circumventing any future lack of inland regional freshwater, by taking advantage of an 

abundant physical, alternative coastal cooling water resource.   

The ESME.MC pathway considers nuclear generation to be particularly desirable due it its 

low carbon, and, in the context of an entire energy system, commercially attractive low cost 

credentials, when placed at the coast and able to deploy the BAT once-through cooling 

method. This water demand results obtained find that if nuclear, and the UK’s also favoured 

fossil fuel + CCS thermal generation (DECC, 2015a, HM Government, 2011a), cannot satisfy 

their cooling water needs at the coast, then inland thermal generation will have major cost, and 

additional CO2 emissions penalties to pay. With an affordable electricity generation objective 

there is then for the UK an at the coast/inland generation cost dichotomy, further confused by 

just what this unknown cost differential will be.   

Regional abstraction and consumption demands of future electricity generation scenarios can 

now, with UK abstraction and consumption figures available, be determined with a greater 

order of confidence. However the results obtained here simply underline the potential 

problems the increased demand for cooling water creates, as identified by the previous studies 

(Byers et al., 2014, Schoonbaert, 2012, Tran et al., 2014). Without greater clarity as to 

regional water availability, and the impacts of climate change, then the real, water demand/ 

water available, mismatch issues will still remain unknown. Despite the limitations of this 

regional analysis, it has shown the future reliance of most regions on sea and estuarine water 

under the ESME.MC pathway, although the West Midlands is the key exception. This adds 

further weight to the claim; “Future electricity generation [will] have minimal impact on the 
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overall picture of future water availability because of the significant reliance of the industry 

on saline/tidal waters” (Environment Agency, 2013b) (section 2.3.2). Although this will only 

be the case if the UK adopts this approach.  

5.5 Chapter Conclusion 

This chapter expands upon the national water demand analysis of Chapter 4, by now 

modelling the regional water demands of the projected regional thermal electricity generation 

for the UK at 2030, and then 2050. This is again relative to 2010 and now using the 

ESME.MC regional pathways option. On this basis it was found that the regions with the 

highest 2030 total water demands were the North West, South West and London; at 2050 the 

East, South West and East Midlands. For freshwater abstraction the regions with the highest 

demand at both 2030, and 2050, were the West Midlands, Yorkshire and Humber, South East 

and the North West. The region with the far greatest freshwater demand was identified as 

being the West Midlands. The regions with the highest freshwater consumption demand for 

both 2030, and 2050, coincide with the freshwater abstraction result, but now with the addition 

of the East region. Total water consumption, given the abundant nature of sea and estuarine 

resource, is considered not to be an issue. Even for freshwater consumption, with abstraction 

being that much greater, the abstraction demand is seen to be the future limiting factor. These 

results, and their possible implications, have been considered and recorded. 

This regional study also found any attempt to bring the water intensive nuclear, and fossil fuel 

+ CCS generation infrastructure inland, given the expected shortage of freshwater for cooling, 

would result in a reliance on the less water intensive cooling methods. This will introduce as 

yet unknown, ongoing, reduced efficiency costs and greater CO2 emissions penalties. This, it 

is suggested, could be mitigated by the adoption of a policy that sees a greater use of coastal 

generation. However, this option is found to be made more difficult by an increase in coastal 
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environmental and ecological regulation. Having identified this inland increased generation 

cost versus more coastal environment regulation conundrum, Chapter 6 will now consider this 

in greater detail. 
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Chapter 6 - Constraining the ESME.MC Pathway by Water 

Availability 

6.1 Introduction 

Up to this point this thesis has concentrated on modelling the future water demand of the UK 

electricity sector, both at the national and regional level, with no quantitative consideration of 

the actual water resources that may in the future be available. This has provided an important 

comparative insight into how the water demand of UK thermal power stations would in 

accord with different policy options increase to the 2050 timeline. It has identified how 

individual technology and cooling method combinations drive demand, and for the regions, 

where the increase in water demand is likely to be a problem. However, a consideration of the 

actual regional water resource likely to be available is required to assess the extent of any 

problem, and the cost implications this will have on the ESME.MC pathways cost optimised 

choice of generation technology and cooling method. To achieve this it becomes necessary to 

now be able to match projected regional water demands, with projected regional water 

resource availability.  

Previous chapters have already noted that not only is there likely to be less freshwater 

available in the future, but that due to environmental and ecological regulation, sea and 

estuarine water may be limited in the extent they can be considered to be an alternative 

cooling water resource. As pointed out in section 5.4 for the UK it is water abstraction, rather 

than consumption, that is more likely to be the limiting factor in the future for obtaining water 

for thermal power stations. For this chapter a methodology will therefore be developed to 

adapt the ESME.MC pathway to now explore how the future availability of freshwater and 

seawater for abstraction by thermal power stations, impacts the projected generation costs and 

technology mix of the UK energy system.  
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6.2 Methodology 

To do this a number of additional datasets were required, produced, and then built into the 

ESME.MC pathway. These additional datasets allowed the ESME.MC pathway to produce its 

cost-optimised, low carbon, best design of the future UK energy system, whilst taking into 

account the nature of future available water resource and the relative costs of the generating 

technology and cooling method combinations possible. The following datasets were prepared 

and built into the ESME.MC pathway: 

1. Future 2030 and 2050 regional freshwater available for cooling at Q70 and Q95 flows 

(freshwater flows which are exceeded 70% and 95% of the time respectively), shown 

in Table 6.1 (Environment Agency, 2013a).  

2. Cooling water scenarios to be tested, Table 6.2 

3. 2030 and 2050 regional seawater available for cooling, Table 6.3. 

4. Cooling water abstraction demands for generation technologies and cooling methods, 

Table 6.4.  

5. Freshwater/seawater capital expenditure (capex) and operational expenditure (opex) 

costs of generation technologies and cooling methods, Tables 6.5 and 6.6, (Maulbetsch 

and Stallings, 2012). 

6.2.1 Regional Freshwater Available for Cooling 

Future freshwater availability is based on the Case for Change Refresh 2013 CAMS Results 

(Environment Agency, 2013a). The EA provided the Q70 and Q95 freshwater flows available 

for abstraction, leaving the required volume for the environment, in 2012, as well as 

projections for 2050, for the 117 catchments in England and Wales. As described in section 

3.2, ESME uses 2010 as its baseline for the UK Energy System. The assumption was therefore 

made that the 2012 figures provided by the EA could reasonably be used for 2010. 

The freshwater figures provided were in the form of ML/day, and were converted to 

ML/annum as the ESME.MC pathway recognises available resource in a yearly format. 
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Although Q70 and Q95 flows would not persist for a whole year, these represent the periods 

when thermal generation is most vulnerable to a lack of freshwater; usually the summer 

months. Without feasible methods of storing very large quantities of water, it is these periods 

that will dictate the cooling methods available to thermal power stations in the future. It is 

therefore felt that using these figures on a whole-year basis was reasonable. 

Using GIS it was possible to allocate each catchment’s 2010 and 2050 figures to its 

corresponding region(s), with the percentage of each catchment that falls in a region(s) known. 

For each catchment, the assumption was made that the water transferred to a region is 

proportional to the area of the catchment which lies in that region. This provided a means of 

finding each region’s total 2010 and 2050 freshwater available for abstraction. As discussed in 

section 1.3 competition for freshwater from other sectors including food and agriculture had to 

be taken into account. To do this the percentage of total regional freshwater available which 

could be allocated to the energy sector, excluding hydropower, was found by using DEFRA’s 

regional freshwater abstractions by sector estimations for 2000-2013 (DEFRA, 2016). The 

amount of freshwater allocated at Q70 and Q95 for electricity generation in each region, was 

then obtained by multiplying each region’s total available freshwater by the percentage of 

freshwater used by the electricity sector in that region on average from 2000-2013. It is 

acknowledged that using sector estimations for 2000-2013 may introduce errors when 

considering 2030 and 2050. However, with no other data available and within the broader 

context of the inherent uncertainty present when modelling into the future, it was felt this 

assumption was appropriate. 

For 2050 the EA CAMs’ data provided 60 different Q70 and Q95 freshwater availability 

scenarios for each of the 117 catchments. For each of the ten regions of England and Wales 

this then provided, using the process just described, 60 sets of Q70 and Q95 scenario results of 
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freshwater available to thermal generation. For each scenario the complimenting regional 

values were individually totalled to give sixty national values which were then sorted into 

ascending order. This produced a range of values from which, high, medium and low values of 

Q70 and Q95 regional freshwater availability for England and Wales were found. This 

provided the triangular distribution of 2050 regional freshwater availability used by the 

ESME.MC pathway’s Monte Carlo approach for creating the 2050 Q70 and Q95 freshwater 

available for thermal generation. The ESME.MC pathway determined the 2030 values by 

interpolation from the 2010 and 2050 figures. The freshwater values used in 2030 and 2050 

along with the 2010 baseline values are shown in Table 6.1. 

Freshwater data for Scotland and Northern Ireland was not available. However the Regional 

distribution of cooling method and water source produced in section 5.2.1.3, showed that in 

2010 all existing thermal generation in both countries used only sea and estuarine water for 

cooling, with the exception of 1% of coal generation in Scotland which used air cooling. 

Therefore in the absence of any data, this chapter assumes this reliance on sea and estuarine 

water will remain the case in 2030 and 2050. 
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Table 6.1 Freshwater Availability Implemented in ESME: 2010, 2030 and 2050 (ML/Annum) 

6.2.2 Scenarios Tested 

In contrast to freshwater, estuarine and seawater resources are both abundant and therefore 

this chapter now uses seawater to refer to both sea and estuarine water, unless explicitly stated 

otherwise. Seawater potentially provides an abundant cooling water resource, but 

Fresh Water Availability 2010 

 Q70 Q95 

Regions Baseline Values Baseline Values 

E.Mids 172,908 144,984 

East 5,371 4,411 

London 1,845 1,414 

N.East 67,541 53,184 

N.West 1,270 936 

S.East 17,326 12,522 

S.West 1,115 710 

Wales 9,615 6,574 

W.Mids 109,538 92,868 

York & Hum 114,228 82,943 

Fresh Water Availability 2030 

 Q70 Q95 

Regions Low Median High Low Median High 

E.Mids 137,116 160,286 182,418 122,512 139,620 160,425 

East 4,259 4,979 5,666 3,727 4,248 4,881 

London 1,463 1,710 1,946 1,195 1,362 1,565 

N.East 53,560 62,610 71,256 44,940 51,216 58,848 

N.West 1,007 1,178 1,340 791 902 1,036 

S.East 13,740 16,061 18,279 10,581 12,059 13,856 

S.West 884 1,034 1,176 600 684 786 

Wales 7,624 8,913 10,144 5,555 6,331 7,275 

W.Mids 86,863 101,541 115,562 78,474 89,432 102,759 

York & Hum 90,583 105,890 120,511 70,086 79,874 91,776 

Fresh Water Availability 2050 

 Q70 Q95 

Regions Low Median High Low Median High 

E.Mids 101,324 147,664 191,928 100,039 134,256 175,866 

East 3,147 4,587 5,961 3,044 4,085 5,350 

London 1,081 1,575 2,047 976 1,310 1,716 

N.East 39,579 57,680 74,970 36,697 49,248 64,512 

N.West 744 1,085 1,410 646 867 1,136 

S.East 10,153 14,796 19,232 8,640 11,596 15,190 

S.West 653 952 1,238 490 658 862 

Wales 5,634 8,211 10,672 4,536 6,088 7,975 

W.Mids 64,189 93,545 121,587 64,079 85,996 112,649 

York & Hum 66,938 97,551 126,794 57,230 76,805 100,609 
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environmental and other siting issues could limit its availability. Understanding how limiting 

the use of seawater in this way affects the cost of UK thermal generation is explored by 

adopting an arbitrary range of three seawater scenarios, under both the Q70 and Q95 

freshwater conditions. This results in there being six scenarios for the ESME.MC pathway to 

model (Table 6.2). The basis of the seawater scenarios is that at SW all the seawater needed 

by the pathways thermal generation to support once-through cooling is available; at SWL, 

half the amount of SW seawater is made  available; for SWN, no seawater is available so the 

reliance is solely on the Q70 or Q95 freshwater available. The volumes of seawater made 

available per annum for each scenario are shown by Table 6.3. For the SW scenarios there 

was no fixed limit on the seawater available but Table 6.3 shows the volumes of seawater that 

the ESME.MC pathway actually chose. As seawater is abundant it was assumed for all 

scenarios that any seawater cooling would use the once-through cooling method. The 

assumption therefore was for all regions with a coastline, the cooling water available would 

be the allotted regional seawater plus the Q70, or Q95 regional freshwater.  

There were three exceptions. Firstly, the West Midlands has no coastline so the only cooling 

water available is its 2030 and 2050, Q70 or Q95 freshwater volumes. Secondly, although 

under this methodology London has access to seawater, the water available is actually 

estuarine, which in this case may not be able to support the volume of thermal discharge, 

produced by once-through cooling during the summer months (Turnpenny et al., 2010). The 

methodology therefore limits the use of seawater in the London region to just evaporative 

cooling. Finally seawater is always available in Scotland and Northern Ireland, which is in 

line with the cooling method and water source distributions of their thermal generation in 

2010 (section 6.2.1). There was potential for this to bias the other regions, for example by 

allowing ESME to place all of the UK’s thermal generation in Scotland and Northern Ireland. 
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To ensure this did was not the case the volume of seawater allowed in Scotland and Northern 

Ireland, under all scenarios, was fixed at the volume selected when seawater was 

unconstrained for Q70 and Q95 freshwater flows respectively.  

Table 6.2 Scenarios Tested 

Scenario Assumption 

Q70 SW  Seawater is available at each region’s required once-through cooling demand. 

Freshwater also available at Q70 flows. 

Q95 SW Seawater is available at each regions required once-through cooling demand.  

Freshwater also available at Q95 flows. 

Q70 SWL  Seawater is available but constrained at half the level of each region’s SW scenario. 

Freshwater also available at Q70 flows. 

Q95 SWL Seawater is available but constrained at half the level of each region’s SW scenario.  

Freshwater also available at each Q95 flows. 

Q70 SWN Freshwater is available at Q70 flows. Seawater is unavailable. 

Q95 SWN Freshwater is available at Q95 flows. Seawater is unavailable. 
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Table 6.3 Regional Seawater Available for Cooling Implemented in ESME; 2030 and 2050 

(ML/Annum) 

2030 

 Q70 SW Q95 SW Q70 SWL Q95 SWL Q70 SWN Q95 SWN 

EastEEast  East 7,573,353 7,505,118 3,786,677 3,752,559 0 0 

E.Mids 5,127,339 5,171,618 2,563,670 2,585,809 0 0 

London 28,568 28,625 14,284 14,312 0 0 

N.East 1,491,682 1,502,333 745,841 751,167 0 0 

N.West 5,857,963 5,834,226 2,928,982 2,917,113 0 0 

N.Ireland
a
 252,836 252,290 252,836 252,290 252,836 252,290 

Scotland
a
 2,880,396 2,890,865 2,880,396 2,890,865 2,880,396 2,890,865 

S.East 6,446,364 6,483,695 3,223,182 3,241,848 0 0 

S.West 3,357,868 3,379,498 1,678,934 1,689,749 0 0 

Wales 865,128 872,258 432,564 436,129 0 0 

W.Midlands 0 0 0 0 0 0 

York & Hum 4,473,841 4,459,038 2,236,920 2,229,519 0 0 

2050 

   Q70 SW    Q95 SW Q70 SWL Q95 SWL Q70 SWN    Q95 SWN 

EastEEast  East 16,228,326 16,156,386 8,114,163 8,078,193 0 0 

E.Mids 10,448,926 10,474,345 5,224,463 5,237,172 0 0 

London 165,957 168,783 82,978 84,392 0 0 

N.East 3,503,040 3,523,790 1,751,520 1,761,895 0 0 

N.West 10,850,261 10,881,004 5,425,131 5,440,502 0 0 

N.Ireland
a
 495,476 493,692 495,476 493,692 495,476 493,692 

Scotland
a
 3,141,271 3,129,959 3,141,271 3,129,959 3,141,271 3,129,959 

S.East 10,454,238 10,535,260 5,227,119 5,267,630 0 0 

S.West 9,374,460 9,414,982 4,687,230 4,707,491 0 0 

Wales 4,346,649 4,356,946 2,173,325 2,178,473 0 0 

W.Midlands 0 0 0 0 0 0 

York & Hum 9,127,676 9,150,895 4,563,838 4,575,447 0 0 

a Seawater was always available in Scotland and Northern Ireland; to ensure this did not bias the other regions, the volume of 

seawater allowed in all scenarios was fixed at the volume selected when seawater was unconstrained, for Q70 and Q95 

freshwater flows respectively 
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6.2.3 Cooling Methods 

The costs and water demands of the four cooling methods being considered (once-through, 

evaporative, hybrid, air) were built into the ESME.MC pathway, and made available to each 

generation technology on the basis of the cooling water available and ESME’s cost optimised 

process. The water required for abstraction by each combination of generation technology and 

cooling method is shown by Table 6.4. The figures used are those developed in section 

4.3.2.3, with additional input provided by the ETI for H2 turbines, which are treated as their 

own technology rather than being categorised as CCGT. This was due to a request from the 

ETI to allow for the water demand of the H2 production and corresponding CCS process to 

also be taken into account. It can be seen in Table 6.4 that the difference between the water 

demand, per unit generated, for H2 turbines and CCGT generation, both with and without CCS 

is minimal.   

The costs of the relevant thermal generation technologies and cooling methods are shown in 

Table 6.5 and Table 6.6 respectively, for completeness the cost of renewable generation 

technologies are also shown in Table 6.5. The thermal generation technology capital costs 

used by the ESME.MC pathway assume once-through cooling is employed. The additional 

capital cost of the alternative cooling methods were derived using data taken from Maulbetsch 

and Stallings (2012), with all other technology costs, including renewables, already built into 

the ESME.MC pathway by the ETI. The means of adjusting the operational cost of thermal 

generation technologies when using the alternative cooling methods was according to their 

relative efficiencies. This was interpreted as also requiring the installed capacity, and hence 

total capital cost, to be proportionately increased to still meet the required design load. 

Relative to once-through cooling the difference allowed in efficiency, and, therefore increase 

in operational costs are, as shown in Table 6.6; Evaporative +4%, Hybrid +6.5%, Air +10% 
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(Byers et al., 2014, World Nuclear Association, 2013). Cooling with seawater incurs an 

additional capital charge due to a corrosion factor of around 35-50% (Maulbetsch and 

DiFilippo, 2008). This was recognised by increasing the once-through and evaporative 

seawater cooling capex costs by 45%. The relative fuel costs used by the ESME.MC pathway 

are shown for completeness in Table 6.7. In the case of nuclear generation only once-through 

and evaporative cooling are made available, as air and hybrid cooling are ruled out by DECC 

due to cost and efficiency penalties (DECC, 2011a, World Nuclear Association, 2013). 
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Table 6.4 Water Abstraction Demand of Generation and Cooling Method Combinations (x10
3
 ML/TWh) 

OT: Once-through Cooling, Evap: Evaporative Cooling 

 

 

 

 

 

 

 

 

Cooling 

Method 
Nuclear  CCGT 

Coal 

(HLF) 
Coal (LLF) 

CCGT 

+ CCS 

Coal IGCC + CCS 

(HLF) 

Coal CCS Post-

combustion 

(HLF) 

 

H2 

Turbine 

 

H2 

Production + 

CCS Process 

OT 172.85 79.85 160.90 217.75 141.35 191.83 259.05 78.11 64.66 

Evap 7.00 2.33 3.85 5.25 4.13 5.60 7.56 2.28 1.89 

Hybrid 4.35 1.45 2.39 3.27 2.57 3.48 4.70 1.42 1.17 

Air 0.45 0.15 0.25 0.34 0.27 0.36 0.49 0.15 0.12 
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Table 6.5 Generation Technology Capex and Opex Costs 

Technology 

2030 capex 

Annualised (£/KW 

installed)  

2050 capex 

Annualised (£/KW 

installed)  

2030 

Annualised 

Fixed 

OPEX 

(£/KW) 

2050 

Annualised 

Fixed 

OPEX 

(£/KW) 

2030 Non-fuel 

Annualised  

Variable 

OPEX 

(£/KWh) 

2050 Non-fuel 

Annualised 

Variable 

OPEX 

(£/KWh) 

Anaerobic Digestion CHP Plant 157 145 68 68 0 0 

Biomass Fired Generation 172 159 74 69 0.0012 0.0012 

CCGT 61 56 27 28 0 0 

CCGT + CCS 133 113 52 52 0.0004 0.0004 

H2 Plant (Biomass Gasification + CCS) 111 91 72 40 0.0055 0.0030 

H2 Plant (Coal Gasification + CCS) 79 65 26 26 0.0005 0.0005 

H2 Plant (SMR + CCS) 
 

52 

 

46 

 

25 

 

25 

 

0.0010 

 

0.0010 

H2 Turbine 60 55 30 30 0 0 

IGCC Biomass + CCS 
 

308 

 

273 

 

183 

 

183 

 

0.0019 

 

0.0019 

IGCC Coal 166 142 80 80 0.0007 0.0007 

IGCC Coal + CCS 223 183 100 100 0.0011 0.0011 

Incineration of Waste 153 141 257 257 0 0 

Nuclear (Gen III) 341 303 68 68 0.0050 0.0050 
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Table 6.5 Generation Technology Capex and Opex Costs cont. 

Technology 

2030 capex 

Annualised (£/KW 

installed)  

2050 capex 

Annualised (£/KW 

installed)  

2030 

Annualised 

Fixed 

OPEX 

(£/KW) 

2050 

Annualised 

Fixed 

OPEX 

(£/KW) 

2030 Non-fuel 

Annualised  

Variable 

OPEX 

(£/KWh) 

2050 Non-fuel 

Annualised 

Variable 

OPEX 

(£/KWh) 

Nuclear (Gen IV) 409 364 68 68 0.0060 0.0060 

Nuclear (Legacy) N/A N/A 68 68 0.0050 0.0050 

Nuclear (SMR) 432 432 113 105 0.0050 0.0050 

PC Coal 150 138 71 71 0.0012 0.0012 

PC Coal + CCS 266 227 113 113 0.0036 0.0036 

Offshore Wind Fixed 248 165 68 50 0 0 

Offshore Wind Floating 235 139 67 49 0 0 

Onshore Wind 151 138 18 18 0 0 

Large Scale Ground Mounted Solar PV 103 70 33 15 0 0 

Micro Solar PV 201 93 33 15 0 0 

Wave Power 321 242 67 53 0 0 

Tidal Stream 283 220 64 57 0 0 

Hydro Power 151 151 0 0 0.0200 0.0200 
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Table 6.6 Cooling Method Capex and Opex Costs 

Technology 

2030 capex 

Annualised 

(£/KW/L installed) 

2050 capex 

Annualised 

(£/KW/L installed) 

2030 

Increase in 

Annualised 

Fixed 

OPEX 

(£/KW) 

2050 

Increase in 

Annualised 

Fixed 

OPEX 

(£/KW) 

2030 Increase 

in Non-fuel 

Annualised  

Variable 

OPEX 

(£/KWh) 

2050 Increase 

Non-fuel 

Annualised 

Variable 

OPEX 

(£/KWh) 

Once-through Cooling N/A
a 

N/A
a
 N/A

a 
N/A

a 
N/A

a 
N/A

a 

Once-through Cooling Sea 0.007 0.007 N/A
a
 N/A

a
 N/A

a
 N/A

a
 

Evaporative Cooling 1.034 1.034 4% 4% 4% 4% 

Evaporative Cooling Sea 1.507 1.507 4% 4% 4% 4% 

Hybrid Cooling 2.539 2.539 6.5% 6.5% 6.5% 6.5% 

Air Cooling 29.090 29.090 10% 10% 10% 10% 
a Cost built into generation technology 

Table 6.7 ESME Fuel Costs 

Technology 2030 Resource Costs (£/KWh) 2050 Resource Costs (£/KWh) 

Biomass (Imported) 0.0234 0.0252 

Biomass (UK) 0.0180 0.0180 

Coal 0.0100 0.0107 

Waste 0.0108 0.0108 

Gas 0.0256 0.0273 

Uranium 0.0025 0.0034 
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6.3 Results 

6.3.1 General 

As well as the scenarios being tested, the equivalent ESME.MC standard result (i.e. the 

ESME.MC pathway without any water consideration) is included, and for the remainder of 

this chapter is referred to as the Standard Scenario. Table 6.8 summarises the changes in 

installed capacity and electricity generation between the scenarios, and shows that the results 

for the ESME Standard and the SW scenarios are invariably alike for both years. It also shows 

the equivalent Q70 and Q95 figures are similar and move in tandem. This is because even at 

Q70 there is not enough freshwater to support any meaningful level of generation, so the 

additional Q95 constraint makes little difference. Therefore although the Q95 results are 

shown, in the interest of readability only the Q70 results will be discussed.  
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Table 6.8 Electricity Installed Capacity and Generation Summary 

 ESME 
Standard 

Q70 
SW 

Q95 
SW 

Q70 
SWL 

Q95 
SWL 

Q70 
SWN 

Q95 
SWN 

 2030 

Thermal Installed Capacity  
(GW) 

52.70 
1%a 

52.17 52.29 52.12 
0% 

52.07 
0% 

53.79 
3% 

53.76 
2.8% 

Non-thermal Installed 
Capacity (GW) 

30.11  
0% 

30.35 30.22 33.31 
10% 

33.57 
11% 

36.67 
21% 

37.01 
22.04% 

Total Installed Capacity 
(GW) 

82.82  
0% 

82.51 82.51 85.43 
4% 

85.63 
3.8% 

90.47 
9.6% 

90.77 
10% 

Thermal Generation (TWh) 283.82 
0% 

283.16 283.77 268.74 
-5% 

265.99 
-6.3% 

257.73 
-9% 

256.92  
-9.5% 

Non-thermal Generation 
(TWh) 

53.05  
0% 

53.56 53.27 60.19 
12% 

60.80 
14% 

67.91 
27% 

68.72 
29% 

Total Generation (TWh) 336.87 
0% 

336.72 337.04 328.93 
-2% 

326.79 
-3% 

325.64 
-3% 

325.64 -
3% 

 2050 

Thermal Installed Capacity  
(GW) 

82.59  
1% 

81.69 81.90 72.90  
-10% 

72.79   
-11% 

70.26  
-14% 

70.22     
-14% 

Non-thermal Installed 
Capacity (GW) 

41.43      
-2% 

42.26 42.54 66.09 
56% 

66.84 
57% 

95.29 
125% 

96.42 
166% 

Total Installed Capacity 
(GW) 

124.02 
0% 

123.95 124.44 138.99 
12% 

139.63 
12% 

165.55 
34% 

166.65 
34% 

Thermal Generation (TWh) 497.15 
1.3% 

490.35 491.14 395.67 
-19% 

393.05 
-20% 

308.45 
-37% 

306.13  
-38% 

Non-thermal Generation 
(TWh) 

99.91      
-2% 

102.32 103.39 186.18 
81% 

188.84 
83% 

288.03 
181% 

291.82 
182% 

Total Generation (TWh) 597.07 
1% 

592.67 594.54 581.85 
-2% 

581.90 
-2% 

596.48 
1% 

597.95 
1% 

 

a Percentages show the change in installed capacity from the corresponding SW scenario. 

6.3.2 ESME Electricity Generation Technology Installed Capacity 

Table 6.8 finds for 2030 and 2050, the response to the decreasing availability of seawater is to 

reduce thermal, and increase non-thermal installed capacity. This is because the ESME cost 

optimising approach is trying to avoid the extra cost of the less water intensive cooling 

methods. The increase in non-thermal capacity is in the form of intermittent renewable 

technologies. As the seawater decreases, Table 6.8 also shows there is an increase in total 

installed capacity due to the extra reserve provision needed to cover this added intermittency. 

The change from thermal to non-thermal installed capacity for both 2030 and 2050 is found to 
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be less significant from the SW to SWL scenario, than from the SWL to SWN, with 2050 

changes being distinctly greater than their 2030 equivalents.  

Tables 6.9 and 6.10 show the installed electricity generation capacities in 2030 and 2050 by 

technology, by scenario. The reduction in thermal capacity as the seawater available is 

reduced, is now clearly identified as being due to a loss of nuclear capacity, with the increase 

in non-thermal capacity being mainly due to an increase in onshore wind, offshore wind fixed  

and offshore wind floating. With this reduction in nuclear capacity and the requirement to 

decarbonise, the provision of base load can be seen to come from an increase in the installed 

capacities of IGCC coal + CCS, CCGT + CCS, IGCC biomass + CCS and, in 2050, H2 

turbines.   
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Table 6.9 Electricity Generation Installed Capacity 2030 

 Installed Capacity 2030 (GW) 

Generation Technology ESME.MC 

Standard 

Q70 

SW 

Q95 

SW 

Q70 

SWL 

Q95 

SWL 

Q70 

SWN 

Q95 

SWN 

Oil Fired Generation 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Gas Macro CHP 0.0 0.0 0.0 0.1 0.2 0.4 0.6 

OCGT 1.5 1.5 1.5 1.5 1.5 1.5 1.5 

PC Coal 2.0 2.0 2.0 2.0 2.0 2.0 2.0 

IGCC Coal + CCS 0.4 0.4 0.4 0.2 0.3 2.1 2.3 

CCGT 25.1 24.6 24.7 27.1 27.2 26.5 26.5 

CCGT + CCS 3.9 3.6 3.8 3.2 3.1 8.0 8.4 

Nuclear (Legacy) 3.6 3.6 3.6 3.6 3.6 3.6 3.6 

Nuclear (Gen III) 10.0 10.0 10.0 10.0 10.0 5.7 4.9 

Nuclear (Gen IV) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Nuclear (SMR) 1.9 1.9 1.9 1.8 1.7 0.9 0.7 

Biomass Fired Generation 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

IGCC Biomass + CCS 0.5 0.5 0.5 1.0 1.1 1.7 1.9 

Incineration of Waste 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

Anaerobic Digestion CHP Plant 0.3 0.4 0.4 0.5 0.5 0.5 0.6 

H2 Turbine 2.9 3.1 3.0 0.6 0.4 0.3 0.3 

Onshore Wind 12.0 12.2 12.1 15.2 15.4 18.4 18.7 

Offshore Wind (fixed) 3.9 3.9 3.9 3.9 3.9 3.9 3.9 

Offshore Wind (floating) 0.0 0.0 0.0 0.1 0.1 0.1 0.2 

Large Scale Ground Mounted 

Solar PV 

0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Micro Solar PV 2.2 2.2 2.2 2.2 2.2 2.2 2.2 

Hydro Power 2.7 2.7 2.7 2.7 2.7 2.7 2.7 

Tidal Stream 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Wave Power 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Geothermal Plant (EGS) 

Electricity & Heat 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Table 6.10 Electricity Generation Installed Capacity 2050 

 Installed Capacity 2050 (GW) 

Generation Technology ESME.MC 

Standard 

Q70 

SW 

Q95 

SW 

Q70 

SWL 

Q95 

SWL 

Q70 

SWN 

Q95 

SWN 

Oil Fired Generation 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Gas Macro CHP 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

OCGT 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

PC Coal 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

IGCC Coal + CCS 0.4 0.4 0.4 0.3 0.4 4.7 4.9 

CCGT 0.1 0.3 0.2 1.7 1.8 1.3 1.1 

CCGT + CCS 19.2 16.8 17.4 19.7 20.0 34.2 34.7 

Nuclear (Legacy) 1.2 1.2 1.2 1.2 1.2 1.2 1.2 

Nuclear (Gen III) 34.8 33.8 33.7 27.1 26.7 5.9 5.1 

Nuclear (Gen IV) 0.4 0.5 0.5 0.0 0.0 0.0 0.0 

Nuclear (SMR) 15.7 16.2 16.4 11.7 11.4 2.0 1.7 

Biomass Fired Generation 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

IGCC Biomass + CCS 0.7 0.8 0.7 2.7 2.9 5.0 5.0 

Incineration of Waste 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Anaerobic Digestion CHP Plant 0.0 1.4 1.4 1.5 1.5 1.5 1.5 

H2 Turbine 10.1 10.4 10.1 7.1 6.9 14.5 15.0 

Onshore Wind 12.6 13.0 13.0 18.4 18.5 19.5 19.5 

Offshore Wind (fixed) 7.1 7.4 7.5 15.1 15.2 20.4 20.6 

Offshore Wind (floating) 8.9 8.9 9.1 16.6 16.9 30.3 30.9 

Large Scale Ground Mounted 

Solar PV 

0.0 0.0 0.0 0.8 0.8 4.8 4.8 

Micro Solar PV 0.0 0.0 0.0 0.0 0.0 0.5 0.5 

Hydro Power 2.7 2.7 2.7 2.7 2.7 2.7 2.7 

Tidal Stream 0.1 0.1 0.1 0.6 0.6 1.7 1.8 

Wave Power 0.0 0.0 0.0 0.4 0.3 2.0 2.0 

Geothermal Plant (EGS) 

Electricity & Heat 

0.1 0.2 0.2 1.7 1.7 3.6 3.6 

6.3.3 ESME Electricity Generation 

The outcomes for the electricity generated at 2030 and 2050 are provided by Tables 6.11 and 

6.12. As would be expected, the changes across the scenarios are compatible with, and for the 

same reasons as, the changes in installed capacity, and so to an extent are only shown for 

completeness. However, the generation results, along with the percentage changes in Table 

6.8, do clearly underline the increased magnitude of the challenge UK energy policy has to 

accommodate in the period from 2030 to 2050, than for the current 2010 to 2030 period. 
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Table 6.11 Electricity Generation 2030 

  Generation 2030 (TWh) 

 Generation Technology ESME.MC 

Standard 

Q70 

SW 

Q95 

SW 

Q70 

SWL 

Q95 

SWL 

Q70 

SWN 

Q95 

SWN 

Oil Fired Generation 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Gas Macro CHP 0.0 0.0 0.0 0.2 0.4 1.5 2.1 

OCGT 0.2 0.2 0.2 0.2 0.2 0.3 0.3 

PC Coal 0.7 0.8 0.7 0.4 0.3 0.3 0.3 

IGCC Coal + CCS 3.2 2.9 2.8 1.6 2.2 14.1 15.1 

CCGT 112.9 112.5 112.7 120.3 119.5 116.1 116.7 

CCGT + CCS 28.6 26.3 27.7 22.6 21.1 53.6 56.1 

Nuclear (Legacy) 22.1 22.1 22.1 22.1 22.1 7.7 7.6 

Nuclear (Gen III) 78.9 78.9 78.9 77.4 77.6 42.8 36.8 

Nuclear (Gen IV) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Nuclear (SMR) 12.2 12.1 12.1 10.7 10.3 5.3 4.4 

Biomass Fired Generation 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

IGCC Biomass + CCS 3.4 3.9 3.7 6.8 7.1 11.2 12.6 

Incineration of Waste 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Anaerobic Digestion CHP Plant 2.4 2.6 2.6 3.4 3.5 3.6 3.7 

H2 Turbine 19.1 20.8 20.1 3.0 1.6 1.2 1.1 

Onshore Wind 28.1 28.6 28.3 35.0 35.5 42.4 43.1 

Offshore Wind (fixed) 12.2 12.2 12.2 12.2 12.2 12.3 12.3 

Offshore Wind (floating) 0.1 0.1 0.1 0.3 0.3 0.5 0.6 

Large Scale Ground Mounted 

Solar PV 

0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Micro Solar PV 2.1 2.1 2.1 2.1 2.1 2.1 2.1 

Hydro Power 9.8 9.8 9.8 9.8 9.8 9.8 9.8 

Tidal Stream 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Wave Power 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Geothermal Plant (EGS) 

Electricity & Heat 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Table 6.12 Electricity Generation 2050 

 Generation 2050 

Generation Technology ESME.MC 

Standard 

Q70 

SW 

Q95 

SW 

Q70 

SWL 

Q95 

SWL 

Q70 

SWN 

Q95 

SWN 

Oil Fired Generation 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Gas Macro CHP    0.0 0.0 0.0 0.0 

OCGT 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

PC Coal 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

IGCC Coal + CCS 1.6 1.5 1.4 1.0 1.4 25.5 26.8 

CCGT 0.0 0.0 0.0 0.3 0.3 0.2 0.2 

CCGT + CCS 72.8 63.6 65.9 74.0 75.5 167.8 171.7 

Nuclear (Legacy) 7.1 7.2 7.2 6.4 6.4 0.2 0.2 

Nuclear (Gen III) 272.4 264.1 263.8 205.6 202.7 42.0 36.6 

Nuclear (Gen IV) 3.4 3.8 3.9 0.1 0.2   

Nuclear (SMR) 91.4 92.8 94.0 64.1 62.4 11.3 9.1 

Biomass Fired Generation 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

IGCC Biomass + CCS 4.7 5.2 4.7 17.3 18.8 32.9 32.7 

Incineration of Waste 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Anaerobic Digestion CHP Plant 0.0 5.6 5.6 5.6 5.6 5.4 5.3 

H2 Turbine 43.8 46.5 44.6 21.2 19.8 23.2 23.5 

Onshore Wind 29.4 30.4 30.4 42.3 42.6 44.7 44.8 

Offshore Wind (fixed) 24.6 25.9 26.2 52.2 52.7 70.3 71.0 

Offshore Wind (floating) 34.7 34.8 35.6 64.7 66.0 117.5 119.8 

Large Scale Ground Mounted 

Solar PV 

0.0 0.0 0.0 0.7 0.8 4.5 4.6 

Micro Solar PV 0.0 0.0 0.0 0.0 0.0 0.5 0.5 

Hydro Power 9.8 9.8 9.8 9.8 9.8 9.8 9.8 

Tidal Stream 0.4 0.2 0.2 2.1 2.2 5.8 6.0 

Wave Power 0.0 0.0 0.0 1.2 1.2 6.7 6.9 

Geothermal Plant (EGS) 

Electricity & Heat 

1.0 1.2 1.2 13.1 13.6 28.3 28.3 

6.3.4 Regional Generation by Technology and Cooling Method 

In this revised water-conscious version of the ESME.MC pathway, generating costs are now a 

function of the technologies and cooling methods ESME chooses, and depend on the amounts 

of regional seawater and freshwater available. The way in which constraining the seawater 

available under Q70 and Q95 flows determines the total regional generation, and the cooling 

methods selected for each generation technology in each region for 2030, is shown by Figures 

6.1, and then 6.2-6.7; for 2050 it is shown by Figures 6.8, and then 6.9-6.14. Again the Q95 

results are similar, and although shown are not discussed further. 
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Figure 6.1 Regional Generation ESME.MC Standard 2030 

 
Figure 6.2 Regional Generation by Technology and Cooling Method 2030 Q70 SW 

Cooling method abbreviations: OTS – Once-through cooling seawater, OT – Once-through cooling, ES – Evaporative 

Cooling Sea E – Evaporative cooling, H – Hybrid cooling, A – Air cooling (applies for Figures 6.6-6.11 and 6.13-6.18). 
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Figure 6.3 Regional Generation by Technology and Cooling Method 2030 Q70 SWL 

 
Figure 6.4 Regional Generation by Technology and Cooling Method 2030 Q70 SWN 



138 
 

 
Figure 6.5 Regional Generation by Technology and Cooling Method 2030 Q95 SW 

 
Figure 6.6 Regional Generation by Technology and Cooling Method 2030 Q95 SWL 
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Figure 6.7 Regional Generation by Technology and Cooling Method 2030 Q95 SWN 

 
Figure 6.8 Regional Generation ESME.MC Standard 2050 
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Figure 6.9 Regional Generation by Technology and Cooling Method 2050 Q70 SW 

 
Figure 6.10 Regional Generation by Technology and Cooling Method 2050 Q70 SWL 
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Figure 6.11 Regional Generation by Technology and Cooling Method 2050 Q70 SWN 

 
Figure 6.12 Regional Generation by Technology and Cooling Method 2050 Q95 SW 
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Figure 6.13 Regional Generation by Technology and Cooling Method 2050 Q95 SWL 

 
Figure 6.14 Regional Generation by Technology and Cooling Method 2050 Q95 SWN 
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As per the methodology for 2030 and 2050, both Q70 SW scenarios (Figs 6.2 and 6.9) confirm 

that with the exception of the West Midlands and London, all thermal generation does use 

once-through cooling. As the West Midlands is limited to Q70 freshwater, and London is 

limited to Q70 freshwater or evaporative cooling with sea water, neither region can be a major 

generator. This is because ESME calculates for the Q70 SW scenario it will be cheaper to 

‘import’ electricity from neighbouring regions, rather than the West Midlands and London 

resorting to their own more costly cooling methods. This effect is in general reduced as the 

move to SWL, and particularly SWN, increases the generation costs of all regions. 

For Q70 SWL at 2030 (Fig 6.3) there is still sufficient seawater to support the majority of 

nuclear generation but now, in addition to once-through, evaporative cooling becomes 

necessary and explains the relative low loss of thermal generation. However, this is not the 

case for Q70 SWL at 2050 (Fig 6.10), for while seawater is still available there is now 

relatively less freshwater and, far more demand to support. The result is a significant reduction 

in thermal generation. At Q70 SWN even at 2030 (Fig 6.4), for England and Wales no once-

through cooling is now possible, so while the loss in thermal generation can be seen again to 

be limited by the use of the alternative cooling methods, it is still significant.  For Q70 SWN 

at 2050 (Fig 6.11) the amount of Q70 freshwater available is so little, that 37% of the original 

thermal generation is now lost (Table 6.8). 

The results also show that as the nuclear generation is lost at both 2030 and 2050, the fossil 

fuel + CCS generation required to provide base load and cover the intermittency of the wind 

generation that replaces nuclear, is seen to increase. This generation, as with any thermal 

generation chosen, is seen to increasingly have to select the less water intensive, more costly 

evaporative, hybrid and air cooling methods as seawater is reduced from the SW to SWN 

scenarios. 
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6.3.5 Annualised Cost Differences of Limiting the Seawater Available for Cooling 

For 2030 and 2050 the cost consequences of limiting seawater are shown by Tables 6.13 and 

6.14. They show for each year the itemised annualised costs of that part of ESME’s total 

energy system which is attributable to the electricity system for each scenario. Table 6.15 for 

discussion purposes summarises the results obtained. Again only the Q70 results are 

discussed. At 2030 the increase in cost attributed to constraining seawater is at Q70 SWL 

£0.67bn (1.56%); and at Q70 SWN £3.63bn (8.48%): for 2050 at Q70 SWL £1.75bn (2.95%); 

at Q70 SWN, £7.61bn (12.8%). Looking at the reasons for the increases for 2030, it is 

attributable to the increase in Resource cost which is consistent with the reduction in 

generation efficiency that the loss of seawater, and the increased uptake of the less water 

intensive cooling methods introduces. At 2050, the total increase in cost is now partly 

attributed to Resource, but the greater need to distribute electricity more, caused partly by the 

greater uptake of intermittent renewables, incurs a greater Transmission Investment cost. An 

increase in Fixed Technology Operational costs is offset by a reduction in Technology VOM.  
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Table 6.13 Annualised Electricity System Costs 2030 (£bn) 

2030 Annualised Costs (£bn) 

Scenarios 

ESME.MC 

Standard 

Q70 

SW 

Q95 

SW 

Q70 

SWL 

Q95 

SWL 

Q70 

SWN 

Q95 

SWN 

Resource 26.88 26.87 26.89 27.49 27.56 30.47 30.86 

Storage Fixed 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Storage Investment 0.20 0.23 0.23 0.16 0.16 0.01 0.01 

Storage VOM 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Fixed Technology Operational 

Costs 
3.51 3.51 3.51 3.49 3.50 3.70 3.70 

Technology Investment 10.81 10.87 10.87 11.06 11.07 11.02 10.88 

Technology Retrofit 0.00 0.00 0.00 0.00 0.00 0.00 0.01 

Technology VOM 0.85 0.85 0.85 0.83 0.83 0.58 0.55 

Transmission Flow 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Transmission Investment 0.46 0.49 0.49 0.47 0.46 0.68 0.71 

Total Cost 42.74 42.85 42.85 43.52 43.60 46.48 46.74 

 

Table 6.14 Annualised Electricity System Costs 2050 (£bn) 

2050 Annualised Costs (£bn) 

Scenarios 

ESME.MC 

Standard 

Q70 

SW 

Q95 

SW 

Q70 

SWL 

Q95 

SWL 

Q70 

SWN 

Q95 

SWN 

Resource 18.22 18.20 18.02 17.90 17.94 21.82 22.01 

Storage Fixed 0.02 0.02 0.02 0.02 0.02 0.03 0.03 

Storage Investment 0.07 0.07 0.07 0.10 0.10 0.05 0.05 

Storage VOM 0.01 0.02 0.02 0.02 0.02 0.01 0.02 

Fixed Technology Operational 

Costs 
7.90 7.93 7.94 8.47 8.51 9.67 9.70 

Technology Investment 27.87 28.10 28.26 28.91 28.90 28.46 28.39 

Technology Retrofit 0.45 0.41 0.42 0.43 0.44 0.13 0.13 

Technology VOM 2.64 2.63 2.63 2.09 2.06 0.88 0.84 

Transmission Flow 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Transmission Investment 2.02 2.06 2.08 3.24 3.30 5.99 6.14 

Total Cost 59.21 59.44 59.44 61.20 61.30 67.05 67.31 
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Table 6.15 Difference in Electricity System Cost between Scenarios 

 2050  2050 

Difference Q70 SW Total 

Cost and Q70 SWL Total 

Cost (£bn) 

1.75 
Difference  Q95 SW Total Cost 

and Q95 SWL Total Cost (£bn) 
1.86 

% Difference 2.95 % Difference 3.13 

Difference Q70 SW Total 

Cost and Q70 SWN Total 

Cost (£bn) 

7.61 
Difference  Q95 SW Total Cost  

and Q95 SWN Total Cost (£bn) 
7.87 

% Difference 12.8 % Difference 13.2 

Constraining seawater for thermal electricity generation also has the potential to bring 

additional cost consequences to the UK’s total energy system, which is the price that 

ultimately has to be paid. With the figures available, the opportunity was taken to process and 

present the annualised total energy system costs for 2030 and 2050 for information as Table 

6.16 and Table 6.17; with the summary shown in Table 6.18. Comparing the Electricity 

System and Total Energy System cost, it is seen both are of a similar form but it is the 

Electricity System that is seen to carry the bulk of any cost increase across the scenarios.   

Table 6.16 Annualised Total Energy System Costs 2030 (£bn) 

2030 Annualised Costs 

(£bn) 

Scenarios 

ESME.MC 

Standard 

Q70 

SW 

Q95 

SW 

Q70 

SWL 

Q95 

SWL 

Q70 

SWN 

Q95 

SWN 

Resource 59.68 59.65 59.65 60.16 60.24 63.02 63.42 

Storage Fixed 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Storage Investment 0.78 0.81 0.79 0.76 0.76 0.61 0.61 

Storage VOM 0.12 0.12 0.12 0.11 0.11 0.12 0.11 

Fixed Technology 

Operational Costs 

 

27.72 

 

27.71 

 

27.73 

 

27.79 

 

27.79 

 

28.08 

 

28.10 

Technology Investment 146.09 146.12 146.23 146.53 146.54 147.02 146.91 

Technology Retrofit 0.00 0.00 0.00 0.00 0.00 0.00 0.01 

Technology VOM 0.85 0.85 0.85 0.83 0.83 0.58 0.55 

Transmission Flow 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Transmission Investment 0.46 0.49 0.49 0.47 0.46 0.68 0.71 

Total Cost 235.72 235.75 235.87 236.64 236.75 240.13 240.42 
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Table 6.17 Annualised Total Energy System Costs 2050 (£bn) 

2050 Annualised Costs 

(£bn) 

Scenarios 

ESME.MC 

Standard 

Q70 

SW 

Q95 

SW 

Q70 

SWL 

Q95 

SWL 

Q70 

SWN 

Q95 

SWN 

Resource 46.82 46.79 46.46 46.39 46.42 49.62 49.77 

Storage Fixed 0.02 0.02 0.02 0.02 0.02 0.03 0.03 

Storage Investment 1.95 1.95 1.95 1.94 1.93 1.83 1.83 

Storage VOM 0.36 0.36 0.36 0.37 0.36 0.34 0.34 

Fixed Technology 

Operational Costs 

 

35.24 

 

35.11 

 

35.16 

 

35.65 

 

35.69 

 

37.05 

 

37.08 

Technology Investment 209.99 210.11 211.16 212.59 212.66 216.08 216.21 

Technology Retrofit 5.15 5.03 5.08 5.22 5.23 4.74 4.74 

Technology VOM 2.64 2.63 2.63 2.09 2.06 0.88 0.84 

Transmission Flow 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Transmission Investment 2.02 2.06 2.08 3.24 3.30 5.99 6.14 

Total Cost 304.19 304.07 304.89 307.51 307.68 316.57 316.99 

 

Table 6.18 Difference in Total Energy System Cost between Scenarios 

 
2050 

 
2050 

Difference Q70 SW Total 

Cost and Q70 SWL Total 

Cost (£bn) 

3.44 
Difference Q95 SW Total 

Cost and Q95 SWL Total 

Cost (£bn) 

2.79 

% Difference 1.13 % Difference 0.92 

Difference Q70 SW Total 

Cost and Q70 SWN Total 

Cost (£bn) 

12.49 
Difference Q95 SW Total 

Cost and Q95 SWN  Total 

Cost (£bn) 

12.10 

% Difference 4.11 % Difference 3.97 

6.3.6 Sensitivity Analysis 

The Monte Carlo approach employed by the ESME.MC pathway means that for each input 

parameter a result is produced for each of the 100 simulations. This chapter’s methodology 

uses the averaged results of these simulations, but in the case of cost it is appropriate to show 

the range of the results obtained for each of the scenarios considered. Figures 6.15 and 6.16 

show the range of electricity system costs produced by the ESME.MC pathway for 2030 and 

2050. The extremes shown are the highest and lowest costs found. Equivalent figures for the 

Total Energy System were found to show a similar trend and are included as Figures 6.17 and 

6.18.  
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Figure 6.15 Box and Whiskers Plot Annualised Electricity System Cost 2030 (£bn) 

 

 
Figure 6.16 Box and Whiskers Plot Annualised Electricity System Cost 2050 (£bn) 
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Figure 6.17 Box and Whiskers Plot Annualised Energy System Cost 2030 (£bn) 

 

 

Figure 6.18 Box and Whiskers Plot Annualised Energy System Cost 2050 (£bn) 
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For both the electricity system and the total energy system, the 2030 and 2050 results show in 

general the data is relatively evenly spread, despite some variation from scenario to scenario. 

However, the range of the datasets is greater for the 2050 scenarios, reflecting the greater 

uncertainty at the longer timeframe. Additionally, at 2050 the datasets of all SWN scenarios 

are spread more widely about the median, and there is a greater range between the extremes 

than for the other scenarios. In 2030 the datasets of all SWN scenarios again shows a 

relatively large range between the extremes. This suggests that any uncertainty around the 

costs of the future UK electricity system, and indeed the energy system as a whole, increase 

as seawater is constrained, and at the more distant timeframe.  

6.4 Discussion 

This chapter has considered how the cost-optimised generation technologies selected by the 

ESME.MC pathway, to deliver the UK’s future demand for secure and affordable electricity 

could be compromised by a lack of required water. It has shown that when water is not 

considered, the ESME.MC strategy relies implicitly on increasing the amount of thermal 

generated electricity to 2050, with nuclear power being the main provider. Based upon this, 

the ESME.MC pathway is misleading if all the water assumed to be available for the thermal 

generation is in fact not available. 

The relevance of this chapter, and indeed the thesis as a whole, is that the ESME.MC 

pathway’s choice of generation technologies to 2050 is similar to the currently preferred UK 

energy policy for meeting that demand. This is via a portfolio of thermal generation 

comprising of new nuclear power and fossil fuel generation fitted with CCS, backed by 

renewables (DECC, 2015a, HM Government, 2011a). Although the standard ESME.MC 

pathway does not consider water demand, its generation portfolio and costs are very similar to 

that of this chapter’s SW result. This clearly implies that in effect the ESME.MC pathway 
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assumes the water required for the BAT once-through cooling of its thermal generation is 

available. Therefore, determining the actual generating cost significance of how the 

ESME.MC pathway is in practice impacted by the amount of cooling water actually available 

brings a vital “affordable” reality critique not only to ESME, but also to the UK’s energy 

policy.  

Looking at the results obtained by limiting the seawater available, as required by this chapter’s 

methodology, in each case the corresponding Q70 and Q95 figures were found to be similar.  

The explanation was that even at the higher Q70 volume, the cooling water available was 

relatively so low compared to that required, the further Q95 constraint made little difference. 

Comparing the figures of Table 6.1 and Table 6.3 confirms this. They show the freshwater 

support that can reasonably be expected for any future thermal electricity generation ambition, 

falls well short of any BAT cooling volumes required. Understanding how the methodology 

varies the amount of cooling water it makes available provides a yardstick by which to 

understand the results obtained.  

The methodology that produced the results obtained assessed how the water available to the 

cost-optimised ESME.MC pathway affected the generation and cooling method technology 

choices that could be made. It did this by considering installed capacity, electricity generation, 

and associated costs under the ESME.MC pathway, all of which were found to be in line with 

the water made available (Tables 6.1, 6.2 and 6.3). For 2030, for Q70 flows to meet a 

generating demand around 330TWh, the study found the annualised cost of the electricity 

system, under the scenarios compared, to be: SW £42.85bn; SWL £43.52 (+0.67GW, +1.6%);  

SWN £46.48bn (+3.63GW, +8.5%). For 2050, for Q70 flows to meet a generating demand of 

the order of 595TWh the annualised costs were: SW £59.44bn; SWL £61.22bn +1.78GW, 

+3%); SWN £67.05bn +7.61GW, +12.8%).  
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Ensuring that the UK can meet its future energy generation demand and emissions targets in 

an affordable manner is rightly a reasonable and fundamental requirement of the UK’s energy 

policy. Indeed, keeping energy bills as low as possible became part of the Government’s 2015 

election manifesto (Conservative Party, 2015). With 18% of all UK households defined as 

being fuel poor in 2012 (Sovacool, 2015), it is clear that any policy that increases electricity 

costs more than necessary needs to be avoided. Thermal infrastructure has lengthy planning 

procedures, and long operational lifetimes, that from concept to redundancy can span several 

decades. Energy policy is therefore a long term strategy and the new 2050 generation 

infrastructure should already be moving from the concept stage, through planning, to 

becoming confirmed build projects. The UK’s recent performance in rolling out new thermal 

generation is characterised by delay and uncertainty, illustrated by the recent events over the 

proposed Hinkley Point C nuclear power station (section 7.3.1.1), to a point where investors 

(the generators) claim they do not know what the end generation technologies are going to be. 

The delays have reached a point where the rate old generating plant is being withdrawn or 

mothballed is so outpacing any new build that OFGEM and the National Grid have 

commented on the limited spare generation capacity the UK now has available to cover 

demand emergencies (Newbery, 2016, OFGEM, 2015, Royal Academy of Engineering, 2013).  

This chapter finds that it is the current approach to meeting the ‘affordable’ energy objective 

that is creating the uncertainty, especially when affordability is a relative term. There is no 

argument that thermal generation using the BAT once-through cooling, and its associated 

large quantities of cooling water, will provide cheaper electricity than if the less water 

intensive cooling methods are used. The existing standoff seems to be around whether 

electricity generated using the more expensive, but less water intensive cooling methods is 

still affordable? The generators’ argument is the disproportionate priority being given to 
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protecting the environmental and ecological status of water bodies, not only reduces available 

freshwater for abstraction, but contrary to expectations now seems likely to limit the 

availability of seawater (Energy UK, 2014). Now only the more expensive generation will be 

possible. The generators’ opinion is the general public and business will not consider it to be 

affordable, and consequently profit will be difficult to come by (Energy UK, 2014). 

Policymakers need to recognise that the future economic wellbeing of the UK will in a price 

conscious world be determined by its global competiveness; this provides another definition 

of affordable. In one form, or another, it was found that thermal generation is seen as 

continuing to be the main provider of global energy. Globally, and in the UK, it was 

confirmed thermal power stations are already unable to withdraw all the cooling water they 

would like. Globally, and in the UK, the demand for thermal generation is predicted to 

increase, and the amount of freshwater available to thermal power stations to get less (section 

2.4). This chapter’s findings show that if fully recognised, and acted upon, seawater can 

provide the UK with a global cost competitive electricity generation advantage. Although this 

chapter focused on the UK’s thermal generation, the generation cost advantages found surely 

have connotations for other countries with large electricity demands in close proximity to 

seawater resources. 

6.5 Conclusion 

This chapter considers how different amounts of sea and freshwater resource made 

available to each of the UK’s regions at 2030, and 2050, would impact the ESME.MC cost 

optimised choice of generation and cooling method combinations. This is to meet 2030, 

and 2050, forecasted generation demands. It found that freshwater alone could not support 

the level of thermal generation required by the ESME.MC pathway in either year without 

the significant use of the less water intensive cooling methods; this includes the use of air 
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cooling. As the level of seawater made available is constrained to the point where only 

freshwater is available, the cost optimised level of thermal generation possible falls by 

37% in 2050. It is replaced by the now cheaper, and non-water requiring renewable 

technologies, particularly offshore wind. This incurs an annualised cost increase of 12% 

(approx. £7.5bn per annum) in the UK electricity system by 2050. This is relative to the 

non-constrained seawater scenarios.  This increase in annualised generation cost is directly 

attributable to a combination of thermal generation having to resort to the less efficient, 

less water intensive, cooling methods, and the greater deployment of renewables.  

This suggests that the UK, with its high thermal generation ambition, and a large seawater 

resource, is in the enviable position of having a range of cooling water options, within 

which it can decide just how globally competitive it wants its future electricity generation 

to be. The poles between which this decision lies are the costs of providing the coastal 

environmental protection thought warranted, and the additional electricity generation cost 

thought acceptable. The uncertainty surrounding this decision has been due to a lack of 

figures in the environment cost columns; this chapter has gone some way to resolving this 

uncertainty. 
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Chapter 7 - Discussion of Results 

7.1 Overview 

A series of results have been produced by Chapters 4-6, each with accounts of different 

approaches used to explore how the UK’s future energy policy could be disrupted by a lack of 

available water. This chapter will now discuss the overall implication these results have for a 

UK energy policy that currently sees building more thermal electricity generation 

infrastructure as the likely means of meeting an increasing demand for low carbon energy. 

The basis of this study was the ETI’s ESME model, and particularly the ESME.MC pathway, 

which has been shown to provide a close analogue of the UK’s future electricity generation 

policy. This study’s main interest at first was the effect a future shortage of UK freshwater, as 

seen in section 2.4, would have for the UK’s thermal generation interests. However, with the 

preliminary results of Chapters 4 and 5 available, and the findings of the literature review 

undertaken in Chapter 2,  there was immediately evidence that the extent the UK’s seawater 

resource was to be made available would be an important factor in defining the consequences 

of any freshwater shortage. The water demands were therefore thought best studied as - 

freshwater and total water (defined as being predominantly sea and estuarine water, but with a 

small freshwater content). 

7.2 Summary of Findings 

At this stage of the thesis, while other ESME and Carbon Plan pathways water demands were 

considered at the national level, the ESME.MC pathway is identified as being the thesis’ 

prime interest and will be the focus of further discussion. 

7.2.1 Unconstrained National and Regional Water Demands of UK Thermal Generation 

under the ESME.MC Pathway 

In section 4.3 a methodology was developed that could be used to quantify the national water 

demands, relative to 2010, of the ESME.MC pathways’ thermal generation at 2030 and 

2050. While the national results were of interest, it was understood the water available will 
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vary from region to region, as will water demand, as will energy demand. Thus while 

comparative national water demands were of interest, it was further understood they are of 

limited value from a policy perspective. Chapter 5 therefore developed Chapter 4’s 

methodology to enable the more focused ESME.MC pathway’s regional water demands at 

2030 and 2050, relative to 2010, to be determined. 

The unconstrained regional and national analysis could only provide a subjective comparison 

of the ESME.MC pathway’s future cooling water demands. This was because whether the 

amount of cooling water needed to make the pathway feasible would be available in the 

future, was not at this point a modelling consideration. The results obtained at 2030 and 2050 

were to be regarded as a wish list of water demands, that in some ways was a pro rata 

increase from 2010 that matched the increase in generation at 2030 and 2050. The 

methodologies used to determine the national and regional demands were, however, shown 

not to employ this simplistic approach. This aside, the national and regional water demand 

results obtained were informative in pointing out the potential scale of water availability 

problems that awaited the UK’s future thermal generation policy. This has to be judged by 

comparing the greater amount of water being asked for in the future, against the lower 

amount asked for in 2010, which it has been shown was not always available, even then.  

With the extra layer of detail the regional modelling provided, for the first time, albeit 

implicitly, there was an unexpected challenge to the concept that all the water required was 

available. For the West Midlands, because it is landlocked, the methodology makes sea and 

estuarine water unavailable. The effect of this was that for the West Midlands freshwater is 

now the only cooling water option available. The ESME.MC pathway can only deploy 

thermal generation in the West Midlands to the extent that it can use freshwater, and the less 

water intensive cooling methods. The result is the West Midlands’ freshwater abstraction and 
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consumptions demands under the ESME.MC pathway, relative to 2010, were, by 2050, 

found to increase x7 and x8 respectively. The regional analysis also identified Yorkshire and 

Humber, the North West and the South East regions, even with seawater available, as having 

significant freshwater demands by 2050. The regional analysis could now identify regions 

where a future shortage of freshwater would put the level of thermal electricity generation 

assumed by the ESME.MC pathway for, 2030 and 2050, at risk. 

7.2.2 Constrained Regional Water Demands of UK Thermal Generation under the 

ESME.MC Pathway  

Initially the main focus was on freshwater availability, as published studies had identified 

there were potential climate change and population growth events that would limit its future 

availability. However, by Chapter 5 it had been confirmed while a lack of seawater to the 

West Midlands could not affect the freshwater available, conversely, a lack of seawater 

would increase greatly that region’s freshwater demand by 2050. Consideration of the 

availability of seawater for cooling (section 2.3), had established that while seawater 

resource’s physical availability was not questioned, environmental and ecological issues 

were already constraining its use. Therefore for the UK with an inexhaustible seawater 

resource it was suggested that seawater’s availability is of equal, if not greater importance 

than an apparently fait accompli shortage of freshwater to any 2050 thermal generation 

ambition the UK may have.  

With the experience gained in working with the ESME.MC pathway Chapter 6 now saw the 

task to be to develop at the regional level a methodology to examine how the future 

availability of both freshwater, and seawater, would impact the generation technologies 

selected by the cost optimised ESME.MC pathway (section 6.2). This has to be based on the 

water demand of each generation technology, and cooling method combination, and their 

associated cost. To do this, a number of additional datasets were developed and built into the 
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ESME.MC pathway, including cooling water constraint scenarios. The cooling water 

constraints applied were two that considered each region’s available freshwater volumes 

(their Q70 and Q95 volumes), and three that considered each region’s available seawater 

(SW – unlimited; SWL – limited; SWN – none). The Chapter 6 methodology would, 

therefore, now provide the cost and make-up of the UK’s potential future electricity 

generation sector for a range of six different combinations of available freshwater and 

seawater. 

The standard (non-water conscious) ESME.MC pathway’s cost optimising favours the large 

adoption of thermal generation, at a cost which automatically assumes the use of the most 

cost efficient cooling possibility; the water intensive once-through cooling method. In 

practice it was shown this means the standard ESME.MC pathway assumes (unknowingly) 

that seawater will be available and unconstrained (i.e. at the SW level), as the freshwater 

resource available cannot support the cost-optimised level of water demand required. The 

constraining analysis of Chapter 6 was to confirm this.   

As the volume of seawater available reduces, Chapter 6 found the generation technologies 

chosen by the ESME.MC pathway by 2050 changed dramatically with there being, overall, a 

distinct trend of less thermal generation (particularly less nuclear), and more renewable 

generation. The ESME.MC pathway tries to accommodate the shortage of available seawater 

by bringing the water intensive nuclear and fossil fuel + CCS generation infrastructure 

inland. Although given a shortage of freshwater made available by the methodology, this can 

only be achieved by the use of the less water intensive, cost increasing, alternative cooling 

methods. It is this increase in cost which results in the ESME.MC pathway selecting a 

greater uptake of renewable technologies. 
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The extent of the move away from cheaper, more water intensive thermal generation 

particularly nuclear, to renewables and the more costly, but less water intensive thermal 

generation, is shown by the results obtained by Chapter 6 (section 6.3). The major generation 

technologies chosen by the ESME.MC pathway, under the extremes of the Q70 constraint 

scenarios modeled for 2050 were: 

1. Seawater available (SW): Nuclear (275TWh, 46%), Nuclear SMR (92TWh, 16%), 

CCGT + CCS (63TWh, 11%), other technologies (163TWh, 27%).  

2.  Seawater none (SWN): CCGT + CCS (167TWh, 28%), Floating Offshore wind 

(117TWh, 20%) and Fixed Offshore wind (70TWh, 12%), other technologies 

(241TWh, 40%). 

As a result of the above swings in technologies being used, the cost of generation for the 

2050 (and 2030) scenarios inevitably increase as the seawater availability is constrained. 

Chapter 6 provides the details of the changes in technologies, associated cooling methods, 

and costs involved.  

7.2.3 Cost Implications of Constraining Seawater 

As ESME is a cost-optimised model, the changes in generation cost as seawater availability is 

constrained are reflected by the changing annualised costs of the electricity sector, and more 

broadly the energy system as a whole. Under Q70 freshwater conditions, the annualised cost 

of the UK electricity system by 2050 was shown to increase from the SW to SWN scenario by 

£7.6bn/year (12.8%); for the total UK energy system the cost increase was 12.5bn/year 

(4.1%). To put these increases in annualised costs into context, the net increase in 

Government departmental spending, on health and the NHS, in total over the next five years, 

is estimated at £11bn. £11.7bn was the controversial amount, despite the Government’s 

austerity policy, that continued to be spent on foreign aid in 2014 (Department for 



160 
 

International Development, 2015, HM Treasury, 2016). From a private sector perspective, the 

estimated project cost of the proposed Hinkley Point C nuclear power station is estimated at 

£24.5bn (Godsen, 2014). These examples demonstrate that the potential scale of the 

annualised cost increase to the UK energy system, if thermal generation cannot be built in 

coastal locations, is nationally significant. 

7.3 Limitations of Research Undertaken 

The remainder of this chapter will discuss the limitations of the research undertaken, and the 

impacts this may have on the conclusions drawn from this thesis. 

7.3.1 The ESME. MC Pathway’s Generation Technology Assumptions   

An attempt at this point in time, some three decades before 2050, to forecast the form of the 

future UK energy system, cannot for all manner of retrospectively found reasons be expected 

to be all-correct. ESME though, is not a forecasting tool and therefore does not make any 

attempt to do this. Instead, in the case of the ESME.MC pathway, it works with the data that 

is built into the model to design the best future energy system. Here ‘best’ is defined as the 

cheapest, whilst still meeting projected energy demand, and emissions reduction targets. This 

allows the implications of choosing individual technologies, and their appropriate cooling 

methods, within the constraints of the modelling parameters, and their uncertainty range, to be 

considered and selected. 

Despite this design rather than forecasting approach of ESME, within the context of this 

thesis, it is appropriate to give some consideration to the likely future validity of the energy 

system, as projected by the ESME.MC pathways’ study that has been carried out. The range 

of input parameters (e.g. energy resources, fuel prices and technology costs) for each 

technology are subjected to the Monte Carlo process (section 3.2.1), which while providing an 

averaged result, also indicates the range of other possible answers that could apply. As the 
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thesis has demonstrated through its sensitivity analysis sections (section 4.5.2 and section 

6.3.6), this does allow ESME’s range of possibilities to be known, and thereby inform any 

decision making process. This is a specific uncertainty mitigation advantage ESME’s Monte 

Carlo ability brought to this study’s work. However, many of the generation technologies 

which the ESME.MC pathway foresees as contributing (many significantly) to the UK 

electricity sector by 2050, have question marks regarding their selection which will now be 

discussed. 

7.3.1.1 Large Scale Nuclear Generation. 

When cooling water is unconstrained, ESME’s favoured cost-optimised technology is large-

scale nuclear generation, with the ESME.MC pathway’s Q70 SW scenario projecting it will 

provide over 46% (275TWh) of the UK’s total generation/ annum by 2050. This thesis has, 

however, shown that there is a question as to whether nuclear generation achieves the UK’s 

need to meet emission reduction targets in an adequately cost-effective way, if the cooling 

water required for once-through cooling is not available. This has been a key theme 

throughout this thesis and the extent to which this is true has been researched. However, given 

the known importance of nuclear generation to the UK’s future energy plans, it would be 

wrong when considering what could limit nuclear generation, to ignore the compounding 

delaying factors away from cooling water availability which this research has identified. 

Especially as these also do have the ability to seriously frustrate the delivery of any new-build 

UK nuclear generation infrastructure.  

The first proposed nuclear new build project in the UK since 1995 (Hinkley Point C), has 

found that planning and delivering new large scale nuclear generation is a far more protracted 

and costly affair than initially expected. The accident at the Fukushima Daiichi nuclear plant 

in Japan in 2011 raised questions about the Hinkley Point C project and delayed the 
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construction plans of all European nuclear power stations whilst lessons were learnt  (Joskow 

and Parsons, 2012). Furthermore for the UK it has been shown that new nuclear generation is 

already a very emotive issue (section 2.3.3).  

Hinkley Point C was originally due to be operational by 2017, but it has been beset by so 

many difficulties this date has had to be put back on a numerous occasions, with 2025 

becoming a new suggested completion date (BBC, 2016, EDF Energy, 2015), although there 

is the suggestion the completion date could ultimately be even later (Davies, 2016). The 

method of financing Hinkley Point C was queried by the European Commission who 

undertook an investigation to assess whether financing of the project broke state aid rules 

(Černoch and Zapletalová, 2015). Although the conclusion was it did not (European 

Commission, 2014b), this created another level of uncertainty and delay.  

The main delay arose from EDF’s (the developer) decision to use EPR reactors for Hinkley 

Point C. This was to be a follow-on EPR project to the EPR projects already being 

constructed in Finland (Olkiluoto) and France (Flamanville). Unfortunately both these 

projects are proving to be much harder and costlier to build than budgeted. Amongst the EPR 

design advantages, the claim is it has in-built a high level of anti-terrorist resilience. 

Nevertheless the complex and expensive safety measures required have caused such cost and 

time overruns both projects are years behind time, and the viability of the EPR technology is 

being questioned (Locatelli and Mancini, 2012)..   

EDF initially estimated the cost of Hinkley Point C at £16bn; it currently stands at £18bn. The 

European Commission is suggesting it will be £24.5bn, and warned it may rise as high as 

£34bn (Godsen, 2014). To incentivise EDF, and show support in light of these cost overruns, 

in 2013 the Government agreed to pay £92.50/MWh for Hinkley Point C’s future generated 
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electricity. Given the time overruns retrospectively, with the cost of fossil fuel and renewable 

generated electricity recently declining, paying such a high future price for Hinkley Point C’s 

electricity, now raises the question is nuclear energy still the most cost effective means of 

electricity generation for the UK?. This developing contra position reached the point that 

when EDF finally confirmed its decision to proceed with Hinkley Point C (July 2016), the 

Government (under a new prime minister) unexpectedly responded by delaying giving the 

final approval for the project. It was stated that this was to allow time to carefully consider all 

the component parts of the project, although an attendant government statement declared “the 

UK needs a reliable and secure energy supply and the government believes that nuclear 

energy will be an important part of the mix” (Ruddick and Grierson, 2016). The Government 

has since given the go-ahead to Hinkley Point C (Department for Business Energy & 

Industrial Strategy, 2016), but this additional delay has raised further questions over the 

viability of UK nuclear generation as presently envisaged.   

Whether these issues are simply an EPR ‘first of a kind’ issue that will be resolved by the 

‘learning by doing’ process, or whether given the time the UK’s nuclear ambitions have taken 

to materialise there may well be better thermal generation options is yet to be seen. 

Irrespective of this, the methodology developed in Chapter 6 will, when charged with the 

appropriate data, enable the ESME.MC pathway to evaluate other cost-optimised, water-

constrained thermal generation options. 

7.3.1.2 CCGT (and CCS Equivalents)  

When seawater is not available the reduction in nuclear generation was found to lead to a 

greater reliance on CCGT and CCGT + CCS generation. This is to provide required baseload 

generation cover for the intermittency the replacement renewables introduce, and in respect of 

CCS to continue to be able to achieve emission targets. With North Sea oil and gas reserves in 
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decline (Focus, 2014), more CCGT generation would lead to an increasing dependence on 

imported gas; this further increases the UK’s exposure to fuel price and security of supply 

uncertainty (Demski et al., 2014, Wicks, 2009).  

While the increased reliance on nuclear generation would increase the UK’s need to import 

more uranium,  relatively this is not seen as carrying either the same political, or cost of fuel 

price uncertainty as importing more natural gas. Uranium resources are spread across many 

countries, including many that are politically friendly to the UK; with Australia being the 

obvious example. Uranium has the added advantage that it is relatively easy, and inexpensive 

to stockpile. Unlike natural gas, the uranium fuel price is a relatively small proportion of a 

nuclear power station’s annualised generation costs, so nuclear generation’s cost is less 

susceptible to raw material price fluctuation (Wicks, 2009). Relative to nuclear generation, in 

terms of fuel imports, CCGT and CCGT + CCS generation therefore has disadvantages. 

With natural gas generation, the great UK unknown is fracking. It is claimed that fracking 

could provide up to fifty years of the UK’s current natural gas demand (British Geological 

Survey, 2014). If successful this eliminates the price and security of supply risks of gas 

imports (Hammond and O’Grady, 2016). However fracking is contentious; it is associated 

with causing well published adverse effects to the local environment; these include noise, 

odours, and in extreme cases earthquakes (Stamford and Azapagic, 2014, Yan et al., 2015). 

Then unfortunately many of the fracking locations are in sensitive wildlife habitats, and areas 

of landscape beauty (Helm, 2015). There are also challenges over fracking’s real 

contribution to reducing greenhouse gas emissions. The claim being while shale gas  

produces less CO2 than other fossil fuels, the levels of associated methane also released by 

fracking creates a net increase in global anthropogenic warming (Schaeffer et al., 2016). A 

separate study rejects this (Schaefer et al., 2016).  
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With regard to this thesis’ interest in UK future freshwater scarcity, fracking is water-

intensive, with the vast majority of the water required being consumed (Jenkns, 2013). 

Jackson et al. (2014) considered the water use of fracking for six different US shale gas 

locations. It was found that the average water use across the six locations, including the 

water required for the initial fracturing process and the extraction of gas was 58ML/TWh. 

Assuming the efficiency of a CCGT generation plant to be 60%, this equates to a water use 

of 97ML/TWh electricity generated. When compared to a UK CCGT plant’s abstraction and 

consumption cooling water demands, it is less than even the consumption demand. 

Nevertheless, this fracking water demand would put added pressure on what is predicted to 

be a scarce localised resource (Brantley et al., 2014, Jackson et al., 2014). Jackson et al. 

(2014) did, however, find that the fracking water demand was less than that required to 

extract and process the equivalent of most other fuels, this includes uranium; but not 

conventional natural gas. However, when comparing uranium and fracked gas production, 

the UK imports all of its uranium and so this is largely an irrelevant fact (McAlinden, 2014, 

Wicks, 2009).  

Water contamination, presents another water-energy nexus’ related environmental concern of 

fracking. It is possible for waste water from the fracking process, or leaking gas, to 

contaminate groundwater supplies (Jackson et al., 2013, Loh et al., 2015). Jackson et al. 

(2013) analysed 141 drinking wells in north eastern Pennsylvania, and found some residents 

living close to shale gas wells had water supplies contaminated by leaked gas, mainly 

methane. Not unexpectedly the threat of contamination of future freshwater groundwater 

supplies is, for the UK fracking ambitions, a highly controversial issue. Although careful 

monitoring and managing of fracking operations can minimise the risk of such contamination 



166 
 

(Ochieng et al., 2015), it is questionable as to whether there could be an acceptable level of 

risk. 

When policymakers are considering the environmental and ecological advantages and 

disadvantages of nuclear and CCGT / CCGT + CCS generation, any judgement that pitches 

nuclear with once-through cooling at the coast against CCGT / CCGT + CCS inland using 

hybrid, or air cooling, has to acknowledge that the judgement of the electricity generation 

costs is not being made on a level playing field. If shale gas, and CCS become a reality, then 

given some of the concerns that surround nuclear generation, particularly those that are 

safety related, then CCGT/ CCGT + CCS at the coast could well become the preferred means 

for the UK of meeting its future thermal generation. In the case of CCGT + CCS, this could 

be particularly so as with the cost of CO2 storage being a consideration, coastal generations 

relative proximity to empty North Sea oil aquifers could possibly have added cost 

advantages.    

7.3.1.3 Coal and Biomass (and CCS Equivalents) 

Another option that the ESME.MC pathway uses to replace its lost nuclear generation is 

coal, or biomass fired generation, and their CCS equivalents. Both of these options are more 

costly. For this reason, the ESME.MC pathways cost optimising process only selected them 

in relatively small amounts. Insofar as coal is concerned, given the vast majority of coal is 

imported, the same energy security and future cost uncertainty arguments associated with 

natural gas apply. If the global price of coal rises the UK’s own coal reserves may be 

considered economically viable but this may be at a price which makes coal generation as a 

whole particularly expensive. The same cost and security questions arise with the importing 

of biomass, with the added complication that it’s key driver is its carbon neutral credentials, 
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but this can increasingly be challenged the greater the transporting distance becomes (Röder 

et al., 2015). 

Biomass can be grown in the UK, but although this avoids the issues associated with 

importing it, there is then the disadvantage that it has to compete with food crops for 

growing land (Searle and Malins, 2014, Shortall, 2013). There is also then the water-energy 

nexus concern that to successfully grow biomass freshwater is required. In section 2.5.2 the 

amount of water needed to grow biomass was considered; it was found that a number of 

academic studies, and government literature, had identified the lack of available freshwater 

as a potential problem for growing biomass in the UK (DECC, 2012b, Lovett et al., 2009, 

Sharmina et al., 2016, Sinclair et al., 2015). However, no specific UK water usage 

information could be found. A Netherlands based study (which has a similar climate to the 

UK) concluded 24m
3
 of freshwater were required per GJ of bio-energy produced (Gerbens-

Leenes et al., 2009). Assuming the efficiency of a biomass thermal plant to be 35%, this 

equates to a freshwater demand of 86.4x10
3
ML/TWh. With the work carried out since 

Chapter 2 it is now possible to recognise this as a level of freshwater demand that, per unit of 

electricity generated, is comparable to UK once-through cooling water demands. The finding 

in Chapter 2 was this is a level of freshwater demand that by 2010, was already not available 

to any inland UK thermal power station with once-through cooling.  

7.3.1.4 Nuclear Small Modular Reactors (SMR) 

As well as large scale nuclear generation, the ESME.MC pathway also selects a sizeable (92 

TWh/Annum (16%)) of nuclear SMR generation in 2050 under Q70SW. Commercial nuclear 

SMR generation power plants are a developing technology, they are much smaller than 

traditional nuclear power plants, and the assumption is that they will therefore be easier to site 

(Middleton, 2015). A potential problem is that because they are smaller they will not be able 
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to achieve the same economies of scale as the larger reactors (Cooper, 2014). Locatelli et al. 

(2014) disagrees and argues that the diseconomy of scale of nuclear SMR’s can be 

compensated for by the economy of multiples. Middleton (2015) suggests nuclear SMR’s 

could be configured for CHP deployment which would further help their economic case. Two 

separate studies that assessed how long it would be before SMRs are likely to be operating 

commercially have produced similar results, with  Liu and Fan (2014) suggesting  ten years, 

while Middleton (2015) suggests by 2030. Both of these timescales are compatible with 

ESME’s initial low adoption of Nuclear SMR by 2030. Furthermore, on these timescales the 

future deployment of SMR technology is by 2050, likely to be decided not by the ‘first of a 

kind cost’, but by the ‘n
th

 of a kind cost’. 

7.3.1.5 Onshore and Offshore Wind 

Although offshore wind is a maturing technology, all commercial offshore wind farms 

currently have fixed foundations. Floating offshore wind, however, is a technology which the 

ESME.MC pathway foresees providing a significant level of generation at 2050, particularly 

if seawater is not available. The use of floating foundations would greatly extend the UK’s 

accessible wind resource, but they will have to operate in far more challenging conditions. 

Floating wind turbines are far more technically complex, largely due to the bigger seas which 

they have to withstand (Perveen et al., 2014). There has already been a number of floating 

wind turbine demonstration projects, one being the large scale Statoil 2.3MW ‘Hywind’ 

floating wind turbine, in 220m depth of water off the coast of Norway. This has successfully 

operated for over five years (Kaldellis and Kapsali, 2013, Saini, 2015). Statoil have now been 

granted a seabed lease to build a 30MW floating wind farm off Peterhead in Scotland, 

comprising of 5x6MW ‘Hywind’ turbines, in water depths >100m. This is expected to be 

operational by 2017 (Carrington, 2016, Statoil, 2014). With the ESME.MC pathway not 

factoring in any sizeable amount of floating offshore wind until 2050, with the basic concept 
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already being successfully tested for five years, and a sizable floating wind farm already in 

the planning process, this would not appear to an unreasonable supposition. 

The ESME.MC pathway limits all renewable technologies by their available resource which 

in the case of onshore wind, the most attractive LCOE (Levelised Cost of Electricity) wind 

generation technology, this has to take into account the current social difficulties of installing 

onshore wind farms. In addition some of the windiest, and therefore most resource-rich areas 

of the UK, are currently protected by environmental and landscape protective designations; 

National Park and Areas of Outstanding Natural Beauty are but two examples, which in affect 

make it all-but impossible for these areas to host wind developments. Even wind energy 

developments in areas which do not have any official designated status are often delayed or 

rejected by the planning system (Cowell, 2007, Wilson and Dyke, 2016). The current 

planning system perversely overlooks the fact that many of the rural areas that have the 

highest wind speeds are also the ones that suffer from high levels of national poverty, 

including fuel poverty (Williams and Doyle, 2016). They are also often areas, where for 

reasons of austerity, the reduction in central local government grants reduces the community 

services that can be afforded. A more auspicious approach to community onshore wind 

projects, could yet recognise the local financial reward, and national electricity generating 

competitiveness advantages, of cheaper onshore wind generation replacing the more 

expensive offshore wind. If this is indeed the case then replacing some offshore wind with 

onshore wind under the SWL and SWN scenarios considered, would reduce the annualised 

cost increases shown in section 6.3.5. 

7.3.1.6 H2 Turbines  

In addition to fossil fuels with CCS, the ESME.MC pathway also selects a level of generation 

from H2 fired turbines. This is for both 2030 and 2050, particularly when seawater is 

available; 47TWh (8%) for Q70 SW at 2050. The ESME.MC pathway foresees the hydrogen 
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required being produced by gasification, which would need to be in tandem with a CCS 

technology if the CO2 produced by this process is to be removed. Although the gasification 

process itself is well understood having been in use for over two centuries (Breault, 2010), 

hydrogen turbines are a comparatively new technology. There are concerns that having to 

now operate turbines with hydrogen, rather than the previous standard natural gas and coal 

gas, introduces problems due to the difference in their chemical properties; leading to possible 

cost issues (Taamallah et al., 2015). Despite this, there is already an industrial scale H2 turbine 

power plant in operation in Fusina, in Italy. This has been run successfully using hydrogen 

since 2010 (Standish, 2012, Taamallah et al., 2015), which provides a level of confidence the 

H2 turbine technology will be available as the ESME.MC pathway requires. 

7.3.1.7 Carbon Capture and Storage 

As seawater is reduced, the ESME.MC pathway places a greater emphasis on associated CCS 

thermal generation, particularly abated CCGT. For 2050, from Q70SW to Q70SWN, it 

increases from 64TWh/annum to 168TWh/annum. Deployment of CCS is mainly seen by the 

ESME.MC pathway as a fossil fuel enabling replacement for nuclear generation. This study 

has, however, already recognised that if the UK had shale gas, coastal generation and viable 

carbon capture technology and storage facilities, it could have a much higher generation merit 

for the UK. Although CCS is still very much a developing technology.  

In line with this, the UK Government in 2012 launched a commercialisation programme, with 

the aim of seeing CCS projects developed before 2020. Up to £1 billion pounds was to be 

made available in capital funding, with additional operational support available through 

guaranteed price contracts to support the initial stages of commercialisation. However, in 

November 2015 just before the final bids were to be submitted in this process, the 

Government unexpectedly announced that the money was no longer available (Cozier, 2016). 

The de facto opinion is that if the Government is committed to both shale gas, and its climate 
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change targets, it cannot afford to sit back and wait and see if CCS will be available when it is 

required (CCC, 2015, Clarke, 2016). That is unless the UK Government can successfully rely 

on ‘bought-in’ technology. 

In this respect there are a number of CCS generation orientated projects in the construction 

phase, including two in the US (Kemper County Energy Facility; Petra Nova Carbon Capture 

Project). These are due to be operational by the end of 2016 (Global CCS Institute, 2016). 

There are also a number of countries; the US, China, Canada, Norway, Australia; as well as 

the IEA and IPCC that have recognised CCS as a vital technology for the reduction of GHG 

emissions (Kern et al., 2016, Renner, 2014). That is, if fossil fuel electricity generation is in 

the future going to remain part of the electricity generation mix. Sara et al. (2015) and Davies 

et al. (2013b) both suggest that the barriers to CCS are largely not technical, but rather 

financial and regulatory. The fact large scale CCS projects are starting to emerge, and 

globally the political will for CCS appears to be present, suggests that it can be reasonably 

assumed a CCS generation technology will be a viable option on the timescale that the 

ESME.MC pathway envisages.  

7.3.2 The UK Abstraction and Consumption Figures 

The validity of the results produced by the thesis very much depend on the authority of the 

abstraction and consumption figures used to find the quantities of cooling water the 

ESME.MC pathway requires. The integrity of the UK abstraction and consumption figures 

used is underwritten by the provenance of those who compiled the figures (section 4.3.2.3), 

and were authenticated by the EA. Although the results were not comprehensive and missing 

values had to be calculated, the final abstraction and consumption figures used by this 

research were successfully subjected to a validation process (section 4.4). 
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7.3.3 Climate Change Uncertainty 

Finding mitigation and adaption solutions to protecting the UK energy system from a future 

lack of available freshwater resource is complicated by the vagaries of climate change. 

Climate change uncertainty is discussed at length in section 2.6, where it was shown there is 

an association made between the extent of future climate change, and the degree of reduction 

that will take place in UK future freshwater availability. UKCP09 provided temperature 

projections for 2050 under Low, Medium, and High emission scenarios. Even with this 

probabilistic range of temperatures within each scenario, it is made clear that no one scenario 

can be regarded as being more likely than another. This lack of temperature and therefore 

likely climate change and future freshwater availability certainty, becomes even more blurred 

by the suggestion that UKCP09 modelling underestimates the effect of climate change 

(Brown and Castellazzi, 2015, Brysse et al., 2013, Cavan, 2011, Cowtan and Way, 2014, 

Frigg et al., 2013). 

In Chapter 6 it was accepted that the levels of freshwater that would be available at 2030 and 

2050 were unknown, and so a range of freshwater availabilities, supported by assumed 

quantities of seawater was used (section 6.2). The ESME.MC pathway’s Monte Carlo 

approach allowed the difference in annualised generation costs across this range of freshwater 

cooling water possibilities to be investigated (section 6.3.6). This approach mitigates the 

uncertainty around future freshwater availability as much as possible, but when interpreting 

these results the inherent uncertainty of the role of climate change on the hydrosphere must be 

borne in mind. 

7.3.4 Disruptive Technologies and Events 

The ESME.MC pathway confines itself to only considering a large, but finite, selection of 

chosen technology options. A disruptive technology can be defined as one that proves to be so 

different to current technologies that it disrupts the existing system (Hardman et al., 2013, 
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Richter, 2013). An example would be the introduction of MP3 players displacing the market 

for CD players (Hardman et al., 2013). A disruptive event produces a similar end result. 

Panteli and Mancarella (2015), in the context of energy systems, refer to such ‘disruption’ as 

‘extraordinary and high-impact low probability events’. Often, one of the reasons these 

technologies and events are so disruptive is they are deemed to be improbable, and therefore 

difficult to predict. This makes them hard to forecast, or model (Haegeman et al., 2013, 

Soojung‐Kim Pang, 2010). However, when considering the ultimate validity of this research, 

it will have been a dull energy development path to 2050 if the boundaries of thermal 

generation that limits the ESME.MC pathways choice of technology options do not, in the 

context discussed, suffer from the same disruption. The very definition of disruption, 

however, makes this a difficult aspect to consider. 

The ESME model has the option to, and in some cases does, select technologies which could 

be considered to be disruptive. Hydrogen vehicles, electric vehicles, certain energy storage 

technologies and renewable technologies (particularly micro solar PV and micro wind) are 

possible examples. With this thesis’ focus on electricity generation, energy storage and 

renewable generation technologies are of particular interest. Their potential to be disruptive 

could be via a large adoption of community-scale, and potentially community-led renewable 

energy projects, supported by a viable energy storage technology, which could result in a 

more autonomous, decentralised and financially more attractive, distributed energy system, 

rather than the current mainly centralised system (Alstone et al., 2015).   

When operating in a decentralised system, generation technologies work under substantially 

different business models. This would lead to a significant change in market conditions 

(Richter, 2013, Tabors et al., 2016). Although the ESME.MC pathway does select renewable 

energy technologies and some energy storage, under its cost optimised approach, it largely 
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restricts its interest to large scale renewable and energy storage technologies, as part of a 

centralised system. This is in line with the UK’s current, largely thermal generation based, 

and therefore centralised approach to future energy policy (DECC, 2015a, HM Government, 

2011a, House of Commons Energy and Climate Change Committee, 2016).  Richter (2013) 

interviewed senior representatives from 18 German energy companies, and found the majority 

felt renewable technologies (and energy storage) would continue to be used in a 

predominantly centralised way. Nevertheless, there are supporters of more decentralised 

renewable energy based systems who disagree (Chmutina and Goodier, 2014, Funcke and 

Bauknecht, 2016). Although a decentralised system may be considered unlikely, the ESME 

Patchwork pathway (section 3.2.2) does allow a more decentralised system to be considered. 

With respect to disruptive events, the UK’s recent (23
rd

 July 2016) vote to leave the European 

Union is an obvious example, and one that even on the day was not expected. Its direct impact 

on this thesis is likely to be minimal due to the range of scenarios and pathways considered. 

However the UK could well, to its advantage, have a game changing interest in rethinking the 

existing European environmental and ecological regulations (section 2.3.4), insofar as coastal 

thermal generation is concerned. 

7.4 Implications of Results for UK Energy Policy 

Despite the limitations of this research it does have a number of key implications for UK 

energy policy. Although it is clear that a lack of freshwater has the potential to constrain 

thermal generation in the future, a reliance on sea and estuarine water can entirely mitigate 

this problem. However for this to happen it is likely that policymakers will have to reduce the 

level of environmental regulations which are currently restricting thermal power stations from 

being sited in coastal locations. Lowering environmental regulations must not be undertaken 

lightly, but when considering if this is necessary policymakers must take into account that 
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without access to sea and estuarine water the UK’s energy system may effectively have to pay 

a £12.5bn annual penalty by 2050. This will clearly reduce the UK’s ability to be globally 

competitive.   

As part of the initial national water demand modelling undertaken in Chapter 4 two future 

energy pathways which relied heavily on renewable energy were considered (High 

Renewables and Patchwork Pathway). Both of these were found to have relatively low future 

water demands but further analysis of these pathways was not carried out. In the case of the 

High Renewables pathway this was because it lacked a regional functionality, however this 

was not the case for the Patchwork pathway. The Patchwork pathway was not given further 

consideration as it was deemed to be an expensive option for the UK’s energy system, largely 

due to the need to balance a significant amount of intermittent generation (Section 3.3.2). This 

view on the cost of the Patchwork pathway is based on ESME’s current understanding of the 

likely future costs of balancing, but as discussed in section 7.3.4 this is an area where 

disruptive technologies may yet come into play. In particular if energy storage technologies 

can become financially viable then the cost of balancing intermittent generation may reduce 

significantly, making the energy system according to the Patchwork pathway a much more 

attractive proposition. If this was the case then a future UK energy system based 

predominantly around renewable energy would provide another mitigation option to the lack 

of freshwater for thermal generation. 

The uncertainty around disruptive technologies, especially energy storage technology, 

presents a problem for policymakers. Investing in energy infrastructure is a long term strategy 

and policy decisions which will affect the UK energy system in 2050 have to be taken soon. 

Whilst a concerted effort to develop energy storage technology would appear a sensible 
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policy, at this point in time it is suggested that it should be alongside an approach that looks to 

site thermal generation at the coast.    
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Chapter 8 - Conclusions and Recommendations for Further Work 

8.1 Conclusions with Respect to the Research Question, Aim and Objectives 

This thesis asked the question “what impact will a lack of available water have on UK 

thermal generation by 2050, in terms of physical make-up and associated costs?”  To answer 

this question the following aim was set “to quantify the impact of future water availability on 

the UK thermal generation power station fleet by 2050, in terms of cost, type of generation 

technology, and cooling method chosen”. To meet this aim five objectives were developed in 

Chapter 1. This chapter considers the work undertaken to achieve each objective and then the 

thesis aim, it then considers how this answered the research question. This is before finally 

recommending areas where further work is required. 

8.1.1 Objective 1 

 Identify the key water constraints to UK thermal generation and determine the role water 

availability plays as a constraining factor. Also consider current mitigation and adaptation 

options. 

 

An in depth review of the current literature regarding the water-energy nexus, and in 

particular the impact of water availability on thermal power generation was undertaken in 

Chapter 2. It was found that already the UK’s freshwater resources cannot support the more 

efficient, high water intensity, once-through cooling method for its existing thermal power 

stations (section 2.4). Future freshwater resources are predicted to decrease, when the UK’s 

thermal generation to 2050 will almost certainly be required to increase.  Limiting the future 

demand for freshwater by extending  the current use of the less water intensive, more 

inefficient cooling methods, particularly air cooling, will  merely significantly increase the 

UK’s generation costs and CO2 emissions. 
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When it comes to limiting the use of freshwater as the means of thermal power station 

cooling, section 2.4.1 identified the UK’s abundant seawater resource as potentially providing 

a much more efficient and commercially cost attractive method. There is, however, a question 

as to the extent the use of seawater is feasible due to existing environmental and ecological 

constraints. This and other mitigation options were identified and discussed in Chapter 2. 

While it is not in itself a constraint, section 2.6 shows that the uncertainty surrounding climate 

change makes it very difficult to judge just how much freshwater will be available in the 

future. This creates obvious challenges for this research that are further discussed in section 

7.3.3.  

8.1.2 Objective 2 

Determine water demands of different thermal electricity generation and cooling method 

combinations which are applicable to the UK. 

Previous studies which have assessed the future water demand of the UK electricity sector 

have used abstraction and consumption figures which predominantly relate to power stations 

in the US. This research obtained abstraction and consumption figures for a series of 

generation technology and cooling method combinations which were specific to UK power 

stations. A number of figures were missing from the data obtained. A method for calculating 

the missing figures from the known figures was developed (section 4.3.2.3). This was based 

upon the principle that water use of thermal power stations could be categorised by cooling 

method rather than generation technology. 

The abstraction and consumption figures used were subjected to a validation process and 

deemed to be satisfactory (section 4.4). These were the figures used for the modelling analysis 

carried out in respect of Objective 3. The UK abstraction and consumption figures were 

compared to the equivalent figures from the US used in previous work on this subject. It was 
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found that the US abstraction figures underestimate the UK demand, whereas for water 

consumption in most instances the opposite was found to be the case. 

8.1.3 Objective 3 

 Model the future national water demand of the UK electricity sector. Downscale these results 

to the regional level to identify regions most likely to be constrained by water availability. 

The Byers et al. (2014) framework quantifies the future operational water requirements of 

electricity generation networks, in terms of their water abstraction and consumption; per 

generation technology, per cooling method, per time-frame. In Chapter 4 this framework was 

applied to the three ESME pathways (Patchwork, Clockwork and ESME.MC), as well as six 

pathways taken either directly from, or based upon, the UK Carbon Plan pathways. 

The detail of the work that was carried out to achieve objective 3 is set out in Chapter 4 and 

Chapter 5. The aim of Chapter 4 was to attribute at the national level cooling water demands 

to the pathways selected at 2030 and 2050, relative to 2010 (section 4.5). The future water 

demands obtained were found to be heavily pathway dependent, but with the significant 

increase in electricity demand by 2050, not surprisingly the majority of pathways showed a 

corresponding increase in their total and/ or freshwater demands. The greatest increases were 

for the pathways that favoured increasing thermal generation. The smallest increases, and in 

some cases reductions, were for pathways like the Patchwork pathway, that favoured 

increasing the renewable technology options. As future water availability and future energy 

demands will vary regionally, the national results of Chapter 4 were regarded as only 

indicative.   

Chapter 5 used the ESME.MC pathway’s ability to disaggregate its national generation 

projections to the regional level to carry out a similar exercise to Chapter 4, to now model the 

regional generations’ corresponding regional water demands (total and freshwater), at 2030 
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and 2050 (section 5.3.1). At this regional level it was identified that under the methodology 

described in Chapter 5 (section 5.2), several regions had high thermal generation freshwater 

demands that would by 2050, be likely to compromise their ability to meet their demand for 

electricity.  

8.1.4 Objective 4 

 Develop a range of regional water availability scenarios to allow the modelling of future 

water availability alongside water demand. Determine the costs of different thermal 

electricity generation and cooling method combinations. 

The methodology used to achieve this objective is explained and discussed at length in 

Chapter 6. To this point in the thesis, the modelling of the future water demands at 2030 and 

2050, are based on assumed thermal generation pathways that are not directly constrained by 

likely future water availability. To allow actual water availability to be considered, a range of 

sea and freshwater scenarios (section 6.2.2), were used to prepare datasets of available 

regional cooling water for 2030 and 2050. In respect of determining the costs of the different 

thermal electricity generation and cooling method combinations, these were calculated using a 

number of sources, and are shown in Tables 6.5 and 6.5.  

8.1.5 Objective 5 

Model future water availability alongside the water demand, and cost of, thermal electricity 

generation and cooling method combinations, allowing the impact of future water availability 

on the UK thermal generation power station fleet to be quantified and discussed. 

To achieve this objective the datasets developed and  identified in Objective 4, were built into 

the ESME.MC pathway. An additional dataset, based on that produced to meet objective 2, 

containing the water demands of the required generation and cooling method combinations 

was also built into the ESME.MC pathway (Table 6.4). 
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The ESME.MC pathway was then perturbed under the range of water availability scenarios 

adopted by this thesis in section 6.2.2. This allowed the impact of future water availability on 

the UK thermal generation power station fleet to be quantified and discussed. It was found 

that the annualised cost penalty of not having the required water available by 2050, could be 

as much as £7.5bn for the UK electricity system, and £12.5bn for the energy system as a 

whole. 

8.1.6 Research Question and Thesis Aim  

What impact will a lack of available water have on UK thermal generation by 2050, in terms 

of physical make-up and associated costs? 

To quantify the impact of future water availability on the UK thermal generation power 

station fleet by 2050, in terms of cost, type of generation technology, and cooling method 

chosen 

In Chapter 1 the research question was formed. A corresponding thesis aim was then set to 

allow this question to be answered, and five objectives were developed to achieve the thesis 

aim. It has been shown all the objectives were successfully met, thereby allowing the overall 

aim to be accomplished, and the research question to be answered. It was found that 

freshwater alone will not be able to support the level of thermal generation foreseen by 2050, 

without a heavy reliance on the most expensive and greatest CO2 emitting air cooling. This is 

particularly the case if there is a large adoption of fossil fuel + CCS generation. A reliance on 

sea and estuarine water allowing the use of the cheapest once-through cooling method is a 

potentially viable mitigation measure. If there is sufficient access to sea and estuarine water 

then large levels of thermal generation using the cheapest, but most water intensive, once-

through cooling are achievable. This case results in the cheapest electricity system, and relies 

predominantly on large scale nuclear generation supported by nuclear SMR generation. 
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However this will only be the case if UK policymakers recognise it as so when they set the 

height of the environmental regulatory bar thermal power stations must clear if they want to 

be sited in coastal locations. If this is not the case, then a substantial reliance on freshwater, 

and the more expensive, but less water intensive cooling methods, particularly air cooling, 

will significantly increase the annualised cost of the UK energy system. It will also see a 

greater reliance on CCGT + CCS generation as well as offshore wind generation. 

 

8.2 Recommendations in Respect of Further Work 

In undertaking this research a number of areas were identified where further work would be 

beneficial.  It was found that the recommendations for work to be undertaken generally 

applied to one or more of three different stakeholders; Government, the energy industry and 

research/academic institutions. The following sections provide details on these 

recommendations and the stakeholder(s) they relate to.  A final section then looks to form a 

single recommendation focusing more broadly on the combined action to be taken by these 

stakeholders. 

 

8.2.1 Scotland and Northern Ireland Data 

Although this thesis considered the UK as a whole there were two areas where the datasets 

obtained did not provide figures for Scotland and Northern Ireland. The dataset omissions 

were: 

i) The water abstraction data from freshwater and estuarine sources provided by the EA, 

needed to validate the water demand modelling framework (section 4.4), were only for 

England and Wales. 
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ii) The future Q70 and Q95 Case for Change freshwater availability projections that were 

obtained from the EA were also only for England and Wales (section 6.2.1). 

It has been shown that neither of these omissions materially altered the thesis’ conclusions 

derived from the results that were obtained. Although the UK is comprised of devolved 

governments in many ways it has to function as one entity; power generation and transport are 

cases in point. This study clearly identifies that any future research undertaken within a UK 

energy context, would benefit if  the UK Government facilitated better coordination of the 

data each devolved authority keeps, so there is better access to UK wide datasets. This is a 

recommendation made as a result of the experience gained in carrying out the research needed 

for this thesis. 

8.2.2 Abstraction and Consumption Figures 

Abstraction and consumption figures specific to UK power stations were acquired, but there 

was considerable difficulty in obtaining this dataset, and there were omissions which then had 

to be calculated (section 4.3.2.3). As this thesis identifies, previous studies in what for the UK 

is an important research area, were unable to obtain any substantial, UK specific, power 

station water abstraction and consumption data. These studies had to base their work on 

American, or assumed figures. This clearly limited the value of their results for UK 

policymakers involved in formulating future UK energy policy. This study found that much of 

the difficulty in obtaining applicable research data is a consequence of much of the energy 

industry’s working data being regarded as commercially sensitive. The strange anomaly in 

this case was that when the UK data required was finally released it did not identify individual 

power stations, and so was completely anonymous. Here there seems to be a general lesson to 

be learnt in respect of UK research work. That is for UK research funded authorities, and, if 
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necessary, the government, to work more closely with the energy industry, to decide what UK 

specific research information can, or cannot, be made available.   

8.2.3 Constraining the ESME.MC Pathway by Thermal Generation Water Consumption 

Chapters 4 and 5 considered water abstraction and consumption demands of future UK 

thermal generation. It was found that under the ESME.MC pathway the demand for water 

abstraction was far more likely to impact future thermal generation, than the water lost due to 

consumption. Therefore, when constraining the ESME.MC pathway by water availability in 

Chapter 6, only the abstraction demands of thermal power generation was considered. 

While consumption cannot be a thermal generation limiting factor when there is an abundant 

cooling water resource (sea and estuarine water), it is conceivable that under certain low 

freshwater flows water consumption could create problems for other downstream users, or 

impact low volume cooling pond facilities.  Therefore it is suggested that as a research project 

the ESME.MC pathway, just as it was adapted to study abstraction impact,  should be adapted 

to quantify cooling water consumption losses of specific generation technologies. This would 

identify any associated downstream operational consequences.  

If for such a purpose freshwater consumption were to be built into the ESME.MC pathway, 

then a number of additional challenges will have to be overcome. These include recognising 

the water demand of the other downstream users, and consideration of any freshwater 

replenishment that takes place in-between. 

8.2.4 Water Use of UK Biomass Growth 

If seawater is not available on a significant scale, or for other reasons the level of nuclear 

generation is reduced, potentially there would be the opportunity for biomass to make a 

significant, and sustainable contribution to meeting the supply of electricity generation 

required. Furthermore, if the biomass is natively grown then the issues over importing fuels 
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and energy security discussed previously would be avoided. However it is noted in section 

7.3.1.3, that per unit of electricity generated, the growth of biomass requires quantities of 

freshwater on a par with once-through cooled thermal generation. This it has been shown is 

already not sustainable with the UK’s current available freshwater resources. There are then 

serious questions as to whether growing any meaningful quantities of biomass in the UK can 

be a viable proposition.  Although the focus on biomass in this study has only been 

considered in respect of electricity generation, biomass has a much wider application, for 

example, as a fuel for heat and transport. Yet to the best of the author’s knowledge there has 

been no UK wide study that looks across the whole spectrum of biomasses’ potential use, and 

the water demand associated with this level of growth. Such a study, led by research 

institutions but supported by the Government and energy industry as necessary, could provide 

support for the projects being carried out by the ETI, and the Dartmoor National Park, to use 

the UK’s currently unproductive moorlands and hillsides as sources of sustainable biomass 

(Johnstone, 2016; Webb, 2010). 

8.2.5 Water Use of Whole Energy System 

This study by design focussed on the water demands of future UK thermal electricity 

generation, and the future water resource that was likely to be available. Here, the approach to 

investigate the cost implications of water availability on future thermal generation provides 

fundamentally important cost versus generation details for policy makers. As briefly 

discussed in section 7.3.1, there are a number of other areas within the energy system that 

require substantial operational volumes of water. Therefore a study which built on the cost 

approach undertaken in this thesis, (and any work based on recommendation 8.2.4), that 

modelled the water requirement of these other areas of the UK energy system, would provide 

a broader understanding of the UK water-water nexus issues for policy makers. With the 
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obvious benefit to policymakers it is suggested that whilst research institutions may lead this 

study there should be Government involvement. 

8.2.6 Water Constraining of Other Energy System Models 

ESME is a strategically important energy system model for UK policymakers; DECC and the 

CCC’s use of it supports this view. There are, however, other models some of which use 

entirely different approaches (section 3.1) which could be used, including the UKTM model, 

the successor to UK MARKAL. Although in respect of this thesis’ interests UKTM’s 

usefulness for reasons that have been explained is limited. However, if used, UKTM would 

have looked for somewhat different solutions when applied to Chapter 6’s water constraining 

methodology. UKTM models energy demand in much more detail than ESME does (Heaton, 

2014, HM Government, 2011), and therefore it is likely it would have adopted more energy 

efficiency measures, or other options, to reduce demand than the ESME model. This is not an 

unreasonable approach. In light of other such possible different approaches, further academic 

research similar to that undertaken in Chapter 6, but using other energy system models is 

suggested. This would enable the issues surrounding the future water demand of the UK’s 

thermal generation to be viewed from different vantage points. 

8.2.7 Future Energy Storage Technologies 

This study has looked at the consequences that a predicted shortage of future available water 

resource could have for UK thermal electricity generation. It found that there are major 

shortcomings in the amount of freshwater likely to be available for electricity generation with 

the most cost efficient once-through cooling to be possible in the future. One approach to 

resolve this problem, and still meet CO2 emission targets, is to increase the uptake of 

renewable generation technologies, but significant adoption of these technologies leads to an 

increase in the total cost of the UK’s energy system (section 6.3.5). Technically possible, and 

economically viable energy storage technologies, would lower the cost of renewable 
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generation and make the renewable approach a much more attractive proposition. There is 

already a substantial research drive in the energy storage area, but the results of this thesis 

emphasise the need for this work. Due to the potential importance of energy storage it is felt 

that this recommendation applies to the Government, energy industry and research 

institutions. 

 

8.2.8 Future Carbon Capture and Storage Technologies 

The water constraining analysis carried out in Chapter 6, showed that carbon capture and 

storage will allow the UK to continue to meet its future energy demands while adhering to 

future CO2 emissions targets, in conjunction with, or as possible alternative to, nuclear 

generation. This it does by permitting the continued use of fossils fuels for thermal electricity 

generation. This study has identified that CCS is still a developing technology, and although 

internationally there is research being carried out, the potential importance of CCS is such that 

further CCS research work specific to the UK should be a priority. However, with the water – 

energy nexus theme in mind, it has been shown that for any thermal generation and cooling 

method combination, the use of CCS significantly increases water demand. For the UK this 

suggests that any further research that is looking for a viable industrial CCS solution should 

focus on overcoming the barriers to siting CCS in coastal locations, as this is ultimately likely 

to be more rewarding than relying on freshwater resources (section 7.3.1.2). It is again felt 

due to the potential importance of CCS this recommendation applies to the Government, 

energy industry and research institutions. 
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8.2.9 Final Recommendation to all Stakeholders 

This thesis has found that whilst a lack of freshwater has the potential to constrain thermal 

generation and increase the cost of the energy system in the future, there are mitigation 

options available.  A reliance on sea and estuarine water is currently the most realisable 

option although a lowering of environmental regulations is likely to be needed to facilitate 

this. A future electricity generation system which relies heavily on renewable energy is 

another feasible option but the impact this will have on the cost of the energy system and 

therefore the UK’s global competitiveness is, in the absence of financially viable energy 

storage technologies, likely to be significant. 

Therefore it is suggested that Government, the energy industry and research institutions work 

together to help enable the development of thermal generation at coastal locations, whilst at 

the same time continuing to develop energy storage technology. 

 

 

 

 

 

 

 

 



189 
 

References 
AEA-RICARDO 2009. An Overview of Systemic Interdependencies of the UK National 

Infrastructure. 

AGHION, P., BESLEY, T., BROWNE, J., CASELLI, F., LAMBERT, R., LOMAX, R., 

PISSARIDES, C., STERN, N. & VAN REENEN, J. 2016. Investing for Prosperity: 

Skills, Infrastructure and Innovation. London. 

ALLAN, T., KEULERTZ, M. & WOERTZ, E. 2015. The water–food–energy nexus: an 

introduction to nexus concepts and some conceptual and operational problems. 

International Journal of Water Resources Development, 31, 301-311. 

ALSTONE, P., GERSHENSON, D. & KAMMEN, D. 2015. Decentralized energy systems 

for clean electricity access. Nature Clim. Change, 5, 305-314. 

BARTOS, M. D. & CHESTER, V. M. 2015. Impacts of climate change on electric power 

supply in the Western United States. Nature Clim. Change, 5, 748-752. 

BBC. 2016. Decision on new nuclear power plant 'delayed' [Online]. Available: 

http://www.bbc.co.uk/news/business-35415187 [Accessed 27 June 2016]. 

BERR 2008. Consultation on the Strategic Siting Assessment Process and Siting Criteria for 

New Nuclear Power Stations in the UK. Department for Business Enterprise and 

Regulatory Reform. 

BHADURI, A. & LIEBE, J. 2013. Cooperation in Transboundary Water Sharing with Issue 

Linkage: Game-Theoretical Case Study in the Volta Basin. Journal of Water 

Resources Planning and Management-Asce, 139, 235-245. 

BISSELL, J. 2010. Resilience of UK Infrastructure. In: TECHNOLOGY, P. O. O. S. A. (ed.). 

London: House of Parliament,. 

BOOTH, R. 2012. Risk Planning for interdependencies: from theory to practice. Municipal 

Enginner, 165, 85-92. 



190 
 

BOUCH, C., ROGERS, C., DAWSON, R., BAKER, C., QUINN, A. & WALSH, C. A 

Systems-Based Approach to the Identification of User/Infrastructure 

Interdependencies as a Precursor to Identifying Opportunities to Improve 

Infrastructure Project Value/Cost Ratios. International Symposium for Next 

Generation Infrastructure Conference Proceedings, 2015 Vienna, Austria. 

BOYLE, D. 2015. Nuclear power stations should be designed to be beautiful to get the public 

on side, says energy secretary. Daily Mail Online, 6 June 2015. 

BRANTLEY, S., YOXTHEIMER, D., ARJMAND, S., GRIEVE, P., VIDIC, R., POLLAK, 

J., LLEWELLYN, G., ABAD, J. & SIMON, C. 2014. Water resource impacts during 

unconventional shale gas development: The Pennsylvania experience. International 

Journal of Coal Geology, 126, 140-156. 

BREAULT, R. W. 2010. Gasification Processes Old and New: A Basic Review of the Major 

Technologies. Energies, 3, 216. 

BRIERLEY, M. 9th September 2014 2014. RE: UK Power Stations Water Consumption 

Data. Type to MURRANT, D. 

BRITISH GEOLOGICAL SURVEY. 2012. UK Geohazard Note: Coastal Erosion. Available: 

http://www.bgs.ac.uk/research/earthHazards/geohazardNotes.html [Accessed 14 

January 2014]. 

BRITISH GEOLOGICAL SURVEY 2014. The Unconventional Hydrocarbon Resources of 

Britains Onshore Basins - Shale Gas. Department of Energy and Climate Change. 

BROECKER, W. 1975. Climatic Change: Are We on the Brink of a Pronounced Global 

Warming? Science, 189, 460-463. 



191 
 

BROWN, I. & CASTELLAZZI, M. 2015. Changes in climate variability with reference to 

land quality and agriculture in Scotland. International Journal of Biometeorology, 59, 

717-732. 

BRUMMITT, C. D., D’SOUZA, R. M. & LEICHT, E. A. 2012. Suppressing cascades of load 

in interdependent networks. Proceedings of the National Academy of Sciences, 109, 

E680-E689. 

BRYSSE, K., ORESKES, N., O’REILLY, J. & OPPENHEIMER, M. 2013. Climate change 

prediction: Erring on the side of least drama? Global Environmental Change, 23, 327-

337. 

BYERS, E., HALL, J. & AMEZAGA, J. 2014. Electricity generation and cooling water use: 

UK pathways to 2050. Global Environmental Change, 25, 16-30. 

BYERS, E., HALL, J., AMEZAGA, J., O’DONNELL, G. & LEATHARD, A. 2016. Water 

and climate risks to power generation with carbon capture and storage. Environmental 

Research Letters, 11, 024011. 

BYERS, E., QADRDAN, M., LEATHARD, A., ALDERSON, D., HALL, J., AMEZAGA, J., 

TRAN, M., KILSBY, C. & CHAUDRY, M. 2015. Cooling water for Britain's future 

electricity supply. Proceedings of the Institution of Civil Engineers - Energy, 168, 

188-204. 

CARNEY, B. 2011. Reducing Freshwater Consumption at Coal-Fired Power Plants: 

Approaches Used Outside the United States. National Energy Technology Laboratory. 

CARRILLO, A. M. R. & FREI, C. 2009. Water: A key resource in energy production. Energy 

Policy, 37, 4303-4312. 

CARRINGTON, D. 2016. World's largest floating windfarm to be built off Scottish coast. 

The Guardian, 16 May 2016. 



192 
 

CAVAN, G. 2011. Climate change projections for Greater Manchester. EcoCities Project. 

CAVE, M. 2009. Independent Review of Competition and Innovation in Water Markets: 

Final Report. 

CCC 2013. Fourth Carbon Budget Review – part 2: The cost-effective path to the 2050 target. 

london: Committee on Climate Change. 

CCC 2015. The Fifth Carbon Budget: The next step towards a low-carbon economy. 

Committee on Climate Change. 

CCC 2016. UK Climate Change Risk Assessment 2017 Synthesis Report: priorities for the 

next five years London: Committee on Climate Change. 

ČERNOCH, F. & ZAPLETALOVÁ, V. 2015. Hinkley point C: A new chance for nuclear 

power plant construction in central Europe? Energy Policy, 83, 165-168. 

CHAN, C. & DUEÑAS-OSORIO, L. 2014. Spatial-Temporal Quantification of 

Interdependencies Across Infrastructure Networks. In: D'AGOSTINO, G. & SCALA, 

A. (eds.) Networks of Networks: The Last Frontier of Complexity. Springer 

International Publishing. 

CHARLTON, M. B. & ARNELL, N. W. 2011. Adapting to climate change impacts on water 

resources in England—An assessment of draft Water Resources Management Plans. 

Global Environmental Change, 21, 238-248. 

CHIEN, S. H. 2009. USE OF IMPAIRED WATERS in POWER PLANT COOLING TOWER 

SYSTEM: REVIEW OF REGULATIONS AND FEASIBILITY ANALYSIS. Master of 

Science in Civil Engineering, University of Pittsburgh. 

CHMUTINA, K. & GOODIER, C. 2014. Alternative future energy pathways: Assessment of 

the potential of innovative decentralised energy systems in the UK. Energy Policy, 66, 

62-72. 



193 
 

CHOPRA, S. & KHANNA, V. 2015. Interconnectedness and interdependencies of critical 

infrastructures in the US economy: Implications for resilience. Physica A: Statistical 

Mechanics and its Applications, 436, 865-877. 

CHRISTENSEN, J. H., KJELLSTROM, E., GIORGI, F., LENDERINK, G. & 

RUMMUKAINEN, M. 2010. Weight assignment in regional climate models. Climate 

Research, 44, 179-194. 

CLARKE, D. 2016. ETI analysis of the UK energy system design implications of delay to 

deployment of carbon capture and storage (CCS) in the UK Energy Technologies 

Institute. 

COELHO, M. & DELLEPIANE, S. 2016. The political economy of major infrastructure in 

the UK. Fraser of Allander Economic Commentary, 39, 105-125. 

COLLINS, A., OHANDJA, D.-G., HOARE, D. & VOULVOULIS, N. 2012. Implementing 

the Water Framework Directive: a transition from established monitoring networks in 

England and Wales. Environmental Science & Policy, 17, 49-61. 

COMES, T. & VAN DE WALLE, B. Measuring disaster resilience: the impact of Hurricane 

Sandy on critical infrastructure systems.  Proceedings of the eleventh international 

ISCRAM conference, University Park, Pennsylvania, USA, 2014. 195-204. 

CONSERVATIVE PARTY 2015. The Conservative Party (Great Britain) Manifesto 2015: 

Strong Leadership, a Clear Economic Plan, a Brighter, More Secure Future. 

Conservative Party. 

COOLING TOWER SOLUTIONS. 2012. Cooling Tower Types [Online]. Available: 

http://www.cts-cooling.com/en/cooling-tower-types.html [Accessed 27 January 2014 

2014]. 



194 
 

COOPER, I. 2012. Reusing Municipal Wastewater for Power Generation Cooling Towers – 

Opportunities and Obstacles. Available: 

http://www.golder.com/eu/en/modules.php?name=Publication&sp_id=255&page_id=

212&service_id=51. 

COOPER, M. 2014. Small modular reactors and the future of nuclear power in the United 

States. Energy Research & Social Science, 3, 161-177. 

CORMOS, C., VATOPOULOS, K. & TZIMAS, E. 2013. Assessment of the consumption of 

water and construction materials in state-of-the-art fossil fuel power generation 

technologies involving CO2 capture. Energy, 51, 37-49. 

COWELL, R. 2007. Wind power and ‘the planning problem’: the experience of Wales. 

European Environment, 17, 291-306. 

COWTAN, K. & WAY, R. 2014. Coverage bias in the HadCRUT4 temperature series and its 

impact on recent temperature trends. Quarterly Journal of the Royal Meteorological 

Society, 140, 1935-1944. 

COZIER, M. 2016. Reactions to the UK's cut to CCS funding: Does CCS have a future in the 

UK? Greenhouse Gases: Science and Technology, 6, 3-6. 

DAVIES, E. G. R., KYLE, P. & EDMONDS, J. A. 2013a. An integrated assessment of global 

and regional water demands for electricity generation to 2095. Advances in Water 

Resources, 52, 296-313. 

DAVIES, L., UCHITEL, K. & RUPLE, J. 2013b. Understanding barriers to commercial-scale 

carbon capture and sequestration in the United States: An empirical assessment. 

Energy Policy, 59, 745-761. 

DAVIES, R. 2016. Hinkley Point C nuclear power plant decision delayed again by EDF. The 

Guardian, 24 Aprial 2016. 



195 
 

DAY, G. 2012. Modelling the UK energy system: practical insights for technology 

development and policy making. Available: 

http://eti.co.uk/downloads/related_documents/2012_12_10_GD_Modelling_the_UK_e

nergy_system_FINAL.pdf. 

DECC 2011a. National Policy Statement for Nuclear Power Generation (EN-6). In: 

CHANGE, D. F. E. A. C. (ed.). London: The Stationery Office. 

DECC 2011b. Overarching National Policy Statement for Energy (EN-1). Department for 

Energy and Climate Change. 

DECC 2011c. UK Renewable Energy Roadmap. London: HM Government. 

DECC. 2012a. 2010 to 2015 government policy; low carbon technologies [Online]. Available: 

https://www.gov.uk/government/publications/2010-to-2015-government-policy-low-

carbon-technologies/2010-to-2015-government-policy-low-carbon-

technologies#appendix-11-new-nuclear-power-stations [Accessed 20 June 2016]. 

DECC 2012b. UK Bioenergy Strategy. London: HM Government. 

DECC. 2013a. 2050 Pathways Calculator [Online]. Available: 

https://www.gov.uk/guidance/2050-pathways-analysis [Accessed 26 April 2016 

2016]. 

DECC 2013b. Electricity Generation Costs. Department for Energy and Climate Change. 

DECC. 2015a. Amber Rudd's speech on a new direction for UK energy policy [Online]. 

Department for Energy and Climate Change. Available: 

https://www.gov.uk/government/speeches/amber-rudds-speech-on-a-new-direction-

for-uk-energy-policy [Accessed 26 April 2016 2016]. 

DECC 2015b. UK Energy in Brief 2015. London: Department for Energy and Climate 

Change. 



196 
 

DEFRA 2008. Future Water - The Government's Water Strategy for England. Norwich: 

Department for Environment, Food and Rural Affairs. 

DEFRA 2011. Water for Life. HM Government. 

DEFRA 2012. UK Climate Change Risk Assessment: Government Report. HM Government. 

DEFRA 2013a. Defra's Strategic policy statement to Ofwat incorporating social and 

environmental guidance. Department for Environment Food and Rural Affairs. 

DEFRA 2013b. Making the Most of Every Drop Consultation on Reforming the Water 

Abstraction Management System. Department for Environment Food and Rural 

Affairs. 

DEFRA. 2016. ENV15 - Water abstraction tables [Online]. DEFRA. Available: 

https://www.gov.uk/government/statistical-data-sets/env15-water-abstraction-tables 

[Accessed April 2016]. 

DELGADO, A. & HERZOG, H. J. 2012. A simple model to help understand water use at 

power plants: Working Paper. Available: 

http://sequestration.mit.edu/pdf/2012_AD_HJH_WorkingPaper-

WaterUse_at_PowerPlants.pdf [Accessed 19 February 2014]. 

DEMSKI, C., POORTINGA, W. & PIDGEON, N. 2014. Exploring public perceptions of 

energy security risks in the UK. Energy Policy, 66, 369-378. 

DENOOYER, T., PESCHEL, J., ZHANG, Z. & STILLWELL, A. 2016. Integrating water 

resources and power generation: The energy–water nexus in Illinois. Applied Energy, 

162, 363-371. 

DEPARTMENT FOR BUSINESS ENERGY & INDUSTRIAL STRATEGY. 2016. 

Government confirms Hinkley Point C project following new agreement in principle 

with EDF [Online]. Available: https://www.gov.uk/government/news/government-



197 
 

confirms-hinkley-point-c-project-following-new-agreement-in-principle-with-edf 

[Accessed 16 September 2016]. 

DEPARTMENT FOR INTERNATIONAL DEVELOPMENT 2015. Statistics on 

International Development. HM Government. 

DEPARTMENT FOR TRANSPORT 2015. Port freight statistics: 2014 final figures. 

DHINGRA, S. & SAMPSON, T. 2016. Life after Brexit: what are the UK’s options outside 

the European union? : London School of Economics and Political Science. 

DILLING, L. & LEMOS, M. 2011. Creating usable science: Opportunities and constraints for 

climate knowledge use and their implications for science policy. Global 

Environmental Change, 21, 680-689. 

DTI 2007. The Future of Nuclear Power: The Role of Nuclear Power  in a Low Carbon UK 

Economy. Department of Trade and Industry. 

EADSON, W. 2016. State enrolment and energy-carbon transitions: Syndromic 

experimentation and atomisation in England. Environment and Planning C: 

Government and Policy, 1-20. 

EDF ENERGY. 2015. Agreements in place for construction of Hinkley Point C nuclear 

power station [Online]. Available: https://www.edfenergy.com/energy/nuclear-new-

build-projects/hinkley-point-c/news-views/agreements-in-place [Accessed June 2016]. 

EDF ENERGY PLC 2011. Report on Adaptation Under the Climate Change Act 2008: EDF 

Energy Adaptation Report 2011. London, UK. 

EDWARDS, P. 2010. A Vast Machine: Computer Models, Climate Data, and the Politics of 

Global Warming. 

EISENREICH, S. J. 2005. Climate Change and the European Water Dimension. Italy: 

European Commission- Joint Research Centre. 



198 
 

ENDO, A., TSURITA, I., BURNETT, K. & ORENCIO, P. 2015. A review of the current 

state of research on the water, energy, and food nexus. Journal of Hydrology: 

Regional Studies. 

ENERGY RESEARCH PARTNERSHIP 2011. The future role for energy storage in the UK. 

London. 

ENERGY UK 2014. Response to DEFRA Consultation Making the Most of Every Drop - 

Reforming the Water Abstraction Management System. Energy UK. 

ENVIRONMENT AGENCY 2008. Water resources in England and Wales - current state and 

future pressures. Bristol: Environment Agency. 

ENVIRONMENT AGENCY 2011. The case for change - current and future water 

availability. 

ENVIRONMENT AGENCY. 2012. Hinkley Point C Appropriate Assessment for related 

Environment Agency permissions [Online]. Available: 

https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/301540

/gesw0712bwtl-e-e.pdf [Accessed]. 

ENVIRONMENT AGENCY 2013a. Case for Change Refresh 2013: CAMs Results 

Summary. 

ENVIRONMENT AGENCY 2013b. Current and future water availability - addendum: A 

refresh of the Case for Change analysis. 

ENVIRONMENT AGENCY 2013c. Managing water abstraction. 

ENVIRONMENT AGENCY 2013d. Water Use and Electricity Generation. 

ETI 2015. Energy Systems Modelling Environment (ESME). 4.0 ed.: Energy Technologies 

Institute. 



199 
 

ETI. 2016a. About the ETI [Online]. Energy Technologies Institute. Available: 

http://www.eti.co.uk/about [Accessed 10 March 2016 2016]. 

ETI 2016b. ESME Data References Book. Loughborough: Energy Technologies Institute. 

ETI. 2016c. Technologies and Strategy: ESME [Online]. Energy Technologies Institute. 

Available: http://www.eti.co.uk/project/esme/ [Accessed 26 April 2016 2016]. 

EUROPEAN COMMISSION 2001. Integrated Pollution Prevention and Control (IPPC) 

Reference Document on the application of Best Available Techniques to Industrial 

Cooling Systems. European Commission. 

EUROPEAN COMMISSION. 2014a. July infringements package: main decisions, [Online]. 

Available: http://europa.eu/rapid/press-release_MEMO-14-470_en.htm [Accessed 20 

June 2016]. 

EUROPEAN COMMISSION. 2014b. Press release; State aid: Commission concludes 

modified UK measures for Hinkley Point nuclear power plant are compatible with EU 

rules [Online]. Brussels. Available: http://europa.eu/rapid/press-release_IP-14-

1093_en.htm [Accessed 28 June 2016]. 

EUROPEAN COMMISSION. 2016a. Climate Action: Supporting Climate Action through the 

EU Budget [Online]. Available: 

http://ec.europa.eu/clima/policies/budget/index_en.htm [Accessed 20 June 2016]. 

EUROPEAN COMMISSION. 2016b. Natura 2000 [Online]. Available: 

http://ec.europa.eu/environment/nature/natura2000/index_en.htm [Accessed 20 June 

2016]. 

EUROPEAN ENVIRONMENT AGENCY. 2016. Legislative instrument details: 

Environmental Quality Standards Directive [Online]. Available: 

http://rod.eionet.europa.eu/instruments/634 [Accessed 20 June 2016]. 



200 
 

FEELEY, T. J., SKONE, T. J., STIEGEL JR, G. J., MCNEMAR, A., NEMETH, M., 

SCHIMMOLLER, B., MURPHY, J. T. & MANFREDO, L. 2008. Water: A critical 

resource in the thermoelectric power industry. Energy, 33, 1-11. 

FINK, A., BRÜCHER, T., KRÜGER, A., LECKEBUSCH, G., PINTO, J. & ULBRICH, U. 

2004. The 2003 European summer heatwaves and drought –synoptic diagnosis and 

impacts. Weather, 59, 209-216. 

FINLEY, J. W. & SEIBER, J. N. 2014. The Nexus of Food, Energy, and Water. Journal of 

Agricultural and Food Chemistry, 62, 6255-6262. 

FOCUS 2014. FOCUS: Talk of North Sea revival disguises long-term decline. Oil and 

Energy Trends, 39, 3-6. 

FOLEY, A. M. 2010. Uncertainty in regional climate modelling: A review. Progress in 

Physical Geography, 34, 647-670. 

FÖRSTER, H. & LILLIESTAM, J. 2010. Modeling thermoelectric power generation in view 

of climate change. Regional Environmental Change, 10, 327-338. 

FOWLER, H. J. & KILSBY, C. G. 2007. Using regional climate model data to simulate 

historical and future river flows in northwest England. Climatic Change, 80, 337-367. 

FRID, C., ANDONEGI, E., DEPESTELE, J., JUDD, A., RIHAN, D., ROGERS, S. I. & 

KENCHINGTON, E. 2012. The environmental interactions of tidal and wave energy 

generation devices. Environmental Impact Assessment Review, 32, 133-139. 

FRIGG, R., SMITH, L. & STAINFORTH, D. 2013. The myopia of imperfect climate models: 

the case of UKCP09. Philosophy of science, 80, 886-897. 

FRONTIER ECONOMICS. 2012. Systemic Risks and Opportunities in UK infrastructure 

[Online]. Available: http://www.frontier-economics.com/publications/systemic-risks-

and-opportunities-in-uk-infrastructure/ [Accessed]. 



201 
 

FROST, M. 2010. Charting Progress 2 Healthy and Biological Diverse Seas Feeder Report. 

In: FROST, M. & HAWKRIDGE, J. (eds.). 

FU, G., DAWSON, R., KHOURY, M. & BULLOCK, S. 2014. Interdependent networks: 

vulnerability analysis and strategies to limit cascading failure. The European Physical 

Journal B, 87, 1-10. 

FUNCKE, S. & BAUKNECHT, D. 2016. Typology of centralised and decentralised visions 

for electricity infrastructure. Utilities Policy, 40, 67-74. 

GAMMER, D. 2015. RE: Water Use of Gas Technologies. Type to MURRANT, D. 

GASPARINO, U. 2012. Independent Development of Water Use in Scenarios for Future 

Thermal Power Stations. Joint Environmental Programme. 

GERBENS-LEENES, P. W., HOEKSTRA, A. Y. & VAN DER MEER, T. 2009. The water 

footprint of energy from biomass: A quantitative assessment and consequences of an 

increasing share of bio-energy in energy supply. Ecological Economics, 68, 1052-

1060. 

GERDES, K. & NICHOLS, C. 2009. Water Requirements for Exisitng and Emerging 

Thermoelectric Plant Technologies: April 2009 Revision. Morgantown, West 

Virginia: National Energy Technology Laboratory. 

GIMENO-GUTIÉRREZ, M. & LACAL-ARÁNTEGUI, R. 2015. Assessment of the 

European potential for pumped hydropower energy storage based on two existing 

reservoirs. Renewable Energy, 75, 856-868. 

GINIGE, T., BALL, F., THORNTON, A. & CAINE, C. 2012. Nuclear power: ecologically 

sustainable or energy hotpotato? A case study. International Journal of Liability and 

Scientific Enquiry, 5, 183-198. 



202 
 

GLOBAL CCS INSTITUTE. 2016. Large Scale CCS Projects [Online]. Available: 

https://www.globalccsinstitute.com/projects/large-scale-ccs-projects#map [Accessed 

28 June 2016]. 

GOATER, A. 2015. Energy Storage: PostNote. Houses of Parliament: Parliamentary Office 

of Science and Technology. 

GODSEN, E. 2014. Hinkley Point nuclear plant to cost £24.5bn: Britain's first new nuclear 

plant in a generation has been granted state aid approval The Telegraph, 8 October 

2014. 

GREEN-WILKES, A. 2014. UK Infrastructure: Policy Recommendations. Institution of Civil 

Engineers. 

GREENWOOD, M. F. D. 2008. Fish mortality by impingement on the cooling-water intake 

screens of Britain’s largest direct-cooled power station. Marine Pollution Bulletin, 56, 

723-739. 

GU, A., TENG, F. & WANG, Y. 2014. China energy-water nexus: Assessing the water-

saving synergy effects of energy-saving policies during the eleventh Five-year Plan. 

Energy Conversion and Management, 85, 630-637. 

HAEGEMAN, K., MARINELLI, E., SCAPOLO, F., RICCI, A. & SOKOLOV, A. 2013. 

Quantitative and qualitative approaches in Future-oriented Technology Analysis 

(FTA): From combination to integration? Technological Forecasting and Social 

Change, 80, 386-397. 

HALL, L., BUCKLEY, A. 2016. A review of energy systems models in the UK: Prevalent 

usage and categorisation, Applied Energy, 169, 607-628 

HALL, J., HENRIQUES, J., HICKFORD, A., NICHOLLS, R., BARUAH, P., BIRKIN, M., 

CHAUDRY, M., CURTIS, T., EYRE, N., JONES, C., KILSBY, C., LEATHARD, A., 



203 
 

LORENZ, A., MALLESON, N., MCLEOD, F., POWRIE, W., PRESTON, J., RAI, 

N., STREET, R., STRINGFELLOW, A., THOUNG, C., TYLER, P., VELYKIENE, 

R., WATSON, G. & WATSON, J. 2014. Assessing the Long-Term Performance of 

Cross-Sectoral Strategies for National Infrastructure. Journal of Infrastructure 

Systems, 20. 

HAMMOND, G. & O’GRADY, A. 2016. Indicative energy technology assessment of UK 

shale gas extraction. Applied Energy, In Press. 

HARAN, B. 2003. The farm furthest from the sea [Online]. British Broadcasting Corporation. 

Available: http://news.bbc.co.uk/1/hi/england/derbyshire/3090539.stm [Accessed 14 

January 2014]. 

HARDMAN, S., STEINBERGER-WILCKENS, R. & VAN DER HORST, D. 2013. 

Disruptive innovations: The case for hydrogen fuel cells and battery electric vehicles. 

International Journal of Hydrogen Energy, 38, 15438-15451. 

HASAN, S. & FOLIENTE, G. 2015. Modeling infrastructure system interdependencies and 

socioeconomic impacts of failure in extreme events: emerging R&D challenges. 

Natural Hazards, 78, 2143-2168. 

HEATON, C. 2014. Modelling Low-Carbon Energy Sytem Designs with the ETI ESME 

Model. Energy Technologies Institute. 

HELM, D. 2015. The Carbon Crunch: How We're Getting Climate Change Wrong - And How 

to Fix it, London and New York, Yale University Press. 

HERING, D., BORJA, A., CARSTENSEN, J., CARVALHO, L., ELLIOTT, M., FELD, C. 

K., HEISKANEN, A.-S., JOHNSON, R. K., MOE, J., PONT, D., SOLHEIM, A. L. & 

DE BUND, W. V. 2010. The European Water Framework Directive at the age of 10: 



204 
 

A critical review of the achievements with recommendations for the future. Science of 

The Total Environment, 408, 4007-4019. 

HIX, S., HAGEMANN, S. & FRANTESCU, D. 2016. Would Brexit matter? The UK’s 

voting record in the Council and the European Parliament. London School of 

Economics and Political Science: VoteWatch Europe. 

HM GOVERNMENT 1991. Water Resources Act. In: GOVERNMENT, H. (ed.) 1991 

Chapter 57. 

HM GOVERNMENT 2003. Water Act 2003. 2003 Chapter 37. 

HM GOVERNMENT 2010. 2050 Pathways Analysis. London: HM Government. 

HM GOVERNMENT 2011a. The Carbon Plan: Delivering our low carbon future. London: 

HM Government. 

HM GOVERNMENT 2011b. The Natural Choice: securing the value of nature. UK. 

HM GOVERNMENT 2013. Science and Technology Committee Written evidence submitted 

by Energy UK. In: COMMITTEE, S. A. T. C. S. (ed.). London. 

HM TREASURY 2011. National Infrastructure Plan 2011. 

HM TREASURY 2013. National Infrastructure Plan 2013. HM Treasury. 

HM TREASURY 2016. Budget 2016. London: HM Government. 

HORVATH, L., SOLYMOSI, N. & GAAL, M. 2009. USE OF THE SPATIAL ANALOGY TO 

UNDERSTAND THE EFFECTS OF CLIMATE CHANGE, Singapore, World 

Scientific Publ Co Pte Ltd. 

HOUSE OF COMMONS ENERGY AND CLIMATE CHANGE COMMITTEE 2016. Future 

of carbon capture and storage in the UK. In: COMMITTEE, H. O. C. E. A. C. C. (ed.). 

London: The Stationery Office. 



205 
 

HUANG, C.-N., LIOU, J. J. H. & CHUANG, Y.-C. 2014. A method for exploring the 

interdependencies and importance of critical infrastructures. Knowledge-Based 

Systems, 55, 66-74. 

HUNKER, J. 2002. Policy challenges in building dependability in global infrastructures. 

Computers & Security, 21, 705-711. 

IMF 2016. World Economic Outlook: Too Slow for Too Long. Washington DC: International 

Monetary Fund. 

INFRASTRUCTURE AND PROJECTS AUTHORITY 2016. National Infrastructure 

Delivery Plan 2016-2021. London. 

INTERNATIONAL ENERGY AGENCY 2012. Water for Energy: Is energy becoming a 

thirstier resource? Paris, France. 

IPCC 2014. CLIMATE CHANGE 2014 Synthesis Report: Summary for Policymakers. 

Intergovernmental Panel on Climate Change. 

JACKSON, R., VENGOSH, A., CAREY, J., DAVIES, R., DARRAH, T., O'SULLIVAN, F. 

& PÉTRON, G. 2014. The Environmental Costs and Benefits of Fracking. Annual 

Review of Environment and Resources, 39, 327-362. 

JACKSON, R., VENGOSH, A., DARRAH, T., WARNER, N., DOWN, A., POREDA, R., 

OSBORN, S., ZHAO, K. & KARR, J. 2013. Increased stray gas abundance in a subset 

of drinking water wells near Marcellus shale gas extraction. Proceedings of the 

National Academy of Sciences, 110, 11250-11255. 

JENKNS, J. 2013. Energy Facts: How Much Water Does Fracking for Shale Gas Consume? 

[Online]. The Energy Collective. Available: 

http://www.theenergycollective.com/jessejenkins/205481/friday-energy-facts-how-

much-water-does-fracking-shale-gas-consume [Accessed 24 June 2016]. 



206 
 

JOINT NATURE CONSERVATION COMMITTEE. 2016. UK Protected Sites [Online]. 

Peterborough. Available: http://jncc.defra.gov.uk/page-4 [Accessed 20 June 2016]. 

JOSKOW, P. L. & PARSONS, J. E. 2012. The Future of Nuclear Power After Fukushima. 

MIT Center for Energy and Environmental Policy Research. 

KALDELLIS, J. K. & KAPSALI, M. 2013. Shifting towards offshore wind energy—Recent 

activity and future development. Energy Policy, 53, 136-148. 

KANDPAL, T. & BROMAN, L. 2014. Renewable energy education: A global status review. 

Renewable and Sustainable Energy Reviews, 34, 300-324. 

KELLY, M. 2014. Simplicity is the ultimate sophistication: Building capacity to meet the 

challenges of the Water Framework Directive. Ecological Indicators, 36, 519-523. 

KELLY, S., TYLER, P. & CRAWFORD-BROWN, D. 2015. Exploring Vulnerability and 

Interdependency of UK Infrastructure Using Key-Linkages Analysis. Networks and 

Spatial Economics, 1-28. 

KERN, F., GAEDE, J., MEADOWCROFT, J. & WATSON, J. 2016. The political economy 

of carbon capture and storage: An analysis of two demonstration projects. 

Technological Forecasting and Social Change, 102, 250-260. 

KOCH, H. & VÖGELE, S. 2009. Dynamic modelling of water demand, water availability and 

adaptation strategies for power plants to global change. Ecological Economics, 68, 

2031-2039. 

KOCH, H., VÖGELE, S., KALTOFEN, M., GROSSMANN, M. & GRÜNEWALD, U. 2014. 

Security of Water Supply and Electricity Production: Aspects of Integrated 

Management. Water Resources Management, 28, 1767-1780. 

KOORNNEEF, J., RAMÍREZ, A., TURKENBURG, W. & FAAIJ, A. 2012. The 

environmental impact and risk assessment of CO2 capture, transport and storage – An 



207 
 

evaluation of the knowledge base. Progress in Energy and Combustion Science, 38, 

62-86. 

KOPYTKO, N. & PERKINS, J. 2011. Climate change, nuclear power, and the adaptation–

mitigation dilemma. Energy Policy, 39, 318-333. 

LAL, R. 2015. World Water Resources and Achieving Water Security. Agronomy Journal, 

107, 1526-1532. 

LEWIS, K. 2015. The framework for environmental regulation in Wales: Natural Resources 

Wales speaks with ‘One Voice’ – Has the statutory voice for nature been silenced? 

Environmental Law Review, 17, 189-206. 

LI, H., CHIEN, S., HSIEH, M., DZOMBAK, D. & VIDIC, R. 2011. Escalating Water 

Demand for Energy Production and the Potential for Use of Treated Municipal 

Wastewater. Environmental Science & Technology, 45, 4195-4200. 

LIENERT, M. & LOCHNER, S. 2012. The importance of market interdependencies in 

modeling energy systems – The case of the European electricity generation market. 

International Journal of Electrical Power & Energy Systems, 34, 99-113. 

LIGHTOWLERS, P. 2012. Will gasification finally take off? [Online]. Environmental Data 

Services. Available: http://www.mineralandwasteplanning.co.uk/news/1163564/will-

gasification-finally-off [Accessed 2 March 2015]. 

LINNERUD, K., MIDEKSA, T., K. & ESKELAND, G., S. 2011. The Impact of Climate 

Change on Nuclear Power Supply. The Energy Journal, 32. 

LIU, Z. & FAN, J. 2014. Technology readiness assessment of Small Modular Reactor (SMR) 

designs. Progress in Nuclear Energy, 70, 20-28. 



208 
 

LOCATELLI, G., BINGHAM, C. & MANCINI, M. 2014. Small modular reactors: A 

comprehensive overview of their economics and strategic aspects. Progress in Nuclear 

Energy, 73, 75-85. 

LOFTUS, A. & MARCH, H. 2016. Financializing Desalination: Rethinking the Returns of 

Big Infrastructure. International Journal of Urban and Regional Research, 40, 46-61. 

LOH, L., BANDARA, G., WEBER, G. & REMCHO, V. 2015. Detection of water 

contamination from hydraulic fracturing wastewater: a [small mu ]PAD for bromide 

analysis in natural waters. Analyst, 140, 5501-5507. 

LOVETT, A., SÜNNENBERG, G., RICHTER, G., DAILEY, G., RICHE, A. & KARP, A. 

2009. Land Use Implications of Increased Biomass Production Identified by GIS-

Based Suitability and Yield Mapping for Miscanthus in England. BioEnergy Research, 

2, 17-28. 

MACKNICK, J., NEWMARK, R., HEATH, G. & HALLETT, K. C. 2011. A Review of 

Operational Water Consumption and Withdrawal Factors for Electricity Generating 

Technologies. Colorado, USA: National Renewable Energy Laboratory. 

MACKNICK, J., SATTLER, S., AVERYT, K., CLEMMER, S. & ROGERS, J. 2012. The 

water implications of generating electricity: water use across the United States based 

on different electricity pathways through 2050. Environmental Research Letters, 7. 

MACLEAY, I., HARRIS, K. & ANNUT, A. 2011. Digest of United Kingdom Energy 

Statistics 2011. London: Department of Energy and Climate Change. 

MACLEAY, I., HARRIS, K. & ANNUT, A. 2013. Digest of United Kingdom Energy 

Statistics 2013. Department of Energy and Climate Change. 

MACLEAY, I., HARRIS, K. & ANNUT, A. 2014. Digest of United Kingdom Energy 

Statistics 2014. Department of Energy and Climate Change. 



209 
 

MACLEAY, I., HARRIS, K. & ANNUT, A. 2015. Digest of United Kingdom Energy 

Statistics 2015. Department for Energy and Climate Change. 

MACLEAY, I., HARRIS, K. & ANNUT, A. 2016. Digest of United Kingdom Energy 

Statistics 2016 Department for Business, Energy & Industrial Strategy. 

MAGAGNA, D. & UIHLEIN, A. 2015. Ocean energy development in Europe: Current status 

and future perspectives. International Journal of Marine Energy, 11, 84-104. 

MAHGOUB, S. 2013. Enhancing sediment distribution at the vicinity of power plant intakes 

using double rows of vanes and groins (Case study: New tebbin power plant). 

Alexandria Engineering Journal, 52, 769-778. 

MARTIN-UTRILLAS, M., JUAN-GARCIA, F., CANTO-PERELLO, J. & CURIEL-

ESPARZA, J. 2015. Optimal infrastructure selection to boost regional sustainable 

economy. International Journal of Sustainable Development & World Ecology, 22, 

30-38. 

MASLIN, M. & AUSTIN, P. 2012. Uncertainty: Climate models at their limit? Nature, 486, 

183-184. 

MAULBETSCH, J. & STALLINGS, J. 2012. Economic Evaluation of Alternative Cooling 

Technologies. Palo Alto, California: Electric Power Research Institute. 

MAULBETSCH, J. S. & DIFILIPPO, M. N. 2008. Performance, Cost, and Environmental 

Effects of Saltwater Cooling Towers. California, USA: California Energy 

Commission. 

MCALINDEN, B. 2014. Coal and future energy production [Online]. Institute of Civil 

Engineers. Available: https://www.ice.org.uk/disciplines-and-resources/briefing-

sheet/coal-and-future-energy-production [Accessed 24 June 2016]. 



210 
 

METZ, A., DARCH, G. & WORKMAN, M. 2016. Realising a climate-resilient UK 

electricity and gas system. Proceedings of the Institution of Civil Engineers - Energy, 

169, 30-43. 

MIDDLETON, M. 2015. Nuclear: The role for nuclear within a low carbon energy system. 

Loughborough, UK: Energy Technologies Institute  

MILES, S. 2015. Foundations of community disaster resilience: well-being, identity, services, 

and capitals. Environmental Hazards, 14, 103-121. 

MILETTO, M. 2015. Water and Energy nexus: findings of the World Water Development 

Report 2014. Proceedings of the International Association of Hydrological Sciences, 

366, 93-99. 

MILLS, W., GABRIEL, A. & GABRIEL, D. 2012. Viability and Impacts of Implementing 

Various Power Plant Cooling Technologies in Texas. Texas, USA: Electric Power 

Research Institute. 

MILNE, S. & HEATON, C. 2015. Options, Choices, Actions; UK scenarios for a low carbon 

energy system transition. Energy Technologiew Institute. 

MIN, H.-S. J., BEYELER, W., BROWN, T., SON, Y. J. & JONES, A. T. 2007. Toward 

modeling and simulation of critical national infrastructure interdependencies. IIE 

Transactions, 39, 57-71. 

MITCHELL, G. & MCDONALD, A. 2015. Developing resilience to England's future 

droughts: Time for cap and trade? Journal of Environmental Management, 149, 97-

107. 

MITCHELL, S. B. & UNCLES, R. J. 2013. Estuarine sediments in macrotidal estuaries: 

Future research requirements and management challenges. Ocean & Coastal 

Management, 79, 97-100. 



211 
 

MORRIS, R. K. A., BENNETT, T., BLYTH-SKYRME, R., BARHAM, P. J. & BALL, A. 

2014. Managing Natura 2000 in the marine environment – An evaluation of the 

effectiveness of ‘management schemes’ in England. Ocean & Coastal Management, 

87, 40-51. 

MOTEFF, J. & PARFOMAK, P. 2004. Critical Infrastructure and Key Assets:Definition and 

Identification. Washington: Congressional Research Service, The Library of Congress. 

MUERTH, M. J., GAUVIN ST-DENIS, B., RICARD, S., VELÁZQUEZ, J. A., SCHMID, J., 

MINVILLE, M., CAYA, D., CHAUMONT, D., LUDWIG, R. & TURCOTTE, R. 

2013. On the need for bias correction in regional climate scenarios to assess climate 

change impacts on river runoff. Hydrol. Earth Syst. Sci., 17, 1189-1204. 

MURPHY, J., SEXTON, D., JENKINS, G., BOORMAN, P., BOOTH, B., BROWN, K., 

CLARK, R., COLLINS, M., HARRIS, G. & KENDON, L. 2010. UK Climate 

Projections science report: Climate change projections. Exeter, UK: UK Climate 

Projections. 

NATURAL ENGLAND. 2016. GIS Digital Boundary Datasets [Online]. Available: 

http://www.gis.naturalengland.org.uk/pubs/gis/GIS_register.asp [Accessed 12 April 

2016]. 

NELSON, J. A. 1986. Cooling Towers & Salt Water. 

NEWBERY, D. 2016. Missing money and missing markets: Reliability, capacity auctions and 

interconnectors. Energy Policy, 94, 401-410. 

NGAR-YIN MAH, D. & HILLS, P. 2014. Participatory governance for energy policy-

making: A case study of the UK nuclear consultation in 2007. Energy Policy, 74, 340-

351. 



212 
 

NREL. 2015. Energy Analysis [Online]. National Renewable Energy Laboratory. Available: 

http://www.nrel.gov/analysis/key_activities_energy-water.html [Accessed 9 August 

2016]. 

O'ROURKE, T. 2007. Critical infrastructure, interdependencies, and resilience. BRIDGE-

WASHINGTON-NATIONAL ACADEMY OF ENGINEERING-, 37, 22. 

OCHIENG, E., PRICE, A., EGBU, C., RUAN, X. & ZUOFA, T. 2015. Fresh driver for 

economic growth: Fracking the UK nation. International Journal of Energy Sector 

Management, 9, 412-431. 

OFFICE FOR NATIONAL STATISTICS. 2013. Selecting discount rates for natural capital 

accounting. [Online]. Available: 

http://webcache.googleusercontent.com/search?q=cache:WAYGaU4HcUMJ:www.on

s.gov.uk/ons/about-ons/get-involved/events/events/valuation-for-natural-capital-

accounting-seminar/issue-paper-2-4.pdf+&cd=4&hl=en&ct=clnk&gl=uk  [Accessed 

12 December 2016] 

OFFICE FOR NATIONAL STATISTICS. 2015. Regions (Former GORs) [Online]. 

Available: http://www.ons.gov.uk/ons/guide-method/geography/beginner-s-

guide/administrative/england/government-office-regions/index.html [Accessed 2 March 

2015]. 

OFGEM 2015. Electricity security of supply: A commentary on National Grid’s Future 

Energy Scenarios for the next three winters. London: OFGEM. 

OFWAT & ENVIRONMENT AGENCY 2011. The case for change – reforming water 

abstraction management in England. 

OLSSON, G. 2013. Water, energy and food interactions—Challenges and opportunities. 

Frontiers of Environmental Science & Engineering, 7, 787-793. 



213 
 

OUYANG, M. & WANG, Z. 2015. Resilience assessment of interdependent infrastructure 

systems: With a focus on joint restoration modeling and analysis. Reliability 

Engineering & System Safety, 141, 74-82. 

PANT, R. & HALL, J. 2012. ITRC WS2: A Method Statement for Infrastructure Network 

Risk Analysis. UK Infrastructure Transitions Research Consortium. 

PANTELI, M. & MANCARELLA, P. 2015. The Grid: Stronger, Bigger, Smarter?: Presenting 

a Conceptual Framework of Power System Resilience. IEEE Power and Energy 

Magazine, 13, 58-66. 

PARSONS BRINCKERHOFF 2012. Parsons Brinckerhoff 2012 Water Demand for Carbon 

Capture and Storage (CCS). Bristol. 

PASKAL, C. 2010. The vulnerability of energy infrastructure to environmental change. THE 

CHINA AND EURASIA FORUM QUARTERLY, 8, 149-163. 

PERSSON, U. & MÜNSTER, M. 2016. Current and future prospects for heat recovery from 

waste in European district heating systems: A literature and data review. Energy, In 

Press. 

PERVEEN, R., KISHOR, N. & MOHANTY, S. 2014. Off-shore wind farm development: 

Present status and challenges. Renewable and Sustainable Energy Reviews, 29, 780-

792. 

PESCAROLI, G. & ALEXANDER, D. 2016. Critical infrastructure, panarchies and the 

vulnerability paths of cascading disasters. Natural Hazards, 82, 175-192. 

POORTINGA, W., PIDGEON, N., CAPSTICK, S. & AOYAGI, M. 2014. Public Attitudes to 

Nuclear Power and Climate Change in Britain Two Years after the Fukushima 

Accident - Synthesis Report. Uk Energy Research Centre. 



214 
 

RENNER, M. 2014. Carbon prices and CCS investment: A comparative study between the 

European Union and China. Energy Policy, 75, 327-340. 

RHODES, C. 2016. Infrastructure Policy Briefing Paper. In: SERVICE, T. H. O. C. L. R. 

(ed.). London. 

RICHTER, M. 2013. Business model innovation for sustainable energy: German utilities and 

renewable energy. Energy Policy, 62, 1226-1237. 

RINALDI, S. M., PEERENBOOM, J. P. & KELLY, T. K. 2001. Identifying, understanding, 

and analyzing critical infrastructure interdependencies. Control Systems, IEEE, 21, 11-

25. 

RÖDER, M., WHITTAKER, C. & THORNLEY, P. 2015. How certain are greenhouse gas 

reductions from bioenergy? Life cycle assessment and uncertainty analysis of wood 

pellet-to-electricity supply chains from forest residues. Biomass and Bioenergy, 79, 

50-63. 

ROHDE, R., MULLER, R., JACOBSEN, R., PERLMUTTER, S., ROSENFIELD, A., 

WURTELE, J., CURRY, J., WICKHAM, C. & MOSHER, S. 2013. Berkeley Earth 

Temperature Averaging Process. Geoinformatics & Geostatistics: An Overview, 1, 

10.4172/gigs.1000103. 

ROSENBERG, G. & CARHART, N. A Systems-based Approach to Creating Value from 

Infrastructure Interdependencies. In: CAMPBELL, P. & PEREZ, P., eds. International 

Symposium of Next Generation Infrastructure, 2013 Wollongong, Australia. 

ROYAL ACADEMY OF ENGINEERING 2013. GB electricity capacity margin. London: 

Royal Academy of Engineering. 

RSSB 2016. Tomorrow's Railway and Climate Change Adaptation: Final Report, Task 4 

Appendix: Immingham/Drax Case Study. London: Rail Safety and Standards Board. 



215 
 

RUDDICK, G. & GRIERSON, J. 2016. Hinkley Point C in doubt after British government 

delays approval [Online]. The Guardian. Available: 

https://www.theguardian.com/business/2016/jul/28/hinkley-point-c-to-go-ahead-after-

edf-board-approves-project [Accessed 24 August 2016]. 

RWE NPOWER 2005. Design, Operational and Environmental Issues related to the Use of 

Direct Cooling at the Proposed Pembroke Power Station. Swindon, UK: RWE 

Npower. 

SAFARI, I., WALKER, M. E., HSIEH, M.-K., DZOMBAK, D. A., LIU, W., VIDIC, R. D., 

MILLER, D. C. & ABBASIAN, J. 2013. Utilization of municipal wastewater for 

cooling in thermoelectric power plants. Fuel, 111, 103-113. 

SAINI, A. 2015. Norway faces windy road to offshore wind. MRS Bulletin, 40, 914-915. 

SARA, J., STIKKELMAN, R. & HERDER, P. 2015. Assessing relative importance and 

mutual influence of barriers for CCS deployment of the ROAD project using AHP and 

DEMATEL methods. International Journal of Greenhouse Gas Control, 41, 336-357. 

SCHAEFER, H., FLETCHER, S., VEIDT, C., LASSEY, K., BRAILSFORD, G., 

BROMLEY, T., DLUGOKENCKY, E., MICHEL, S., MILLER, J., LEVIN, I., 

LOWE, D., MARTIN, R., VAUGHN, B. & WHITE, J. 2016. A 21st-century shift 

from fossil-fuel to biogenic methane emissions indicated by 13CH4. Science, 352, 80-

84. 

SCHAEFFER, E., PELTON, T. & BERNHARDT, C. 2016. Greenhouse Gases from a 

Growing Petrochemical Industry: Fracking and Low Gas Prices Spark Projects in 

2015 with Emissions Equivalent to 19 Coal Power Plants. Washington DC: The 

Environmental Integrity Project  



216 
 

SCHOONBAERT, B. 2012. The water-energy nexus in the UK: Assessing the impact of UK 

energy policy on future water use in thermoelectric power generation. Water: Science 

and Governance, Kings College, University of London. 

SCOTTISH NATURAL HERITAGE. 2014. Scottish Natural Heritage - GIS download 

service [Online]. Available: https://data.gov.uk/dataset/scottish-natural-heritage-gis-

download-service [Accessed 12 April 2016]. 

SEARLE, S., Y. & MALINS, C., J. 2014. Will energy crop yields meet expectations? 

Biomass and Bioenergy, 65, 3-12. 

SHARMINA, M., HOOLOHAN, C., BOWS-LARKIN, A., BURGESS, P. J., COLWILL, J., 

GILBERT, P., HOWARD, D., KNOX, J. & ANDERSON, K. 2016. A nexus 

perspective on competing land demands: Wider lessons from a UK policy case study. 

Environmental Science & Policy, 59, 74-84. 

SHEPHERD, M., LABAY, A., SHEA, P., RAUTIAINEN, R. & ACHUTAN, C. 2016. 

Operational, water quality and temporal factors affecting impingement of fish and 

shellfish at a Texas coastal power plant. Global Ecology and Conservation, 5, 48-57. 

SHORTALL, O. K. 2013. “Marginal land” for energy crops: Exploring definitions and 

embedded assumptions. Energy Policy, 62, 19-27. 

SIDDIQI, A., KAJENTHIRA, A. & ANADÓN, L. D. 2013. Bridging decision networks for 

integrated water and energy planning. Energy Strategy Reviews, 2, 46-58. 

SINCLAIR, P., COHEN, B., HANSEN, Y., BASSON, L. & CLIFT, R. 2015. Stakeholder 

engagement within the sustainability assessment of bioenergy: Case studies in heat, 

power and perennial and annual crops from the UK. Biomass and Bioenergy, 73, 11-

22. 



217 
 

SIRCAR, I., SAGE, D., GOODIER, C., FUSSEY, P. & DAINTY, A. 2013. Constructing 

Resilient Futures: Integrating UK multi-stakeholder transport and energy resilience for 

2050. Futures, 49, 49-63. 

SMAJGL, A., WARD, J. & PLUSCHKE, L. 2016. The water–food–energy Nexus – Realising 

a new paradigm. Journal of Hydrology, 533, 533-540. 

SNIESKA, V. & SIMKUNAITE, I. 2015. Socio-economic impact of infrastructure 

investments. Engineering Economics, 63. 

SOOJUNG‐KIM PANG, A. 2010. Futures 2.0: rethinking the discipline. Foresight, 12, 5-20. 

SOVACOOL, B. 2015. Fuel poverty, affordability, and energy justice in England: Policy 

insights from the Warm Front Program. Energy, 93, Part 1, 361-371. 

STAMFORD, L. & AZAPAGIC, A. 2014. Life cycle environmental impacts of UK shale gas. 

Applied Energy, 134, 506-518. 

STANDISH, D. 2012. Italy: Renewables Policy as a Barrier to Energy Innovation. Energy & 

Environment, 23, 1005-1025. 

STATOIL. 2014. Hywind Scotland Pilot park [Online]. Available: 

http://www.statoil.com/en/TechnologyInnovation/NewEnergy/RenewablePowerProdu

ction/Offshore/HywindScotland/Pages/default.aspx?redirectShortUrl=http%3a%2f%2

fwww.statoil.com%2fHywindScotland [Accessed 28 June 2016]. 

STILLWELL, A., KING, C., WEBBER, M., DUNCAN, I. & HARDBERGER, A. 2010. The 

Energy-Water Nexus in Texas. Ecology and Society, 16. 

STILLWELL, A. S., KING, C. W., WEBBER, M. E., DUNCAN, I. J. & HARDBERGER, A. 

2011. The Energy-Water Nexus in Texas. Ecology and Society, 16. 

STREET, R. B., STEYNOR, A., BOWYER, P. & HUMPHREY, K. 2009. Delivering and 

using the UK climate projections 2009. Weather, 64, 227-231. 



218 
 

TAAMALLAH, S., VOGIATZAKI, K., ALZAHRANI, F. M., MOKHEIMER, E. M. A., 

HABIB, M. A. & GHONIEM, A. F. 2015. Fuel flexibility, stability and emissions in 

premixed hydrogen-rich gas turbine combustion: Technology, fundamentals, and 

numerical simulations. Applied Energy, 154, 1020-1047. 

TABORS, R., HE, H. & BIRK, M. The Impact of Distributed Energy Resources on 

Incumbent Utilities: A Case Study of Long Island, New York.  2016 49th Hawaii 

International Conference on System Sciences (HICSS), 5-8 Jan. 2016 2016. 2576-

2583. 

TAFT, J. & BECKER-DIPPMANN, A. 2015. The Emerging Interdependence of the Electric 

Power Grid & Information and Communication Technology. US Department of 

Energy. 

THE ROYAL ACADEMY OF ENGINEERING, INSTITUTION OF CIVIL ENGINEERS, 

INSTITUTION OF CHEMICAL ENGINEERS, THE INSTITUTION OF 

ENGINEERING AND TECHNOLOGY & INSTITUTION OF MECHANICAL 

ENGINEERS 2011. Infrastructure, Engineering and Climate Change Adaptation – 

ensuring services in an uncertain future. 

TRAN, M., HALL, J., HICKFORD, A., NICHOLLS, R., ALDERSON, D., BARR, S., 

BARUAH, P., BEAVAN, R., BIRKIN, M., BLAINEY, S., BYERS, E., CHAUDRY, 

M., CURTIS, T., EBRAHIMY, R., EYRE, N., HITEVA, R., JENKINS, N., JONES, 

C., KILSBY, C., LEATHARD, A., MANNING, L., OTTO, A., OUGHTON, E., 

POWRIE, W., PRESTON, J., QADRDAN, M., THOUNG, C., TYLER, P., 

WATSON, J., WATSON, G. & ZUO, C. 2014. National infrastructure assessment: 

Analysis of options for infrastructure provision in Great Britain. UK Infrastructure 

Transitions Research Consortium. 



219 
 

TRAVERS, T. 2016. Implications of a Brexit for UK national governance and local 

government: report of the hearing held on 13th April, 2016. The London School of 

Economics and Political Science. 

TRC ENVIRONMENTAL CORPORATION 2009. Cooling Tower Impact Analysis for the 

Entergy Indian Point Energy Center. New Jersey, USA. 

TURNPENNY, A. W. H., COUGHLAN, J., CREWS, P., BAMBER, R. N. & ROWLES, P. 

2010. Cooling Water Options for the New Generation of Nuclear Power Stations in 

the UK Bristol, UK. 

TWEED, K. 2013. Collision Between Water and Energy Is Underway, and Worsening 

[Online]. Available: http://spectrum.ieee.org/energywise/energy/fossil-fuels/collision-

between-water-and-energy-is-underway-and-worsening [Accessed 13 January 2014 

2014]. 

UCL. 2014. ESME [Online]. University College London. Available: 

http://www.ucl.ac.uk/energy-models/models/esme [Accessed 12 August 2016]. 

UIHLEIN, A. & MAGAGNA, D. 2016. Wave and tidal current energy – A review of the 

current state of research beyond technology. Renewable and Sustainable Energy 

Reviews, 58, 1070-1081. 

UK CLIMATE PROJECTIONS. 2014. Maps and Key Findings [Online]. Available: 

http://ukclimateprojections.metoffice.gov.uk/21708 [Accessed 10 March 2015]. 

UKERC. 2011. UKERC Energy Research Landscape: Energy Systems Modelling [Online]. 

Available from http://ukerc.rl.ac.uk/Landscapes/Modelling.pdf [Accessed 14 

December 2016] 

UN WWAP 2015. Water for a Sustainable World. Paris: United Nations World Water 

Assessment Programme. 



220 
 

UNESCO 2014. The United Nations World Water Development Report 2014: Water and 

Energy. Paris. 

UNITED NATIONS 2012. Report of the United Nations Conference on Sustainable 

Development. New York. 

URS 2010. Adapting Energy, Transport and Water Infrastructure to the Long-term Impacts of 

Climate Change. URS Corporation. 

UTNE, I. B., HOKSTAD, P. & VATN, J. 2011. A method for risk modeling of 

interdependencies in critical infrastructures. Reliability Engineering & System Safety, 

96, 671-678. 

VAN DEN BERG, C. & DANILENKO, A. 2011. The IBNET Water and Sanitation 

Performance Blue Book: The International Benchmarking Network for Water and 

Sanitation Utilities Databook. Washington DC: The World Bank. 

VARGA, L. & HARRIS, J. Adaptation and Resilience of Interdependent Infrastructure 

Systems: a Complex Systems Perspective. In: DOLAN, T. & COLLINS, B., eds. 

International Symposium for Next Generation Infrastructure Conference Proceedings, 

2014 Vienna, Austria. 

VENKATESH, G., CHAN, A. & BRATTEBØ, H. 2014. Understanding the water-energy-

carbon nexus in urban water utilities: Comparison of four city case studies and the 

relevant influencing factors. Energy, 75, 153-166. 

VIDIC, R., DZOMBAK, D., HSIEH, M., LI, H., CHIEN, S., FENG, Y., CHOWDHURY, I. 

& MONNELL, J. 2009. Reuse of treated internal or external wastewaters in the 

cooling systems of coal-based thermoelectric power plants. Department of Energy, 

Grant DEFC26-06NT42722. Pittsburgh, PA: National Energy Technology 

Laboratory. 



221 
 

VILANOVA, M. & BALESTIERI, J. 2015. Exploring the water-energy nexus in Brazil: The 

electricity use for water supply. Energy, 85, 415-432. 

WADE, S., RANCE, J. & REYNARD, N. 2013. The UK Climate Change Risk Assessment 

2012: Assessing the Impacts on Water Resources to Inform Policy Makers. Water 

Resources Management, 27, 1085-1109. 

WANG, H. & HORTON, R. 2015. Tackling climate change: the greatest opportunity for 

global health. The Lancet, 386, 1798-1799. 

WARBURTON, D. 2009. Evaluation of BERR’s engagement of the public and other 

interested parties in the future of civil nuclear power in the UK. Department for 

Energy and Climate Change. 

WATTS, G., BATTARBEE, R., BLOOMFIELD, J., CROSSMAN, J., DACCACHE, A., 

DURANCE, I., ELLIOTT, A., GARNER, G., HANNAFORD, J., HANNAH, D., 

HESS, T., JACKSON, C., KAY, A., KERNAN, M., KNOX, J., MACKAY, J., 

MONTEITH, D., ORMEROD, S., RANCE, J., STUART, M., WADE, A., WADE, S., 

WEATHERHEAD, K., WHITEHEAD, P. & WILBY, R. 2015. Climate change and 

water in the UK – past changes and future prospects. Progress in Physical Geography, 

39, 6-28. 

WFD UK TAG 2008. UK Environmental Standards and Conditions: (Phase 2). Bristol, UK: 

UK Technical Advisory Group on the Water Framework Directive. 

WHITE, E., FELL, M. & SMITH, L. 2016. Shale Gas and Fracking: Briefing Paper. In: 

LIBRARY, H. O. C. (ed.). London. 

WHITE, I. & HOWE, J. 2003. POLICY AND PRACTICE: Planning and the European union 

water framework directive. Journal of Environmental Planning and Management, 46, 

621-631. 



222 
 

WICKS, M. 2009. Energy Security: A national challenge in a changing world. 

WILBANKS, T. & FERNANDEZ, S. 2014. Climate Change and Infrastructure, Urban 

Systems, and Vulnerabilities: Technical Report for the US Department of Energy in 

Support of the National Climate Assessment, Island Press. 

WILBANKS, T., FERNANDEZ, S. & ALLEN, M. 2015. Extreme Weather Events and 

Interconnected Infrastructures: Toward More Comprehensive Climate Change 

Planning. Environment: Science and Policy for Sustainable Development, 57, 4-15. 

WILLIAMS, E. & DOYLE, R. 2016. Rural Poverty in Wales: Existing Research and 

Evidence Gaps. Public Policy Institute for Wales. 

WILSON, G., A. & DYKE, S., L. 2016. Pre- and post-installation community perceptions of 

wind farm projects: the case of Roskrow Barton (Cornwall, UK). Land Use Policy, 52, 

287-296. 

WONG, K. V. & JOHNSTON, J. 2014. Cooling Systems for Power Plants in an Energy-

Water Nexus Era. Journal of Energy Resources Technology-Transactions of the Asme, 

136, 6. 

WORLD BANK GROUP 2016. Global Economic Prospects: Divergences and Risks. 

Washington DC. 

WORLD NUCLEAR ASSOCIATION. 2013. Cooling power plants [Online]. Available: 

http://www.world-nuclear.org/info/Current-and-Future-Generation/Cooling-Power-

Plants/ [Accessed 10th December 2013 2013]. 

WORLD NUCLEAR ASSOCIATION. 2016. Nuclear Power in the United Kingdom 

[Online]. Available: http://www.world-nuclear.org/information-library/country-

profiles/countries-t-z/united-kingdom.aspx [Accessed 11 August 2016]. 



223 

WRIGHT, G. 2016. Regulating wave and tidal energy: An industry perspective on the 

Scottish marine governance framework. Marine Policy, 65, 115-126. 

YAN, J., SHAMIM, T., CHOU, S. K., LI, H., HAMMOND, G. P., O’GRADY, Á. & 

PACKHAM, D. E. 2015. Clean, Efficient and Affordable Energy for a Sustainable 

Future: The 7th International Conference on Applied Energy (ICAE2015)Energy 

Technology Assessment of Shale Gas ‘Fracking’ – A UK Perspective. Energy 

Procedia, 75, 2764-2771. 

YAQOOT, M., DIWAN, P. & KANDPAL, T. 2016. Review of barriers to the dissemination 

of decentralized renewable energy systems. Renewable and Sustainable Energy 

Reviews, 58, 477-490. 

ZHAI, H. & RUBIN, E. 2011. Carbon capture effects on water use at pulverized coal power 

plants. Energy Procedia, 4, 2238-2244. 



224 

Appendix A: Published Papers 

Appendix A1 

[The full-text of this article is removed from the online version of the 
thesis due to copyright restraint. The article can be found on the journal: 
Murrant, D., Quinn, A. and Chapman, L. (2015), The water-energy nexus: 
future water resource availability and its implications on UK thermal 
power generation. Water and Environment Journal, 29: 307–319. DOI: 
https://doi.org/10.1111/wej.12126 ]



237 
 

Appendix A2 

Water Use of the UK Thermal Electricity Generation Fleet by 2050: Part 1 

Identifying the Problem 

Daniel Murrant, School of Civil Engineering, University of Birmingham, Birmingham, West 

Midlands, UK, B15 2TT,  (Corresponding Author) 

Andrew Quinn, School of Civil Engineering, University of Birmingham, Birmingham, West Midlands, 

UK, B15 2TT 

Lee Chapman, School of Geography, Earth and Environmental Sciences, University of Birmingham, 

Birmingham, West Midlands, UK, B15 2TT 

Chris Heaton, Energy Technologies Institute, Loughborough, East Midlands, UK, LE11 3UZ 

 

Abstract:  The combined effects of increasing water and energy demand due to a growing population 

and climate change pose a growing threat to many national infrastructure strategies. Within the UK 

there is concern that a future lack of available water will compromise the UK’s current energy policy 

to meet an increasing demand for a secure and affordable supply of electricity by more thermal 

generation. This paper investigates this by modelling the water demand of the UK’s thermal electricity 

generation in 2030 and 2050, relative to 2010, for the strategically important Carbon Plan, and the 

Energy Technologies Institutes’ ESME generation pathways. Unlike previous studies this paper has 

obtained water abstraction and consumption figures specific to UK power stations. 

Whilst the water demand of thermal electrcity generation was found to be heavily pathway dependent 

the direction of travel to 2050 is that a much greater availbility of cooling water will be required.  This 

paper suggests that if increasingly stringent environmental regulations restrict coastal generation then 

any scarcity of freshwater would limit inland thermal generation to using the less water intensive, 

more costly, greater CO2 emitting, cooling methods.  The logical  consequence of this will 

increasingly be a decrease in the UK’s commercial global competitiveness.   
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Appendix A3  

Water Use of the UK Thermal Electricity Generation Fleet by 2050: Part 2 

Quantifying the Problem 

Daniel Murrant, School of Civil Engineering, University of Birmingham, Birmingham, West 

Midlands, UK, B15 2TT, (Corresponding Author) 

Andrew Quinn, School of Civil Engineering, University of Birmingham, Birmingham, West Midlands, 

UK, B15 2TT 

Lee Chapman, School of Geography, Earth and Environmental Sciences, University of Birmingham, 

Birmingham, West Midlands, UK, B15 2TT 

Chris Heaton, Energy Technologies Institute, Loughborough, East Midlands, UK, LE11 3UZ 

 

Abstract: Affordable energy is the driver of global wealth and therefore of the world population’s 

economic wellbeing.  The increasing demand for energy is expected to predominantly be met from a 

global expansion of water intensive thermal electricity generation.  Most countries will in future have 

less freshwater available when inevitability the cost of thermal generation depends on water 

availability.  A country’s future energy costs will directly affect its future global competiveness.  

Many studies have identified that the solution to the UK’s future energy policy mismatch between 

thermal generation and freshwater availability is to make greater use of its seawater resource.  The fact 

the UK with a long learning curve of successful coastal generation is not progressing coastal 

generation more enthusiastically raises fundamental policy questions. This paper considers the issues 

involved. A methodology was developed to assess how the UK’s electricity generation portfolio will 

change in terms of the technologies adopted, and their cost, as access to seawater is varied under Q70 

and Q95 freshwater conditions. It was found the emphasis UK energy policy gives to the competing 

poles of low cost electricity generation and environmental protection will have significant impacts on 

the cost and make-up of the UK’s future electricity generation portfolio. 

Key Words: Water-energy Nexus; UK Energy Policy; Water Resource Management; Water 

Abstraction Reform; Climate Change; Power Station Cooling. 
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Appendix B: UK Thermal Power Stations 2010 

Station Name 
Capacity 

(MW) 
Type 

Cooling 

Source 
Cooling Type Location 

Aberthaw B 1586 Coal SW Once-through Wales 

Aberthaw GT 51 GT/OCGT AC Air cooled Wales 

Baglan Bay 510 CCGT TW Evaporative Wales 

Ballylumford B 540 GT/OCGT AC Air cooled Northern Ireland 

Ballylumford B 

OCGT 
116 GT/OCGT AC Air cooled Northern Ireland 

Ballylumford C 616 CCGT SW Once-through Northern Ireland 

Barking 1,000 CCGT TW Once-through London 

Barry 230 CCGT AC Air cooled Wales 

Blackburn Mill 60 CCGT FW Hybrid North West 

Burghfield 47 CCGT FW Once-through South East 

Castleford 56 CCGT FW Once-through 
Yorkshire & 

Humber 

Charterhouse St 

Citigen London 
31 GT/OCGT AC Air cooled London 

Chickerell 45 GT/OCGT AC Air cooled South West 

Cockenzie 1152 Coal SW Once-through Scotland 

Connahs Quay 1380 CCGT TW Hybrid Wales 

Coolkeeragh 408 CCGT TW Once-through Northern Ireland 

Coolkeeragh 53 GT/OCGT AC Air cooled Northern Ireland 

Corby 401 CCGT AC Air cooled East Midlands 

Coryton 800 CCGT AC Air cooled East 

Cottam 2,008 Coal TW Evaporative East Midlands 

Cottam 

Development 

Centre 

390 CCGT TW Hybrid East Midlands 

Cowes 140 GT/OCGT AC Air cooled South East 

Damhead Creek 800 CCGT AC Air cooled South East 

Deeside 515 CCGT TW Hybrid Wales 

Derwent 228 CCGT CHP FW Evaporative East Midlands 

Didcot A 1958 Coal FW Evaporative South East 

Didcot B 1430 CCGT FW Hybrid South East 

Didcot GT 100 GT/OCGT AC Air cooled South East 

Drax 3,870 Coal TW Evaporative
1
 

Yorkshire & the 

Humber 

Drax GT 75 GT/OCGT AC Air cooled 
Yorkshire & the 

Humber 

Dungeness B 1,040 Nuclear SW Once-through South East 

Eggborough 1,960 Coal FW Evaporative 
Yorkshire & the 

Humber 
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Elean 38 Biomass AC Air cooled East 

Enfield 408 CCGT AC Air cooled London 

Fawley GT 68 GT/OCGT AC Air cooled South East 

Fellside CHP 180 CCGT CHP FW Hybrid North West 

Ferrybridge C 1960 Coal/Biomass FW Evaporative 
Yorkshire & the 

Humber 

Ferrybridge GT 34 GT/OCGT AC Air cooled 
Yorkshire & the 

Humber 

Fiddler’s Ferry 1961 Coal/Biomass TW Evaporative North West 

Fiddler's Ferry 

GT 
34 GT/OCGT AC Air cooled North West 

Glanford Brigg 260 CCGT FW Evaporative 
Yorkshire & the 

Humber 

Grain 1320 CCGT CHP TW Once-through South East 

Grain 1300 GT/OCGT AC Air cooled South East 

Grain GT 55 GT/OCGT AC Air cooled South East 

Great Yarmouth 420 CCGT TW Once-through East 

Hartlepool 1,180 Nuclear TW Once-through North East 

Heysham 1 1,160 Nuclear SW Once-through North West 

Heysham 2 1,220 Nuclear SW Once-through North West 

Hinkley Point B 870 Nuclear SW Once-through South West 

Hunterston B 890 Nuclear SW Once-through Scotland 

Immingham 

CHP 
1,240 CCGT CHP TW Hybrid 

Yorkshire & the 

Humber 

Indian Queens 140 GT/OCGT AC Air cooled South West 

Ironbridge 940 Coal FW Evaporative West Midlands 

Keadby 710 CCGT TW Once-through 
Yorkshire & the 

Humber 

Keadby GT 25 GT/OCGT AC Once-through 
Yorkshire & the 

Humber 

Killingholme A 665 CCGT TW Hybrid 
Yorkshire & the 

Humber 

Killingholme B 900 CCGT TW Hybrid 
Yorkshire & the 

Humber 

Kilroot 520 Coal SW Once-through Northern Ireland 

Kilroot OCGT 142 GT/OCGT AC Air cooled Northern Ireland 

King's Lynn 99 CCGT AC Air cooled East 

Kingsnorth 1940 Coal TW Once-through South East 

Kingsnorth GT 34 GT/OCGT AC Air cooled South East 

Knapton 42 GT/OCGT AC Air cooled 
Yorkshire & the 

Humber 

Langage 905 CCGT AC Air cooled South West 

Little Barford 714 CCGT FW Evaporative East 
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Little Barford 

GT 
17 GT/OCGT AC Once-through East 

Littlebrook GT 105 GT/OCGT AC Air cooled South East 

Longannet 2304 Coal TW Once-through Scotland 

Marchwood 842 CCGT TW Once-through South West 

Medway 688 CCGT TW Evaporative South East 

Oldbury 424 Nuclear TW Once-through South West 

Peterborough 405 CCGT AC Air cooled East 

Peterhead 1180 CCGT SW Once-through Scotland 

Ratcliffe 1960 Coal FW Evaporative East Midlands 

Ratcliffe GT 34 GT/OCGT AC Air cooled East Midlands 

Rocksavage 810 CCGT FW Evaporative North West 

Roosecote 229 CCGT TW Once-through North West 

Rugeley 1006 Coal FW Evaporative West Midlands 

Rugeley GT 50 GT/OCGT AC Air cooled West Midlands 

Rye House 715 CCGT AC Air cooled East 

Saltend 1200 CCGT TW Evaporative 
Yorkshire & the 

Humber 

Sandbach 50 CCGT FW Evaporative North West 

Seabank 1 812 CCGT TW Hybrid South West 

Seabank 2 410 CCGT TW Hybrid South West 

SELCHP (South 

East London 

CHP) 

32 Waste AC Air cooled London 

Severn 848 CCGT AC Air cooled Wales 

Shoreham 400 CCGT TW Once-through South East 

Shotton 210 CCGT CHP AC Air cooled Wales 

Sizewell B 1,191 Nuclear SW Once-through East 

Slough 61 Biomass FW Evaporative South East 

South Humber 

Bank 
1,285 CCGT TW Once-through 

Yorkshire & the 

Humber 

Spalding 880 CCGT AC Air cooled East Midlands 

Staythorpe C 1724 CCGT FW Evaporative East Midlands 

Steven's Croft 50 Biomass AC Air cooled Scotland 

Sutton Bridge 819 CCGT AC Air cooled East 

Taylor's Lane 

GT 
132 GT/OCGT AC Air cooled London 

Teeside CCGT 1875 CCGT TW Evaporative North East 

Teeside Power 

station 
45 CCGT FW Evaporative North East 

Thetford 39 Biomass AC Air cooled East 

Thornhill 50 CCGT FW Once-through 
Yorkshire & the 

Humber 
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Tilbury B 1063 Biomass TW Once-through East 

Tilbury GT 68 GT/OCGT AC Air cooled East 

Torness 1,190 Nuclear SW Once-through Scotland 

Uskmouth 363 Coal/Biomass TW Hybrid Wales 

West Burton 2,012 Coal TW Evaporative East Midlands 

West Burton 

CCGT 
1270 CCGT TW Evaporative East Midlands 

West Burton GT 40 GT/OCGT AC Air cooled East Midlands 

Wilton 10 38 Biomass TW Hybrid North East 

Wilton GT 2 42 GT/OCGT AC Air cooled North East 

Wilton Power 

Station 

Coal/biomass 

150 Coal/Biomass FW Evaporative North East 

Wilton Power 

Station Gas 
130 GT/OCGT FW Air cooled North East 

Wylfa 960 Nuclear SW Once-through Wales 

 




