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1. [bookmark: _Toc505793550][bookmark: _Toc506307996]Introduction
1.1 [bookmark: _Toc505793551][bookmark: _Toc506307997]Background
Since the late 1940s, as a by-product of scientific work resulting from the international nuclear arms race, nuclear energy (NE) has been established as a reliable energy resource, internationally accounting for 11% of global energy consumption, which is estimated to increase by 28% between 2015 and 2040 (BP, 2017). With the effects of climate change progressing towards novel degrees of severity, fossil fuel depletion nearing its resource capacity, and population rise seeing starker prognostications somewhat in parallel to the average estimated life-span degree of inclination, the world’s need for energy security through clean and abundant sources is considered paramount (Brunborg, 2012; Tu, Zhu, & Mcavoy, 2015). Renewable energy (RE) and NE plays an important role not only in increasing and fortifying national energy security requirements (e.g. through lessening dependence on fossil fuel import from countries such as the recently sanctioned Russia), but also in greenhouse gas (GHG) emission reduction propagating the nation towards its sustainability goals (Fischhendler, Herman, & Maoz, 2017; Pachauri et al., 2015). 
[image: ]Subject to international scrutiny post international disasters such as Chernobyl and Fukushima, NE is being phased out in some nations (Figure 1). Albeit deemed competitive with other low carbon technologies such as renewables in achievement of GHG emission mitigation, nuclear appears to be widely subjected to discontinuance of utilisation.
[bookmark: _Toc506305244]Figure 1: Policy responses to the Fukushima Daiichi accident (Rogner, 2013)
 Although phasing out NE technology is trending, new developments are emerging in the UK. In a statement made by Fells implies renewables provides lower carbon footprint (CF) than fossil fuels and nuclear power generation (NPG) (Fells, 2002). 
 The UK’s estimation of economic viability for NPG compared to renewables in terms of carbon dioxide reduction per GBP has led to the initiation of development of Hinkley Point C in Summerset, England (Thomas, 2016). This report seeks to ascertain the validity of the continued development of nuclear in the UK through analysis and comparative juxtaposition of energy and waste associated detrimental and beneficial factors tied to the respective energy generation technologies (EGT).
2. [bookmark: _Toc505793553][bookmark: _Toc506307998]Nuclear and Renewable Energy and Waste Characteristics
Renewable and Nuclear Energy generation technology characteristics determine their suitability in terms of future sustainability criterions, a topic heavily disputed with regards to the aptness of NE contra RE (Baker Schaffer, 2013; Van De Graaff, 2016). Assessing technological optimality, characteristics act as a prerequisite towards understanding their respective sustainability, functionality, and adaptability to future policy altercations. Figure 2 depicts overview of UK' grid mix’s holistic output characterising technologies. 
[bookmark: _Toc505794501][bookmark: _Toc506305245][image: ]Figure 2: Electricity production technologies comprising the UK electric grid mix and relative shares of total electricity output in the year 2013 (Department of Energy & Climate Change (DECC), 2014a; National Grid, 2014a cited in Raugei & Leccisi, 2016)
 Key findings in data presented relative to the aim of the study is the percentile differentiation between wind and nuclear (10.7%), serving as the two largest contributors to UK low carbon energy supply. Bearing in mind the distribution of fossil fuels in figure 2, as well as the aforementioned risks associated with climate change, a redistribution of energy generation could be considered relatively imminent for UK regulators. 

However, when identifying the optimal sector for receival of developmental resources (e.g. subsidies), although a combinatory solution has been set forth by Suman (2018) (Symbiotic nuclear and renewable energy generation), a “renewables only” solution is recommended by Sims, Rogner, & Gregory (2003), making clear the contradiction and lack of consensus on the aptness and optimality of sustainable energy system typology, and further substantiating this works aim of attempting to ascertain the optimal energy solution for the UK in a low-carbon future.
[bookmark: _Toc505793554][bookmark: _Toc506307999]2.1 Wind Power Generation (WPG)
[image: ]Figures 4 and 5 depict overview of components commonly associated with horizontal axis wind turbines (HAWT). VAWT (Vertical AWT) is a underdeveloped facet of WPG, showing great potential as its axis alignment permits uptake of omnidirectional kinetic wind power; this technology remains restricted in application to areas of low to medium generation and is therefore neglected as a potential power source comparative to e.g. nuclear (Roche et al., 2016).
[bookmark: _Toc505794503][bookmark: _Toc506305247]Figure 4: Tower and rotor blade deflection modes in wind turbines. (Njiri & Söffker, 2016)

[image: ]
[bookmark: _Toc505794504][bookmark: _Toc506305248]Figure 5: Scheme of a constant speed WECS with multiple stage geared SCIG  (M. Cheng & Zhu, 2014)
This WPG methodology comprises generator technology capable of intermittently producing energy from kinetic energy produced from differences in atmospheric pressure (Murthy & Rahi, 2017). Commercialised yet subsidised and lacking financial viability albeit approaching prices equivalent to that of the lower echelons of  available generation technologies, environmental impact from both operational spheres (On and offshore) such as sonically induced insomnia in approximate habitats still remains questionable (Astariz, Vazquez, Iglesias, & Vazquez, 2015; McAlister, 2012).  
Figure 6 presents an overview of total installed capacity of WPG. The graphs inclination suggests a parabolic trend, indicating increased utilisation of WPG regardless of related detriments, as they are incomparable to those of alternate EGTs (e.g. fossil fuels). 
[image: ]
[bookmark: _Toc505794505][bookmark: _Toc506305249]Figure 6: Total installed capacity of wind generators in the world (M. Cheng & Zhu, 2014)
Figure 7 depicts an overview of power generation capacity. WPG, when compared to alternate solutions, ranks high in the bottom half of deployed energy systems in terms of capacity factor, indicating improvement requirement relative to nuclear (60-100%).
[image: ]
[bookmark: _Toc505794506][bookmark: _Toc506305250]Figure 7:Typical capacity factors for power generation (Suman, 2018)
[bookmark: _Toc505793555][bookmark: _Toc506308000]2.1.1 Onshore Wind 
Onshore wind power production entails power generation by wind turbines on land. Worldwide it is one of the top rated sustainable power sources with terrestrial resource characterisations estimating the extractable resource to be in the proximity of 560 PWh (Eurek et al., 2017). Although the potential is sizeable, barriers for exploitation has been encountered, amongst others, in the form of NYMBISM, imminent and long term environmental impact, intermittency in power supply incompatible with peak demand and low quality potential due to the built environments interference (Murthy & Rahi, 2017).  
[bookmark: _Toc505793556][bookmark: _Toc506308001]2.1.2 Offshore Wind 
Offshore wind entails power generation in marine environments across the world. This technology has recently seen a spike in its development due to several major actors in the oil and gas industry pivoting towards sustainable energy systems as incentivised by policy (BP, 2017). Global offshore potential comprise 315 PWh (Petawatt hours), out of which the UK has developed 1.5 GW (under construction), and with 5GW of pipelined projects (confirmed with government support), offshore wind is propagating UK towards its sustainability goals (Crown Estate, 2015). Although both aforementioned technologies are of limited in terms of resource potential, intermittent in supply and therefore storage dependent; they both comprise low environmental impact due to their location of deployment, especially offshore, where floating turbines (Commercialised and deployed with Statoil AS pilot project Hywind, Scotland) are now being deployed to exploit more energy dense resources in locations (Statoil, 2017).  
[bookmark: _Toc505793557][bookmark: _Toc506308002]2.2 Nuclear Power Generation 
Nuclear energy generation commonly refers to generation plants expending radioactive fuel sources, and through the evaporation of water heated from the exothermic reaction, which is passed through a turbine, thereby generates electricity. With half of its capacity estimated to be retired by 2025, per 2017, UK maintains 16 operational reactors responsible for generating approximately 21% of electricity demand (world-nuclear.org, 2017). Furthermore, the UK Government estimates an approximate addition of 16GW to the national grid to be operational within 2030 with no restrictions on foreign equity (Infrastructure and Projects Authority, 2017; world-nuclear.org, 2017).
Different fuel types are incorporated into the nuclear fuel process, and different reactor types are suited respectively to each type. Out of the 15 operational plants operating in the UK, 14 are of the advanced gas-cooled reactor (ARG), whereas one Magnox reactor remains, both of which are referred to as ‘peculiar British designs’ (world-nuclear.org, 2017; Raugei and Leccisi, 2016).  Thorium, an abundant fissile material, has recently resurfaced after being deemed unfeasible by the US Government, who ended Oakridge National Laboratories research in the field in the 1960s, is now operational with research being undertaken in e.g. Netherlands attempting to develop the technology for  commercial readiness (Heuer et al., 2014). 
[bookmark: _Toc505793558][bookmark: _Toc506308003]2.2.1 Advanced gas-cooled reactor (AGR)
[image: ]Utilised predominantly in the UK, AGR reactor types (figure 8) utilises enriched uranium oxide composites as fuel, and operates at a burnup rate of 18,000 MWt-days per tonne of fuel (Mckeen, 2011). This is in order to limit heated coolant gas temperature to its maximum heath threshold (ca 400’C) to prevent meltdown; idealise the steam pressure to one lower than the typical coal-fired boiler, resulting in thermal efficiency of approximately 30%, and a maximum electrical power output of approximately 300 MW (Dones, Heck, Emmenegger, & Jungbluth, 2005; Mckeen, 2011; Verbruggen, Laes, & Lemmens, 2014). 
[bookmark: _Toc505794507][bookmark: _Toc506305251]Figure 8: Diagrammatic cross-section of a typical AGR (Mckeen, 2011)
[bookmark: _Toc505793559][bookmark: _Toc506308004]2.2.2 Molten Salt Reactor (MSR)
Figure 9 depicts schematic overview of components comprising MSR resulting from research conducted at Oak Ridge National Laboratory (Baker Schaffer, 2013). Fuel cycles are available in a range of generators, MSR being the one of optimal estimated efficiency (Heuer et al., 2014). Thorium technology provides NE with less available weapons grade fissile by-product, abundance of raw and starter material, higher breeding ratio as well as efficiency, and is configurable to attain significant reductions in waste storage requirements, albeit technological development remain unommercialised (Galahom, 2017; Heuer et al., 2014; Serp et al., 2014).
[image: ]
[bookmark: _Toc505794508][bookmark: _Toc506305252]Figure 9: MSBR molten salt breeder reactor (This diagram is a schematic concept of the reactor system and does not literally represent the Gen IV design.) Oak Ridge National Laboratory (Rosenthal et al., 1971 cited in Baker Schaffer, 2013) 
3. [bookmark: _Toc505793560][bookmark: _Toc506307983][bookmark: _Toc506308005]Evaluative juxtaposition of sustainability characteristics of Energy and Waste facets
[bookmark: _Toc505793561][bookmark: _Toc506308006]3.1 Energy
Energy generation capacity (EGC) of the EGTs divided by the capital expenditure (CAPEX) and operating expenditure (OPEX) determines the amount of fiscal support required for the developments attainment of financial independence from subsidies. Therefore, it is necessary to be aware of energy generation potential post-construction in order to ascertain optimal EGT as economic independence from subsidies is required in order for it to be deemed an economically sustainable solution, a precursory determinant for the sustenance of EGTs in the energy market and thereby its post-construction EGC (Whittlesey, 2017).
[image: ]Considering prognosticated electricity output scenarios for 2035 (figure 10) set forth by Raugei and Leccisi (2016), WPG appears to consistently produce higher output than its respective EGT counterparts, suggesting WPG to be an advantageous EGT in terms of EGC.
[bookmark: _Toc505794509][bookmark: _Toc506305253]Figure 10: Electricity output by production technology in 2013 and projected changes in the year 2035, according to four alternative scenarios developed by (National grid, 2014 cited in Raugei and Leccisi, 2016) 
[image: ]According to results from a study evaluating energy generation properties from various energy sectors by Cheng and Hammond (2017) represented in figure 11, NPGs (Gaseous centrifuge uranium enrichment) energy inputs, outputs, and gain ratio from produced output per input in MW holds an energy gain ratio of 58. This is superior to its renewable counterparts (Onshore-30.99, offshore-26.63 energy returned on investment (EROI)) as well as gaseous diffusion enriched NPG emerging as the least energy economic option (58.00).[bookmark: _Toc506305254]Figure 11: Summary of estimated energy parameters for the nuclear and renewable power generators examined in the present study (Cheng & Hammond, 2017)

[image: ]Figure 12 depicts an analysis of share of total UK grid output per EGT in 2013 by DECC and National grid. These results indicate offshore wind, as a novel emerging sector, to be increasing in development at a faster pace than its onshore counterpart. 
[bookmark: _Toc505794510][bookmark: _Toc506305255]Figure 12: Energy production technologies comprising the UK electric grid mix and relative shares of total electricity output in the year 2013 (Department of Energy and Cliamte Change (DECC), 2014; National Grid, 2014, Cited in Raugei and Leccisi, 2016) 
Figure 13 represents overview of main characteristics of Hinkley Point C, estimated to produce a total of 910 TWh over its 35-year lifespan. 
[image: ]
[bookmark: _Toc505794513][bookmark: _Toc506305256]Figure 13: Main characteristics of Hinkley Point C. (Suna and Resch, 2016) 
From figure 14, it is apparent that wind alone will not constitute a sufficient proportion of the estimated energy demand in the EU. Albeit estimated resources in the UK propose offshore wind to be in excess of the nett energy demand, this resource is not extractable yet, and NPG schemes such as Hinkley Point C appears a contributory option to be phased out as demand saturation from renewables is achieved, thereby increasing the sustainability of the energy mix. Alternately, post phase-out of conventional NPG reactors, Thorium, an EGT prognosticated to outperform its status quo counterparts by levels of magnitude across all relevant sectors, in coordination with renewables of low EC (Embodied Carbon), could be an ideal combination of EGTs for the future energy mix of the UK.
[image: ]
[bookmark: _Toc506305257]Figure 14: Comparison between the potential of onshore and offshore wind energy in different depths, and the energy demand in Europe. This graphic shows the need to push offshore wind energy (Ceña, 2009 cited in Esteban, 2011)
3.1.1 [bookmark: _Toc505794515][bookmark: _Toc505793562][bookmark: _Toc506308007]Environmental
[image: ]WPG, both on and offshore, hold considerable environmental implications associated with development. Considering these implications in juxtaposition with those generated from NPG, assessment of impact is necessary to provide sufficient assessment of optimality of technology for future UK energy markets. Variation in environmental detriments related with energy production from aforementioned technologies is thought to be significant judging from reviewed past assessments (Pfenninger & Keirstead, 2015; Suna & Resch, 2016).  Figures 15, 16, and 17 represents life cycle distribution of emissions from NPG and WPG derived from a LCA (Life Cycle Analysis) literature review of nuclear, wind and natural gas combined cycle (NGCC) power generation prepared by Hatch Ltd for the Canadian Nuclear Association. Figures indicate apparent increased expulsion of pollutants (GHG, SOx, NOx, and Particulate matter (PM)) associated with NE plants, whereas WPG show the lowest levels of pollution amongst the assessed EGTs, suggesting WPG holds environmental advantages over its respective counterparts. 
[bookmark: _Toc505794517][bookmark: _Toc506305258]Figure 15: Life cycle distribution for offshore wind turbines (Hatch, 2014)
[image: ]
[bookmark: _Toc505794518][bookmark: _Toc506305259]Figure 16: Life cycle distribution for nuclear power plants (Hatch, 2014)
[image: ]
[bookmark: _Toc505794519][bookmark: _Toc506305260]Figure 17: Total lifecycle emissions (Statistical approach) (Hatch, 2014)
Uncertainty regarding the embodied carbon (EC) of enriched uranium oxide fuel was expressed at the Hinkley Point B plant during personal communication inquiry with staff, prompting the assumption that substantial EC in fuel production processes are being neglected in LCAs of NPG plants. For this paper, there have not been any literature available on this subject, further substantiating the assumption. 
[image: ]Figure 20 depicts overview of water usage for WPG (gallons per kWh), offshore (0.01 gal/kWh) and onshore (0.038 gal/kWh) compared to figure 21s representation of nuclear water usage (Closed loop cooling (CLC): 1.27 l/kWh ~ 0.28 gal/kWh) reveals a difference of 0.27 gal/kWh between offshore WPG and CLC NPG, indicating substantial water waste mitigation (and indirect energy savings) available through nuclear phase-out. 
[bookmark: _Toc506305261][bookmark: _Toc505794520]Figure 18: Environmental impacts (c ) water withdrawal (gal/kWh) (Noori, Kucukvar, & Tatari, 2015)
[image: ]
[bookmark: _Toc505794521][bookmark: _Toc506305262]Figure 19: Summary table of the water use factors used for the projections, split by generation and cooling technology. O, Open loop, C, Closed loop recirculating, H, Hybrid cooling (35%dry, 65%wet) (Byers, Hall, & Amezaga, 2014)
Energy density (m2/kWh) and land uptake (km2) for the respective technologies is presented in figure 20.
 [image: ]
[bookmark: _Toc506305263]Figure 20: Summary of estimated land-take and energy density for the nuclear and renewable power generators examined in the present study (Cheng & Hammond, 2017)
This metric provides oversight of land uptake over kWh generated suggesting energy density of off-shore to be more sustainable than that of on shore (22.64 GWh/km2), whereas NPG clearly appears superior in this category holding energy densities of notably less intrusive land uptake. This does not take into account the improvement of technologies prognosticated to occur over the coming decades, where off shore wind, inter alia the recipient of increased investor interest (due to e.g. its vast potential due to marine area significance), is estimated to become more energy density efficient (Esteban, 2011; Graziano, Lecca, & Musso, 2017; Thomson & Harrison, 2018). This is further substantiated and supported by the statement made by Noori et al.: “the more the capacity of the wind turbine, the less the environmental impact when the turbine generates per kWh electricity” (Noori et al., 2015). 
[bookmark: _Toc505793563][bookmark: _Toc506308008]3.1.2 Social
[bookmark: _Toc505793626][bookmark: _Toc506308009]3.1.2.1 Health
Health detriments and benefits associated with EGTs vary greatly between respective technologies. As figures 21 depicts, the variance in fatalities per GWh (Ft/GWh) is relatively unevenly distributed with nuclear (PWR) being accountable for 0.014524 Ft/GWh (neglecting disasters and its hereditary impact on global populations), and on and offshore wind comprising 0.00189 and 0.00641 Ft/GWh respectively. Regardless of risks associated with NPG related accidents, Ft/GWh from renewables appear preferable to those of NPG. 
[image: ]
[bookmark: _Toc505794522][bookmark: _Toc506305264]Figure 21: Fatalities from accidents per GWh (e) (IPCC, 2011 cited in McCombie and Jefferson, 2016) 
[image: ]Figures 22, 23, and 24 depict overviews of cumulative distribution of impacts from a hypothetical nuclear accident and corresponding countermeasures gathered from a study by Ashley et al. (2017). Health befits from such an event appear non-existent, whereas the detriments are ranging from hereditary cancerous effects to fatalities. Although there are considerable health implications associated with on and off-shore WPG, e.g.: sonically induced insomnia, fatalities from nacelle falls and blow-up, habitat displacement/destruction, stress, reduced quality of life, and  a sense of injustice and grief due to NYMBISM (Jeffery, Krogh, & Horner, 2013; Mccombie & Jefferson, 2016), these impacts are still negligible in contrast to NE. 
[bookmark: _Toc505794523][bookmark: _Toc506305265]Figure 22: Cumulative distribution of people predicted to suffer radiologically induced health effects due to the hypothetical nuclear accident and corresponding countermeasure. The table includes results for the lower intervention level (shown in boll text) and the upper intervention level shown n italicised text. (Ashley, Vaughan, Nuttall, Thomas, & Higgins, 2017)
[image: ]Figure 23 and 24 referred to the cumulative distribution of economic costs associated with countermeasures related to health detriments imposed by the hypothetical nuclear accident set forth by Ashley et al. (2017). These economic figures are substantial (max~£3100 million), and as they are affiliated with a singular event, economic outcomes are incomparable with on and offshore WPGs equivalent nacelle	 explosion which albeit not fatal does procedurally induce a plant-wide shutdown of production leading to substantial economic losses.   
[bookmark: _Toc505794524][bookmark: _Toc506305266]Figure 23: Cumulative distribution of the economic costs predicted for those who suffer radiologically induced health effects due to the hypothetical nuclear accident and corresponding countermeasures. The table includes results for the lower interview level (shown in bold text) and the upper intervention level shown in the italics text, as described in the table 2.  (Ashley et al., 2017)
[image: ]
[bookmark: _Toc505794525][bookmark: _Toc506305267]Figure 24: Cumulative distribution of economic costs predicted for people and businesses arising from the hypothetical accident and disruption to normal life from the applied countermeasures. The table incluides results for the lower intervention level (shown in bold text) and the upper intervention level *shown in italicised text) as described in table 2. (Ashley et al., 2017)
3.1.2.2 [bookmark: _Toc506308010]Public support
Public support for future EGTs (figure 25) is a factor important for continued sectoral development (Kidd, 2013). Percentages presented in figure 25 represents a study by Wallard et al. (2012) based on IPSOS data on qualitative information on low carbon EGTs and reflects the gap in public support between renewable and nuclear EGTs. (Goodfellow, Dewick, Wortley, & Azapagic, 2015).
[image: ]
[bookmark: _Toc505794526][bookmark: _Toc506305268]Figure 25: Public support for various energy sources (Wallard et al., 2012 cited in McCombie and Jefferson, 2016)
Drivers for the role for nuclear energy as an energy supply source in the future UK energy market appears to be unaffected by public opinion given the continuance of domestic development. Due to its novelty and the diffusion of innovation principle, Thorium is underrepresented in health and public support studies and is therefore omitted in this section.
[bookmark: _Toc505793564][bookmark: _Toc506308011]3.1.3 Economic
Given the lack of subsidy independence in both NPG and WPG sectors, optimal economic development allocation is paramount to promote the optimal GHG emissions mitigation measures, which is a predominant aim for the future UK energy sector. Figure 26 represents economic payback time (EPBT) in months for on and offshore WPG. There is apparent EPBT advantages associated with offshore WPG, with regards to thee UK, this is in line with status quo developmental focus on the booming offshore wind industry (Bonou, Laurent, & Olsen, 2016).
[image: ]
[bookmark: _Toc506305269][bookmark: _Toc505794527]Figure 26: LCA results for energy payback time (Bonou et al., 2016)
EPBT is the metric determining when investments go from being a liability to an asset for investors; EPBT figures for conventional nuclear plants are estimated to vary from 4 to 6 years for Light Water Reactors (higher efficiency than AGR), and therefore holds increased risk associated with its developments in comparison with WPG (Lovering, Yip, & Nordhaus, 2016; Pfenninger & Keirstead, 2015). WPGs are therefore advantageous as an economic option for the future of the UK energy market.
Figure 27 depicts remuneration levels of various EGTs from a study cited by Suna and Resch (2016). Judging by the variance in average remuneration estimates for Hinkley Point C and offshore WPG, it is apparent that nuclear development for the UK is more costly in terms of remuneration expenses, which holds considerable socioeconomic value for local economies and may act as a factor skewing the public support in the local areas that hosts development (Adamantiades & Kessides, 2009).
[image: ]
[bookmark: _Toc505794528][bookmark: _Toc506305270]Figure 27: Comparison of remuneration levels (and of wholesale electricity prices) for nuclear power and for assessed RE technologies in the UK (Steinhilber et al., 2011 and Held et al., 2014 cited in  Suna & Resch, 2016). 
[image: ]LCOE (Levelised Cost of Energy) is the sum of net system cost (£) divided by net system production (kWh). Figure 29 depicts overview of LCOE for various EGTs. From the presented data one can see that the estimated LCOE range for NPG (0.1-0.22 £/kWh), and on and offshore wind (0.05-0.1 $/kWh, 0.175-0.36 £/kWh respectively) are unequal.  Given the competitiveness in the renewable energy market pushing electricity prices, and thereby the LCOE down, and with NPG being subject to a sectoral phase-out conversely to the UK’s continuous development stance and contradictory to its position as market leader in offshore wind, WPG appears to be the ideal source of electricity supply for the future UK energy demand.
[bookmark: _Toc505794533][bookmark: _Toc506305271]Figure 28: Levelised cost of energy ranges for various technologies (Richards, Sabharwaol and Memmot, 2017)

[image: ]Overview of the EGTs expected medium CAPEX and OPEX is depicted in figure 30. Based on Sithole et al.’s estimations, offshore WPGs OPEX outweigh those of NPG and onshore WPG. Combined expenses for EGTs show nuclear to be the more economic option albeit the analysis is negatory towards external costs.
[bookmark: _Toc505794536][bookmark: _Toc506305272]Figure 29: CAPEX and OPEX inputs for different technologies in the UK electricity generation mix (Sithole et al., 2016)
3.2 [bookmark: _Toc505793565][bookmark: _Toc506308012]Waste
[bookmark: _Toc505793566][bookmark: _Toc506308013]3.2.1 Environmental 
“Article  3(1)  of  the  amended WFD  defines  waste  as  ‘any  substance  or  object  which  the  holder  discards or intends or is required to discard’” (European Commission, 2012). Adhering to this definition, as the UK remains under European governance until negotiated date of departure is finalised and elapsed, the amount of ‘waste’ associated with the EGTs in question is substantial (Isachsen, 2017). 
Environmentally detrimental transboundary implications are not widely associated with WPGs waste as most of its airborne waste is embedded in the construction phase pollution, and its decommissioned materials tend to be recyclable inert waste. This is not the case for NPG as associated transboundary pollution risks have prompted countries such as Norway or Italy (figure 1)  to deem the environmentally positive properties associated with the NPG to be negatory in importance, and therefore imposed a ban on the proliferation and use of NPG (Gullberg, Ohlhorst, & Schreurs, 2014). Thorium, with regards to the risks associated with the conventional NPGs, again appears to be the preferred facet of nuclear EGTs as it holds no risk of transboundary pollution, and a significantly lessened probability of its fissile waste being proliferated as nuclear armaments (Baker and Schaffer, 2013). Nuclear waste production occurs after heavy metal fuel materials supersedes its burnup rate. This leads to the approximate production on 12,000-15,000 tonnes of hazardous heavy metal waste, where a mere 30% is reprocessed for uranium recovery (Giusti, 2009).  Reprocessing plants are located at Sellafield (UK), Mayak (Russia), and La Hague (France) (Karakosta et al., 2013), whereas storage plants acconting for 70% of nuclear waste disposal is located in geological disposal facilities [image: ](figure 31). Layout depicted in figure 30 further proposes vulnerability to seismic activity. [bookmark: _Toc506305273]Figure 30: Possible design for a geological disposal facility  (DBEIS & NDA, 2016)

[bookmark: _GoBack]Inert waste associated with WPG is largely recycled as the technology has diverged from the traditional linear material consumption model reducing landfilling and maximising the utilisation of the resources by moving upwards in the waste hierarchy and  promoting a circular economy (Karavida, Supervisors, Remmen, & Pagh Jensen, 2015). This is demonstrated by the assumed model created by Bonous et al. (2016) in figure 31. However, accordance with the aforementioned definition from the WFD, waste associated with WPG is not solely inert.  Furthermore, waste emerging from nacelle explosions is not accounted for in the information presented.
[image: ]
[bookmark: _Toc505794538][bookmark: _Toc506305274]Figure 31: Modelling assumptions for the treatment of the main materials in wind power plant systems. (Bonou et al., 2016)
Figures 15, 16, and 17 (pp. 12-13) represents an overview of the emissions associated with the waste accumulated during the life cycle of NPG and WPG technologies. From these figures, one can ascertain the airborne hazardous and generic wastes associated with the respective EGTs to predominantly be embedded in NPG.
Figure 32 illustrates the hazardous waste associated with the various stages of WPG life cycle. Offshore WPG appears prevalent in all categories excluding operations, and onshore WPG appears nugatory compared with NPG (Mccombie & Jefferson, 2016). 
[image: ]
[bookmark: _Toc505794539][bookmark: _Toc506305275]Figure 32: Environmental impacts. (b) hazardous waste (Noori et al., 2015)
[bookmark: _Toc505793567][bookmark: _Toc506308014]3.2.1.1 Health
Health issues associated with UK’s NPG waste remains a great issue. Regardless of improved waste management legislation, technology and regulatory systems, health detriments are encountered with personnel responsible for handling, treating and disposing of the waste (Giusti, 2009). Health issues associated with WPG waste is nugatory (Rabl & Rabl, 2013). Regardless of the non-proliferation treaty (NPT) of 1991 legislating a ban on proliferation of nuclear waste to produce nuclear armaments, there are countries neglecting to sign this with ties to non-weapon states such as North Korea (Baker Schaffer, 2013).
[bookmark: _Toc505793568][bookmark: _Toc506308015]3.2.2 Economic
Cost of waste (COW) management associated with NPG in France is estimated by Rabl and Rabl (2013) to be approximately 0.3 €cent/kWh, for the UK this sum is subsidised due to associated public health risks (friends of the earth cymru, 2014). Compared to COW from WPG, which from figures 15, 16 and 17 appears to be negligible due to management of materials during decomposition (figure 32) and the positive economic outcome from this process, it could be assumed that WPGs COW is advantaged in terms of economically sustainability. 


4. [bookmark: _Toc505793569][bookmark: _Toc506308016]Conclusion and recommendations
NPG and WPG both hold substantial electricity generation potential. In determining the optimality of EGTs this paper has found that for the future of the UK energy market, nuclear energy should be phased out as soon as ETGs of lesser associated risks and detriments are capable of supplying domestic electricity demand requirements (e.g. Battery storage of renewables, thorium MSR, or hybridised mix). This is due to the majority of economic, social and environmental characteristics associated with the energy and waste generated from conventional nuclear plants being worse when compared to offshore WPG in particular; whereas onshore WPGs performance in the assessed categories is primarily substandard compared to offshore WPG. 
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Table 1

Policy responses to the Fukushima Daiichi accident.
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Table 5 - The cumulative distribution of people predicted to suffer radiologically-induced health effects due to the
hypothetical nuclear accident and corresponding countermeasures. The table includes results for the lower intervention

level (shown in bold text) and the upper intervention level (shown in italicised text) as described in Table 2.
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Sample Early  Nonfatal  Hereditary ~Additional cost for Cost for cancer Total
percentile fatalities  reactions® effects” ({M)  cancer fatalities® incidence (eM) health
(M) M) (M) costl®
(M)
Leukacmia  Solid  Total lLeukaemia Solid  Totall
35 45 3 a 039 16 17 o
Sth (UILLIL) 33 a4 25 31 03 64 69 3
_ _ 91 12 9 110 10 “ 2 170
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2 51 360 410 44 120 10 580
Mean (VILLL) an 50 330 B 43 3 o7 520
_ _ 2100 u0 7 560 580
Max. (UIL/LIL) 310 30 oo 0 a6 & & 3100
3 There are no early effect costs except the small cost (<£1 x 10°) for the maximum number of non-fatal reactions which is not shown.
" PACE currently costs all hereditary effects as occurring in the first generation.
© The cost of cancer fatality s the sum of the incidence cost and the additional fatality cost.
¢ The percentile results of this column are derived independently and without reference to other percentile colums (See Section 4.

reaction costs.

The total health cost includes a very small contribution from a depreciated and excessively conservative estimate of early fatality and non-fatal
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Table 4 - The cumulative distribution of the economic costs predicted for people and businesses arising from the
hypothetical nuclear accident and disruption to normal life from the applied countermeasures. The table includes results

for the lower intervention level (shown in bold text) and the upper intervention level (shown in italicised text) as
described in Table 2.

Sample percentile  Accommodation  Householdassets  Productionlosses  Businesscapital  Decon. (i) Total
costs (eM) Toss (e o) Toss (EM) eme
Shot  Lomg  Temp  Perm  Dimct Indirect Buldings Equipment
Sth (UILLIL) o Eed - oo - - ooos UM
25th (UIL/LIL) o - - o s - - o025 e
soh (UILL) I 6 oz 32 2 o om ooy 2
75th (UILLL) n e o o1 5 oz oz oou u
95th (UILLIL) - m 07 L » 66 83 oo 20
Mean (UILLIL) 2 s o 6 » 24 42 oo e
Max. (UILALL) & mo 26 w e 20 150 0 ow 1000

Abbreviations: “Short” = short-term accommodation costs. Population can return to their homes in 90days or less; “Long” = long:term accom-
modation costs. Population housed in temporary accommodation for two years and then moved to new permanent accommodation;
“Temp” = temporary loss of household assets; “Perm” = permanent loss of household assets; “Decon” = decontamination costs.

2 The percentile results of this column are derived independently and without reference to other percentile columns (See Section 4)
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Energy source Public support (%)

Solar power 97
Wind power 93
Hydroelectric power 91
Natural gas 80
Coal 48
Nuclear energy 38

(IPSOS Data from April 2011)
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Market ~ Plantname Turbine(MW-rotor  EPBT

diameter) (months)
Onshore G2 23-108 62

D3 32-113 52
Offshore G4 4.0-130 111

D6 60-154 10
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Electricity generating technologies Medium capital investment (6/kW) __ Medium operation & maintenance (/MWJy) __Data source
‘Wind onshore (Nth of a kind) 1596 7539

Wind offshore (Nt of a kind) 2851 181773

Rencwable (biomass) CHP wn 2231 DECC, 2011
Hydroelectricity 2417 83462

Biomass 2532 152289

Pumped storage 1958 12570 Parsons Brinckerhoff, 2011
Nuclear (1st of a kind) a8 94688

Biomass with CCS ang 131092

Gas CCT (Nth of a kind) 599 265

Gas CCGT with CCS (1st of a kind) 1369 39674 Parsons Brinckerhoff, 2013
Conventional CCGT CHP 618 47214

Coal (pulverised fuel, ASC with FGD) 1954 60602

Coal CCS (pulverised fuel, ASC, FGD-CCS) 3354 120383 Mott MacDonald, 2010
Wave 3610 200000

Tidal 2750 37200 DECC, 2011

Solar PV (new built 2505000 kW 780 20400 DECC, 2012
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Waste % Collected Treatment Avoided product
type method
Metals  50% From all Recycling Average material in
foundations and (energy the market;
offshore cables/90%  requirements  substitution rate
from all other based on [44]) 90wt
components
Plastics  100% Incineration Electricity and heat
(based on based on the lower
ecoinvent v.3.1)  heating values from
Blades  100% Shredding
(28 kWhJt) and
incinerationin  Substitution rate
cement based on the calorific
production values of epoxy
32 Mjfkg [45] and
‘heavy fuel oil 43 M)/
ke
Glass fibre substi-
tutes sand (40%) and
clay (60%)
Concrete  50% Recycling Crushed gravel;
(crushing based  substitution rate
on ecoinvent 90wtk
v3.1)
Gravel  75% Recycling Crushed gravel;

substitution rate
90wt
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