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Summary 
 
The paper sets out the calculated costs and emission implications of two alternative 
electricity supply strategies and the place of nuclear power within them, over the period 
2015-50.  One strategy , “Going Green”, is proposed by the UK National Grid (2009-13).  
This puts meeting emissions/time targets as its first objective.  The second strategy. 
“Secure Energy” as previously advanced by the authors (2009) puts price competitive 
supply as its first objective with minimising emissions as its second. 
 
Broadly the principal difference on the ground between the two systems is that “Secure 
Energy” favours building around twice the new nuclear capacity that “Going Green” does, 
which favours increasing wind capacity to about four times the present.  Both strategies 
deploy mainly gas-fired electricity generation to meet the UK electricity supply 
requirement. 
 
For nuclear new build, the paper discusses different reactor types and their fuel cycles.  
Particular stress is laid on the “learning” cost advantage of building a long-term sequence 
of the same type of reactor.  The advantages of a parallel programme of fast-breeder 
reactor construction and an innovative programme of civil reactors in the 50-100 MW 
range are also discussed. 
 
Key words: Nuclear, Electricity, National Grid, Fast Breeder, Going Green, Secure Energy, 
Economics. 
 
1. Strategic Background 
 
Uniquely to any First World country, the UK has two energy crises, both entirely 
foreseeable.  One is paying for its future imports of fossil fuels as the inevitable decline of 
North Sea oil continues, the other is actually generating enough electricity for industry, 
commerce, housing, and the public sector (hospitals, transport, etc.)  While these crises 
are severe enough in themselves, they are made much more difficult to solve by 3 factors: 
 
(1) legally binding commitments to specific greenhouse gas3 emission targets for 2020 and 
2050 embodied in the Climate Change Act (2008); 
 
(2) 7.5 GW capacity of ageing Advanced Gas-cooled Reactors (AGRs) all due to close by 
20284 and 1.1 GW of Pressure Water Reactor (PWR) capacity due to close by 2035; 
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(3) repeated failures to sign up major electricity power generators to “new nuclear” building 
programmes totalling about 10 GW, as outlined by the Office of Gas and Electrical 
Markets, Ofgem (2009). 
 
1.1 Energy Usage in the UK 
 
All three of these factors are intensified in their effects on any future UK energy 
programmes because of the particular UK pattern of energy use, consideration of which 
has to be the starting point for the whole energy system and nuclear power’s part in that. 
 

Table 1: UK Energy Use by Sector 
End-user Mtoes (2012) % of total % of energy used as 

electricity 
Transport 55 29 2.1 
Industry 52 28 21 
Housing 49 26 23 
Business 19 10 26 
Public Sector 13 7 28 
Total/average 188 100 17% 
 
 
Thus we see that electricity is a relatively small part (17%) of final energy usage, the other 
83% being delivered as heat (gas, oil and coal burning).  As nuclear and wind can deliver 
energy only in the form of electricity, this means that around 63% of hydrocarbon fuel and 
coal burning equipment would need to be replaced across the country if the 80% reduction 
in 1990 emissions were to be even approached by 2050.  Among major industrial 
countries this is a particularly British problem as shown by Table 2. 
 
 
Table 25: International Comparisons of Electricity Generation & CO2 emissions 2011 
 
Country 

Installed 
Electricity 
generation 
capacity 
kW per 
capita 

Electricity delivered % by fuel source  
Electricity 
delivered 
per capita 
kWh p.a. 

 
CO2 

emissions 
per capita 
tonnes p.a. 

 
Nuclear 

 
Fossil 

 
Other 

[mainly 
hydro] 

Britain 1.1 18 77 5 5793 10.1 
Germany 1.4 17 77 6 6350 9.3 
France 1.8 74 11 15 7900 6.1 
Switzerland 2.3 35 4 61 8380 5.7 
 
It is no accident that the countries with the highest electricity usage per person have: 
 
(a)  the least dependence on fossil fuels for electricity generation; 
 
(b) the lowest CO2 emissions per head of population. 
                                                                                                                                                                                                 

Areva, a French company with two projects, one in Finland, one in France seriously behind schedule and 
over budget.  Two UK nuclear stations have recently had their lives extended from 2023 to 2028. 
5 For further comparison, electricity delivered per capita (2010) was USA 12,000 kWh, Canada 18,000 kWh 
per capita per annum. 
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2. The Economic Importance of Nuclear Power 
 
Irrespective of emissions targets, nuclear energy is of particular UK national importance 
when seen as a potential indigenous replacement of oil and gas, at least in part. 
 
Total UK hydrocarbon production (oil, gas and coal) averaged over the period 2004-2008 
was around 223 Mtoes6, has now (2013) fallen to about 80 Mtoes, and is likely to fall 
further in the period 2015-2020.  The balance of payments cost of energy to the UK 
economy has thus risen in 10 years from nothing in 2002 to about $85 billion in 2013, far 
and away the single biggest component of the UK’s goods Balance of Payment deficit 
($170 billion). 
 
Given that the cost of new nuclear electricity has just been negotiated with the owner of 
British energy at £92.50 per MWh, almost 70% greater than the current wholesale price of 
£55 per MWh7, it is clear that if new nuclear build is to play its full part as a strategic 
replacement for oil and gas, it must get its costs down.  Means of doing this are discussed 
below.   
 
3. Review of Power Generation Types and Costs 
 
The present position of new nuclear compared with competitor systems which has been 
calculated from the simulation tool “Gridman”8 is shown in Table 3. 
 

Table 3: Nominal Cost of Electrical Power Generation over 25 years9 
Generating   
Plant 

Nominal 
Capital Cost 
£M per GW 

Fuel cost Thermal 
efficiency 

Effective 
Capital 
cost £M 
per GW† 

Selling 
price  
p/kWh  

CC Gas Turbine £575 *  $10 / MMBtu 55% 960 5.1 p 
Super Critical 
Coal 

 £1,200 $90 / tonne 45% 2,000 4.2 p 

On Shore Wind   £1,456 * NA NA   5,390  7.3 p 
Off Shore Wind   £2,669 * NA NA   7,020  9.9 p 
Solar Power £1,000 NA NA    12,500 14.5 p 
Nuclear Power  £3,500 §  $35.5 / lb U ore 35%   4,540  7.6 p 
Notes. * Figures from National Grid (2013) 
 § Estimated from published cost of Sizewell B increased by 55% for inflation and   
   reduced 25% to remove one off first of type costs 
 †Effective capital cost = Nominal capital cost ÷ use factor   
 
These costs were assessed for sensitivity to percentage changes against capital costs and 
fuel price; the results are shown in Figure 1. From this it may be seen that of the two 
variables, the cost of renewable power is almost entirely dependent upon the capital cost 

                                                           

6 Mtoes – millions of tonnes of thermal oil equivalents – usually cited for the raw material inputs to the UK 
energy system.  Conversion: 11.7 MWh ≡ 1 Mtoe.  MWh – Mega Watt hours are usually used for the outputs 
of the system. 
7 Of which 20% is nuclear generated on 7 AGRs which are already fully depreciated and one PWR (Sizewell 
B) which will be in 2020. 
8 “Gridman” first used in Bush and MacDonald (2009). 
9 These selling prices are based on paying off the capital cost and accumulated interest over 25 years from 
start of construction. 
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of the generating plant and, somewhat less obviously, this is also true for nuclear power 
which increases by only approximately 3% if the uranium ore cost doubles. By contrast, 
the cost of electrical power from gas fired stations is loosely coupled to the capital costs 
but closely related to the price of gas. At the capital costs given in Table 3, nuclear power 
would become price competitive with gas fired plant if the spot price cost of natural gas 
were to increase by 70% or capital costs of nuclear dropped by 40%. No allowance has 
been made for decommissioning costs in the 25 year cash flow projections, as in the case 
of nuclear power these will apply only in years 50-60.  The remaining 25 years of debt free 
operation of nuclear plant would be adequate to cover these and generate a very healthy 
profit. 
 
After 25 years in fact, of all the electricity generating processes, nuclear power is by far the 
one which shows the greatest profit to the investor because (a) its fuel costs are small 
compared with hydrocarbon-based processes10 and (b) it no long bears the biggest costs 
of the first 25 years, namely repayment of capital and making interest payments on 
outstanding debt. 
 
For example, keeping the electricity prices at the figures shown in Table 3, profit on the 
nuclear case, including 10 years of decommissioning in years 50-60, discounted back to 
year 0 at the interest rate applied in Table 3 (6%) is £1,370 million per GW capacity. This 
is a measure of the value of investing for the long-term. 
 
3.1 The Gridman Simulation 
 
The basis of Gridman is a conventional cash-flow equation (1) with interest paid on the 
outstanding debt Cn, equation (2), as in a domestic mortgage arrangement.  The estimated 
capital cost Co is drawn from the financing consortium in equal amounts through the 
construction period M years. Accumulated interest is added through the period.  Start-up is 
in year M + 1 when repayments Rn of the outstanding loan CM begin and payback 
completed by year N.  Then 
 

Rn = pQn – iCn – mCo – Ln - fnQn       (1) 
 
Cn = C(n-1) – Rn         (2) 
 
CM = Co(1 + i + (M-1)i2/2)        (3) 
 

Clearly when all variables fn, Qn, Ln are fixed, p has to be set so that R(M + 1) > 0.  In 
practice, R(M + 1) ~ 1/2CM/(N – M) is sufficient to ensure that Cn reaches zero by no ≤ N.  If 
no is close to N, the DCF internal rate of return is close to the interest rate payable (i). 
 
 m is the annual maintenance cost per unit of capital, and 
 

n is the year from the start of the project,  
 
Rn is the repayment of debt in year n 
 
i is the interest rate on the outstanding debt Cn 

 
Qn is annual production of electricity for sale 
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Ln is labour costs per annum 
 
Co is capital costs involved (construction plus land plus connection to National Grid) 
 
Cn is debt in year n 

 
In the cases shown in Table 3, Qn is zero for n ≤ M, and Q for n ≥ M + 1 (i.e. start-up year), 
Ln is zero for n ≤ M, and L for n ≥ M + 1.  Interest i = 0.06 (6%) per annum.  The price (p) is 
then set so that Cn reaches zero in year N (25 in this paper). 
 
4. Comparison of the Gone Green and Secure Energy Strategy concepts 
for future electricity generation 
 
The fundamental difference in the assumptions of the two strategies is that while “Gone 
Green” attempts to meet the emissions targets in the Climate Change Act (2008) and the 
RES (2009) as an objective, with supply seen as a constraint, “Secure Energy” reverses 
these priorities with its objective of energy security above all11.  As a matter of fact, 
because SES envisages more nuclear than GGS does throughout the period 2025 to 
2050, CO2 emissions from the SES are actually lower than from the GGS towards the end 
of the period (Bush and MacDonald, 2009). 
 
4.1 Capacity and Generation for the two strategies 
 
In more detail, over the last 4 years the National Grid’s “Gone Green” scenario (GGS) has 
been updated and has moved closer to SES in that a new nuclear programme of about 
12 GW starting in the mid 2020s is assumed, doubling to 25 GW by 2050.  At the same 
time, to meet the RES (2009) emissions and renewables objectives, GGS envisages 
closure of all coal plants by 2020 and continued rapid expansion of both onshore and 
offshore wind (Figure 2). 
 
By contrast, SES envisages keeping existing coal plant in operation to take advantage of 
historically low real prices, which the authors believe are likely to remain to the end of the 
coal stations’ active lives; not adding to existing wind capacity; accelerating the new 
nuclear programme by comparison with GG, and increasing gas-fired generation to fill the 
supply gap.  Figure 3 shows the Gridman outputs for six processes under the two 
strategies over the 35 years from 2015 to 2050.  The Gridman outputs use the plant data 
in Table 3, and take into account the need to meet the UK winter base load, the 
requirement to minimise carbon emissions according to the strategies’ different priorities, 
and the inherent intermittency of wind and solar.  In summary, the Gone Green Strategy 
(GGS) is largely based on an expanded wind sector, balanced by gas-fired plant for when 
the wind is low, with a significant nuclear component.  Secure Energy Strategy (SES) is a 
mainly nuclear supported base load with gas-fired plant to cover peaks of demand not met 
by existing wind. 
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4.2 Costs of the two strategies 
 
For both the “Gone Green” and SES plans, electricity demand is assumed to rise at 0.5% 
per year from 2025.  This would leave limited scope for displacement of hydrocarbons 
elsewhere in the economy. Consequently an SES Plus strategy is also proposed with a 
rise in demand of 1% p.a. from 2025 and reaching 450 TWh by 2050. To achieve this a 
more rapid build rate for nuclear capacity is required from the late 2020s to achieve 50 
GW(e) by 2050. Additional reductions in CO2 would now be possible by displacement of 
natural gas for space heating, using up to 10% of condenser coolant in electric heat 
pumps or other Combined Heat and Power systems12.  The overall cost of energy, and 
thus UK imports, would be reduced by some £10 billion - £15 billion per year. 
 
The estimated total capital spend for “Gone Green” to 2050, including the cost of adding to 
the Grid to accommodate remote wind farms, is estimated as some £260 billion and is 
front loaded to facilitate the rapid expansion of onshore and offshore wind farms [Figure 
4(a)]. By contrast the capital cost for SES during the same period would be around £115 
billion and the spend rate evenly balanced from around 2025 as the new nuclear 
programme gathers pace. The SES Plus programme would cost of the order of £200 
billion but with an annual supply of 520 TWh compared with 400 TWh.  The estimated cost 
of generated power in 2050 would be 8.5 p/kWh with “Gone Green”, 7.5 p/kWh from SES 
and only 7 p/kWh with SES Plus [Figure 4(b)]. These figures take no account of tax, 
carbon tax, government subsidies and incentives. Nor is account taken of transmission 
losses which amount to about 8% and it is likely that these would increase significantly, 
perhaps to as much as 12%, for ”Gone Green” due the relatively remote locations of wind 
farms.  
 
5. Candidate Systems for New Nuclear Plant 
 
The current candidate designs for new UK nuclear plant are three competing types of Light 
Water Reactors: the Areva Evolutionary Power Reactor (EPR), proposed by EDF for  
Hinkley Point C and Sizewell C; the Toshiba - Westinghouse AP 1000 planned for the 
West Cumbrian Coast by NuGen; and the GE – Hitachi Advanced Boiling Water Reactor 
(ABWR)  intended for the Wylfa and Odbury sites owned by Horizon Power.  
 
As shown in Figure 1, the capital cost of nuclear power plant is the principal determinant of 
the cost of generation, so it is vital to make a reasonable estimate of what this cost should 
be. The construction cost for Sizewell B (completed 1994) was approximately £3,000 per 
kW(e) at 2000 prices, or £2,250 per kW(e) excluding first of type costs (Cabinet Office, 
2002). Adjusted by the ALLCON index (BIS, 2013) this equates to £3,375 per kW(e) in 
2013.  A 12 station same type programme should aim to reduce this cost by 25% though 
active “learning” to around £2,500 per kW(e)13.  A 25 year payback period, would give a 
generating cost of 6p per kWh according to the Gridman simulation, equation (1).  Seen 
against this background the reported £5,000 per kW construction costs and generator 
price of 9.25 p per kWh at Hinkley Point C seem excessive. 
 
The history of nuclear power in the UK has, from its inception, been plagued with one-off 
designs and small programmes interspersed with long periods of little action. The seven 
AGR stations are of four different types, albeit Heysham 2 and Torness were 
                                                           

12 This would require the siting of “small” nuclear reactors closer to industrial or residential areas than 
envisaged up to now, as discussed below (5.3). 
13 Korean experience gave a 23% reduction from the first to the fourth in a series of identical designs 
(Cabinet Office, 2002). 
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developments of the Hinkley B and Hunterston design whilst Sizewell B, intended as the 
forerunner of a programme of several, was another one off. If we are to achieve the 
benefits of nuclear power it is essential that we have an integrated long-term project. In the 
view of the authors, a dedicated UK Large Projects Group should be tasked with both the 
planning and direct oversight of the implementation by the private sector to ensure that the 
British taxpayer receives a proportionate share of the long term financial benefits that will 
accrue following the initial 25 years of loan repayment (see above Section 3). 
 
5.1 Strategic Advantages and Estimated Costs of Oxide Fuel 
Reprocessing  
 
In the UK, all seven AGR Power Stations and the one PWR use enriched Uranium Oxide 
fuel as do most of the light water reactors in the world, but in France, Japan and 
elsewhere, some light water reactors employ Mixed Oxides of Plutonium and Uranium  
(MOX) fuel. The cost advantages once envisaged for MOX have yet to be achieved, but 
there are long-term strategic advantages for pursuing such a policy. These include: 
 
• Many countries have relatively large stocks of plutonium (the UK has an inventory in 

excess of 100 tonnes) which, if used, would reduce or even eliminate the need to 
import further uranium in an uncertain world. 
 

• The ability to use and reuse oxide fuel would, if recycled through light water reactors, 
result in a reduction of future high active waste by a factor of about 3. If recycled 
through a Fast Breeder Reactor the high active waste would be reduced by an order 
of magnitude or more. 

 
The challenge is that MOX fuel remains significantly more expensive than uranium oxide 
fuel and is likely to remain so in the medium term future. Furthermore, though there have 
been many oxide reprocessing plants built (including the UK THORP plant), to date only 
the French facility at La Hague has been operationally successful.  However the 
economics of nuclear power (Table 3) are not very sensitive to fuel costs and the times 3 
reduction in waste is likely to outweigh any fuel cost increase. 
 
There is no simple way to assess the cost of reprocessing irradiated fuel in the UK since 
THORP and the associated MOX plant have never worked at more than about the 25% of 
the intended processing rate of 1,200 tonnes per year. If THORP were able to be run at 
above half the originally designed rate, the cost could drop to around £1 million per tonne, 
a price that seems consistent with French experience at La Hague. This gives a price of 
5% enriched, mixed Pu-U reactor-ready fuel of about 0.65p per kWh compared with about 
0.45p per kWh for uranium oxide fuel. This implies that MOX fuel would be cost 
competitive with uranium oxide fuel if the price of Uranium ore were to exceed $100 per lb 
which, thus far, has occurred only for a few months during 2007. Nevertheless the energy 
security advantages are highly pertinent nowadays. 
 
5.2 The Case for the Breeder Reactor 
 
Light water reactors have breeding ratios of about 0.5 or, in the case of the most modern 
designs, up to 0.85. The breeding ratio defines the proportion of fissile plutonium 
produced, compared with fissile Uranium consumed, so recycling spent fuel through Light 
Water Reactors can have significant benefits in reducing waste and increasing energy 
security. Fast Breeder Reactors (FBRs) have breeding ratios in excesses of unity leading 
to an almost infinitely sustainable supply of energy and very much reduced waste.  Thus 
the liquid sodium cooled Fast Breeder Reactor merits renewed consideration.  In the UK 
the 250 MW(e) Prototype Fast Reactor (PFR) at Dounreay operated successfully several 
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years after initial design and operational problems were overcome as did the French 230 
MW(e) Phénix and the 1,200 MW(e) Superphénix. For both the Dounreay PFR and the 
Phénix, the closed loop fuel cycle was demonstrated and breeding ratios in excess of 1 
achieved (Allardice, 1990).  
 
These reactors have a core of mixed uranium dioxide and plutonium dioxide 
(approximately 75% UO2 mixed with 15% to 25% PuO2). The core sits in a pool of liquid 
sodium which is pumped through the core and then though intermediate heat exchangers 
in which a secondary loop of liquid sodium is heated and used to heat water in steam 
generators to provide steam for the steam turbine at about 15,500 kN/m2 and 540 oC, 
giving an overall thermal efficiency in excess of 40%. There are obviously complexities in 
managing the two loops of liquid sodium and ensuring that sodium and water/steam are 
kept apart, although this is balanced by a smaller, more compact system.  The total 
quantity of steel and concrete required for construction is less, and the thermal efficiency 
of at least 42% is significantly higher. Thus for a fully developed long-term programme of 
several, preferably tens, of reactors there is every reason why such systems should be 
price competitive with LWRs, whilst bringing the strategic energy security and waste 
mitigation advantages previously described. 
 
5.3 The Potential of Small Reactors 
 
In the last two decades British reactor design expertise has rather withered through lack of 
work. The one exception is Rolls Royce which has provided the propulsion systems for the 
Royal Navy’s nuclear powered attack and ballistic missile submarines. The PWR2, which 
is employed, with different cores, in the Vanguard and Astute class submarines, will be 
replaced by the improved PWR3 for the Trident replacement submarines. From publicly 
available defence procurement data it is possible to assess that the unit cost of the PWR3 
will be about £0.5 billion and the output power will be about 30 MW(e) or £17,000 per kW, 
5 times the cost of the AP1000 (Table 3).  If the unit price were halved to £0.25 billion and 
the output power doubled to 60 MW(e), the capital cost per GW would be some £4 billion, 
which is almost competitive with the AP1000. Modern submarine PWRs are fuelled with 
highly enriched uranium for a relatively short operating life and are otherwise unsuitable for 
commercial use.  
 
However the idea that 60 MW reactors with an adverse scale factor of 17 could be 
competitive with 1000 MW reactors highlights the advantages of factory produced reactor 
systems.  The cost benefits of continuous manufacture in a fully controlled environment 
are clear. There is potential for placing 60-100 MW plants in urban or near-urban sites 
where the transmission losses would be low and the waste heat could be employed for 
industrial, agricultural or even district, heating14. 
 
6. Conclusions  
 
1  The National Grid (2013) “Gone Green” plan for UK power generation, heavily 
dependent on Onshore and Offshore Wind power, would require a massive initial capital 
expenditure and result in a greatly increased price of electrical power (Figure 4). 
 

                                                           

14 NuScale Power of Portland, Oregon claims to be developing just such a 45MW(e) system, with funding 
from the US Department of Energy and in association with Rolls Royce. The intention is to produce factory 
built 45 MW(e) modular units for individual or combined use for larger power stations. 
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2  The Secure Energy Strategy here proposed, has at its heart a 30 GW(e) Civil Nuclear 
programme, which would  halve the required capital investment, mitigate the inevitable rise 
in the cost of electrical power and, by 2050, result in annual emissions of CO2 at similar 
levels for those of the “Gone Green” scenario. 
 
3  The enhanced Secure Energy Strategy Plus plan, at the heart of which is a 50 GW(e) 
Civil Nuclear programme, would, for a capital cost of some 25% less than that for “Gone 
Green”, provide scope for a significant further reduction of CO2  emissions whilst 
enhancing the security and long term sustainability of the UK’s energy supplies. 
 
4  An energy policy based on civil nuclear power needs a centrally directed coherent 
programme with a professional and experienced project management group (PMG) at the 
helm. 
 
5  Building a sequence of 10-12 reactors of a single light water design should be the prime 
objective of the PMG so that unit cost reductions of at least 25% by “learning” can be 
obtained.  A mixed oxide process should be maintained and a new Fast Breeder 
programme set up. 
 
6  Small scale nuclear power plant could offer unique advantages in terms of quick, low 
risk, manufacture and the possibility of making use of redundant industrial sites close to 
the users. 
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Figure 1(a): Sensitivity to Capital Cost Figure 1(b): Sensitivity to Fuel Costs 

 
 

Figure 2(a): SES Generating Capacity Figure 2(b): Gone Green Capacity 

 
 

Figure 3(a): Generation for Gone Green Figure 3(b): Generation for SES 

 
 

Figure 4(a): Capital Spend per year Figure 4(b):Comparison of Cost of 
Generation 

 
 

 


