
project. It is important that, if possible, from the 
beginning all technical prerequisites are met and that all 
demands which are subject to authorization are known and are 
adhered to consistently. 

The direct costs for one-month delay during construction 
(against the time schedule) amount to approximately US $ 6 
Mio additionally and more. Not included herein are the costs 
of the client (interest during construction and loss of 
energy production). Therefore, the proposed way to reduce the 
construction time by shortening and optimizing individual 
construction sequences is a very economic way for saving 
costs. This was already realized and demonstrated during the 
construction of the Convoy plants, and will be a primary task 
for future projects. 
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Abstract 

The present paper discusses briefly the many factors, Including capital 
coat, which have to be taken Into account In determining whether a series of 
power station* based on a ssiall nuclei- plant can be competitive with a scries 
\>ased on traditional large unit sizes giving the saae gu»t-antced level of 
supply. The 320 HWe UK/US Safe Integral Xeactor la described as a food 
example of how the factors discussed can be beneficially incorporated Into a 
design usin* proven technology. Finally it goes on to illustrate how the 
overall costs of a generating aystea can Indeed be reduced by use of che 320 
Mrfe Safe integral Reactor rather than conventional units of around 1200 MWe. 

IWrHODUCTIOW 
1. In considering the economics of any power station the essential data 
which determine the generating cost of a particular plant may be broadly 
subdivided into: 

capital cost, which for nuclear stations tends to dominate the 
generating cost 
fuel cycle cost 
operating and maintenance costs 

the availability of the power station (the fraction of time for 
which the plant is available to take up load)) 



Further factors which may markedly affect economic considerations are: 

research & development costs (particularly for any concept which 
uses relatively unproven technology); 

the particular financial rules for capital investment adopted by the 
utility and/or country in which the plant is to be situated; notably 
interest rates and amortisation period (which may not be the same 
period as the design lifetime); 

the time for which capital is committed before revenue is earned; 

the absolute amount of capital outstanding at any time; 

the way in which increasing generating capacity on a generating 
system matches the growth in demand; 

the amount of generating capacity needed to guarantee the meeting of 
a defined load with a certain confidence level; 

the basis on which allowable charges for energy are decided. 

Each of the factors listed above may be affected differently, and possibly 
quite significantly, by plant size, reactor concept and utility size. 

2. Traditionally, power stations have been assessed for economic viability 
on the basis of their levelised lifetime generating cost as a single power 
station; although some utilities have considered broader "system" effects, the 
single station generating cost has tended to dominate the economic rationale. 
With the levelised generation cost technique, the dominance of "front end" 
capital costs in nuclear stations shows itself as of particular importance, 
particularly at high interest/discount rates and ouch emphasis has long been 
placed on reducing the initial capital cost of nuclear stations. Economic 
analysis has often neglected the combination of benefits which can stem from 
the "further factors" mentioned earlier. 

3. The authors have long held the view that, when all relevant effects are 
taken into account, the use of smaller stations using proven technology with 
design features appropriate to the size (rather than a scaled down version of 
a design based on a plant optimised for a higher output) can lead to lower 
overall generating system costs than the use of larger plant. In situations 
where high and/or rapid return on capital is demanded the "further factors" 
generally favour the use of smaller power stations. 

4. The present paper discusses briefly the many factors, including capital 
cost, which have to be taken into account in determining whether a series of 
power stations based on a small nuclear plant can be competitive with a series 
based on traditional large unit sizes giving the same-guaranteed level of 
supply. The 320 W e UK/US Safe Integral Reactor (SIR™) is described aa a 
good example of how the factors discussed can be beneficially incorporated 
into a design using proven technology. Finally it goes on to illustrate how 
the overall costs of a generating system can indeed be reduced by use of the 
320 MWe Safe Integral Reactor rather than conventional units of around 
1200 HWe. 

CAPITAL COST 

5. The relationship between reactor size and capital cost has been the 
subject of a large number of studies; although a small number of 
investigations have found the specific capital cost (E/kW) to be independent 
of size, the widely accepted view has long been that reactor capital cost is 
proportional to the reactor power output raised to the power of 0.6 to 0.7 
(Fig 7). Other components of a nuclear power station vary in cost according 
to different power laws. Applying the traditional scaling laws a small 
reactor of a particular type and configuration would therefore be expected to 
have a higher specific capital cost than a larger reactor of identical type 
and configuration. Using a scaling power of 0.65 for the reactor plant, and 
other, more appropriate, power laws for other parts of the power station, it 
would be expected that a nuclear plant of about 300 HWe would have a specific 
capital cost roughly double that of a conventional single reactor station of 
around 1200 HWe. In reality the simple scaling law is rarely applicable and 
this helps to explain why today a number of nuclear power reactor designs 
exist which, at first sight, appear to break the traditional scaling laws. In 
fact they do not (Figure 1). Different technologies, different design 
concepts even using the same basic technology (eg pressurised water, 
simplified layouts), will all have their own "economies of scale" curve as tar 
as capital cost is concerned but they will not all have the same absolute 
level of cost at any given size and some design concepts will only be 
applicable over a certain range of sizes. The modem small reactor designs 
achieve their overall cost competitiveness by a combination of a series of 
factors which are less, or sometimes not at all, applicable to large systems. 

Normalised Specific Capital Cost 

Othei generating technologies 

2 0 0 3 0 0 * 0 0 5 0 0 8 0 0 700 8 0 0 9 0 0 1000 1100 1200 
MWe 

PWB SIR™ 

PIG. 1. Illustration ol economies of scale showing design or technology break point*. 



6. THE ADVANTAGES Of SMALLER NUCLEAR STATIONS 
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A number of advantages can be claimed for smaller plant which help to offset 
the traditional penalties of scale. Not all small plants can claim all the 
advantages which have from time to time been mooted, the principal ones are 
briefly discussed below. 

i Increased factory fabrication 

Sitialler unit size permits a much greater degree of factory fabrication 
with more scope for modularisation and hence reduces the requirements for 
on-site construction which is expensive and, just as importantly, time 
consuming. 

ii More replication 

The production of a larger number of small standardised units provides 
the opportunity for increased efficiency of construction, particularly if 
much of the work is factory based. 

iii Multiple units at a single site 

With smaller units there is clearly more scope for multiple siting of 
units at particular locations. The siting of multiple units of identical 
design at a single location leads to a further saving in capital cost per 
unit. For example, a savi.ig or 2*>J in overall specific capital cost for 
the total installation when 4 identical units share a site is not 
unrealistic. 

iv Improved availability 

Although availability is not, strictly speaking, a component of the 
capital cost, higher availability can act as a powerful offset against 
increased capital charges. 

For example an improvement in availability from 70-30Z produces a 13£ 
saving in generating costs. Multi reactor plant using smaller modular 
designs give better possibilities for part operation of the station and 
for fast and efficient repair/replacement of defective modules. 

v Faster progression along learning curve 

With multiple small identical units progression along the learning curve 
would be more rapid in the sense that an "equilibrium" cost for plants 
would be obtained earlier in terms of total installed nuclear generating 
capacity and so the advantage of equilibrium capital costs would be 
applicable to a larger fraction of the total installed nuclear capacity 
than with a series of large units. 

vi Bulk ordering 

With a larger number of small units on a system the scope for ordering 
components in larger quantities for the system as a whole can lead to 
significant price reductions from manufacturers and cost reductions in 
maintenance. 

Better match to demand 

The small unit size allows a much closer match of supply to demand and in 
this respect smaller reactors can be of particular benefit to small and 
medium sized utilities. In the UK, the break up of the electricity 
supply industry with privatisation is producing a greater number of 
smaller utilities than heretofore; the point could also be of great 
importance to smaller or developing nations. 

Smaller front end investment 

The absolute cost of a large conventional nuclear station can be 
prohibitive to small and medium sized utilities, particularly in 
situations where the financial constraints under which utilities nust 
operate make large investments difficult and in smaller or developing 
countries where funds are limited 

Reduced construction time 

Smaller unit sizes, modularisation and the increased scope for factory 
fabrication all lead to much shorter construction times and hence a 
reduction in the interest paid during construction, shorter construction 
times also make the plant less vulnerable to real escalation in costs 
which have in the past significantly affected nuclear stations in some 
countries. 

A combination of smaller front end investment and reduced construction 
times with their consequential lower interest charges and earlier entry 
into revenue earning service together with greater system flexibility 
should make small reactors more attractive than large ones to utilities 
in any part of the world provided that the overall generating system 
costs are no higher than with the large stations. The combination is of 
immense importance to a small utility where the failure of even one plant 
to operate as scheduled can lead to s-rious cash flow problems and loss 
of ability to cover interest payments. 

Increased station lifetime 

Some modular designs have Lne advantage of easier refurbishment than 
conventional reactors; a feature which effectively leads to increased 
lifetime for relatively small extra cost. However, attention also needs 
to be paid to life limiting features of major structural components and 
design solutions identified in order to overcome them. A good example of 
such a solution is the low neutron fluence on the reactor pressure vessel 
so that the vessel lifetime in the SIR concept has been lengthened. 

Elimination of some engineered safety systems and the downgrading (in 
terms of safety) of some other plant 

In conventional designs of nuclear power stations a large proportion of 
the plant needs to be constructed to strict "nuclear safety" standards 
and this adds considerably to the cost. Host reactor designs include 
some features which may be regarded as passive but it is generally easier 
to incorporate several such features in designs which are either 
physically smaller or have lower power densities (and consequential lower 



25 power outputs). The incorporation of a range of passive safety features 
nay enable elimination of some engineered safety features and the 
downgrading (in terns of safety) of some plant items which would 
otherwise have to be to nuclear safety standards. Complete removal of 
some components or systems may have a much bigger influence on costs Chan 
just the direct savings on tha components as support equipment and 
operational and maintenance services may also be reduced and, with 
"nuclear safety grade" systems, the support facilities can be extremely 
complex and expensive. There is also the possibility of revised, 
simplified and more cost effective plant layout once some engineered 
safety features can be dispensed with, giving better reliability and 
higher availability. 

xii Reduction in planning margin 

A certain amount of excess capacity must be built into any electricity 
supply system in order to ensure that an anticipated peak demand, at some 
time in the future, can be satisfied. Planning criteria to estimate the 
necessary excess capacity need to take into account demand growth 
forecasts, weather variability and plant availability in order to arrive 
at an overall system planning margin. It can be shown that, with smaller 
and simpler generating units, the planning margin can be reduced because 
the more rapid construction time shortens the planning horizon, because 
of the generally higher availability of the simpler smaller units and 
because of the smaller loss of capacity when a unit must be taken out of 
service for maintenance. 

xiii Design Appropriate to the Size 

A fundamental point which is sometimes missed is the fact that large 
plants have been optimised for their particular power output and it does 
not necessarily make sense in designing a smaller output plant to just 
scale down a larger system. At the smaller size a different design 
concept might be possible and using a design concept more appropriate for 
the reduced size - indeed perhaps technologically possible only at the 
reduced size - could well lead co capital costs significantly lower than 
simple application of the scaling laws to the large design would predict. 
The UK/US Safe Integral Reactor (SIR ) is a good example of a design 
concept which is feasible up to about 400 MWe using proven technology 
(Figure 1); takes maximum advantage of passive safety features more 
easily incorporated at the smaller size and incorporates design and 
layout simplifications as appropriate. The result is a plant whose 
specific capital cost is comparable to that of a conventional large PWR 
but which is of such a size that advantage can be taken of "system" 
features not attainable with conventional large plant so that a series of 
Safe Integral Reactors would give a better rate of return on invested 
capital than a series of large dispersed PWRs. 

THE SAFE INTEGRAL REACTOR (SIB 0 1) PROJECT 

7. The principal driving force for the Safe Integral Reactor (SIR ) project 
is to provide the option of a reactor system which, whilst being based firmly 
on existing technology, materials and know how offers radical solutions to the 
economics, licensing and acceptability of nuclear plant. In this there is 

common ground between the USA and UK. The conditions in the different 
partners' countries provide a mixture of opportunities such that they are 
complementary and offer distinct 'added value' to the project. 

8. Thus, because of this ^combination of shared interests and development 
potential the four partners have agreed to develop the Safe integral Reactor 
(SIR ) as their contribution to a next generation plant. 

Outline Technical Description of the Safe Integral Reactor 

9. Whilst considerable design work is still required, sufficient work has 
been done to establish the principal features and to confirm the technical 
feasibility of the concept. The design results directly from the constraints 
placed upon it by the partners. These are: 

it must be economic 

it must not require substantial development 

it must offer the safety features expected of a next generation 
plant. 

The first is arguably the most difficult criterion since it has been thought 
thac 'economies of scale' will always lead to the larger plant size. However, 
this assumption is now being challenged not only in the power generation 
industry but also in, for example, chemical engineering. No single 
development can b<! identified to substantiate this movement, but in the case 
of the Safe Integral Reactor it is a combination of replication, factory 
fabrication, rapid construction time, reduction of engineered safety systems 
by use of several passive safety features and simplicity of design leading to 
a most cost effective plant layout. These factors combined together indicate 
a plant of about 320 MVJ(e) (1000 MW(th)) as an economically viable 
proposition. 

10. The second criterion implies that the design must be based upon existing 
technology. A substantial research and development programme would not only 
make the economic development difficult, it would also delay the planned date 

in the USA ABB-Combustion Engineering^ ^ n c 

PWR designer whose units offer the leading capacity 
factor performance as confirmed by US NRC data. 
Stone and Webster 
A leading US/UK architect-engineering firm with aajor 
relevant nuclear/civil experience. 

in the UK Rolls-Royce and Associates Ltd 
The foremost UK PWR supplier with twenty units 
completed and operational. 
United Kintdoe Atonic Energy Authority 
(AHA Technology) 
Paramount in the UK for Nuclear RU), operating 
experience, and training capability. 



for deployment of the system. Because of this requirement we have chosen to 
utilise Pressurised Water Reactor Technology for the SIR plant. The 
advantages are: 

building on a technology which has been available in the IJK for 30 
years and has now been adopted in Britain for civil power 
production; 

an existing fuel cycle with no development requirements; 

compatibility with LWR technology being developed worldwide; 

the use of the particular expertise of the partners. 

11. The third criterion requires that the design incorporates a number of 
elements expected of next generation reactors. These include: 

reduced reliance on engineered safety systems for safety functions; 
an increased used of 'passive' or natural processes to control the 
reactor in case of emergency; 

reduced reliance on human intervention in the operation, maintenance 
and management of the plant; 

increased response time to potential accident conditions; 

a smaller more "benign" environmental impact. 

TM 
12. The SIR design incorporates all of these features by means of a 
variety of design choices and reactor operating characteristics. Significant 
among tnese are: 

a core power density about 60Z that of a standard PWR; 

a very large coolant inventory relative to core power giving a large 
heat sink; 

elimination of the large loss of coolant accident (there are no 
large pipes carrying primary coolant); 

use of natural convection for decay heat removal; 

the elimination of boron in the primary coolant which provides for a 
core with a very strong negative power coefficient (as well as 
making for a much less complex coolant chemistry control system); 

the use of a pressure suppression type of containment system with 
provision for passive cooling. 

13. Two designs for SIR plant are under development; the single reactor 
27 plant of 320 MUe and a twin reactor single turbine plant of 6&Q MWe, 

The Integral Reactor Concept 

14. The basis for the integral PWR concept is that all of the primary 
circuit components of a "traditional" loop design are contained within one 
pressure vessel. Figure 2 shows the typical layout of a current, large PWR 
(Sizewell 'B' type), primary circuit. It comprises a reactor pressure vessel; 
steam generators (boiler), pressuriser, pumps and pipavork. We may call this 
a distributed or dispersed design. Figure 3 compacts the pressure vessel of 
the integral reactor and the Sizewell 'B' pressure vessel and steam generator. 
Only the most important components in the SIR vessel are identified; these 
are the core, the steam generators, the pressuriser and the pumps. The 
principal advantages of the integral design are: 

it completely eliminates the large pipe break loss of coolant 
accident (there are no large pipes); 
each steam generator does not require a separate pressure boundary; 

it provides a large head for natural circulation; 
the vessel size is within current fabrication techniques and 
transportation capability. 

FH3. 2. Layout or a current large PWR primary circuit. 



FIG. 3. Vassal slza comparison 

15. By containing all of the primary circuit in one pressure vessel, the 
requirements upon containment are such less than fot a distributed design. An 
illustrative 3D section of the containment design being developed for the Safe 
Integral Reactor is shown in Figure U. This shows that the reactor vessel is 
contained within a small, high integrity cavity, which is under ground level 
in this arrangement. The pressure suppression system comprises 3 steel tanks. 
These have the advantage of being easy to cool by natural circulation of Che 
outside air, relatively cheap to construct and are readily transportable. In 

PRESSURE SUPPRESSION 
TANKS \ • L 

REACTOR CAVITV 
REACTOR PRESSURE VESSEL 

ACCESS PORTS 
REKUELUNG POND 

FIG 4. 3D cutaway ol SIR plant layout. 

this way the demands on the building are reduced. Important economic 
advantages are available in reducing the requirements for reinforced concrete 
structures. Indeed the single SIR ' plant contains only about two thirds of 
the concrete associated with a conventional dispersed PWR of the same output. 

!6. In addition to these^jnajor design features, a number of other important 
aspects contribute to SIR"1 economics and safety. These include the use of 
once-through steam generators of simple design which can easily be replaced 
and Che use of wet winding glandless pumps to eliminate the possibility of 
leaks through the seals. 

Siting. 

17. The AEA's establishment at Winfrith provides a suitable site for a lead 
reactor. The 100 MW(e) SGHWR is located on the site and is due to close in 
the 1000s. Thus the infrastructure and an operating team could be available. 
In addition, the cooiiag water supply is sufficient for a 1000 HW(th) reactor. 
Other potential UK locations for Safe Integral Reactors include the existing 
Magnox station sites, al> of which are expected to be closed down around the 
turn of the century. 



THE ECONOMICS OF THE SAFE INTEGRAL RRACTOR 

Capital Costs 

18. The^-basic "overnight'* specific capital cost of a series produced single 
unit SIR plant of 320 MVIe built in the '.rK (designated SIR -N) has been 
estimated to be some 9Z higher than the corresponding cost for a 1175 MWe 
dispersed PWR; traditional downscallng from the large plant would indic2te 
roughly double the specific capital cost for a smaller plant of the same 
design concept. The SIR ovemight._c.osts include contingencies at the normal 
UK levels for standard PWRs, the SIR ' MSSS containing many items of standard 
equipment (eg pumps) that are in current use in various reactors around the 
world. Greater use of factory fabrication and assemDly also means less 
uncertainty in costs. 

19. Construction of SIR -N is scheduled at 30 months from first permanent 
concrete to commercial operation whilst the corresponding time for the 
1175 MWe dispersed plant in the UK is 78 months. The shorter construction 
time associated with the smaller plant leads to lower interest charges during 
construction than with the large plant. At a discount rati of 5%, the 
relativity in costs is reversed, the total specific capital cost (includes 
interest during construction) of the large dispersed plant being some 3Z 
higher than that of the the smaller plant whilst at the present public sector 
discount rate in the UK of 8Z, the total specific capital cost of the large 
plant exceeds that of the Safe Integral Reactor by about 102. 

Plant Lifetime 
TV 20. In the SIR " design all important components internal to che pressure 

vessel are replaceable. The vessel itself is shielded from the reactor core 
so that the peak fast neutron flux at the vessel wail is about a factor of ten 
thousand lower than the corresponding flux in che conventional dispersed 
plant. Neutron damage to the vessel is therefore extremely small and, for all 
practical purposes neither vessel or in vessel components are life limiting 
features. The design lifetime without major refurbishment is 50 years; 
however, in most of our economic analyses ye have conservatively used *0 
years. 

Fue.1 Cycle 
TM 21. The refstance fuel rod for the SIR ' design, consists of low enriched 

uranium oxide pellets contained within Iircalioy-4 cladding and is the same as 
that supplied by ASB-CE for standard PWRs (eg St Lucia-2). The Safe Integral 
Reactor operates without soluble boron in the coolant and t^e pqui1ibrnun cote 
has the characteristic of a long cycle length (2^months >. The burnable 
poison and enrichment ;oning features of the SIR"' fuel design are consistent 
with normal C-E design practice for core reloads except that the relative 
number of burnable poison rods is greater than that for boratcd cores. The 
equilibrium burr, up is 39,000 HWu/t, within the proven range for standard PWR 
fuels. UK fuel cycle cost calculations have therefore been based on standard 
PWS fuel cycle costs. 

Availabilitv 

22. The key to meeting the EPRI AI.WR capacity factor goal of 872 is that the 
Safe Integral Reactor is based entirely on current LWR technology. Because 
the reliability history of LWRs is well known, specific areas have been 
identified and targeted to achieve the reliability required. The most 
dramatic increases in availability are those possible with the 2 year 
refuelling cycle of the Safe Integral Ke3ctor. By combining this with systems 
designed with sufficient redundancy for on-line maintenance, the number and 
duration of planned and unplanned outages are vastly reduced. 

23. Particular attention has been paid in the design of the Safe Integral 
Reactor to simplicity and this together with the large degree of 
modularisation leads to a reliable, easy to maintain plant 

24. A major source of outage in many existing nuclear stations has been 
steam generator problems. Steam generator reliability will also be greatly 
improv.d in the SIR ' design. The steam generators are internal to the 
reactor vessel and are employed in a segmented manner where the segments are 
arranged for ease of inspection, maintenance and replacement. Steam generator 
pressure vessels and steam separators 3re eliminated. The core is refuelled 
without steam generator removal. In the event ot a steam generator segment 
tube failure during operation, the defective segment can be 'solated on the 
secondary sHe by valves external to the reactor vessel. At the next 
regularly scheduled shutdown, the steam generator tubes can be inspected 
through the steam line opening without removing the reactor vessel head if 
maintenance is required. If the segment cannot be repaired in plac«, the 
vessel head can be removed and the segment replaced by an on-site stored 
spare. The defective segment can then be repaired off-line while the plant is 
put back into operation. 

25. As an example of the relative ease of maintenance, the design is such 
that a complete steam generator can be replaced in 12 additional days. As the 
steps preparatory to the removal of a steam generator are the same as for fuel 
handling, a shutdown which would include the replacement of a steam generator 
along with the refuelling would extend the refuelling outage from 21 to 33 
days only, assuming that this was the critical patn involved and not some 
other maintenance activity. 

26. In economic analyses, we have therefore conservatively taken a base case 
load factor some 5 percentage points higher than normally claimed for 
conventions' large dispersed PWRs in the IX; this figure is lower than the 
EPRI tare t .ud indeed lower than that regularly achieved by a • imber of 
existing small plant. Sensitivity studies have examined the effect of 
different availabilities. 

Operating and Maintenance Costs 

27. As with capital cost, economies of scale would suggest that the 
operating and maintenance costs for small reactors ion a per kW basis) would 
be significantly higher than those of a large plant. Howevar, the simplicity, 
modularisation, reduced engineered safety systems and plant layout of the Safe 
Integral Reactor will reduce maintenance costs below the values which would be 
obtained by scaling down from a large dispersed plant. Nevertheless, 
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particularly for situations such as a single reactor on a site, there is an 
irreducible level below which operating and maintenance crews, for instance, 
cannot be reduced and, conservatively, until the SIR 1 design has advanced 
somewhat further, we have, for the purposes of economic analysis, derived 
operating and maintenance costs by scaling Tro™ *-hose established for a large 
dispersed plant; ie costs per kW almost twice those for Hinkley C. 

Decommissioning Costs 

28. Those same design features that serve to shorten the construction 
schedule and improve reliability and maintainability also serve to facilitate 
future decommissioning of the Safe Integral Reactor. Containing all major 
primary system components within the reader vessel with the reactor core very 
low in the vessel serves to minimise ". ne amount of structures and components 
that may become contaminated while Uso reducing the amount of shielding that 
is required. The primary system romponents are located such that they can be 
readily removed fro* the reactor vessel. In fact, the vessel is itself small 
enough so that it could be removea in one piece after defuelling and removal 
of the other components and the amoun. of water between the core and vessel is 
such that activation of the vessel is at. mt a factor of 10,000 lower than in a 
conventional dispersed PWR. 

29. These design features will greatly simplify decontamination and 
decommissioning operations, resulting in reduced occupational radiation 
exposures, shorter decommissioning duration, and lower decommissioning costs 
in comparison with those associated with the present generation of large light 
water reactor plants. 

30. Because the Safe Integral Reactor is differently configured to a 
conventional dispersed PWR, the reactor vessel is of low activity and the 
design features facilitate decommissioning, several alternative options for 
decommissioning other u^an the now traditional procedures of Stage 1, Stage 2 
and Stage 3 as recommended by the IAEA have been considered and costed. The 
options range from the complete dismantling and disposal of the facility, 
through various intermediate options for storing the reactor vessel plus a 
range of other components in situ indefinitely, to preserving and storing all 
primary, secondary and supporting services installed in the reactor building 
indefinitely. Retrievability_£or eventual disposal would be a condition for 
all storage options. The SIR options considered all show costs per kW less 
than costs estimated for traditional dispersed plant. Nevertheless, in our 
economic analyses to date we have used the cost levels per kW associated with 
the .decommissioning of a dispersed plant as there is as yet no confirmation as 
to whether the simplified options available with the Safe Integral Reactor 
would be acceptable to regulatory bodies even though our own assessments of 
safety and environmental impact appear to show completely satisfactory 
results. 

Levelised Generating Costs 

31. The short construction times of the Safe Integral Reactor, leading to 
markedly lower interest charges at the present UK discount rate leads to 
slightly lower total specific capital costs than for the traditional plant. 
Even with the assumed penalty on operating and maintenance costs, comparable 

levelised generating costs are obtained for both plants. To quantify the 
overall cost reductions available with a SIR based philosophy it is 
necessary to examine what we broadly describe as "system effects". 

System Effects 

32. In order to determine the overall economic benefits likely to be 
attained by the use of smaller nuclear units on a generating system it is 
necessary to carry out calculations for the system as a whole, or at least for 
that fraction of the generating system which will be replaced by smaller 
units. In our detailed studies of the economic benefits of the Safe Integral 
Reactor we have carried out a range of such calculations, considering 
different fractions of the UK nuclear generating capacity to be replaced by 
Safe Integral Reactors over a given period of years rather than by 
conventional large dispersed PWRs. Corresoonding calculations with the same 
generating needs met by the large dispersed plant provided the reference data 
by which economic benefits were judged. 

33. The calculations of system economics reported here have been based on 
the replacement of approximately 3500 MWe of UK generating capacity over a 
period of 12 years. Calculations have been performed assuming the replacement 
capacity in turn as: 

3 standard 1175 MWe PWRs (3525 MWe) 

11 single Safe Integral Reactors of 320 MWe based on SIR™-N 
(3520 MWe) 

1 single Safe Integral Reactor and 5 twin unit Safe Integral Reactor 
stations all based on SIR -N (3520 MWe) 

TM and an identical set of calculations where the first reactor (SIR -1) had 
"first of a kind" cost penalties. The basic assumptions were discussed in 
paragraphs 18-30. Several series of calculations of cash flows and the 
internal rates of return on the invested capital have been performed for each 
replacement capacity option for differing sets of further assumptions, the 
different sets of further assumptions included: 

no learning effect on capital cost from one reactor to the next (ie 
all reactors of a series have the same overnight cost); 

learning curves based on, successively, a conservative series of 
learning factors between 1.00 (zero learning) and 0.90; 
a range of selling prices for electricity from 2.5 p/kWh to 
5.0 p/kUh; 

a range of specific construction costs (overnight costs) in £/kWe 
for S'fe Integral Reactors ranging from cost equal to a standard 
large i175 MWe PWR to over 1.3 times that cost; 

load factors of +52 over the standard PWR and equal to that of a 
standard PWR. 
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RESULTS 

34. Figure 5 shows the results at a series of calculations to determine the 
intexnal rate otj-return (IRS) for a series of learning factors for single 
SIR1' , twin SIR and single 1175 MUe PWR plant. In these calculations the 
income per unit of electricity was set at 5 p/kWh and calculations performed 
from zero learning from plant to plant (learning factor 1.0) to 90Z learning 
(learning factor 0.90) which implies that every time the generating capacity 
doubles with a particular type of plant the capital cost falls to 90?^gf its 
previous value. For all calculations shown on Figure 5 involving SIR-' type 
plant the Safe Integral Reactor was given a 3Z availability advantage over the 
conventional large dispersed PWR. In all cases shown the SIR ' plants 
demonstrated an internal rate of return on the investment higher than the 
conventional PUR plant. 

35. Figure 6 shows results of similar calculations to Figure S except that 
this cine the first SIR plant SIR ' -1 is assumed to 'ncur "first of a kind" 
costs, the second in line is regarded as the first of the series produced 
reactors and learning benefits stair with the third reactor to be built. As 
one night expect, IRRs for the SIR based series are slightly lower than 
previously but still higher than for the standard PWR programme. 

36. Figure ? shows cha variation in IRR_Lagain based on an electricity price 
of 5 p/kWh.) with assumed increases in SIR' construction-cost (overnight 
cost). The capital cost estimate for constructing a SIR -N plant in the '.X 
shows a construction cost penalty factor of 1.09 compared with a standard PW? 
tparagraph 18). It can be seen from Figure 7 that, when all system effects 
are taken into account with the standard set of assumptions: 

95 
iMrmng Factor 

92S .9 

(including SIR 1) 

FIG. 6. Variation ol IRR with learning factor 
raplacamant ot 3500 MWt generating capacity. 

TM single SIR plant with 551 advantage in load factor over the 
standard large PUR would yield a better IRR than the large plant 
with construction cost penalties up to 1.13; 

TM twin SIR plant with 5% advantage in load factor yields better IRRs 
than standard large plant up to a construction cost penalty of 1.35; 

TM twin SIR plant with no advantage in load factor yields better IRRs 
up to a construction cost penalty of about 1.27; 

TM single SIR with no load factor advantage can stand 1.04 
construction cost penalty to break even on IRR. 

37. The IFi; will vary with electricity price and Figure 8 shows the results 
of our investigations into the sensitivity of_LRR with electricity price. 
Figure 8 demonstrates that, although twin SIR plant with a +5X advantage in 
load factor shows a better IRR than the standard large PWR for all electricity 
prices shown (above 2.5 p/kWh), single SIR plant only shows an advantage at 
prices above about 3.7 p/kWh. 

38. Figure 9 tabulates the results of calculations to determine the 
probability of supplying particular-Jemands with different combinations of 
plant. It can be seen that the SIR based philosophy enables demands of 
around 2200-2300 MWe to be met with a probability of around 98£ with a smaller 
installed capacity than with large reactors. This is ("ssenrially because, 
even with the same availability for both types of plant, there is a higher 
probability of having 7 out of 10 small rea-tors on line than 2 out of 3 large 
reactors. With our base case availability aU'c""age of 57. in favour of Safe 
Integral Reactors the situation is even batter. 



32 IRR 
14 r 

13 

10 

117SMW*PWR 

_J_J 
1.3 105 1.1 1.15 12 

Construction Cost Penalty 
1.25 

ang»SM LF*S» SMeOSM LF*(m TWnSM IF»S« TaaiSH tf*fl» 

FIG. 7. Variation in IRR with construction cost are load factor iUF). 

IRA 
1* r 

Sing* SIR L f + 5 % 

« r 
Twin SIR LF+S% 

10 | - 1175 

2.5 3.0 35 4.0 
aecMcay Price (pAWh) 

4.5 5.0 

FlQ. S. Variation in IRR with electricity price. 

System installed 
Capacity 

Winter day 
Availability 

% 

S Prooaouiiy or being act* 
;o supply MWe 

MW« 

( 3 » 1175 MWe 
PWR 

10xSIR 

IP » SIR 

3525 

3200 

3200 

90 

30 

37 2 

98 7 
929 

98 8 

2350 

2240 
2560 

2560 

FIG. 9. Probability ot supplying load. 

CONCLUSIONS 

39. It is clear from our analyses that any generation systeo based on a 
larger number of small high availability units has the potential to offer 
economic advantages over and above any shown by simple comparison of single 
station generating costs with those of a large station. The advantages 
associated with a lower absolute investment risk per station, a better rate of 
return on invested capital, shorter planning horizons reducing the possibility 
of gross over capacity and the likelihood of being able to supply a given load 
at a given confidence level with a smaller installed capacity, could well be 
powerful attractions to any generator but be t^rticularly attractive to 
smaller utilities, developing countries and for revitalising nuclear 
programmes in some other countries. 
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