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Introduction
To fulfill the growing energy needs of developing countries and emerging markets, smaller size reactors are needed.  This has been identified within the US DOE Global Nuclear Energy Partnership (GNEP) initiative as one of the key elements, “Grid-Appropriate Reactors”, needed to enable worldwide expansion of the peaceful use of nuclear power.  In a speech at a conference in Algiers on January 9, 2007, the International Atomic Energy Agency (IAEA) Secretary General Mohamed El Baradei discussed the interest in “….new small and medium-size reactor designs which allow a more incremental investment than is required for a big reactor, and provide a better match to grid capacity in many developing countries”.

Smaller size reactors (IAEA defines as “small” those reactors with power <300 MWe and “medium” with power < 700 MWe) are the logical choice for smaller countries or those with a limited electrical grid.  In fact, smaller reactors are now in different stages of development throughout the world and interest in their deployment has been expressed as well.  
With regard to decisions on the addition of power plant capacity, small reactors have many attractive characteristics of size, simplicity, enhanced safety, cost savings and lower financial resource requirements.  On the downside, the specific costs of some components and systems of small and medium reactors (SMRs) may be higher as a result of economy of scale effects.  

This paper explores some of the factors affecting decisions on power plant capacity addition in world markets, focusing particularly on many of the characteristics of SMRs.
SMR Characteristics Affecting Capacity Addition Decisions
Many of the features of SMRs provide inherent advantages for application within electric generation markets.  These advantages range across the areas of plant cost, financing, and fit with utility and country circumstances.
Figure 1 presents the outline of a plant capacity and timing decision model.  The three factors influencing the overall decision criteria are (1) cost, (2) financing and (3) utility & country circumstances.  The highlighted areas of overnight capital cost (OCC), total capital investment cost (TCIC), present value capital cost (PVCC), capital at risk, and cash flow profile have direct influence on cost and financing.  A conceptual model of the potential impact of SMRs on these areas is presented below.  Additionally, the suitability of SMR characteristics for various utility and country circumstances is addressed.  Depending on the specific circumstances of potential customers, different cost-financing-customer circumstances decision criteria trade-offs will be required, resulting in different optimal decisions being made.  They are discussed in the following.
1. Cost

Cost savings are available in a number of different areas related to the smaller size of SMRs.
a. Multiple Units & Learning
Since a larger number of SMRs are required to provide the same total plant capacity as a large reactor plant, savings to overnight cost can be achieved because of multiple unit and learning curve cost savings.  Each of the additional units will have an overnight cost lower than the first unit since there are some fixed, non-repeatable costs incurred in the first unit.  Other advantages to the deployment of multiple units at a single site are the sharing of infrastructure and better utilization of site material and human resources.  These savings reduce the average cost of multiple units built on a single site or on multiple sites within a larger construction program.
Additionally, SMRs are characterized by what can be called economy of replication, based on bulk ordering and serial fabrication of components.  To give an example, the 335 MWe IRIS module employs eight steam generators versus the two to four steam generators for a large, conventional  1200 MWe PWR.  Thus, production of 6000 MWe by IRIS requires the fabrication of 144 steam generators versus ten to twenty for a large reactor (LR) plant.  The small, simple components of SMRs can be produced on a small scale assembly line rather than one at a time, potentially resulting in lower specific costs..
In addition to multiple unit savings, each unit constructed in a series of SMRs, after the first, will benefit from construction learning that occurs on each site and within a program of multiple sites.  Learning curve savings are obtained from the construction of successive units as a result of more replication and faster progression along the learning curve.
Data on multiple unit and learning savings for series build of large reactors is provided by the nuclear construction programs in France and South Korea.  SMRs permit a greater degree of savings for series build since a larger number of units are used to achieve a desired level of total capacity.
b. Plant Design & Modularization
Overnight costs can be further reduced to the extent plant designers are able to achieve more cost efficient designs with design concepts that are currently possible only at smaller power levels.  These cost savings can result from (1) simpler, fewer, less complicated components (integral equipment design), (2) alternative safety system approaches (passive safety system, safety-by-design), and (3) greater degree of modularization and factory fabrication.  These cost reductions are specific to individual SMR designs and design concepts.
i. Simplicity, reduced type and number of components.

SMRs are generally new designs which try to simplify existing solutions.  Their safety characteristics tend to be enhanced because intrinsic and passive safety are better enabled by the smaller size; enhanced safety, if properly accounted for, translates into a cheaper design.

The smaller size and lower power of SMRs allows them to be more accessible to modularization, i.e., construction and deployment of a larger number of standardized units.  Modularization reduces the requirements for more expensive and time consuming on-site construction and also allows more factory fabrication.  
In addition to the unit power cost per kWe, an index based on the amount of required commodities (such as steel and concrete) is also considered in evaluating a reactor plant.  Because of their compactness, the “commodities index” (m3/kW) in SMRs is approximately the same as, and in many cases lower than, that in large plants.  Another effect of their compact design is that a cluster of SMRs, having the same total power as a large plant, can potentially require less land.
ii. Security

Engineering additions required to enhance security are intrinsically less expensive in SMRs because of their smaller size and simpler design.  For example, SMRs offer a much smaller target to terrorists controlled aircraft.  Also their enhanced intrinsic safety and passive systems decrease the chances (thus, costs of counteracting measures) of internal sabotage.

iii. Lifetime

Many SMR designs have the potential for longer lifetimes of both the core and the reactor structures, including the pressure vessel.

c. Construction Schedule
Smaller physical plant sizes can be constructed with shorter construction schedules.  For a given commercial operation date (COD), shorter schedules, with relatively later expenditures, result in lower total capital investment costs because of lower costs for interest during construction.  
d. Unit Timing
Meeting a need for power with multiple SMRs built over an appropriate time frame can spread out the capital expenditures over time and result in much later expenditures than can be achieved by meeting it in one large block.  This delay in capital expenditures can substantially reduce the present value cost of the investments involved.

e. Economy of Scale

Economy of scale will result in the increase in the per kwe costs of some components and systems of SMRs relative to larger reactors where those components and systems are scaled down versions of larger reactor designs.  However, as discussed above, SMR designs often eliminate the need for many components and systems needed in larger reactor designs and many of the remaining components and systems are based on significantly different design concepts and approaches 
2. Financing

Depending on the size and financial circumstances of the plant owner, various financial criteria will assume greater importance among the overall decision factors.  Deployment of SMRs can provide significant benefits regarding capital at risk and cash flow profile financial impacts.

a. Capital at Risk

Lower investment costs and shorter construction schedules for SMRs relative to large reactor units improve the ability to finance capacity expansion projects.  SMR total capital investment costs are in the hundreds of millions of dollars range as opposed to the billions of dollars range for larger reactors.  These smaller investments are more easily financed, especially for countries and utility systems with more limited financial resources.  Most emerging and developing countries could simply not afford this magnitude of investment prior to receipt of revenue or the impact the repayment schedule would have on the balance of payments that would be required to construct large reactor plants.  Shorter construction schedules also improve the time to return on investment, further enhancing financial attractiveness.

b. Cash Flow Profile

Smaller capacity increments may provide a better fit with base load capacity growth for either smaller utility systems or for larger utility systems with lower rates of load growth.  Utilizing series build of SMRs in these circumstances with progressive construction/operation of multiple modules deployed in succession, rather than adding one large block of capacity, allows the earlier reactors to begin operation while others are still being completed.  In this situation, substantial revenue is generated before all of the plant investment expenditures are made.  This makes it possible to minimize the total net cash outlays for the capacity expansion program.  SMRs thus significantly expand the applicability of nuclear power to current and future electricity demands and make it available to those countries and utilities which until now would not have considered it as an option.
3. Utility and Country Circumstances

The relationship of new base load capacity with utility and country circumstances is another important consideration in the overall decision criteria.  SMRs provide a better fit with the local circumstances and resources available in many potential nuclear plant markets.  For those situations the following decision factors may assume increased importance.
a. Grid size (electrical grids with limited capacity)

 It is a general rule of thumb that a grid should not be subjected to power variations in excess of 10% of the total grid capacity.  So, 1000 MWe plants cannot be deployed in grids of 10 GWe or less.  SMRs size allows a much closer match of supply to demand than is possible with large plants.  This of course reduces financing commitments and allows better planning, with reduction in planning margin.  Also, insertion of smaller units reduces the challenge to grid stability.  Even in larger interconnected grids large power additions/subtractions can cause grid instabilities.  These instances have been rather common in the last few years, as demonstrated by blackouts in northern U.S./Canada and Italy in 2003 and Central Europe in 2006.
b. Demand growth (base load growth for nuclear)

Even for systems that can accept a plant larger than 1 Gwe, a smaller plant may be a better fit with the annual increase in the growth of base load.

c. Central site vs. dispersed sites for series build
SMRs on dispersed sites may be more appropriate for remote areas requiring smaller, localized power centers, to avoid long and expensive transmission lines required by a central location.
d. Geographic Relationships
Similarly, a geography and demography featuring mid-size urban and power demand areas that are fairly scattered, rather than concentrated in a few “mega centers” may benefit from location of SMRs closer to demand..
e. Local construction infrastructure
Smaller, simpler designs of SMRs may provide a better fit with local construction infrastructure resources and may also provide a greater potential for localization of supply from the existing manufacturing base.

f. Non-electric Plant Applications

Cogeneration (desalination, district heating, industrial steam, process heat) is the province of SMRs.  While in principle cogeneration is independent of the nuclear plant size, in practice economic considerations have driven the larger plants to be pure producers of electricity, since utilities prefer that the multi-billion dollars investment in large nuclear plant produces the highest amount of base load electricity.  Besides this consideration, there is another factor which makes SMRs the best nuclear plants for cogeneration.  Cogeneration can be the production of:  fresh water by desalination; steam for district heating, industrial or agricultural application; process heat for chemical industry; hydrogen production.  One common characteristic is that, while electricity can be transported long distance, cogeneration products require close proximity of producer and end user.  Since nuclear plants are licensed with population restrictions (exclusion zone, low population zone, etc.) either significant infrastructure/transportation costs are incurred or cogeneration is simply not possible.  As previously mentioned, the safety characteristics of some SMRs may allow them to attain licensing without the need for emergency response.  One of the designs leading these efforts is IRIS, with objectives to obtain licensing with a collapsed population exclusion zone, which will be very close to the plant boundary.[1] [2]
Conceptual Generic Model
A generic model has been used to evaluate the relative impact of some SMR cost factors on the new generation capacity decision criteria highlighted in Figure 1 (overnight capital cost (OCC), total capital investment cost (TCIC), present value capital cost (PVCC), capital at risk, and cash flow profile).  These factors are (1) economy of scale, (2) multiple units, (3) learning, (4) construction schedule, (5) unit timing, and (6) plant design.  Figure 2 illustrates the relationship of these six factors in deriving a comparison of the relative cost per kwe of SMRs with that of large reactors (LRs).  This model does not address the impact of customer specific utility and country circumstances on the decision criteria.
Table 1 presents the input assumptions used in determining the nominal case results.  The 4 unit SMR-4 plant is assumed to provide the same total capacity as the single unit LR plant with each unit at ¼ of the capacity of the LR unit.  The scaled large reactor (SLR) cost assumes a hypothetical plant design based entirely on the LR design and scaled to ¼ capacity.  The SMR-4 unit timing is assumed to match the load growth which requires the equivalent of one SMR-4 every 9 months.  A representative design cost savings of 15% is assumed as the nominal case for a generic SMR.  A discout rate of 5% per year is used for all results.
Economy of Scale

The first factor represents the economy of scale, assuming that the two plants are comparable in design and characteristics.  The usual correlation
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is adopted with n = 0.6.  This factor determines a hypothetical overnight capital cost estimate of a single large reactor design that is scaled in its entirety to ¼ size.  In this case the OCC per kWe of the scaled large reactor (SLR) would be 74% higher than the large reactor of actual size.  
Multiple Units and Learning

The site multiple units factor is evaluated considering that there are fixed, non-recurring costs only incurred for the first unit and there are costs which are shared by the multiple units.  

The learning factor considered here is the “on site” type factor and is evaluated from the various models reported in the literature (e.g., Gen IV)[3].  It was found that for the four unit case the cost reduction is between 8 and 10%.  The 8% value was conservatively chosen.  

The combined impact of multiple units and learning is a 22% reduction in OCC for a four unit SMR-4.  This is consistent with Korean and French experience reported in the literature for series build of multiple units on the same site or multiple sites within the same standard plant program.  

Construction Schedule
The effect of construction schedule is evaluated assuming a construction schedule for the LR and SMR of five and three years respectively and calculating the total capital investment cost (TCIC) for the two cases.  This shorter construction time results in a 5% savings for SMRs.
Unit Timing
The LR and the first SMR unit are assumed to go into operation at the same date.  The remaining 3 SMRs are assumed to begin operation every 9 months thereafter.  The relatively later capital cost expenditures for the SLR reduce the PVCC by an additional 5% compared to the LR.  The unit timing savings on PVCC increase as the time between units matching load growth is increased.  At 24 months, the savings would increase to 12%.
Plant Design

The level of OCC savings achieved by the application of improved design concepts for SMRs is highly dependent on the specific SMR design and that of the large reactor reference.  The elimination of plant components and systems in combination with more compact plant layouts can result in significant SMR cost reductions.
For this generic analysis, cost savings in the range of 5% to 30% are included in sensitivity results.  A 15% cost savings is assumed for the nominal case.
Combined Capital Cost Results
When the various factors are combined (Table 2), a pack of four SMRs has a 16% higher OCC, a 9% higher TCIC, and only a 4% higher PVCC than a single LR with the same total capacity.  Sensitivity results are contained in Table 3 for Design Specific Capital Cost Factors ranging from 0.95 (5% OCC savings) to 0.70 (30% OCC savings).  These results indicate that SMRs can be an attractive alternative solely of the basis of cost.
Capital at Risk
Capital at risk becomes a more important decision factor for the circumstances where the total capital invested prior to receipt of revenue is a critical factor for new nuclear capacity financing.  For the example input assumptions identified in Table 1, the capital at risk for of a single or first unit SMR-4 is only 35% of that for a single unit LR, a significant improvement in ability to finance for many potential nuclear plant customers.
Cash Flow Profile
SMRs provide flexibility to manage the cash flow profile.  For market circumstance where the maximum net negative cash flow assumes a greater importance in the decision, the adjustment of time between each SMR in a series can be used to minimize this metric.  Table 4 presents sensitivity results for net maximum negative cash flow vs. time between units.  Beyond a certain point, increasing the time between units may tradeoff some potential OCC construction learning savings in order to minimize peak cumulative cash flow.  For many potential nuclear plant customers this becomes a worthwhile tradeoff.
Utility and Country Considerations

The utility and country circumstances discussed above are not directly addressed in this model.  Utility and country specific analyses will be required in order to quantify SMR advantages within the related decision criteria in relation to the advantages addressed above.  Through the combination of the decision factors for cost, financing, and utility/country considerations, many markets will be identified where SMRs provide the optimal choice for base load capacity.
Summary and Conclusions

This paper has explored the impact of many of the characteristics of SMRs on a range of decision criteria considerations for potential nuclear plant customers including, (1) cost, (2) financing and (3) utility & country circumstances.  Of the six capital cost factors considered in a conceptual generic model, economy of scale, multiple units, learning and plant design act directly on various portions of the overnight capital cost (OCC).  Shorter SMR construction schedules reduce required interest during construction and, thereby, the total capital investment cost (TCIC).  A better fit of smaller units with base load growth requirements further improve the present value capital cost (PVCC) reducing the capital portion of SMR generation costs.

Significantly lower capital at risk for SMRs can further enhance the ability to finance new nuclear capacity, as can an improved cash flow profile which results from optimizing the time between SMRs in series build programs.
Beyond the impact of a better fit of small reactors with utility size and load growth in many world markets, other aspects of utility & country circumstances including geographic relationships, local construction infrastructure, and non-electric plant applications contribute toward favorable decision factors regarding SMR implementation.
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Figure 1 – Outline of Plant Capacity and Timing Decision Model
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Figure 2 - Potential SMR Cost Factor Advantages
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 Note 1 - IDC: Interest during Construction
Table 1 - Assumptions for Model Example - Nominal Case
	SMR-4 to LR Size Ratio
	1:4

	SLR Cost 
	Based entirely on LR design scaled to 1:4 ratio

	SMR-4 Unit Timing
	Every 9 months

	SMR-4 Design Cost Savings
	15% assumed savings

	Discount Rate
	5% per year


Table 2 – Results of SMR Capital Cost Factor Model

	Capital Cost Factor
	Capital Cost Factor Ratio
(Four SMRs vs. Single LR)

	
	Overnight Capital Cost
	Total Capital Investmetn Cost
	Present Value Capital Cost

	(1) Economy of scale
	1.74
	1.74
	1.74

	(2) Multiple units & 
(3) Learning
	0.78
	0.78
	0.78

	(4) Construction schedule
	N/A
	0.94
	0.94

	(5) Unit timing
	N/A
	N/A
	0.95

	(6) Design specific
	0.85
	0.85
	0.85

	Cumulative Total
	1.16
	1.09
	1.04


Table 3 – Design Specific Cost Factor Sensitivity
	(6) Design Specific 

Capital Cost Factor Ratio
	Cumulative of Total 

Capital Cost Factor Ratio
(Four SMRs vs. Single LR)

	
	Overnight Capital Cost
	Total Capital Investmetn Cost
	Present Value Capital Cost

	0.95
	1.29 
	1.22 
	1.16 

	0.90
	1.22
	1.15
	1.10

	0.85
	1.16
	1.09
	1.04

	0.80
	1.09
	1.02
	0.98

	0.75
	1.02
	0.96
	0.91

	0.70
	0.95
	0.90
	0.85


Table 4 – Maximum Negative Cash Flow

(comparable LR and SMR capacity)

	Time between SMR units (months)
	Percent of LR Value (percent)

	9
	82%

	12
	70%

	24
	41%

	36
	35%
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