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Figure 13. The four-module layout on the preferred location. [Visio file: “Waterford-Eval - Plant Layout”] 

 

Figure 14. The six-module plant layout on the preferred location. [Visio file: “Waterford-Eval - Plant Layout”] 
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Figure 15. The 10-module layout on the preferred location. [Visio file: “Waterford-Eval - Plant Layout”] 

Figure 15, shows the 10-module layout selected for this plant size. Two different layouts were 
considered. One added four more NHSS modules to the east of the six-module layout shown in Figure 14. 
This was not an acceptable arrangement because the 400 meter EAB for all four of the added NHSS 
modules cross over the site property line into the east industrial facility. It is not possible to move the full 
site further west because of interference with high voltage transmission lines that run from Waterford-3 
through this area to the high voltage switchyard. It is not judged practical to move those lines to permit 
siting the HTGR plant in that location. Accordingly, the offset parallel arrangement of the NHSS modules 
shown in Figure 15 was selected as the most practical. The position of the control room is the same as in 
the other configurations thereby avoiding special design features to accommodate the postulated railcar 
explosion hazard. 

5.3 HTGR Cogeneration Plant Schedule 

The conceptual schedule for implementing the Waterford HTGR cogeneration plant assumes a mature 
HTGR design and deployment plan as shown in Figure 16. This schedule assumes that the Cogeneration 
plant will be implemented using Nth-of-a-kind modules in an optimized deployment. This deployment 
includes a 6-year period for construction of the first module, which includes 2 years of initial site 
preparation and major material and component procurements, 4-years for construction of the second 
module, and 3-year construction periods for all remaining modules. The construction periods are 
overlapped so that each module starts operation 6 months after the prior module. The length of time 
required for deployment of all modules depends on the number of modules in the plant. 
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Figure 16. HTGR cogeneration plant deployment schedule. 

As shown in Figure 16, there is a 5-year period before the beginning of the first module construction. 
This period is required for licensing and permitting activities, assuming that a Design Certification and a 
Reference COL exist for the HTGR plant. It is assumed that the HTGR plant will be licensed by the NRC 
under 10 CFR 52 with issue of a COL. It is also assumed that an Early Site Permit (ESP) will be obtained. 
Site preparation work is assumed to start upon receipt of the ESP about 2 years prior to receipt of the 
COL whereupon full construction of the first module can start. During construction and commissioning of 
the modules, the NRC will close out open items identified as inspection, testing, and acceptance criteria 
prior to authorizing initial fuel loading for each module. This process will continue through construction 
of the final module. As shown, a four-module plant could be in full operation 11 years after the start of 
the project, with a total construction period of 7 years, including early site preparation The six-module 
plant adds 1 year to the construction period and total project period. The 10-module plant adds 3 years. 

These deployment schedules were assumed in the economic analyses of the three alternative 
configurations. 
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5.4 Assumed Business Model 

Figure 17 depicts the business model on which the economics are based. The HTGR plant is assumed 
to be a standalone entity. It is assumed that the owner(s) of the HTGR plant would enter into long term 
energy supply agreements with the industrial facilities. Similar contracts would be entered into with the 
regional utilities and others for supply of excess electricity. To achieve the required internal rate of return 
on equity, these agreements need to have provisions to support the full use of HTGR plant energy at a 
high capacity factor over the lifetime of the plant. Typically, energy supply contracts will only extend for 
several years. They will contain clauses for price adjustments over this period, (e.g., to account for 
inflationary factors) and provisions for continuation. It is important that such contracts between the 
cogeneration plant and the energy off-takers provide adequate incentives for continuing these contracts 
over the life of the plant. This is necessary because nuclear plants have high capital costs but very low 
operating costs. During the period of capital recovery, capital recovery makes up ~70% of the operating 
costs. This contrasts with natural gas plants where fuel costs can account for up to 70% of the operating 
costs over this period. Accordingly, achieving the required internal rate of return on equity relies on long 
term operation at near full capacity factors. 

 

Figure 17. Business model. 

5.5 Costs 

The costs for the HTGR Plant design, licensing, construction, commissioning, and operation are 
based on correlations for a mature (nth-of-a-kind) plant that account for the total rating of the plant, the 
reactor outlet temperature of the NHSS modules, the rating of the NHSS modules, the number of steam 
turbine generators, decommissioning costs, refueling outage costs, and scheduled and unscheduled outage 
costs.7 The correlations were developed from specific plant cost estimates for HTGRs developed in the 
1980s and 1990s by General Atomics for DOE, during the development of preconceptual designs by the 
NGNP Project in 2007, as part of updates of costs as the designs and design requirements for the NHSS 
evolved from discussions with potential end users, and from bottoms up analysis of costs of major 
components such as large vessels. The costs for these components in 2010$ are summarized in Table 5. 
The economic evaluations apply inflation factors over the length of the project. All NHSS costs are based 
on a reactor outlet temperature of 750°C. 
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Table 5. Summary of estimated HTGR cogeneration plant capital and operating costs in 2010$ (unless noted 
otherwise). 

Item 

4-Modules 6-Modules 10 Modules

600 MW(t) 
NHSS 

600 MW(t) 
NHSS 

350 MW(t) 
NHSS 

350 MW(t) 
NHSS 

Design, licensing and permitting costs, 
construction and engineering services, owners 
cost, $MM* 

1,310 1,770 1,265 1,860 

NHSS capital cost, $MM* 1,750 2,445 1,700 2,600 

Steam turbine generator costs, $MM* 335 440 300 430 

Contingency, $MM* 675 930 655 975 

Inflation 2009$ to 2010$ 230 315 215 325 

Total Plant Capital Cost, $MM (2011$) 4,300 5,900 4,135 6,190 

Replacement core costs, $MM 53 53 30 30 

Annual refueling costs, $MM 140 210 125 205 

Operating and maintenance costs (exclusive of 
replacement cores), $MM/annum 

105 140 130 205 

Decommissioning annual payment, $MM 11 16 9 15 
* 2009$ 

 

In reviewing Table 5, note the following: 

 The capital costs are in 2009$. The inflation factor accounts for inflation from 2009 to 2010 based on 
industry Chemical Engineering Plant Cost Index factors (2009–521.9, 2010–550.8). 

 A refueling period of 18 months has been assumed so there will be more than one refueling each year 
for all of these configurations. The annual refueling costs are an average including the cost of 
replacement cores and the costs for performing the refuelings. 

 The plant configurations using 350 MW(t) module ratings have higher per unit costs than those using 
600 MW(t) module ratings. Figure 18 compares the costs per kW(t) of the NHSS modules as a 
function of the plant rating for module ratings of 200, 350, and 600 MW(t). 
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Figure 18. Per unit capital costs versus module and plant ratings. 

5.6 Pricing of Energy 

The NGNP Project developed an economics modeling code to support evaluating the economic 
viability of HTGR integration with industrial processes.8 The model is based on discounted cash flow 
analysis, which includes all capital and operating costs for the HTGR plant and, where applicable, the 
industrial plant. The model is configured to permit analysis of only the HTGR plant, providing energy in 
specified forms (e.g., steam, electricity, heat) or an integrated plant including the HTGR as the principal 
energy supply and the industrial processes producing a specific product(s), (e.g., ammonia, synthetic 
transportation fuels, hydrogen, bitumen, syncrude). The internal rate of return on owner equity and net 
present value are the principal parameters of interest calculated by the model. 

The model includes high level designs of the plant configuration being analyzed, (e.g. an HTGR plant 
only or a fully integrated industrial plant) that is used to develop capital and operating costs. In addition to 
capital and operating costs, model inputs include project schedule, construction schedule and cost profile, 
financial parameters and project life. The plant capacity factors take into account the staggered 
commissioning of each module and the periods when the NHSS modules are off-line for refueling and 
scheduled outages. An additional factor is applied to the capacity factor to account for unscheduled 
outages. 

The model performs the calculation of internal rate of return on owner equity based on discounted 
cash flow over the life of the project using one of two optional approaches. In one alternative, the prices 
of the products are adjusted to achieve a required return. In the other the return is calculated for given 
product prices. For the economic analysis of the Waterford HTGR Cogeneration Plant the former 
approach is used, (i.e., the prices of steam, electricity and heat supplied to the industrial processes and to 
the grid are adjusted to achieve a required return). The results of this analysis are summarized below. 

The capital and operating costs for the Cogeneration plant were summarized in the preceding section. 
Other key parameters of the analysis are summarized in Table 6.  
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Table 6. Key economic analysis parameters. 
Item Value 

Project Start Date 2015 
Total construction time 6 to 9 years 
Project Lifetime 60 years 
Required Internal Rate of Return on Owner Equity 10% 
Debt to Equity Ratio 80% 
Interest During Construction 8% 
Debt Financing Interest 8% 
Debt Term 20 years 
Consolidated Tax Rate 38.9% 
Depreciation MACRS 15 years 
Inflation Factor 3% 
Escalation Factor None 

 

The baseline per unit costs for steam, electricity, and heat are calculated in Table 7 for the several 
configurations considered for the cogeneration plant. 

Table 7. Baseline unit costs for steam, electricity, and heat.e 

Item 

4-Modules 6-Modules 10 Modules 
600 MW(t) 

NHSS 
600 MW(t) 

NHSS 
350 MW(t) 

NHSS 
350 MW(t) 

NHSS 
Electricity, $/MWhe 71 64 82 77 
Steam, $/1000 lb 11 10 13 12 
Heat, $/MMBtu 9 8 10 10 

 

This table shows the effect of the higher $/kW(t) cost for the 350 MW(t) module rating versus that of 
the 600 MW(t) rating and the benefit of the larger 3,600 MW(t) plant. It should also be noted that the 
350 MW(t) module rated plants had less total plant rating than the 600 MW(t) module plants so there was 
less excess electrical power available for sale to the grid. The results would not have changed much if 
additional 350 MW(t) modules were added. The results clearly illustrate the economies of scale. For this 
reason the 3,600 MW(t) (6–600 MW(t) modules) is judged to be the best alternative for this application 
and is referred to as the HTGR cogeneration plant in the following.  

Figure 19 compares the price of electricity and steam from the HTGR Cogeneration plant with 
electricity and steam prices generated from NGCC plants as a function of the price of natural gas. A range 
of electricity and steam prices are shown for the HTGR plant. This range covers variations in internal rate 
of return on equity from 10 to 15% (low to high price). As noted on the figure, the correlations of 
electricity price for NGCC plants as a function of natural gas price were developed from EIA data in the 
Annual Energy Outlook 2011 report on the projected price of generating electricity using several different 
technologies. The steam price variation with natural gas price was developed by General Atomics in a 
mature HTGR conceptual design report prepared under a cooperative agreement with the DOE.6 As 
shown, HTGR plant pricing is comparable to historical natural gas prices in the $6 to $8/MMBtu range, 
depending on the IRR assumed. This indicates that the HTGR plant can be competitive with natural gas 
fired plants for the conditions evaluated.  

                                                      
e  These values were generated in Excel files HTGR Economics; 4_600, 6_600, 6_350 & 10_350 MW(t); 10IRR, respectively. 
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Figure 19. Comparison of HTGR Prices with natural gas plant [Excel file Economics 6-600 MW(t) IRR 
Variation 10-26-10]. 

Because of the early development phase of the HTGR plant design, there is large uncertainty in the 
capital and operating costs for the plant and the financial factors that will be in place when the plant is 
deployed. The following summarizes the results of additional analyses that were performed to evaluate 
the impact of these uncertainties in the cost and financial factors on the range of potential product pricing 
for the HTGR cogeneration plant.  

Figures 20 and 21 present tornado charts showing the impact of variations in key factors on the price 
of electricity and steam from the HTGR cogeneration plant. The required internal rate of return on equity 
and the cost of the plant have the most influence on the required pricing of electricity and steam. These 
tornado charts illustrate the influence of individual parameters on the necessary pricing to meet the 
required internal rate of return. It is not appropriate to combine the effects of multiple parametric 
variations shown on these charts. Instead, Figures 22 and 23 show the combined effects of these 
variations in the form of probability distributions for electricity, steam, and heat prices. These charts were 
developed using a 10,000 step Monte Carlo Simulation applying triangular distributions over the 
extremes identified for each parameter in Figures 20 and 21. Figures 22 and 23 also show the relevant 
statistics for each price. Note that the mean values are generally higher than the baseline values for 
electricity and steam supplied from the HTGR plant. Referring to Figures 20 and 21, this is because the 
effects of the largest contributors to uncertainty—required IRR and plant cost—tend to bias the 
distribution to higher pricing. In any event, the differences in the statistical means and the baseline values 
are not significant. The relatively large standard deviations reflect the large uncertainty in the values of 
the key parameters. As the design of the HTGR evolves, these uncertainties will be reduced and more 
confidence developed in the economics of its application to this and other industrial applications. f 

                                                      
f  The tornado charts and the figures from the Monte Carlo analyses were developed in Excel file Waterford HTGR 

Economics_6_600 MW(t)_10IRR_Monte_Carlo 9-7-11 and Waterford Cogen 6-600 MW(t) Monte Carlo Results.  
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Figure 20. Effect of variations in key economic parameters on the price of electricity. 

 

Figure 21. Effect of variations in key economic parameters on the price of steam. 
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Figure 22. Electricity price, $/MWhe—probability distribution and statistics. 

Fore ca st: Ele cPrice Ce ll: B2

Summary:
Entire range is from $42.61 to $110.17
Base case is $64.12
After 10,000 trials, the std. error of the mean is $0.10

Statistics: Forecast values
Trials 10,000
Mean $68.54
Median $68.07
Mode ---
Standard Deviation $9.98
Variance $99.57
Skewness 0.2460
Kurtosis 2.82
Coeff. of Variability 0.1456
Minimum $42.61
Maximum $110.17
Range Width $67.56
Mean Std. Error $0.10
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Figure 23. Steam price, $/1,000 lb—probability distribution and statistics. 

  

Fore ca st: Ste am_1000lbs Ce ll: E3

Summary:
Entire range is from 6.74 to 17.41
Base case is 10.14
After 10,000 trials, the std. error of the mean is 0.02

Statistics: Forecast values
Trials 10,000
Mean 10.83
Median 10.76
Mode ---
Standard Deviation 1.58
Variance 2.49
Skewness 0.2460
Kurtosis 2.82
Coeff. of Variability 0.1456
Minimum 6.74
Maximum 17.41
Range Width 10.68
Mean Std. Error 0.02
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6. PRELIMINARY SITE HAZARDS ASSESSMENT 

6.1 Summary of Results 

An assessment was performed as part of the evaluation of the siting an HTGR cogeneration plant on 
the Waterford site to determine hazards and potential challenges that HTGR owners and HTGR designers 
need to be aware of when developing the HTGR design for the assumed co-location with the existing 
Waterford-3 nuclear plant on this site and nearby industrial facilities, and to evaluate the potential 
locations for the HTGR plant for suitability, considering certain Waterford site characteristics. The 
objectives of the site hazard assessments were to do an initial screening of representative locations in 
order to identify potential challenges and restraints to be addressed in design and licensing processes, 
evaluate potential HTGR locations on the Waterford site for potential hazards and describe some of the 
actions that may be necessary to mitigate impacts of hazards; and provide key insights that can inform the 
plant design process. 

The report of this assessment5 presents a summary of the process methodology and the results of the 
assessment. The assessment considered health and safety, and other important siting characteristics to 
determine the potential impact of identified hazards and potential challenges presented by the location for 
this technology. The assessment was conducted based on the methodology for evaluating key 
characteristics of a site as presented in NGNP-LIC-ETR-RPT-0001, “Procedure for Site Hazards 
Evaluation and Impact Assessment.” 

Because the HTGR designs are still evolving in the early design phases, a great deal of specific 
information (i.e., key site parameters that bear on the design and site characteristics assumed in the 
design) was not available to support this assessment. However, some plant parameter envelope 
information from General Atomics for the Gas-Turbine, Modular Helium Reactor design was used in 
limited applications to support this assessment (e.g., bounding water use requirements, accident source 
term, and foundation embedment depth). The assessment collected the majority of information to inform 
HTGR designers on the hazards that might affect the licensing and operation of the HTGR from the Final 
Safety Analysis Report for Waterford-3. 

This assessment concludes that the Waterford site appears to be viable for siting the HTGR plant. The 
assessment identified questions concerning technical and environmental factors that would require further 
evaluation if siting of a cogeneration plant were to be pursued prior to proceeding with formal site 
permitting and HTGR deployment. The more significant of the questions that could affect the HTGR 
plant design (technology or site geotechnical) and construction mitigation actions are: 

 The proximity of a nearby railroad line to the site presents potential issues with respect to impacts 
from hazardous materials and security. Physical security considerations may create some specific 
needs for the design, and will require further evaluation, depending on the final location selected for 
siting the reactors and the surveillance technology selected. 

 The site exhibits near surface groundwater conditions in soils that are prone to settlement when 
dewatered. This can create a risk of localized surface subsidence during the dewatering operations 
that would accompany construction and potentially operation of an HTGR facility. 

 Equilibrated groundwater hydrodynamic pressures on the basemat (at approximately 160-ft deep) of 
the post-constructed HTGR facility must be considered in the HTGR facility design. 

 Current and future planned flood protection and mitigation features in the vicinity of the site, such as 
levee systems, reservoirs, and diversion structures, which are maintained by the US Army Corps of 
Engineers, would need to be revalidated as applicable to adequate flood protection for newly installed 
HTGR modules at this site. 
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All of these will require further evaluation during the design process but are judged to not disqualify 
this site for locating this HTGR plant. 

The above summary listing does not include other challenges and potential hazards on or around the 
Waterford site, such as the bulk storage of hazardous substances at neighboring industrial facilities. 
Although these are important considerations for HTGR design and siting, they were not considered to be 
significant HTGR challenges. Similar issues have previously been successfully addressed at Waterford-3. 
Although requirements and acceptance criteria have been revised since the initial licensing of 
Waterford-3, it is judged that these issues can be successfully addressed and resolved under current 
regulation. While the evaluation in this report provides designers with preliminary insights they may have 
to address in the HTGR design should this or any site similar to this location be identified for siting a new 
nuclear plant, additional in-depth evaluations will be needed once a design is selected. These evaluations 
would include detailed site investigations in the hydrological, geological, and meteorological areas. 
Detailed evaluations will be needed to ensure physical security can be achieved, and additional detailed 
environmental and sociological investigations and permitting actions will be required. 

6.2 Interactive Considerations between HTGR and Waterford-3 

An assessment was also performed to identify impacts that the construction and operation of the 
HTGR facility may have on the existing Waterford-3 Nuclear Plant. The results of that assessment 
include a number of items, including the following examples that need to be evaluated further, but are 
judged based on this assessment to not disqualify this site for locating this HTGR plant: 

 Effects of postulated HTGR radiological releases on the existing safety systems, technical 
specification requirements, and associated dose analyses  

 The potential need to integrate the security and emergency planning functions for Waterford-3 and 
the HTGR facility 

 Hazards or impacts to be considered during the HTGR facility’s construction phase (site 
access/egress, excavation, wind-generated construction-related missiles, etc.). 

6.3 Other Considerations 

6.3.1 Early Site Permit 

Pursuit of an ESP is optional but should be considered as a part of the project licensing approach for 
the HTGR facility because it can provide a relatively inexpensive vehicle for resolving site-related issues 
early in the licensing process. The licensing process for obtaining NRC approval of the ESP involves: 
performing a site characterization study and analysis of data for the chosen site location, completing a site 
safety analysis based on the selected design or a plant parameter envelop, and preparing and submitting 
an ESP report (license application). The ESP report is then reviewed by the NRC which may take 
24 months. Public hearings are conducted prior to final approval of the ESP report. The overall process 
may take as long as ~5 years from when the process starts. 
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