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Nuclear: great idea but far too expensive?

FoaK plants

Multiple plants

(ETI 2018)

(2017 
USD) 4 units 3 units 2 units 10 units 4 units

• Major impediments to deployment of new LLWRs in the US
• High OCC and LCOE, long time to deploy and to ROI
• No learning from doing = NoaK

Plant Vogtle, 2+ GWe, $32B USD
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Owner’s costs (9%)

$2500/kW

• Preconstruction (8+ years)
• FEED studies

• Geotechnical studies
• PSHA
• SSI analysis
• Scheme design

• DD + CD
• Internal and external events PRA
• Licensing

• Construction (12+ years)
• 20+ years to ROI = no customers
• Seismic load case           FoaK
• Civil/structural engineering: 50+% of OCC
• FoaK = no nuclear supply chain
• ROI = 5 years @ $2,500/kWe



Commodifying nuclear energy: changing the paradigm 

knowledge (as represented by subclasses of an individual patent). Third, Balland and
Rigby20 and Ivanova et al.21 adapted the economic complexity index developed by
Hidalgo and Hausmann22 to develop an index of technological complexity. Specif-
ically, they used patent data to calculate the geographic distribution of patenting ac-
tivity, assuming that complex knowledge is not ubiquitous and co-concentrates with
other kinds of complex knowledge. Fourth, Broekel23 proposed to use network anal-
ysis methods and patent data to calculate the diversity of (sub-) network topologies
in patent networks, which is a proxy for technological complexity. Finally, Chapman
and Hyland24 used expert elicitation methods to develop ex-ante estimates of
design complexity of emerging technologies.

In agreement with the theoretical predictions of McNerney et al.16 and Fink and
Reeves,17 low-carbon energy technologies with relatively low design complexity,
such as solar PV modules and LEDs, have benefited massively from price reductions,
primarily through learning-by-producing and economies of scale in mass
manufacturing.25 Knowledge related to such technologies is embedded in the
manufacturing equipment. Although the manufacturing equipment itself can be
complex, it is jointly developed and operated by manufacturers and manufacturing
equipment suppliers in highly controlled and closed environments internal to the
firm. Thus, the knowledge embodied in manufacturing equipment is relatively
easy to acquire, replicate, and implement globally. Thus, investments in
manufacturing equipment represent an extremely important driver for knowledge
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Figure 1. Schematic Characterization of Different Energy Technologies Based on Their Design

Complexity and Need for Customization

Note that the axes represent a continuum along each of these two dimensions and that the

locations of technologies within this framework are relative to each other. Based on this

characterization, the technologies are grouped into three types, each requiring different roles of

national and international innovation and deployment policy. For Type 1 technologies (no

shading), access to large and increasing global markets induces innovation. Type 2 technologies

(blue) provide opportunities for national green industrial policies fostering local industry,

technological adaptation, and participation in global value chains. Type 3 technologies (red)

require a combination of national green industrial policies and measures to promote international

coordination for inter-project and inter-context learning at a regional or global scale. The need for

international coordination increases as one moves towards the top-right of the figure.
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Lucid Catalyst

Missing Link to a Livable Climate: How Hydrogen-Enabled Synthetic Fuels Can Help Deliver the Paris Goals 31

Figure 14. Rendering of ammonia bunker offloading ammonia from a production platform

Artwork by Simon Clements                                              © LucidCatalyst

The image is to scale and highlights the size difference between the two ships. 

3.5  Production Platform Heat Source

Based on the Petronas PFLNG Dua, the heat source and power generation modules are scaled to a 
heat supply of 2,600 MWt, which gives an electric generation capacity of 1,164 MWe. This is sufficient  
to produce 1.2 million tonnes per year, as well as meet all other loads on the platform. Table 3 below  
lays out the technical specifications for the ammonia production platform in more detail. 

Table 3. Ammonia production platform output and physical specifications

Ammonia Production Potential

Thermal capacity (MWt)                       2,600

Electric capacity (MWe)                       1,164

Annual H2 production capacity (tonnes)                   217,030 

Annual NH3 production capacity (tonnes)                1,203,336 

Daily NH3 production capacity (BOE/day)                     12,160 

Physical Specifications  

Platform dimensions (same as PFLNG Dua) L: 393 m    W: 64 m    

Lifetime (years)                            30

Displacement (tonnes)                   152,000

Example Case Study

Natrium™ Power Production and Storage System
(TerraPower and GE Hitachi Nuclear Energy)

TerraPower and GEH

Advanced and micro reactors

BWXT
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Right-sizing external hazards and risk

• Cost and safety impacts 
• Load effects

• Wind-borne missile impact
• Aircraft impact
• Extreme ground shaking

• Acceptable risk

Stephenson, 1977
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Right-sizing external hazards and risk

• Load effects: wind-borne missiles
• Regulatory Guides

• Tornadoes (RG 1.76), hurricanes (RG 1.221)
• Normal impact of high-velocity missiles

• Schedule 40 steel pipe, 150 mm dia, 5 m long, 130 kg
• 41 m/s (tornado), 94 m/s (hurricane)
• Simple but why normal impact?

• Automobile, 1820 kg, specific size
• 41 m/s (tornado), 113 m/s (hurricane)

• Any evidence of such damage?
• Non-nuclear sectors: no

Stephenson, 
Terranova et al.



Right-sizing external hazards and risk

• Load effects: aircraft impact
• Aircraft cockpits secured for 20 years
• Hijacking of aircraft in US since 2001 = 0
• Strike a RC box and not a political target? No.
• Could you hit the RC box if you wanted to? No.
• MAF of aircraft impact on a RC box in the US = 0
• Guaranteed fatalities from an aircraft strike?

• 250+ dead on B787, all on the plane

Boeing



Right-sizing external hazards and risk

• Load effects: incredible ground shaking
• Consider Seismic Design Category 4, Clinch River

• 100% DRS (PHA=0.53g, RP=5,300 years), 200% DRS (1.06g, 25,000), 400% DRS 
(2.12g, 150,000), 600% DRS (3.18g, 490,000), 800% DRS (4.24g, 1,250,000) 
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Right-sizing external hazards and risk

• Tolerable risk
• MAF of death in a car accident?

• 1/10000 (1E-4)
• MAF of building collapse?

• 1/5000 (2E-4) from ground shaking
• MAF of death due to dam failure

• 1/10000 (1E-4), existing dam
• 1/100000 (1E-5), new, major dam

• Need to right size the F-C chart
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Earthquake load case. Always FoaK?

• Seismic hazard varies by
• Proximity to faults (line, areal, point)
• Soil conditions
• How characterized now: SSHAC

• Soil-structure-interaction analysis
• Nuclear cottage industry
• Coupled dynamics of soil and structure

• Surface mounted structures
• Deeply embedded structures

• Need to define ground motion at depth
• Where, how? Body waves, surface waves?

• Cost impact of the seismic load case?



Seismic isolation. What is it? How does it work?

• 2D horizontal or 3D
•  Nearly all 10,000+ applications 2D horizontal
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inside the facility. The conventional implementation of seismic (base) isolation will enable standardized 
plants (i.e., building and equipment) and that is the focus of this paper. The alternate implementation would 
enable standardized structures, systems, components, and safety-class equipment but may not deliver the 
needed cost reductions for commercially viable advanced reactors. 

 
a) seismic base-isolated reactor building 

 
  

 
 

b) seismic isolators and dampers 
Figure 1. Seismically isolated reactor building 

Although seismic isolation has been shown (e.g., Tajirian (1992); Tajirian and Patel (1993), Huang et al., 
(2008; 2009; 2011a; 2011b), Bolisetti et al. (2016), Kumar et al., (2017a; 2017b), Yu et al. (2018)) to 
reduce seismic demands on structures, systems, and components by factors of up to 10, and seismic risk by 
orders of magnitude, it has not yet been applied to nuclear power plants in the United States. The use of 
base isolation in the nuclear industry in the United States has been stymied by 1) few new builds, 2) a lack 
of technical guidance and standards, and 3) minimal quantitative information on the costs and benefits 
associated with base isolation. 

Projects funded between 2008 and 2018 by the US Department of Energy (DOE) and the US Nuclear 
Regulatory Commission (NRC) provided the technical underpinnings for building-level seismic isolation 
of US nuclear facilities, including chapters in ASCE/SEI 4-16 (ASCE, 2017b) and ASCE/SEI 43-19 
(ASCE, 2021), and three contractor reports published by the NRC: NUREG/CR-7253 (Kammerer et al., 
2019), NUREG/CR-7254 (Kumar et al., 2019a), and NUREG/CR-7255 (Kumar et al., 2019b). Journal 
articles, conference papers, and other technical reports support and complement the standards and guidance, 
with many identified in Whittaker et al. (2018). Information on the costs and benefits of seismic base 
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Seismic isolation. Asset protection only?

Arup, 2020

REPORT BY THE COMPTROLLER AND AUDITOR GENERAL
HC 90 Session 2002-2003: 6 December 2002

Ministry of Defence

The construction of nuclear
submarine facilities at Devonport

• Isolated LLWRs: Cruas and Koeberg
• Synthetic rubber bearings



Seismic isolation, LLWRs, advanced and micro reactors

• USNRC (2008-2017): Seismic isolation of large light water reactors 
• DOE (2014-2016): Seismic isolation of components in advanced nuclear reactors
• DOE (2016-2018): Evaluation of the potential effect of seismic risk at DOE facilities 
• DOE (2017-2019): Seismic isolation of advanced reactors with considerations of fluid 

structure interaction 
• DOE (2018-2020): Seismic isolation of major advanced reactor systems for economic 

improvement and safety assurance
• EPRI (2018-2019): Cost basis for utilizing seismic isolation for nuclear power plant design 
• ARPA-E (2018-2021): Reducing the overnight capital cost of advanced reactors using 

equipment-based seismic protective systems 
• DOE via Southern Company (2021-2023): Topical report on seismic isolation of 

advanced reactors 
• DOE ARDP via MIT (2021-2024): Horizontally configured high-temperature gas reactor 
• DOE NEUP (2022-2025): Gamma irradiation effects on the mechanical properties of 

seismic protective devices 

BWXT



Technology readiness: seismic isolation

NUREG/CR-7253 

Technical Considerations 
for Seismic Isolation of 
Nuclear Facilities 

Office of Nuclear Regulatory Research  
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NUREG/CR-7255 

Seismic Isolation of 
Nuclear Power Plants using 
Elastomeric Bearings

Office of Nuclear Regulatory Research 
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Why standardize? The role of isolation?

• Advanced Liquid Metal Reactor, 1992, Berkeley
• Standardize for needed cost reductions

• Seismic isolation
• Productized buildings, DfMA
• COTS equipment
• Separate nuclear island from the balance of plant
• Web-based ground motion calculations (USGS)
• One time licensing: building, equipment, isolation systems
• Enable a nuclear supply chain: order books for parts

• Quantify the cost savings? Data for advanced reactors?
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knowledge (as represented by subclasses of an individual patent). Third, Balland and
Rigby20 and Ivanova et al.21 adapted the economic complexity index developed by
Hidalgo and Hausmann22 to develop an index of technological complexity. Specif-
ically, they used patent data to calculate the geographic distribution of patenting ac-
tivity, assuming that complex knowledge is not ubiquitous and co-concentrates with
other kinds of complex knowledge. Fourth, Broekel23 proposed to use network anal-
ysis methods and patent data to calculate the diversity of (sub-) network topologies
in patent networks, which is a proxy for technological complexity. Finally, Chapman
and Hyland24 used expert elicitation methods to develop ex-ante estimates of
design complexity of emerging technologies.

In agreement with the theoretical predictions of McNerney et al.16 and Fink and
Reeves,17 low-carbon energy technologies with relatively low design complexity,
such as solar PV modules and LEDs, have benefited massively from price reductions,
primarily through learning-by-producing and economies of scale in mass
manufacturing.25 Knowledge related to such technologies is embedded in the
manufacturing equipment. Although the manufacturing equipment itself can be
complex, it is jointly developed and operated by manufacturers and manufacturing
equipment suppliers in highly controlled and closed environments internal to the
firm. Thus, the knowledge embodied in manufacturing equipment is relatively
easy to acquire, replicate, and implement globally. Thus, investments in
manufacturing equipment represent an extremely important driver for knowledge
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Figure 1. Schematic Characterization of Different Energy Technologies Based on Their Design

Complexity and Need for Customization

Note that the axes represent a continuum along each of these two dimensions and that the

locations of technologies within this framework are relative to each other. Based on this

characterization, the technologies are grouped into three types, each requiring different roles of

national and international innovation and deployment policy. For Type 1 technologies (no

shading), access to large and increasing global markets induces innovation. Type 2 technologies

(blue) provide opportunities for national green industrial policies fostering local industry,

technological adaptation, and participation in global value chains. Type 3 technologies (red)
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inside the facility. The conventional implementation of seismic (base) isolation will enable standardized 
plants (i.e., building and equipment) and that is the focus of this paper. The alternate implementation would 
enable standardized structures, systems, components, and safety-class equipment but may not deliver the 
needed cost reductions for commercially viable advanced reactors. 
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b) seismic isolators and dampers 
Figure 1. Seismically isolated reactor building 

Although seismic isolation has been shown (e.g., Tajirian (1992); Tajirian and Patel (1993), Huang et al., 
(2008; 2009; 2011a; 2011b), Bolisetti et al. (2016), Kumar et al., (2017a; 2017b), Yu et al. (2018)) to 
reduce seismic demands on structures, systems, and components by factors of up to 10, and seismic risk by 
orders of magnitude, it has not yet been applied to nuclear power plants in the United States. The use of 
base isolation in the nuclear industry in the United States has been stymied by 1) few new builds, 2) a lack 
of technical guidance and standards, and 3) minimal quantitative information on the costs and benefits 
associated with base isolation. 

Projects funded between 2008 and 2018 by the US Department of Energy (DOE) and the US Nuclear 
Regulatory Commission (NRC) provided the technical underpinnings for building-level seismic isolation 
of US nuclear facilities, including chapters in ASCE/SEI 4-16 (ASCE, 2017b) and ASCE/SEI 43-19 
(ASCE, 2021), and three contractor reports published by the NRC: NUREG/CR-7253 (Kammerer et al., 
2019), NUREG/CR-7254 (Kumar et al., 2019a), and NUREG/CR-7255 (Kumar et al., 2019b). Journal 
articles, conference papers, and other technical reports support and complement the standards and guidance, 
with many identified in Whittaker et al. (2018). Information on the costs and benefits of seismic base 
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The composite logarithmic standard deviation  for the isolation-system fragility function is computed 
with considerations of variability in ground motions ( ), the mechanical properties of the isolation 
system ( ), and the distribution of mass in the isolated superstructure ( ): 

  (5.1) 

Appendix D establishes values of  for linear and nonlinear isolation systems of 0.20 and 0.30 
respectively, noting that a value of 0.3 could be used for linear isolation systems augmented by nonlinear 
fluid viscous dampers.  

The horizontal displacement demand curve is determined by dynamic analysis of the chosen isolation 
system and building model for incremented levels of two-component horizontal ground shaking. A two-
degree-of-freedom model (one degree of freedom in each horizontal direction) is sufficient to compute 
displacements, wherein the building reactive mass is lumped at the level of the basemat. The two-degree-
of-freedom model is introduced in section 4.5. 

Risk calculations are presented below for two isolation systems to illustrate the process. The calculations 
use a value of = 0.30. Additional calculations are presented in Appendix D for four other isolation 
systems, also using = 0.30. 

5.2.3 Risk calculations, Clinch River, TN, vs30 = 760 m/sec  

Seismic hazard at the Clinch River site, for the purpose of demonstrating the calculation process, is 
generated using data developed by the US Geological Survey (USGS 2018). The database provides mean 
annual frequencies of exceedance for geomean accelerations at different spectral periods (or frequencies) 
for 5% of critical damping. Detailed information on the seismic hazard at the Clinch River site is presented 
in Appendix A. Figure 5.3a presents seismic hazard curves (i.e., geomean spectral acceleration as a 
function of MAFE) at periods of 0 (PGA), 0.1, and 2 seconds, for the Clinch River site (latitude = 35.94, 
longitude = -84.40) assuming soft rock (site class BC per ASCE/SEI 7-22 (ASCE 2022), Table 20.2-1), which 
is characterized here by an average shear wave velocity in the upper 30 m of the soil column, , of 760 
m/sec.  

  
(a) 0, 0.1-, and 2-second seismic hazard curves (b) uniform hazard response spectra (UHRS) 

Figure 5.3. Seismic hazard data, geomean horizontal, 5% critical damping, Clinch River, BC soil 
(identical to Figure A.1a and Figure A.2a) 
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achieve a target risk. The numerical model, with two orthogonal horizontal degrees of freedom, is 
sufficient to compute horizontal isolation-system displacements (e.g., Mosqueda et al. (2004)).  

Figure 4.10 presents the 2DOF model: an oscillator composed of a mass and a link element(s) fixed at the 
ground. This model assumes that the building is rigid, and the dynamic responses are characterized using 
one mode in each horizontal direction. The mass is 8920 tonnes, including those of the building, basemat, 
and equipment described in section 4.2.1. The isolation system supporting the building shown in Figure 
4.4 is simulated using the orange link element(s), which accommodates the composite response of the 17 
isolators and damping devices. The model for systems 1, 2, 5, and 6 uses one link element to simulate the 
isolation system, including the isolators and linear viscoelastic dampers, if used. The model for systems 3, 
4, and 7 uses two link elements to simulate the isolators and nonlinear FVDs separately. The link is placed 
vertically in the model and has 6 degrees of freedom. The model of Figure 4.10 is described as a 2DOF 
model because it is used in section 5, Appendix C, and Appendix D to generate horizontal responses for 
risk calculations; the vertical responses are not used. The 3 rotational degrees of freedom are restrained. 

 

                                                               
Figure 4.10. Two-degree-of-freedom model; orange links used to simulate the isolation system 

4.6 Hypothetical site of the reactor building 

To demonstrate a calculation process in section 5, the reactor building is assumed to be sited in the Central 
and Eastern United States (CEUS) at the East Tennessee Technology Park (ETTP) in Oak Ridge, Tennessee 
(TN), near Clinch River. The assumed (latitude, longitude) pair for the site is (35.94°N, 84.40°W). Two 
different near-surface soil profiles are considered, to demonstrate the utility of seismic isolation over a 
wide range of soil conditions. The soft rock site (stiff soil site) is represented by the boundary between 
site classes B and C (C and D) per ASCE/SEI Standard 7-22 (ASCE 2022). The average shear wave velocities 
in the upper 30 m of the soil column for site classes BC and CD are 760 m/sec and 360 m/sec, respectively.  

To enable seismic analyses of the reactor building, seismic hazard curves, uniform hazard response spectra 
(UHRS), and ground motions for the Clinch River site are generated using data provided by the United 
States Geological Survey (USGS 2018). Figure 4.11 presents seismic hazard curves at the Clinch River site 
for spectral periods of 0 (PGA), 0.1 second, and 2 seconds, 5% damping, and site classes BC and CD. Figure 
4.12 presents 5%-damped, geomean, horizontal UHRS for return periods of 1000, 10000, and 25000 years 
and the two site classes. Details on the generation of the seismic hazard curves and UHRS are presented 
in Appendix A. Given that the site and soil types are hypothetical, RG 1.208 (USNRC 2007) was not followed 
to generate seismic demands.  

The two essential ingredients for soil-structure interaction are significant mass and lateral stiffness in the 
supported building. Advanced reactors weigh substantially less than large light water reactors, for which 
SSI analysis has been routinely performed. Adding a seismic isolation system drastically reduces the lateral 
stiffness of the supported building. Accordingly, SSI analysis is not performed, and ground motions 
matched to a surface free field spectrum are used as input for the dynamic analysis.   
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5.2.4 Risk calculations, Clinch River, TN, vs30 = 360 m/sec  

The risk calculations of Section 5.2.3 are repeated here but for an average shear wave velocity in the upper 
30 m of the soil column of 360 m/sec: dense sand or very stiff clay, site class CD per ASCE/SEI Standard 7-
22, Table 20.2-1. Figure 5.7a presents seismic hazard curves at periods of 0, 0.1, and 2 seconds. Figure 
5.7b, previously presented as Figure 4.12b and repeated here for convenience, presents geomean 
horizontal acceleration response spectra for return periods of 1000, 10000, and 25000 years for the Clinch 
River site and 360 m/sec. Thirty sets of two-component horizontal ground motions are spectrally 
matched to the 25000-year spectrum: see section A.3. These horizontal components also comply with the 
requirements of Section 2.6 of ASCE/SEI Standard 4-16 for statistical independence. The spectrally 
matched motions are amplitude scaled using scale factors derived using the 2-second seismic hazard curve 
shown in Figure 5.7a and a process similar to that outlined in Section 5.2.3 for BC soil. Figure 5.8 presents 
displacement demand curves for the two isolation systems considered in Section 5.2.3 for CD soil. 

  
(a) 0, 0.1-, and 2-second seismic hazard curves (b) UHRS 

Figure 5.7. Seismic hazard data, geomean horizontal, 5% critical damping, Clinch River, CD soil 
 

 
Figure 5.8. Displacement demand curves, two isolation systems, Clinch River, CD soil 
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(a) displacement demand curve  

  
(b) isolation-system fragility functions 

  
(c) risk density 

Figure 5.6. Steps toward achieving a risk target: 2-sec linear isolation system with supplemental nonlinear 
fluid viscous dampers (FVDs), Clinch River, BC soil 

TPG
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Although seismic isolation has been shown (e.g., Tajirian (1992); Tajirian and Patel (1993), Huang et al., 
(2008; 2009; 2011a; 2011b), Bolisetti et al. (2016), Kumar et al., (2017a; 2017b), Yu et al. (2018)) to 
reduce seismic demands on structures, systems, and components by factors of up to 10, and seismic risk by 
orders of magnitude, it has not yet been applied to nuclear power plants in the United States. The use of 
base isolation in the nuclear industry in the United States has been stymied by 1) few new builds, 2) a lack 
of technical guidance and standards, and 3) minimal quantitative information on the costs and benefits 
associated with base isolation. 

Projects funded between 2008 and 2018 by the US Department of Energy (DOE) and the US Nuclear 
Regulatory Commission (NRC) provided the technical underpinnings for building-level seismic isolation 
of US nuclear facilities, including chapters in ASCE/SEI 4-16 (ASCE, 2017b) and ASCE/SEI 43-19 
(ASCE, 2021), and three contractor reports published by the NRC: NUREG/CR-7253 (Kammerer et al., 
2019), NUREG/CR-7254 (Kumar et al., 2019a), and NUREG/CR-7255 (Kumar et al., 2019b). Journal 
articles, conference papers, and other technical reports support and complement the standards and guidance, 
with many identified in Whittaker et al. (2018). Information on the costs and benefits of seismic base 
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b) seismic isolators and dampers 
Figure 1. Seismically isolated reactor building 

Although seismic isolation has been shown (e.g., Tajirian (1992); Tajirian and Patel (1993), Huang et al., 
(2008; 2009; 2011a; 2011b), Bolisetti et al. (2016), Kumar et al., (2017a; 2017b), Yu et al. (2018)) to 
reduce seismic demands on structures, systems, and components by factors of up to 10, and seismic risk by 
orders of magnitude, it has not yet been applied to nuclear power plants in the United States. The use of 
base isolation in the nuclear industry in the United States has been stymied by 1) few new builds, 2) a lack 
of technical guidance and standards, and 3) minimal quantitative information on the costs and benefits 
associated with base isolation. 

Projects funded between 2008 and 2018 by the US Department of Energy (DOE) and the US Nuclear 
Regulatory Commission (NRC) provided the technical underpinnings for building-level seismic isolation 
of US nuclear facilities, including chapters in ASCE/SEI 4-16 (ASCE, 2017b) and ASCE/SEI 43-19 
(ASCE, 2021), and three contractor reports published by the NRC: NUREG/CR-7253 (Kammerer et al., 
2019), NUREG/CR-7254 (Kumar et al., 2019a), and NUREG/CR-7255 (Kumar et al., 2019b). Journal 
articles, conference papers, and other technical reports support and complement the standards and guidance, 
with many identified in Whittaker et al. (2018). Information on the costs and benefits of seismic base 
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Licensed design 
spaces

Pre-binned seismic 
hazard (6 zones, 2 soils)

Licensed isolation 
systems

1) Site selected. 2) Pick a licensed heat source (MWe). 3) Pick a licensed isolation solution. 
4) Price time and construction. 5) Evaluate alternatives and iterate on 2, 3, and 4.
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