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ARIES Cost Account Documentation

Purpose

The purpose of this paper is to document the historical economic basis for the ARIES Systems
Code costing analyses and develop/document an updated economic model for use in the Systems
Code for future systems studies.

Background

The costing information in prior fusion studies are used in this analysis to help understand and
develop a better costing basis for the current and future fusion conceptual power plant studies.
The Starfire conceptual design' (1980) is the most detailed and best documented conceptual
design and cost basis to date. The power plant had a very large power core, with high thermal
output, relatively low thermal efficiency, and a net power of 1200 MWe. The Generomak
reports™ (1986 & 1988) developed a basis for a parametric power plant design with modeling
algorithms based largely on Starfire and a few other fusion conceptual plant designs. In 1992,
four IFE power plant designs were completed, Prometheus-L*, Prometheus-HI*, Osiris’, and
Sombrero’. An advisory commission for DOE developed a common set of costing guidelines for
all four power plants to make sure all cost estimates were comparable and consistent. These
studies are useful because the costing basis was well documented. Although these were inertial
fusion energy (IFE) designs, much of the BOP and other systems are relevant to magnetic fusion
energy (MFE). In the mid 90’s, the ARIES Project® began a series of conceptual designs and
costing analyses for fusion power plants, primarily commercial 10™-of-a-kind plants. These
conceptual designs and cost data can be found on the ARIES web site®. ARIES adopted much of
the prior costing guidelines and bases for their usage, primarily from the Starfire and Generomak
studies. The ARIES designs are fairly consistent, design to design, but the level of detail and
documentation of the cost basis has been somewhat lacking. ARIES-SPPS’ final report provided
some additional costing algorithms that were applied to the ARIES series of designs.

Historical Cost Escalation

Every cost estimate has to be relative to some particular time frame. All fusion conceptual
studies with an associated cost estimate always related their estimate to a particular calendar
year. Any prior estimate that was used for a cost scaling by analogy or similarity has been
updated using some form of escalation factor. All capital costs (both direct and indirect) were
referenced to a particular year, which was usually defined to be the start of construction. This is
because all subcontracts are typically estimated at the start of construction. These total costs at
the start of construction costs (overnight costs) are then escalated (to account for cost of money
during construction including interest and escalation) and these costs are included as a part of the
indirect costs.

There are several common measures of escalation that can be used. These are either very general
to the entire economy (or some portion of the economy) or those specific to some sub-element of
the economy, such as labor or construction materials. At the level of conceptual design studies, it



is more appropriate to adopt a general national escalation index, such as the U.S. Commerce
Department Gross Domestic Product® (GDP), which is a measure of the output of goods and
services produced by labor and property located in the United States. These metrics are reported
in current dollars and “real” dollars. Dividing the current dollars by the real dollars yields the
GDP Implicit Price Deflator (IPD) that is currently normalized to the calendar year 2005 (BEA
updated the base year in July 2009). The GDP IPD values for any two years can be used escalate
or deflate a prior estimate basis to a different year basis. This approach will be used to adjust
estimates in this paper, as well as being used in the ARIES and many prior fusion studies. Table
1 displays the current (circa, July 27, 2012) U.S. GDP IPD values for years from 1970 to 2011.
The value assumed for 2012 is presently estimated to be a 2.0% increase by the author that
reflects mid-year 2012 economics. Note, the yearly increase in the IPD is assumed to be a
measure of annual inflation. The cost estimate bases provided in this document are usually given
in both the year originally estimated as well as the common basis of 20098$.



Table 1. U.S. Gross Domestic Product Implicit Price Deflator®

Year IPD
1970 24.337
1971 25.554
1972 26.657
1973 28.137
1974 30.692
1975 33.591
1976 35.519
1977 37.783
1978 40.435
1979 43.798
1980 47.791
1981 52.269
1982 55.460
1983 57.652
1984 59.817
1985 61.629
1986 62.991
1987 64.820
1988 67.045
1989 69.577
1990 72.261
1991 74.824
1992 76.598
1993 78.291
1994 79.940
1995 81.606
1996 83.160
1997 84.628
1998 85.584
1999 86.842
2000 88.723
2001 90.727
2002 92.196
2003 94.135
2004 96.786
2005 100.000
2006 103.231
2007 106.227
2008 108.582
2009 109.530
2010 110.992
2011 113.359
2012 115.360



General Cost Account Information

Predating the early fusion power plant conceptual designs, DOE commissioned Pacific
Northwest Laboratory to define the standard cost accounts to be used to provide consistent data
for the future power plant designs. This report, “Fusion Reactor Design Studies — Standard Cost
Estimates™ (1978), provided a common cost reporting format to assess the character of the
fusion power plants. It was intended to aid designers in the preparation of the concept costs and
to provide policy makers with a tool to appraise the more economically promising concepts using
capital costs, operating costs and busbar electricity costs. All the cost accounts were defined,
including the direct and the indirect costs, the operating costs and the cost of electricity (COE)
elements. This cost account format has been used in all the MFE and IFE power plant design
studies since this report was published.

Direct and Indirect Capital Costs

The direct capital cost categories originally included in PNL report’ only had Accounts 20-26 as
shown in Table 2, however the ARIES project® felt the Heat Rejection Equipment account
needed to be elevated to a higher level and included it as Account 25 with elevation of
subsequent accounts. The earlier Starfire cost report' generally followed the PNL
recommendation of cost accounts. The Generomak report™ and ARIES project® added more
definition to the Indirect Capital Cost Accounts with the separation of the categories of Home
and Field Engineering and Services and the addition of Process and Project Contingency.
Specific definition of the items included in each account and the modeling of these accounts are

discussed in following text sections.

Table 2. List of Cost Accounts Applicable to Fusion Power Plants

Original Accounts’

Updated ARIES® List of Accounts

Direct Capital Cost Accounts
Land and Land Rights (20)
Structures and Site Facilities (21)
Reactor Plant Equipment (22)
Turbine Plant Equipment (23)
Electric Plant Equipment (24)

Miscellaneous Plant Equipment (25)
Special Materials (26)

Indirect Capital Cost Accounts

Constr. Facilities, Equip. and Serv. (91)
Engr. and Constr. Mgmt. Services (92)
Other (Owners) Costs (93)

Interest during Construction (94)
Escalation during Construction (95)

Land and Land Rights (20)
Structures and Site Facilities (21)
Power Core Equipment (22)
Turbine Plant Equipment (23)
Electric Plant Equipment (24)

Heat Rejection Equipment (25)
Miscellaneous Plant Equipment (26)
Special Materials (27)

Total Direct Cost (TDC) (90)

Constr. Facilities, Equip. and Serv. (91)
Home Office Engr and Services (92)
Field Office Engr and Services (93)
Owners Costs (94)

Process (Design) Contingency (95)
Project Contingency (96)

Interest during Construction (97)
Escalation during Construction (98)
Total Project Capital Cost (99)



The prior list of major accounts, shown in Table 2, is sufficiently complete and detailed to enable
an economic assessment of any fusion power plant conceptual design. The more difficult element
is the development of costing algorithms to estimate (or predict) the cost of a commercial fusion
power plant component, subsystem or system that would be representative of a 10" of a kind
(10™ OAK) elements at some 50-80 years from the time the study report is published.

In the following sections, historical algorithms that were developed for each cost element will be
reexamined and, if not sufficient, new ones developed. These new costing algorithms are defined
in this document and are highlighted in light green. In 2007, L. Waganer updated the complete
fusion cost accounts for ARIES to be more descriptive by revising the titles and account content
to be more functional. For example, Account 22, Reactor Plant Equipment became Power Core
Equipment and Account, 22.01, Reactor Equipment became Fusion Energy Capture and
Conversion. The new fusion power plant cost account listing, down to 3 and 4 digit levels, have
been adopted by the ARIES Studies project and this listing is provided in Appendix A, “New
Recommended Cost Accounts.xIs”.

In addition to the major direct, indirect and annual cost accounts, there are a few other general
cost elements that need to be clarified, such as Spare Parts, Contingency and Level of Safety
Assurance, which are discussed below.

Spare Parts

The PNL report’ included provisions for spare parts at each major cost account level. No amount
guidelines were provided, however the report did provide example spare parts allowances at
0.5% and 1% for the major accounts. The Starfire economic section' provided an overall spare
parts allowance at the 21 through 25 account level, specifically 2% for Accounts 21, 22, and 23,
4% for Account 24 and 3% for Account 25. The reported numbers in the Starfire report do not
exactly equate to these values, so the reported numbers probably did not include the installation
labor charges. Starfire recognized additional significant cost items in the Reactor Plant
Equipment account that needed to be included in initial spares and these were addressed in the
Starfire report', Table 22.41. Those initial Starfire spares allowance of $50.69 M (1980$) or
$116.18 M (2009%) for the power plant equipment were in addition to the nominal 2%
allowance. Subsequent conceptual designs did not consider such additional spare parts except for
the regularly replaced blanket and divertor replacements (in Account 50). Instead they included
the spare parts in the initial cost of each sub-account, such as 21.xx, 22.xx, etc. It is
recommended that ARIES include the nominal initial spare parts allowance in each of the major
cost elements, which was done, but not as a separate account at the end of each major cost
category, per Starfire. An allowance for routine spares is included in the Operations and
Maintenance costs, Scheduled Component Replacement. The replacement spares for the more
expensive and routinely replaced component replacement parts, such as the first wall, blanket,
shield, and divertor modules are also included in Operating Cost Accounts.



Contingency

The PNL report’ included provisions for contingency at each major cost account level, however
its example the report included 10% for every account. Starfire' and EBTR'® followed the same
procedure and used a value 15% as a contingency allowance at each major cost account level.
The early ARIES studies removed all major account contingencies and combined them into two
indirect accounts, Account 95, Process Contingency, at 5% of total direct cost (TDC) and
Account 96, Project Contingency, at 10% of TDC. In later ARIES studies, the Process
Contingency was set to zero to reflect that all the process risk had been mitigated as the design
should be representative of a 10" OAK.

Level of Safety Assurance

The ESECOM'' and Generomak'? reports introduced the concept of Safety Assurance credits for
buildings, power plant components, and indirect cost factors. As a cost basis, the Generomak
study used much of the Starfire report' cost estimates, primarily because it was the most
extensively documented at that time. The Generomak and ESECOM (Senior Committee on
Environmental, Safety, and Economic Aspects of Magnetic Fusion Energy) reports developed a
Level of Safety Assurance (LSA) methodology, which allowed comparison of plants with
different levels of inherent safety and hazards with respect to radioactive materials. Four levels
of LSA were created as defined below for the direct capital costs in Table 3.

Table 3. Level of Safety Assurance (LSA) Definitions' """

LSA =4 Denotes active protection (i.c., active engineered safety systems are required); the
system does not meet minimum requirements for inherent safety.

LSA = 3 Safety is assured by passive mechanisms of release limitation as long as severe
violations of small-scale geometry are avoided (e.g., large coolant pipe breaks).

LSA = 2 Safety is assured by passive mechanisms as long as severe reconfiguration of
large-scale geometry is avoided.

LSA =1 Safety is assured by passive mechanisms of release limitation for any accident
sequence; radioactive inventories and material properties preclude fatal release regardless of
power plant’s condition.

The Generomak primary authors, Jerry Delene and John Sheffield, generated numerical LSA
factors that applied to all direct and indirect costs, nominally with LSA = 4 associated with the
current PRW and BWR N-Stamped designs. The direct capital cost factors at highest level
accounts are shown in Table 4. As the LSA levels decreased and the level of passive safety
increased, it was reasoned that the design, fabrication, quality assurance documentation, and the
indirect labor could be decreased, therefore the direct and indirect costs could be reduced. Some
systems had no decrease, but others might see as much as 40% reduction going from LSA of 4 to
1.

ARIES adopted this LSA methodology of quantifying the benefits of designing inherently safe
plant concepts for many years. Listed below are the recommended LSA factors for the plant
direct costs. The LSA factors for the indirect costs are shown in the section on indirect costs.



Table 4. ARIES LSA Factors for Plant Direct Cost Accounts
Acct. Account Title LSA=1 L[SA=2 LSA=3 LSA=4

20 Land and Land Rights 1.00 1.00 1.00 1.00
21  Structures & Site Facilities
Power Core & Hot Cell Buildings 0.60 0.90 0.96 1.00
Turbine —Generator Building 1.00 1.00 1.00 1.00
Other Structures & Improvements 0.60 0.67 0.67 1.00
22 Power Core Equipment
Fusion Energy Capture & Conversion 0.90 0.95 1.00 1.00
Plasma Confinement (TF, PF, CF) 0.90 0.95 1.00 1.00
Heat Transfer & Transport w/IHX
(really need an intermediate loop) or
He w/Double-Walled SG (Rankine) 0.60 1.00 1.00 1.00
Or, Heat Transfer & Trnspt, Other options 0.90 1.00 1.00 1.00
All Other Power Core Equipment 0.85 0.94 0.94 1.00

23 Turbine Plant Equipment 1.00 1.00 1.00 1.00
24 Electrical Plant Equipment 0.75 0.84 0.84 1.00
25 Heat Rejection Plant Equipment 1.00 1.00 1.00 1.00
26  Miscellaneous Plant Equipment 0.85 0.90 0.93 1.00

All Other Direct Cost Accounts 1.00 1.00 1.00 1.00

The cost bases for the Land and Land Rights (20), Structures and Site Facilities (21), Turbine
Plant Equipment (23), Electric Plant Equipment, and Miscellaneous Plant Equipment (26) were
generally derived from similar, then-current BWR and PWR power plants. This was the basis for
the suggested cost algorithms published in the PNL report', “Fusion Reactor Design Studies —
Standard Unit Costs and Cost Scaling Rules”. Starfire' built upon that database and had detailed
facilities conceptual designs developed by the Ralph M. Parsons Company, which drew from
their fission plant experience. Generomak and the early ARIES studies adopted most, if not all,
the prior Starfire cost database, supplemented with the LSA methodology.

In 2010, the ARIES project decided to forgo the LSA factors and only estimate a baseline cost
for each subsystem and system. If is felt that all new fusion plant designs will have requirements
that impose strict environmental and hazardous waste limitations, so all new designs would
inherently have to meet the essence of the LSA 1 criterion. Additionally, the ARIES project
intends to apply additional cost factors on specific safety related subsystems to reflect the higher
cost of these systems. At the present time, these additional cost factors have not been identified.
When historical ARIES and Generomak algorithms are identified in the text, they are considered
to be for an LSA of 4, unless specifically noted.

Detailed Capital Cost Accounts

The cost accounting format used henceforth in the ARIES design studies conforms to the
updated cost accounts shown in Appendix A of this document. This cost account systems is
similar in content to that used by MFE in the most recent design studies, ARIES studies and
several other MFE and IFE design studies. However, this new account format is arranged in a
more functional manner with some relocation and renaming of former cost accounts. This format
will assist in evaluating the plant systems relative cost impact. This will also allow commonalty



in comparison of other alternative energy concepts. The accounts reflect all the systems and
facilities required to produce steady-state busbar electricity, thus energy storage systems are not
considered.

The following sections will present a synopsis and rationale of the supporting cost basis for the
presented costs. At the end of each algorithm discussion, a resultant cost will be provided to help
validate the ARIES Systems Code using the ARIES-AT'* parameters.

Land and Land Rights, Account 20

The cost of the land, land rights, and relocation of buildings are the major costs in this account.
The reference plant site was chosen to be 1000 acres in a Midwestern location, see the PNL
report’, Appendix A, for more site details including topography, site access, population density,
cooling water, public utility services, metrology/climatology, geology/seismology and sewage
and radioactive waste disposal (subject to more current data). The land requirements for fusion
power plants are less severe than for an LWR in regard to exclusion boundaries, therefore 1000
acres are deemed adequate. In the case of constructing multiple power plants at the common site,
it is felt that sufficient space is provided. The cost associated with the land and privilege
acquisition is estimated at 1000 acres times the cost per acre.

Most of the prior fusion studies estimated the cost of land escalating with general land values for
a Midwestern site. Starfire’ assumed the 1000-A site and a land cost of $3000/A (in 198083).
Prometheus® was estimated to need 2000 A (due to lengthy driver system) with a land cost of
$5000/A in 1980 costs. ARIES-AT'* assumed a $10.589 M (19928$) land cost for their plant,
probably with 1000A and a related land cost of $10,000/A. Using a nominal site of 1000 A and
escalating the land value to 20098, this equates to an escalated cost of $6876/A for Starfire',
$8694 for Generomak®®, $7,319/1000 A for Prometheus-HI& L* and $14,299 for ARIES-AT.

A comparison of 2006 good cropland values along the Missouri or Mississippi rivers were in the
range of $2500/A to $3000/A in 20098. Assuming there would be a sizable premium to obtain a
contiguous site of 1000 A with water and land access, it is reasonable to assume that the current
land price would be $20,000/A in 20098$. Further, it is assumed that plant sizes in excess of 1000
MWe would require slightly more land, this would suggest a land acreage scaling of (net
electrical power/1000)". Thus doubling of the plant capacity would require a 23% larger site
size. The cost of Land and Privilege Acquisition, Cy 1 is $20 M (number of site acres x
$20,000/A) X (Pnet/1000)"? (in 2009$). The value of the land is really a non-depreciable asset,
however following the recommendations in PNL report’, the cost of land will be treated as a
depreciating asset to simplify the economic analysis.

The cost of the initial clearing of the land, demolition of existing structures and relocation of
buildings, highways and railroads has been typically estimated to be 10% of the land cost.
However, environmental concerns have increased these costs along with higher earth moving
costs. Therefore it is recommended that the cost of land clearing, land preparation, and site
access be increased to 20% of Account 20.01, i.e. Cyg.02 ~ $4.0 M. This is a reasonable value
assuming the topography and site characteristics are amenable to the power plant requirements
and the site access, i.e., roads, railway and barge facilities, are adequate. River access is
mentioned above.

Cy=9$24.0M



Structures and Site Facilities, Account 21

This account covers all direct costs associated with the dedicated physical plant buildings such as
power core, turbine, electrical equipment, cooling system structures, site improvements and
facilities, miscellaneous structures and building work, and ventilation stack. All provisions for
cooling, site access and security will be provided. The total cost will be the summation of the
sub-accounts in this account, C,;.

The facility is located in a secured area within the site as defined by Shulte’. The site is adjacent
to the "North River" which supplies adequate water for cooling purposes. The river is assumed to
be navigable by barge traffic throughout the year to provide a means to ship in the large modules
and equipment. Highway access is also provided by eight kilometers of secondary road leading
to a state highway. The secondary road requires no improvement to permit overland shipments.
Railroad access will be provided by constructing a five-mile railroad spur from the main line to
the plant site. Other site-related assumptions have been established as follows:

* Incoming power will be provided by two independent EHV power sources, probably
345-kV or high voltage lines.

» Power and water for construction are available at the site boundary.

» Communication lines will be provided at the site boundary.

* Sanitary sewage system will be available for tie-in at the site boundary.

* An auxiliary boiler furnishing plant auxiliary steam is included in the facility design.

* Plant utility systems including compressed air, inert gas storage and distribution, and
portable and de-mineralized water are included in the facility design.

* Personnel parking will be located outside the facility perimeter close to the guard
station that will control incoming and outgoing personnel, vehicles and rail cars.

* The facility will be located on level ground at an elevation unaffected by potential
flooding.

* Seismic criteria Uniform Building Code, Zone 2, will be assumed for all structures.

The Starfire project' hired Ralph M Parsons Company (RMP) to develop the design of the major
building and develop supporting cost estimates. This cost basis is the most detailed that is
available. The cost basis and assumptions used by RMP in this Account 21 and Accounts 23, 24
and 25 are as follows:

1. Major equipment costs are based on vendor quotations or on historical data for similar
equipment. Quotations were received on the steam turbine-generator, condenser, heat
exchangers, cooling tower and pumps, and other major mechanical equipment.
Quotations for major electrical equipment and building services equipment were also
received.

2. Concrete quantities were developed from takeoffs of the conceptual design drawings.
Electrical and piping quantities were estimated from the single-line diagram, flow
diagrams, and building layouts.

3. Pricing of bulk materials is based on the Kansas City, Missouri location.



4. The labor rates and fringe benefits for each craft were compiled from the union wage
rates for the Kansas City, Missouri, area effective at the date of the Starfire project. The
escalated craft labor rates and fringe benefit amounts for health and welfare, vacation,
pension, apprentice training and other fringes, plus percentage allowance for Federal and
State payroll taxes, employer-paid portion of the Social Security tax, and Workers
Compensation, are compiled and summed to develop a total labor rate for each craft. The
total labor rate for each craft and the Parsons standard composite crew mix breakdown
for each class of work (as defined by the account codes used in the estimate) were used to
develop a composite labor rate for each account code work classification. These crew mix
composite labor rates were used in the estimate to determine the estimated labor costs.

5. The overall labor productivity factor used in this study results from an evaluation of
the various factors affecting the productivity of labor, such as project site, working
conditions, quality, and availability of labor. This evaluation reflects recent experience at
approximately 20 large nuclear facility construction sites where productivity has varied
from 30 to 50%. The value used in this study is 50%. Productivity associated with the
construction of nuclear facilities has been steadily decreasing over the past two decades.
However, it is felt that fusion has the opportunity and the requirement to pioneer new
construction techniques, products and assembly procedures to lower the required man-
hours and enhance the associated labor productivity.

6. The contingency allowance is to cover unknown costs and conditions, such as weather,
labor problems, lack of firm pricing and the state of the design package (conceptual). An
amount of 15% of the total cost was allocated for the contingency. A spare parts
allowance was included at 2% of the subcontract and materials costs.

The direct cost for the Structures and Site Facilities represents a very significant portion of the
total facility cost and maybe higher than that for a comparable PWR. However the cost increases
can be identified and are reasonable. The Power Core Building much larger than a PWR
containment building, but contains more equipment and must contain the generated tritium. The
remote handling features in the Power Core and Hot Cell Building contributes to the buildings
size and cost increase. The Fuel Handling and Storage (Tritium Reprocessing) Building is an
additive factor as is the handling and containment of tritium. The premise that this facility should
have very low release rates of trittum, low material activation and a very high factor of safety,
greatly impacts the overall facility cost. The Hot Cell is another facility which is additive to a
PWR system. Because of the large sizes of the components and large number of components
handled within the Hot Cell, a large building is required.

Site Improvements and Facilities, Account 21.01

This account includes all site improvements and facilities necessary for the complete power
plant. This includes the general site improvements including site work, fencing, storm sewer,
earth moving equipment, tank and pump foundations, fire protection, and sanitary sewers.
Transportation access is provided by highway and railway access, but no waterfront
improvements were considered. In fusion conceptual studies, this is typically a fixed cost.

The prior estimates for this account, when escalated to 200983, are Starfire at $25.54 M,
Generomak at $25.74 M, Prometheus-L at $30.74 M and ARIES-AT at $26.75 M. Note that
ARIES-AT used an LSA factor of 1.0 for Account 21.01 as compared to higher LSA numbers
(lower factors) for the remainder of the Structures and Site Facilities Account. It is thought this
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Site Improvement and Facilities account only scales weakly with land size, as evidenced by the
moderately higher price for the Prometheus®* 2000 A estimate. It is assumed that the cost of the
site improvements and facilities should be $27 M x (site acres/1000 A)"2. (Additional details on
cost elements under this account are available in the Starfire or Prometheus reports).

C21,01 = $27.00 M.
Power Core Building, Account 21.02

The ARIES-AT Power Core Building (previously the Reactor Building) is a reasonably compact
building design, namely a right circular cylinder that is 25.4 m inner radius, 28.0 m outer radius
and a height of 54.3 m, with an inner volume of 110,000 m® including a lower level coolant drain
room that is circular, 12.5 m in radius and 8.7 m high. The main power core walls are 2.6 m thick
for radiation shielding. This wall thickness is greater than prior fusion power plant designs to
satisfy increased biological safety concerns. The volume to the exterior of the power core walls
is about 140,000 m’. The maintenance corridor is included in these volumes as is the major
component maintenance area above the power core. This latter area would be a moderate
radiation zone used for unplanned vertical remote replacement of the major power core
components. This building, as well as the Hot cell Building, has Atmospheric Trititum Recovery
System (ATRS) units to cleanup tritium in the event of a leak or accident.

Several other fusion conceptual power plant designs were considered in determining the selected
cost basis for Account 21.02, namely, Starfire, Generomak, Prometheus-L/-HI, ARIES-SPPS,
and ARIES-AT. These have a range of volumes and related costs. Table 5 below contains the
basic building volume and cost data. Figure 1 below allows a better visualization of the relative
effects. Starfire was a very large power core building with a lot of lay-down space for power core
components inside the Power Core Building. Its cost, determined by R. M. Parsons Company,
was based on then-recent designs. Since that time, the tokamak power cores have become
smaller and the power core buildings more compact. For comparison, the Prometheus-L and —HI
and Osiris design data are also provided. The laser power core building for Prometheus-L is
almost double the volume of the large Starfire design, but the cost per unit volume is the lowest
of the buildings (less stringent design requirements). Prometheus designs used the scaling
relationship of $283.88 M*Vol+$37.33 M in 20093, which is a much more aggressive cost
estimate (lower relative cost). The Prometheus constant cost of $37.33 M is due to a base cost
associated with any size power core building. Osiris is a very low cost building, but is expensive
per unit volume. In Figure 1 below, the volumes and costs of these six cost estimates are plotted,
which illustrate a wide diversity of costs/volume.
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Table S. Comparison of Power Core Building Volume and Cost

Power Core Building Volume, m*3 Cost, M$ (09$) Cost/m”3
Starfire (interior) 255,000 $360.83 $1,415
Generomak Not available $226.22 Not available
Prometheus-L 450,680 $155.27 $345
Prometheus-HI 181,343 $89.12 $491
Osiris 57,960 $48.16 $831
ARIES-AT (exterior)(w/ algorm) 140,000 $157.98 $1,128
ARIES-SPPS 233,000 $213.90 $918
Power Core Building Cost vs Volume
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Figure 1. Power Core Building Cost vs. Volume

In the early 90’s, Ron Miller, of the early ARIES Project, started modeling the buildings, and
evidently used the cost/unit volume of the Starfire power core building as a starting point, but
applied a scaling factor of .62 on a normalized building volume of 80,000 m>. In 2008, Ron
Miller'"” updated this ARIES-AT power core building cost algorithm to be (Cost 21.02 =
$111.661 M*(V0l/80,000)"%%) (presumably with an LSA=4) (in 2009$). The ARIES code
internally calculates the Power Core Building costs separately, but these costs are not reported
separately and are integrated within the Account 21 data. (Access to hidden code files indicated
the power core building was $93.87 M in 1992§ or $137.41 M (in 2009§).) The ARIES
algorithm lays between the Starfire and the Prometheus/Osiris algorithms. For the Power Core
Building, LSA values are 0.6 and 0.9 for LSA values of 1 and 2 respectively. It is felt that these
nominal costs are conservative enough without applying LSA factors to reduce them as there is a
trend to have thicker walls for neutron shielding (Starfire and early ARIES designs had a wall
thicknesses of 1.5 m and now it is 2.6 m). It is recommended that ARIES continue with the
current ARIES costing algorithm ($111.661 M*(Vol/ 80,000)"%? (with no LSA factor) for the
Power Core Building, which estimates the building cost to be $157.98 M using the exterior
dimensions. There is an existing building volume relationship that needs to be defined for each
power core building design. LSA factors will not be used.

Co102=9%15798 M

12



Turbine — Generator Building, Account 21.03

The Turbine-Generator Building may be the largest building in the facility complex, except for
the Power Core Building. It houses the turbines and all the auxiliary equipment for the turbines.
The surface condenser may be located on the sub-grade level, the feed-water heaters on the
ground level and the turbine generator on the upper level. The steel-framed, truss-roofed building
is of a conventional construction consistent with current power plant installations. The steam
generators or main heat exchangers are probably located in this building.

The Starfire Turbine-Generator building was estimated by The RM. Parsons Company, an A&E
firm, at $35.92 M ($803) or $82.33 M (09%).

All Prometheus Turbine-Generator building costs were developed by the Ebasco Company. The
cost scaling relationship was adopted from ARIES and normalized for the Ebasco laser and HI
turbine building costs, C = $53.9 M x (Pe gross/1246) 0.5 scaling to the gross electrical power (in
19918) or §78.90 M x (Pe gross/1246) 05 (in 2009%). The Prometheus L and H designs had gross
electrical powers of 1382 and 1189 MWe, respectively, and costs of $56.77 M in 1991§ (the
published value was $57.18 M, which was an error) and $52.65 M in 1991§ (published value
was $52.79 M, which was an error) for the laser and heavy ion options, respectively. Scaled to
20098, these costs are $83.10 M and $77.07 M, respectively. If this algorithm were the basis, the
ARIES-AT turbine — generator building would be $76.44 M (in 20098).

The Generomak Turbine - Generator Building estimate is $47.8 M (19868%) or $83.12 M (20098%).
The Generomak scaling’ of the Turbine Building was based on Starfire cost estimate, but it used
the ratio of the gross thermal power, normalized to 4085 MW and this ratio raised to the 0.5
power. It is felt that the most relevant scaling parameter is the gross electric power, not the gross
thermal power.

The ARIES Turbine — Generator Building cost scaling algorithm was been normalized to gross
electrical power raised to the 0.75 power as documented by C. Bathke, et. al, ARIES II-IV Final
Report, Systems Studies Chapter'® (1992). That ARIES costing relationship, was updated by
Miller' in 2008, continued to use the gross electrical power scaled to 0.75 power plus a constant
value, Cy1.03=43.798 M * (Pe gross/1200)"7° + 8.737 in 2009$. This yielded an ARIES-AT cost of
$51.70 M in 20098.

In Table 6, below, the cost bases of the different designs and respective costs for the turbine —
generator building are summarized. On the bottom line of the table, all algorithms for each
design are evaluated with the ARIES-AT parameters. Both Starfire and Prometheus used
engineer/contractor firms to provide bottoms-up estimates, which would provide a high fidelity
solution (both are in the $80 M class). Prometheus and ARIES used gross electrical power which
is a good scaling parameter. Since it is the largest building, second only to the power core
building, it is recommended ARIES adopt the Prometheus scaling relationship, Cy;.03 = $78.90
M X (Pe gross/1246) *>(in 20098). This results in an ARIES-AT cost of $76.44 M in 20098$.

Cr103=9$76.44 M

13



Table 6. Comparison of Turbine Building Parameters and Costs

Turbine Plant Building, 21.02 Starfire Generomak Prometheus-L Prometheus-HI Osiris Sombrero ARIES-SPPS ARIES-AT
Escalation Factor, GDP (2009$) 2.2919 1.7388 1.4638 1.4638 1.4638 1.4638 1.4299 1.4299
Power, Thermal 4000 4085 3264 2780 2504 2981 2292 1982.4
Power, Elect Gross 1440 1650.34 1382 1189 1127 1359 1050 1169.6
Power, Elect net 1200 1200 972 999 1000 1000 1000 1000
Assume $34.32 Not separately

Reported Turb Bldg, then $35.92 $47.80 $56.77 $52.65 $29.40 $31.80 ratioing StarFire reported
Reported Turb Bldg, current (2009$) $82.32 $83.12 $83.10 $77.07 $43.04 $46.55

1.7388+$47.8" 1.4638*$53.9* 1.4638*$53.9* 1.4638*$53.9" 1.4638*$53.9" 1.4299*($28.67* 1.4299*($28.67*
Scaling Equation in 2009$ (Pth/4085)*.5 (Pg/1246)".5 (Pg/1246)".5 (Pg/1246)*.5 (Pg/1246)*.5 (Pg1200)~.75+8.311)  (Pg/1200)*.75+8.311)
Calc Turb Bldg, Then $47.80 $56.77 $52.65 $29.76 $31.79 $31.66 $33.84
Calc Turb Bldg, Curr (2009$) $82.32 $83.12 $83.10 $77.07 $41.03 $46.53 $45.27 $51.70
Calc TB,Curr w/AT power (2009$) $72.66 $57.90 $76.44 $76.44 $44.38 $43.17 $48.39 $51.70
Calc TB with Prom Scaling (2009%) $84.82 $90.80 $83.09 $77.07 $75.04 $82.40 $72.43 $76.44

B B B

Heat Rejection Structures and Facilities (Account 21.04)

This account has also been referred to as the Cooling Systems Structures. These structures
support the heat rejection systems. The Cooling Towers are not included in this account, rather
are covered in Account 23.03, Heat Rejection Systems. The main elements in this account are the
Intake Structures, the Discharge Structures, the Unpressurized Intake and Discharge Conduits,
the Recirculating Structures, and the Cooling Tower Earth Work.

The Starfire cost estimate is $7.96 M (1980$) and $18.243 M (2009$) and no scaling algorithms
were used — instead they were based on prior Parson quotes. The Generomak assumed a scaling
relationship related to gross thermal power raised to the 0.5 power. A more appropriate scaling
relationship would be related to the power dissipated in the cooling system, which is gross
thermal power less gross electrical power or gross thermal power times 1- the thermal conversion
efficiency. Prometheus adopted the following scaling relationship, $16.804 M *((Py,*(1-
eff))/1860)"° (in 2009%). ARIES-AT used $17.831 M*(P. 1/1000)* (in 20098) (LSA=4). The
cooling function is only related to the net electrical power if the thermal conversion efficiency
and all recirculating power are constant for all cases and conceptual plant designs being
considered. Regardless of the algorithm used, all estimates are in the range of $11 M to $19 M. It
is recommended to employ the Prometheus algorithm as it is related to the more appropriate
parameter and produces reasonable values. This algorithm results in a cost of $11.11 M for
ARIES-AT. The much lower cost is related to the high thermal efficiency (less power handled)
as compared the Prometheus base case.

C2104=316.804 M x (thermal power * (1-thermal efficiency)/1860)>

Or, Cs1.04=$16.804 M x (thermal power —gross electrical power)/1860)>
Crnu=911.11M

Electrical Equipment and Power Supply Building (Account 21.05)

This building is a multi-story structure that houses the power supplies for all the magnetic coils,
heating, current drive, and other power core equipment requiring large power supplies. Included
are a small maintenance, repair and storage area and a small office and control room for the
electrical equipment. All escalated costs for this building are very similar for most design
studies, around $21-23 M in 2009$. The Starfire value represented a quoted estimate,
Generomak was scaled from Starfire according to (Pthermal)o'5 and Prometheus scaled to (Pe,net)o'3
although no specific electric equipment building is identified in Prometheus report. ARIES II-
IV'® estimated the building to be a constant value of $22.878 M (LSA=4). The size of this
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building should be dependent on the electrical power handled and the type of electrical demands.
If the design is similar, either Pihermar OF Pe net should be equivalent. The scaling relationship
should weakly scale, therefore it is recommended that the Prometheus scaling relationship be
adopted with the ARIES constant value, Cy1.05= $22.878 M *(P, 1/1000)** (in 2009$), which
yields $22.878 M for a 1000 MWe power plant.

C21.05 = $2288 M
Plant Auxiliary Systems Building (Account 21.06)

The Plant Auxiliary Systems Building houses the HX pumps for the closed loop cooling water
systems. Also located on the ground level are the chillers, pumps, instrument air equipment and a
maintenance area. The upper levels might contain the air handling equipment, plenums and the
HVAC equipment. Starfire estimated this building to be $7.47 M in 2009$. Generomak has the
same cost as it mirrored the Starfire values. Prometheus estimates are about triple this value to
$22.75 M for Prometheus —L and $21.68 M for Prometheus —Hi in 2009$. ARIES and Miller'’
lump this building in a Miscellaneous Building Account 21.6, therefore no data is available for
ARIES. Both the Starfire and the Prometheus costs are credible, but since the Prometheus
(Ebasco) estimate is more recent, it is recommended it be adopted, Cy;.06= $21.96 M x (P,

gross! 1246)" (in 20093), for a total of $21.55 M for the ARIES-AT gross electrical power of
1169.6 MWe.

Ca106=98$21.55M
Hot Cell Building (Account 21.07)

The Hot Cell Building is the second most expensive building in the facility and this is related to
the design, safety and maintenance approach adopted and to the high level of detail involving the
hot cell operations. The safety aspects require a carbon-steel lined, concrete-hardened structure
designed for Design Basis Event (DBE) seismic loading. The typical 1.5 m thick external walls
will withstand tornado and turbine missiles, tornado induced differential pressures and provide
adequate shielding for the activated products handled and stored in the Hot Cell.

A wide variety of maintenance and decontamination functions are being accomplished within the
Hot Cell, all in a remote operations mode. The activated blanket and divertor components are
transported into the Hot Cell for inspection, disassembly and recycle or disposal. All solid and
liquid waste products are processed in the Hot Cell and either shipped offsite or stored on site.
Also included in the Hot Cell are remote maintenance and repair shops to work on blanket and
divertor and other activated power core equipment. This building, as well as the Power Core
Building, has Atmospheric Tritium Recovery System (ATRS) units to cleanup tritium in the
event of a leak or accident.

In many ways the Hot Cell is very similar to the Power Core Building (shielding, pressure rating,
seismic, and remote maintenance) and therefore it is understandable that the cost for this building
is quite high. The two highest elements are concrete and liner which total approximately 75% of
the total cost.

Interestingly, in Starfire, this building was estimated with a detailed cost estimate, which resulted
in a cost of $123.67 M in 2009$. Generomak has a cost of $77.03 M and Prometheus-L has
$68.68 M (both in 2009%). However there are no algorithms to relate the size and the cost of the
Hot Cell building to a particular parameter. Rather it is probably better related to the
maintenance approach, the size of the removed components (sectors or modules) and the
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materials to be handled. The ARIES building costs are not separable. The best approach might be
to scale the cost of the hot cell to the power core building. The ratio of the volume of the Starfire
Hot Cell relative to the Power Core Building is 34%, Generomak is 35%, and Prometheus is
41%. As Prometheus is the lowest cost power core building and lowest hot cell, it is tending
toward a higher relative cost hot cell. The new cost algorithm estimates the ARIES-AT Power
Core Building at $157.98 M. If the Hot Cell Building is estimated to be 34% (Starfire value) of
the Power Core Building, the estimated cost of the Hot Cell Building would be $53.71 M. Using
the higher Prometheus percentage of 41% ratio would result in an estimate of $64.77 M. The
34% number is probably adequate as there is only a minimal containment requirement, fewer
building requirements and a much smaller building. Therefore it is recommended the 34% ratio
of the Power Core Building be adopted for the cost of the Hot Cell Building (C;; 07=0.34 x
Cai.01).

C21,07 = $53.71 M
Power Core Service Building (Account 21.08)

The Power Core Service Building is a ground-level high-bay area in close proximity to the Hot
Cell, the Turbine - Generator Building and the Plant Auxiliary Building. The building is a steel
framed building with concrete floors supported on steel framing. A railroad spur passes through
the receiving end of the building. Storage spaces for new blanket segments and process modules
are provided.

There are no parametric data available for this building and all escalated costs are nearly
identical around $4.309 M (in 20098$) for Starfire, Generomak, and Prometheus. Probably
Starfire developed the bottoms up estimate and all others copied that value. The ARIES cost is
not separable. It is recommended the cost of the Power core Service Building be normalized to a
net electric power of 1000 MWe and weakly scale to that power level, $4.309 M x (P ne/1000)"?
(in 20099).

C21.08 = $431 M
Service Water Building (Account 21.09)

The Service Water Buildings (fire water storage tank pump house) and the circulating water
pump house are contained in this account. These buildings contain the pumps and the
chlorinating facilities. The circulating water pump house is a steel framed structure with a truss
roof. The fire water storage tank pump house is a concrete-hardened structure designed for DBE
seismic loading.

There are no parametric data available for this building and all escalated costs are nearly
identical around $1.513 M (in 20098$) for Starfire, Generomak, and Prometheus. Probably
Starfire developed the bottoms up estimate and all others copied that value. The ARIES cost is
not separable. It is recommended the cost of the Service Water Building be normalized to a net
power of 1000 MWe and weakly scale to that power level, $1.513 M x (Pnet/1000)"* (in 2009$).

Cruop=9%151M
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Fuel Handling and Storage Building (Account 21.10)

The Fuel Handling and Storage (FHS) Building, also referred to as the Tritium Reprocessing
Building, houses the process equipment to reclaim and purify the tritium. Deuterium is also
stored in this building and the two fuels are mixed and sent to the power core. The FHS Building
is separated into areas subject to tritium contamination and areas which are not. Areas subject to
contamination are carbon steel-lined and are within a concrete-hardened structure similar to the
Power Core Building. An airlock separates the contaminated areas from the offices, a trittum
equipment control room and HVAC equipment. Again, like the Power Core and Hot Cell
Buildings, the tritium area requires a lower-than-atmospheric ambient pressure of clean air. A
CO, atmosphere is not required in the FHS building. Tritium cleanup of the building atmosphere
is provided by the five ATRS units. In addition to the tritium processing area, sufficient areas are
provided for storage of deuterium, maintenance and repair shops and a storage room. A uranium
storage bed for the tritium is also required.

The cost of this building is likely to be highly variable depending on the degree of regulatory
compliance necessary for handling and accounting for tritium in the power core and in the
storage. Starfire (and Generomak) had a relatively simple building at a current cost of $19.78 M
in 20098$. On the other hand Prometheus-L had a cost of $68.68 in 2009§ for a fuel processing
and target facility. One might think this increase is due to the IFE target fabrication and it may
be. It is noted OSIRIS and SOMBRERO only estimated the cost of their target fabrication
buildings to be $10.1 M in 2009$. So it is the degree of conservatism that seems to make the cost
variance. It is recommended that the cost should be closer to the higher Prometheus estimate as it
must contain the tritium with contamination controls, containment enclosures and air detritiation
systems. So it is thought the price would be around $25 M scaled either to the tritium usage or
perhaps the fusion power with a rather flat scaling, such as 0.3 exponent. Therefore the total
direct cost for the building is Cz1.10= $25 M X (Pfysion/ 1759)0'3 (in 20099) for a cost of $25 M.

Ca1.10=$25.00 M
Control Room Building (Account 21.11)

The Control Room Building is located near the Administration Building and the Site Service
Building. It thought to be a separate two-level hardened structure, capable of withstanding DBE
seismic loads and tornado induced pressures and tornado missiles. The lower area houses the
main control room, auxiliary equipment, computer equipment maintenance and repair, tools and
parts storage, offices, conference rooms and electrical equipment. The upper level contains
electrical and HVAC equipment and an observation gallery above the main control room. The
cable spreading areas beneath the control room are used with an access flooring system for use
with a multiplexed communication system.

The cost of the Control Room Building is the same in Starfire, Generomak and Prometheus,
namely $7.11 M, which is the recommended value. It should be invariant over the size of the
plant.

Cornn=9%7.11M
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On-Site AC Power Supply Building (Account 21.12)

The onsite AC power is provided by two gas turbine generators housed in a one-story, hardened
building. Each unit has a control room and battery room. Additional hardening is provided in the
walls to stop turbine generated missiles. An adjacent two story building is required for the
switchyard control equipment and the cable spreading room. The foundations are designed to
meet the gas turbine manufacturer vibration specifications.

The cost of the AC Power Supply Building is roughly the same in Starfire, Generomak and
Prometheus, namely $4.70 M, which is the recommended value. It should be normalized to a net
power of 1000 MWe and weakly scale to that power level, $4.70 M x (Pe ne/1000% (in 2009$).

C21,12 = $470 M
Administrative Building (Account 21.13)

The Administration Building is a two-story structure designed to accommodate up to 60 people.
It consists of a reception area, conference/display room, offices, lunchroom, electrical and
HVAC equipment for both this building and the Site Service Building. It is a steel framed
structure with a supported floor of concrete resting on a steel decking.

Again, the cost of the Administration Building is roughly the same in Starfire, Generomak and
Prometheus, namely $2.00 M (in 2009$), which is the recommended value. It should be invariant
over the size of the plant.

C21,13 = $200 M
Site Service Building (Account 21.14)

The Site Service Building is divided into a maintenance shop and a warehouse, both servicing
the balance of plant functions. The building is combined with the Administration and the Control
Room Buildings and share some building services.

Again, the cost of the Site Service Building is roughly the same in Starfire, Generomak and
Prometheus, namely $2.00 M (in 2009$), which is the recommended value. It should be invariant
over the size of the plant.

C21.14=$2.00 M
Cryogenic and Inert Gas Storage Building (Account 21.15)

The steel-framed structure is constructed with precast concrete panel walls that contains the
helium and nitrogen compressors. The remainder of the cryogenics equipment is located in a
fenced-in yard adjacent to the building. An enclosed mezzanine provides space for an electrical
equipment room. This is a relatively low cost building with some components outside.

The cost of the Cryogenic and Inert Gas Storage Building is roughly the same in Starfire,
Generomak and Prometheus, namely $2.09 M (in 2009§), which is the recommended value. It
should be invariant over the size of the plant unless the fusion power is drastically changed.

Cr115=5%2.09 M
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Security Building (Account 21.16)

The Security Building is a single-level steel- framed structure similar to the Administration
Building.

The cost of the Security Building is roughly the same in Starfire and Prometheus, namely
$0.71 M (in 2009$), which is the recommended value. It should be invariant over the size of the
plant unless the fusion power is drastically changed.

C21,16 = $O.71 M
Ventilation Stack (Account 21.17)

The Ventilation Stack provides for disposal of low-level radioactive gases above ground level. It
is a steel-lined, reinforced concrete outer shell structure, 100-m high and 14 m in diameter at the
base. The concrete shell is slip-formed and is supported on an octagonal foundation. In light of
tightening regulations of release of radioactive gases, this account may disappear.

The cost of the Ventilation Stack is roughly the same in Starfire, Generomak and Prometheus,
namely $4.15 M (in 2009$), which is the recommended value. It should be invariant over the
size of the plant unless the fusion power is drastically changed.

C21,17 = $4.15 M

Summary of Structures and Site Facilities, Account 21

The new estimate results for the ARIES-AT revised cost estimating algorithms were summed to
provide a total account cost of $424.25 M (in 2009$), which seems to be reasonable. This result
is lower than Starfire, slightly lower than Generomak, and about midway between LSA 1 and 2
for published ARIES-AT cost estimates. The LSA factors have been a confusing and misleading
factor that will not be used in the future ARIES costing. The Account 21 for ARIES-AT, LSA =1
is $363 M, ARIES-AT, LSA =2 is $480 M and ARIES-AT, LSA =4 is $535 M, all in 20098.
The ARIES series of designs do not publish breakouts on the Account 21 estimates, but Miller'
provided algorithms for several of the buildings, but not all.

Starfire had the most detailed structures design and definition, was the physically largest
tokamak plant since 1980 and produced most net electrical power (1200 MWe vs. a nominal
1000 MWe for most plants since 1980). Since the design of Starfire, the size of the power core
island, buildings and the power core has been getting more compact. Also the trend is to higher
efficiency thermal conversion systems, which reduces the thermal power, but at a higher
temperature. The recirculating power fraction has been going down, hence lower gross electrical
power while maintaining a constant net electrical power level. Also, the plants are being
designed with inherently safer materials, so building confinement costs are reduced. The other
extreme from Starfire is Osiris, which is a very simple power core and very optimistic cost
estimates (the power core building is only estimated at $48 M in 2009$). Based on these
comparisons, the revised structures and site facilities cost estimates seem to be reasonably
compatible with prior studies and current building design criteria.

C21 = $424.25 M
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Power Core Equipment, Account 22, Formerly the Reactor Plant
Equipment

This account is the heart of the fusion power facility, the power core, and includes most of the
expensive capital equipment. It is comprised of both equipment that is unique to the magnetic
confinement concept (e.g., first wall/blanket and magnets) and the common equipment that can
be used in any type of MFE or IFE fusion plant (e.g., power supplies, waste disposal or fuel
processing). In a tokamak fusion plant, this account covers the power core (first wall/blanket,
divertor, shielding, vacuum vessel, magnetic coils, heating and current drive, primary structure,
vacuum system, power supplies and fueling and constituent control), the main heat transfer and
transport system, cryogenic cooling, radioactive handling and storage, fuel handling and storage,
maintenance equipment, [&C, and other miscellaneous plant equipment. All initial spares needed
upon startup are included in the basic cost of the equipment. An allowance for the lower cost
routine spares is included in the Operations and Maintenance costs. The replacement spares for
the more expensive and routinely replaced component replacement parts, such as the first wall,
blanket, shield, and divertor modules are included in Operating Cost Accounts, specifically the
Scheduled Component Replacement costs.

Fusion Energy Capture and Conversion, Account 22.01

This account contains the core systems needed for the capture, conversion, and containment of
the fusion reaction products. The innermost power core components are the first wall/blankets
and the divertor assemblies. These components, with today’s material knowledge, will likely be
replaceable units based on the local neutron and particle erosion environment. Behind these
innermost blanket modules there might be a second blanket region may be used and this
component will likely be life-of-plant. Not all designs may have these life-of-plant blanket
components. Immediately outward (away from the plasma) are the high temperature shields and
support structures for the blankets/divertors/HT shields. The hot structure may be included in the
replaceable component to serve as a unifying structural unit for the blanket, shield and divertor
module. These shields and support structures are normally life of plant, although there might be
cases where some portion would be replaceable or refurbished with the blanket, divertor, and HT
shield assembly. The HT shield and support structure might be combined as a single unit. In
addition to the shielding around the primary power core, all the penetrations, such as vacuum
ducts, need additional shielding, even though the biological shielding will also intercept the
remaining few neutrons. In previous fusion plant cost accounts, the vacuum vessel was
accounted in the Account 22.01. However, it was felt that the vacuum vessel’s primary function
is to provide a vacuum for the plasma. Therefore, the power core vacuum vessel is included in
the Power Core Vacuum WBS category.

Presently, the best method of estimating the Account 22.01 costs would be to do a bottoms-up
estimate, knowing the design details, materials, and fabrication processes. The design details are
still in the pre-conceptual stages and it would not be possible to develop a detailed cost estimate
of any particular approach. The typical cost estimating approach for conceptual design studies is
to develop representative installed component costs based on a unit cost basis, in this case,
dollars per kg. A table of installed component costs (and initial spares costs) is provided in
Appendix B based on cost per unit mass for a 10™-of-a-kind power plant designs. Costs are
developed for a range of component and subsystem complexity and manufacturing approach.
These costs estimates are updated using the Commerce Department Gross Domestic Product
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Implicit Price Level Deflators® to current dollar estimates. Liquid or gaseous heat transfer
materials will not be included in these capital costs, rather they will be accumulated in Account
27, which is assigned for materials that are provided to the power core immediately prior to
startup and are not subject to long-term finance charges.

One notable trend, in the U.S., is to transition from the solid breeding blankets to the liquid
breeders. The solid breeding materials are an integral part of the blanket, therefore the breeder
was considered as capital cost in the first wall blanket cost account. With the transition to liquid
breeders, the breeding material is now considered as a Special Material, Account 27, which is a
capital cost account, as it is procured just before the power core startup. The first wall and
blanket structural material may be a low-activation ferritic steel. The other candidate structural
material is SiC/SiC composite material, which is currently quite expensive and lacks verifiable
properties and fabrication experience. It has a positive attribute of being relatively lightweight
and low activation. It is hoped that as the material is being used in more applications, the unit
cost will come down significantly. As a result of these changes, the cost of the first wall and
blanket subsystem has decreased for the recent generation of fusion power plants.

In a like manner, the shielding subsystems have gotten more efficient. There is a trend in the
ARIES designs to design both high temperature and low temperature shielding subsystems. The
high temperature shields have become more costly than the low temperature shields, but the high
temperature shields have benefited from the cost improvements in the blanket materials and
cooling materials. The low temperature shielding systems commonly use low activation ferritic
steels, cooled with helium.

The cost of ARIES-AT Fusion Energy Capture and Conversion subsystem, Account 21.01, was
reported by Najmabadi'?, et. al., to be $137.78 M (LSA = 1 and 19928) or $197.01 M in 20098$.
These data are for the FW/B, shield and divertor (impurity control).

First Wall and Blanket, Replaceable, Account 22.01.01 - This subsystem is the primary
energy capture and conversion subsystem for the power core. The first wall and blanket (FWB)
covers the majority of the surface of the tokamak power chamber, both on the inner and the outer
regions of the chamber. The FWB is typically constructed in modular form to allow thermal
expansion and contraction without adverse stress and deformations of the first wall surface.
These modules consist of a first wall armor and structural material that is very durable to high
energy particles (minimal erosion and sputtering) and high energy neutrons (acceptable atom
displacements) and is sufficiently thermally conductive to transmit the surface and volume
heating to nearby heat transfer fluids in the wall or the underlying blanket. The first wall may be
a single material or a composite sandwich of different materials to meet the demanding
requirements. The first wall may be separately cooled by the blanket heat transfer media or
conductively cooled by the blanket structure. The most likely materials for the first wall structure
are ferritic steel (FS) or silicon carbide (SiC/SiC) composite structure. The plasma facing surface
of the FW can either be bare structural material or it may be covered with a thin layer of a more
durable armor material, such as tungsten (W).

The underlying blanket module must remove almost all the heat transferred from the first wall
and the volume heat generated by neutrons thermalized in all the blanket materials and breed
trittum to sustain the tritium fuel used in the DT plasma power core and system losses. The
breeding material is probably lithium or a lithium compound or mixture, either in solid or liquid
form. If liquid, it may be nearly stagnant (breeder only) or moving (breeder and heat transfer
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media). The blanket material will likely be FS or SiC/SiC because they are low activation
materials that will provide the longest operating lifetime while producing only low-level
radioactive waste. High quality fabrication techniques will be required to ensure high reliability.
The thermal heat is removed with a high temperature heat transfer media that may be the liquid
lithium, lithium mixture or a separate media, such as helium. If a liquid metal is used in the
blanket and shield, an insulating layer may be used to reduce the magneto-hydro-dynamic
(MHD) drag. Water is not a recommended heat transfer media as its operating temperature is too
low for highly efficient thermal conversion and is incompatible with the preferred liquid metal
heat transfer media, thus causing safety issues. In some designs, it might be possible to include a
reflector or a conducting material or structure to modify the magnetic fields.

The FW and blanket would likely be fabricated as individual modules containing all the heat
transfer media plumbing and manifolding as well as all mechanical attachments to the underlying
shielding components. Due to the intense high energy particle bombardment and the high energy
neutron flux, the lifetime of the FWB modules are limited, presently hoped to be as much as 4
years. Therefore, the modules must be designed to be easily and quickly removable and
replaceable with autonomous remote handling equipment in keeping with a very mature design
and operational philosophy of a 10th OAK power plant. The tokamak double-null configuration
is symmetric about the horizontal mid-plane. Hopefully there might some commonality of
modules, with considerations about local penetrations. Plumbing and manifolding complicates
the part similarities as does the maintenance approach.

As stated earlier, the cost estimate for the conceptual design of the commercial power plant can
only be roughly estimated by using a typical installed unit cost per kilogram for a similar
component or subsystem with like features, performance and material composition. Needless to
say, this is not an accurate estimate for the distant future power plant, but it will provide a
relative and parametric comparison to other design options and studies. For the replaceable first
wall and blanket components, unit costs are provided for the first wall material and surface armor
(if used), blanket structural material, breeder material (if not a breeder/coolant), insulating
material (if a liquid metal coolant is used), reflector material (if used), and any conducting coils
or structures. These material unit costs for this component are provided in the Appendix B
(typical for ARIES-AT and prior ARIES designs). As new designs and materials are developed,
new materials will be added to this appendix.

Therefore the cost of this component will be estimated by the sum of the computed mass of each
component element times the unit cost of that element material.

C22.01.01 = sum of products of unit cost per mass times the mass of the component element

Second Blanket, Life of Plant, Account 22.01.02 - Some magnetic confinement fusion
conceptual power plant studies have employed a second blanket subsystem behind the
replaceable FWB modules. These second blankets are designed to be life-of-plant with a useful
life on the order of 40 or more years. The functionality is similar to the inner blanket in that the
blanket has to capture the neutron energy and thermally convert that energy into high grade heat
as well as breed tritium fuel. However, there is no requirement for a first wall. Also the reduced
neutron damage within the second blanket will enable a longer operational lifetime.

The structural, breeding and heat transfer materials are likely to be similar to that in the
replaceable blanket module. High quality fabrication techniques will be required. Thus the same
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table of unit material costing algorithms will apply. Tungsten could be used, un-cooled, as the
conducting wall material.

The same cost estimating approach as the replaceable first wall blanket will be used on this life
of plant blanket. The unit costs are provided in Appendix B for the blanket structural material,
breeder material (if not a breeder/coolant), insulating material (if a liquid metal coolant is used),
reflector material (if used), and any conducting coils or structures. As the need arises, new
materials and blanket designs costs will be added.

The cost of this component will be estimated by the sum of the computed mass of each
component element times the unit cost of that element material.

C22.01.02 = sum of products of unit cost per mass times the mass of the component element

Divertor Assembly, Replaceable, Account 22.01.03 - This divertor subsystem is located in the
upper and lower regions of the plasma chamber (for a double null divertor system) where the
magnetic field lines cross, sweeping out the highly charged ionized fusion products onto the
divertor plates. The thermal heat flux and particle erosion is much higher than on the first wall
surfaces. The heat flux is expected to be in the range of 10 MW/m? in the divertor region with
some peak heating even higher. However, the neutron flux is less severe in the divertor region.
This requires a higher level of cooling capability in this region with a lesser demand on breeding.
In some cases, there may be no breeding at all in the divertor regions. In most designs, materials
similar to the FWB are contemplated with a more complex design approach including a robust
plasma facing surface and high heat flux cooling capabilities. High quality fabrication techniques
will be required to provide system reliability.

To date, there have been few divertor designs that have a high level of integration with the
plasma edge physics, hence the existing divertor designs remain highly tentative and preliminary.
Therefore there are no detailed cost estimates. A reasonable assumption is to assume a similar
technology basis as the first wall and blanket with a higher level of complexity and capability.
As an approximation, the same costing methodology as the FWB will be used with an added cost
complexity factor of 1.5 at present for the divertor subsystem. As the divertor designs are more
viable and validated, representative cost bases will be developed.

C22.01.03 = sum of products of FWB unit cost per mass times the mass of the component element
x 1.5

High Temperature Shielding, Both Replaceable and Life of Plant, Account 22.01.04 - This
shielding subsystem provides shielding for the complete plasma chamber. The FWB and divertor
modules intercept the majority of the neutron energy; however there is still a significant quantity
of neutrons that pass through the blanket modules and into the shield region. The intent is to
capture a significant fraction of this escaping neutron energy and convert it to useful high
temperature thermal energy. The back face of the blankets is at high temperature and not
insulated. This is why the innermost shield is designed to run hot, at the same temperature as the
blanket and transfer its thermal energy to the energy conversion system. Efficient capture of this
high temperature energy maximizes the plant thermal efficiency.

In some design concepts, the amount of neutron energy escaping the blanket and entering the
shield will not allow the shield to be life-of-plant, so in these cases, the HT shield will be
replaceable. There may also be a second HT shield that can be life of plant.
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In some power core designs that employ segment removal, the shield also has the requirement to
serve as the hot structural element that supports all the blanket and divertor modules within the
vacuum vessel. In fact, this structural element may be a stand-alone component known as a
structural ring. The shield may also have conducting element to provide magnetic fields to help
modify the plasma conditions.

The structural and heat transfer materials are likely to be similar to that in the replaceable blanket
module, but in different proportions. To increase the shielding effectiveness, bulk shielding
materials, such as boron carbide or borated ferritic steel, will be used. Some tailoring of the
shielding materials will be used to accommodate the neutron flux and waste considerations. High
quality fabrication techniques will be required to achieve the reliability and lifetime
requirements. If a conducting wall is required in the plasma chamber wall, it may be in the
inboard region of high temperature shielding modules. Tungsten could be used, cooled or un-
cooled, as the conducting wall material.

The shield subsystem unit costs are provided in Appendix B for the structural material, shielding
materials, insulating material (if a liquid metal coolant is used), reflector material (if used), and

any conducting coils or structures. As the need arises, new materials and shield designs costs will
be added.

The cost of this component will be estimated by the sum of the computed mass of each
component element times the unit cost of that element material.

C22.01.04 = sum of products of unit cost per mass times the mass of the component element

Low Temperature Shielding, Life of Plant, Account 22.01.05 — In some fusion plant designs,
the high temperature shield(s) does (do) not sufficiently lower the neutron flux to adequately
protect the outboard chamber elements and additional shielding is needed. At this low level of
neutron flux, the energy level is insufficient for high temperature operation, thus a low
temperature, actively cooled shield is used. This low temperature shield maybe permanently
attached to the vacuum vessel or it might be an integral part of the vacuum vessel or it might be
behind the vacuum vessel. The shield may be actively or passively cooled. If actively cooled, the
coolant must be compatible with other materials in the area. Additional solid shielding filler
materials may also be used.

The low-temperature shield subsystem unit costs are provided in Appendix B for the structural
material, shielding materials, and any cooling components. The cost of this component will be
estimated by the sum of the computed mass of each component element times the unit cost of

that element material.

C22.01.05 = sum of products of unit cost per mass times the mass of the component element

Penetration Shielding, Life of Plant, Low Temperature, Active and Passive, Account
22.01.06 — In addition to the shielding around the bulk of the plasma chamber, there are a
multitude of openings, ducts, and pipes that could allow neutrons to escape past the blankets and
shielding. These neutrons, if not intercepted, would cause damage to equipment and injury to
personnel outside the primary no-access areas. Therefore, all ducts, ports, beam-lines, cooling
channels/plenums must be surrounded with shielding materials. Also in the maintenance ducts,
actively cooled shield plugs will be provided where possible. In the RF ports, the RF launcher
modules will be equipped with shielding. Areas with high neutron flux will require active
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cooling whereas areas further away from the plasma, passive shielding might suffice. The
material algorithm table will provide cost estimate guidance.

The penetration shield subsystem unit costs are provided in Appendix B for the structural
material, shielding materials, and any cooling components. The cost of this component will be
estimated by the sum of the computed mass of each component element times the unit cost of
that element material.

C22.01.06 = sum of products of unit cost per mass times the mass of the component element
Plasma Confinement, Account 22.02

This account was previously considered to be the Accounts 22.01.03, Magnets. The functionality
remains the same, namely the coils necessary to contain, confine and shape the plasma. The
scope of these accounts has been increased to include the conductors and windings, cases,
structural and anti-torque supports, cryogenic supplies and lines, cryostats, thermal shields and
power supplies.

Toroidal Field Coils, Account 22.02.01 — The toroidal field (TF) coils create the magnetic
fields to confine the plasma. There are typically 12-18 toroidal field coils in generally a modified
"D"-shape geometry (straight inner leg with smooth curve top, bottom and outer legs). The coils
for power plants are not close fitting to the power core, but are much larger to allow access space
between coils for maintenance of entire power core sectors (one sector per TF coil) or removal of
large modules. The superconducting TF coils have superconducting windings, using low
temperature or high temperature superconductors, insulation, coolant lines, support structure, and
cryogenic dewars. There may be interconnecting structures for the out-of-plane loads. There will
be some form of bucking cylinder or bucking structure to counteract the inward TF coil forces.
This TF coil subsystem will require some structure to counteract torques or twisting moments on
the TF coils. There will be thermal isolation struts to transmit the TF coil gravity and seismic
loads to the lower support structures, yet conduct minimal thermal energy to the superconducting
coils. Superconducting, cryogenic feeder lines and cryogenic plumbing are included. The
refrigeration plant and storage facility for the TF coils will be included in this account. Power
supplies for the coils are included. There are no TF coil spares provided in the capital costs as
these elements are considered to be life of the plant with little likelihood of failure.

The superconducting coils may have integral cryostats and thermal shields around each coil
and/or have a larger cryostat located at a larger radius, perhaps at the inner boundary of the
bioshield. This will also be included in the TF coil costs.

Leslie Bromberg, of MIT, had been responsible for supplying algorithms for this TF field coil
cost account. The cost estimate is related to the conductor and cable, structural elements,
insulating elements, cryogenic equipment and storage, and power conditioning equipment. It is
anticipated this cost element will be determined by the type of superconductor, cooling approach,
winding technique, and structural support method. Further, the cost will be parametrically
determined by the field strength and the current density. This sub-element cost element structure
may change when the costing algorithms are documented.

C2.02.01 = determined by SC material, cooling, winding, structure, cryostat, thermal supports and
anti-torque structure and is proportional to field strength, current density, and perhaps some
volume or stored energy term.
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Conductor and Cable, Account 22.02.01.01 — Both low temperature (around 4 K) and “high”
temperature (around 70 K) superconducting (SC) coils are being considered for the TF coils.
Low temperature superconductors are likely to be NbTi and NbSn; with the former being used
up to magnetic fields of 16 Tesla and NbSn; being used from 16 Tesla up to 20 Tesla and
slightly higher. Above that range, the high temperature SC materials would be used. Each of
these materials has its own unique characteristics, structural needs, winding processes and
fabrication processes, which results in separate costing algorithm sets for each material that is
included in the subsystem cost algorithm.

Structural Coil Case, Account 22.02.01.02 — The unique structural requirements for the different
SC materials will require different structural coil case designs, each with a separate costing
algorithm considered at the subsystem level.

Bucking Cylinder, Account 22.02.01.03 — In many tokamak designs, the center of the power core
is left hollow and uses a bucking cylinder to counteract the inward coil forces. ITER uses this
approach. Likewise most ARIES designs used this bucking cylinder approach. ARIES Pulsar,
IV, RS identified the use of a bucking cylinder and these bucking cylinders were shown in the
CAD drawings and their masses reported in the systems code summaries. However, it is not
evident that the cylinders are included in the structural volume, masses or costs.

In the ARIES-AT CAD drawings, the bucking cylinder is not identified, but it is considered to be
an integral part of the inner leg of the TF magnet structure. However, in the systems code
summary report, ARIES-AT provided a separate bucking cylinder mass of 130.649 tonnes, but
no volume is provided.

It is not clear that the cost of this structural element was ever estimated in the past ARIES
designs. In the future, this cost element should be physically defined, including its mass. This
mass will be used with the unit material cost table to determine its cost. These costs will be
included in the subsystem cost.

Cryostat and Thermal Shield, Account 22.02.01.04 — Starfire' did not have a separate cryostat as
such. It used the common dewar and individual TF and PF coil dewars to provide the cryostat
function.

Per the ARIES-II, -IV Fusion Reactor Report16, Chapter 2 Systems Studies, ARIES-I, -II, -III,
and -IV used a thin cryostat that completely enclosed the TF coils, see page 35 of the final report,
and the cryostat was 0.050 m thick, see radial builds on pages 28-30. Further, it was indicated on
page 45 of the final report, that each coil had a dedicated dewar. But it did not indicate that either
the cryostat or the dewars were included in the cost of the coils when dedicated coil cryostats or
dewars are used.

On the ARIES-RS'” and ARIES-AT', the concept of individual cryostats was not adopted and a
much larger common cryostat was used. It was a domed, cylindrical structure that completely
enclosed the power core. From the ARIES-RS Design Book from the ARIES web site®, “the RS
common cryostat uses double-walled welded construction in a "bell jar" configuration
surrounding the vacuum vessel and all coils. The two 304L SS face sheets are stiffened with steel
webs. The bottom of the cryostat consists of only a single 2-cm sheet. The outer cryostat is
connected to the maintenance ports using bellows. There is no inner cryostat - the back side of
the VV is used as a cryo boundary. There is no active coolant. Multilayer insulation is used on
vacuum vessel, but there is no insulation on upper and lower cryostat lid. Either a cap or large
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ports are provided on the top for TF coil removal.” It does not appear that any cryostat cost
algorithm was ever included in the algorithms provided by Bathke'® or Miller' or any ARIES
cost estimate. In the ARIES-RS systems code output file, the cryostat volume was 958.586 m’
and the cryostat mass was 1345.855 tonnes, which equates to an effective density of 1403 kg/m’.
This would equate to a cryostat thickness of approximately 0.35 m. The cost of the cryostat did
not seem to be included anywhere.

From the CAD drawings, ARIES-AT concept used an identical cylindrical structure with a
dome. The cryostat volume and mass are only 7.88% of the RS data, namely 75.631 m® and
106.185 tonnes. The AT code summary sheet also listed a cryostat side volume of 34.773 m’, but
it sure what this meant or how it was used. There was no mention of the cryostat in the design
book or in any of the technical papers. The cost of the cryostat did not seem to be included
anywhere.

The ARIES-CS (Compact Stellarator) adopted a different cryostat approach. It attached a thin
steel sheet structure to the inner surface of the bioshield wall and floor. Above the power core,
the cryostat was attached to the upper truss structure. The cryostat also had thermal insulating
blanket. Again, the cost of the cryostat was never reported.

It seems that the Cryostat and Thermal Shield structures have not been included in the ARIES
cost estimates. The volume and mass of these structural elements should be computed and
combined with appropriate material unit cost (suggest $43.44/kg in 2009$ for reduced activation
ferritic steel) to yield a viable cost and these costs included and identified in the TF coil
subsystem cost estimate.

Thermal Isolation Struts, Account 22.02.01.05 — The TF and PF coils are cryogenically cooled
and need to be supported with thermal isolation supports. Various types of thermal isolation
struts are used in all superconducting coil systems. Additionally, the hot power core structure
also needs to be supported and thermally isolated from base support structure Starfire' used
twelve G-10CR glass-cloth/epoxy laminate to support the center-post. ARIES-CS and ARIES-
AT used both a cold support system for the coils and a hot support for the hot power core
components primarily through the vacuum vessel structure. ARIES-RS had support posts, but it
appeared like they supported the hot structure only. ARIES-ST used normal conducting coils, but
it illustrated a complex support system to enable the bottom removal of the center post.

Usually these thermal isolation struts are shown in the CAD drawings with varying degrees of
fidelity, but loads, materials, and design details are not specified and no costs reported. These
components should be better defined and their materials and costs identified.

Anti-Torque Structure, Account 22.02.01.06 — During operation, there are forces on the TF coils
that induce a torque on the coils, twisting them out of their plane. During certain off-normal
events, the currents in the TF coils may be unequal and additional toroidal forces and torques
may be applied to the TF coil cases that would cause additional toroidal deflections. One method
is to provide bridging structure between individual coils to counteract the induced torques.
Starfire' used this approach with shear panels. Another approach is to connect the TF coils to a
continuous restraining structure at the top and bottom of the coils, sometimes called an anti-
torque frame or structure. This structure is usually not used in the outer regions as maintenance
and other power core access is required in that area. This approach was used in the ARIES-AT
and in some other ARIES designs, but it has not been well defined and documented.
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Some of these anti-torque structure components were shown in the ARIES CAD drawings, but
they are not well defined as to the loads being transferred, materials specified, design details, and
component costs. These components should be better defined and their costs identified. If
manufactured with reduced activation ferritic steel, a unit cost of $43.44/kg in 2009 might be
appropriate for this structure.

Poloidal Field Coils, Account 22.02.02 - There is a central solenoidal field coil in the inner
radius of the toroid that is included in the Poloidal Field (PF) coil subsystem. The central
solenoid may be composed of multiple coils that provide a transformer action to start the plasma
current and to provide some plasma shaping. There are also large poloidal ring windings that
create the shaping magnetic fields to effectively modify and shape the magnetic fields to contain
the plasma. These coils are generally located above, below, and outside the TF coils. In the case
of the power core designs with horizontal sector removal, the outer PF coils may be movable
during maintenance actions or the PF fields have been modified so the outer PF coils are located
out of the way of the midplane maintenance ports and are never moved (ref, ARIES-AT coil
system'®). Since the lower PF coils are effectively trapped by the TF coils and the power core
above them, additional spare PF coils are to be provided below the power core. Even though the
PF coils are designed to be life of plant and replaceable, the downtime to replace these particular
lower PF coils are so onerous, it is more cost effective to have spares installed during the initial
build sequence.

The superconducting PF coils have superconducting windings (low temperature or higher
temperature), support structure, cooling system, and cryogenic dewars. The PF coil structure
supports the magnetic and gravity loads with minimal heat transfer to high temperature support
elements. Superconducting, cryogenic feeder lines and cryogenic plumbing are included. There
may be interconnecting structure for supporting out of plane loads. Superconductors, cryogenic
feeder lines and cryogenic plumbing are included. Leslie Bromberg is supplying algorithms for
this PF field coil cost account. The cost estimate is related to the conductor and cable, structural
elements, insulating elements, cryogenic equipment and storage, and power conditioning
equipment. The sub-elements would be similar to that of Account 22.02.01, except perhaps for
an anti-torque structure.

C22.02.02 = determined by SC material, cooling, winding, structure, cryostat, and thermal supports
and is proportional to field strength, current density, and perhaps some volume or stored energy
term.

Feedback Control Coils, Account 22.02.03 — The Feedback Control coils are active control
coils that are likely to be normally conducting coils. It is intended these coils are usually
quiescent, but when abnormal plasma conditions are sensed, these coils can quickly ramp up
currents and fields to effectively control the plasma. Therefore, instantaneous power demands are
likely to be substantial, i.e., expensive power supplies. These coils are probably located outside
the power core shielding, but may be inside or outside the vacuum vessel. Their location, size,
current capacity, and field are completely design dependent. Since they are likely normally
conducting coils, no installed spares are necessary as they could be installed as segments and
connected together. Chuck Kessel is supplying algorithms for this feedback control coils cost
account. The cost estimate is related to the conductor and cable, structural elements, insulating
elements, and cooling equipment for these normally conducting coils.
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C22.02.03 = determined by conducting material, cooling, winding, structure, and insulation and is
proportional to field strength, current density, and perhaps some instantaneous power
requirement term.

Cryogenics for Plasma Confinement Account 22.02.04 — This common account includes the
cryogenics for the TF and PF coils. This would include helium and/or nitrogen refrigeration and
liquefaction process equipment. Starfire' had helium compressors, heat exchangers, expansion
engines, and purifiers to deliver 20 kW of refrigeration at 4.2 K to 4.5 K at the supply rate of
26,500 liter/hr. The cost of the Starfire helium refrigeration and liquefaction was estimated to be
$7.7 M in 1980 or $17.648 M in 20098$. This subsystem probably supplied all of the plant liquid
helium. If this data is to be used as an estimate basis, it should be scaled to the supply rate.
ARIES does not separately identify the helium liquefier and refrigerators. ITER has a separate
cost account just for the cryo-plant, cryo-lines, and cryo-containers with a cost of $165.1 M with
spares in 20098$. This seems to be a very high cost item. On the other hand, FIRE has a very low
cost cryo cooling with liquid nitrogen subsystems. They only allocated $2.0 M in 2009$ for both
liquid nitrogen and helium subsystems and piping. The ITER and FIRE cost values were
obtained during the 2002 Fusion Summer Study (at Snowmass)'®, however the data is not
reported in this reference, but was in private data files of Lester Waganer, who was responsible
for the Snowmass cost assessment.

C2.02.04 = determined by cooling capacity times the number of cryogenic supply units times unit
cost.

Power Supplies for Plasma Confinement, Account 22.02.05 — This account includes the
conditioned power supplies, controls, and wiring for both SC and the normal coils. These power
supplies provide a low voltage, high current conditioned electrical supply. Starfire' estimated the
cost of the TF power supplies to be $183/kW (in 2009%) including component costs, installation,
and checkout. The corresponding Starfire PF power supplies were $183,000/MVA. The Starfire
corrective field power supplies were capacitive storage, which was estimated as $458,000/M1J.
(These cost estimates may be completely out of date now. Note: All of ITER’s Power Supplies
with spares are estimated to be $372 M (2009%) from a 2002 Snowmass estimate.) The
protective circuitry is included in the coil costs.

C22.02.05s = determined by power supply capacity times the number of units times unit cost.
Plasma Formation and Sustainment, Account 22.03

The components in this subsystem account are associated with the initial formation of the plasma
and the continued sustainment of the proper plasma condition for the steady-state productive
output of the plasma. These subsystems can be various types of radio frequency (RF) or neutral
beam (NB) energy injected into the plasma to heat or properly condition the plasma to achieve
the necessary current drive. The subsystem will be subdivided into categories used to form and
heat the plasma, drive the plasma current, stabilize the plasma, and provide fueling/constituent
control. These will be further subdivided into types of subsystems that can accomplish that
functionality. Each subsystem contains sources, amplifiers, power supplies, transmission,
windows, launchers, and cooling provisions

Heating and Current Drive, Account 22.03.01 — This subsystem or a combination of
subsystems provides continuous heating and current drive for the plasma to sustain the nominal
plasma condition for proper operation. This subsystem nominally operates in steady-state
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condition. During startup and shutdown, there will be some transients in this subsystem to enable
ramp up to steady state operating conditions or controlled dissipation of the plasma at plasma
termination. The types of heating and current drive components may include Ion Cyclotron
Resonance Frequency (ICRF) Fast Wave, Lower Hybrid (LH) Wave, Electron Cyclotron
Resonance Frequency (ECRF), and Neutral Particle Beam. Some subsystems can do only plasma
heating while others can do both heating and current drive. These subsystems may also
supplement the plasma startup phase.

The ARIES-IL, -IV Systems Studies Chapter'®, Table 2.2-XII summarized the heating and
current drive subsystems costing algorithms as shown below in Table 7. The desired plasma
temperature is a primary parameter to select the type of current drive and heating system. Per
Ron Miller, all ARIES designs continue to use heating and current drive (CD) unit costs from the
Table 7 as extracted from Reference 16. These algorithms were not revised by Miller in his 2008
updating of the cost algorithms. This table and related text does not indicate what subsystem
components are included in these unit costs, but it is presumed it includes both the amplifiers and
the delivery components (cooled waveguides and launchers, etc). Each subsystem contains
sources, amplifiers, power supplies, transmission, windows, launchers, and cooling provisions.

Table 7. Current Drive Subsystem Unit Costs'®, (Table 2.2-XII)

Type of Current Drive Subsystem Efficiency Unit Cost, $/W (delivered?)

19929 20093

2 MeV Neutral Beam 0.68 3.45 4.93
Lower Hybrid (80 MHz)* 0.68 1.49 2.13
ICRF Fast Wave
80 MHz 0.84 1.15 1.64
158 MHz 0.72 1.15 1.64
250 MHz 0.65 2.30 3.29
800 MHz 0.63 2.30 3.29
2,500 MHz 0.63 2.30 3.29
8,000 MHz 0.63 2.30 3.29

*The value of 80 MHz may be incorrect as ARIES used 8 GHz and Starfire used 1.66 GHz

The ARIES-I final report'® describes the chosen heating and current drive subsystem as ICRF
having a frequency of 141 MHz and a delivered power to the plasma of 96.707 MW (in CD
Chapter'” it is shown as 92 MW) and a unit cost of ~$1/W (1988$). The wall plug power
required was 134 MW. There was also an LHCD current drive system operating at § GHz that
provided 5 MW of power to the plasma and required 7 MW of electrical power. The estimated
cost of the ICRF and LH CD subsystem was $103.919 M in 1988$ or $118.707 M in 1992$. This
would equate to a unit cost of $1.63/W in 2009$. Per the ARIES II-IV Systems Study Chapter'®,
Table 2.4-1, ARIES I was re-evaluated and optimized as ARIES-I’. The new resultant heating
and CD power significantly increased to 202.5 MW and the subsystem cost was correspondingly
increased to $231.36 M in 1992$ ($330.827 M in 2009$, LSA=4), which would equate to a unit
cost of $1.63/W in 20098.
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Per an IAEA paper by F. Najmabadi, et.al.*> ARIES-II and —IV selected a combination of rf
current drive options consisting of ion cyclotron resonance heating (ICRH) and lower hybrid
(LH) with a combined delivered power to the plasma of 70 MW. This was composed of 19 MW
of ICRF @ 124 MHz and 12 MW @ 8 GHz of LH delivered to the central region and 39 MW of
LH @8 GHz delivered to the edge regions. Using the above table unit costs and the delivered CD
power, this would suggest an ICRF cost of $21.85 M and an LH cost of $75.99 M for a total of
$97.84 M in 1992. This reference also mentioned an additional 20 MW for startup CD power of
an unspecified type might be required.

Per the ARIES II-IV Systems Study Chapter'®, Table 2.3-I, ARIES II had a current drive power
to the plasma of 66.1 MW and ARIES IV had a current drive power to the plasma of 68.0 MW.
Both had a current drive efficiency of 54%, see Reference 16, Table 2.3-1I. Assuming the same
power split as before between ICRF and LH, dividing by the efficiency to obtain input power
and multiplying by the appropriate LSA factor, this would yield for ARIES-II with an LSA =4 a
total cost of $171.09 M (10029) (LSA = 4) or for an LSA =2 $160.82 M (1992%). According to
Reference 10, the reported Heating and Current Drive for ARIES-II is $194.3 M (LSA=2,
19928). So there is quite a discrepancy. Even if the subsystem were estimated using the higher
cost LH unit cost factors, there is still a sizable error. Likewise, the computed cost of the ARIES-
IV with 68 MW of delivered power and the same efficiency yields a total cost of $176.01 M
(LSA =4) or for an LSA =1 $149.61 M. According to Reference 10, the reported Heating and
Current Drive for ARIES-IV is $175.1 M (LSA=2, 19928%). Still a sizable discrepancy remains.

In ARIES-RS", three heating and CD subsystems were employed: (1) ion-cyclotron-resonance-
frequency (ICRF) fast wave, (2) high-frequency fast wave (HFFW) and (3) lower hybrid wave
(LHW) subsystems. According to the ARIES-RS Data Book on the ARIES web, the 92 MHz
ICRF has 43.8 MW, the 1 GHz LH has 27.2 MW and the 4.6 GHz LH has 27.2 MW. The wall
plug to delivered power efficiency and wall plug power is not known. According to the full
summary on the ARIES web, the ICRF has a higher frequency of 97.745 MHz and only 15.711
MW, the 1 GHz LH has 33.011 MW and the 4.6 GHz LH has 32.051 MW. The data file lists a
CD efficiency of 0.56 and a unit cost of $1.322/W in 19928. The reported Supplemental Heating
and CD costs are $174.693 M (LSA 4), $164.211 M (LSA 2 and 3) (94% of LSA 4), and
$143.981 M (LSAT1) (which is 82.42% of LSA 4 but it should be 85% per Table 2.2-XVI of
Reference 16). Reference 17, “Configuration and Engineering Design of the ARIES-RS
Tokamak Power Plant by M. Tillack, et.al., presents a more correct and detailed summary of the
Heating and CD subsystem. The ICRF is at 98 MHz, power to plasma is 15.7 MW, and wall plug
power is 23.2 MW. The HFFW frequency is 1 GHz, power to the plasma is 32.1 MW, and wall
plug power is 61.6 MW. The LHW frequency is from 4.6 GHz to 3.5 GHz, the power to the
plasma is 33.0 MW, and the wall plug power is 102.4 MW. These rounded numbers agree with
the ASC data files and provide additional wall plug power. If the algorithms from Table 7
assume the delivered power, the estimated cost is less than the reported estimate. If the wall plug
power is used, the estimated cost is greater than the reported estimate.

Neither the ARIES Systems Code printout, the design data book power values with the cost
algorithm from the ASC printout or the suggested algorithms from Reference 16 (or Table 7)
produce similar cost values. Also there is no HHFW algorithm in Table 7 although the frequency
falls within the ICRF frequency band. The RS cost data for LSA = 1 does not match the
recommended LSA discount of 85%.
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Per the ARIES-AT design data book on the ARIES web, the ARIES-AT used two RF
subsystems for heating and current drive: (1) ion-cyclotron-resonance-frequency (ICRF) fast
wave and (2) lower hybrid wave (LHW). The ICRF frequency was 96 MHz, 15.0 MW to the
plasma, 20 MW wall plug power (75% efficiency) and 3.3 MW current drive power. The LHW
frequency is from 2.5 to 3.6 GHz, 48.7 MW to the plasma, 105.9 MW wall plug power (46%
efficiency) and 34.1 MW current drive power. The total current drive power is 37.4 MW. Per the
ARIES-AT ASC code output file, the heating and CD efficiency (delivered/wall plug) is 42.7%.
The FW (ICRF) frequency is 95 MHz, power to the plasma is 3.284 MW, and the imputed wall
plug power is 7.69 MW. The LH frequency is 3.5 GHz, power to the plasma is 34.149 MW, and
the imputed wall plug power is 79.97 M. The total RF power to the plasma is 37.441 MW. The
stated heating/CD unit cost is 1.164 $/W, which does yield the reported estimated cost of the
Supplemental Heating and CD for LSA =4 is $43.60 M in 19928. (Note, this total power times
the unit cost does not work for ARIES-RS which yields $106.86 M vs. $174.693 M). If the
algorithms for ICRF and LH from Table 7 are used assuming power delivered to plasma, the
heating and CD subsystem cost would be $86.11 M in 20098.

C22.03.01 = determined by type of HCD subsystem times power delivered to plasma time the
number of units times unit cost.

Ion Cyclotron Resonance Frequency (ICRF) Fast Wave Heating and Current Drive, Account
22.03.01.01 — ARIES-I, -II, -1V, -RS, and —AT studies chose to use a combination of Lower
Hybrid and ICRF heating and current drive. However, the reported costs are not separable so no
detailed comparison could be made. The ARIES-II-IV Systems Studies'® did document a cost for
the ICRF subsystem over a range of frequencies from $1.64/W to $3.29/W as shown in Table 7.

TK Mau recommended in 2008, based on estimates from the ITER U.S. team "including R&D
and all staff salaries and contingency”, ARIES should use for ICRF heating $5 to $6 per watt
delivered to the plasma as a rough rule of thumb. Since the technical requirements on the antenna
for a DEMO-level device will be tougher than on ITER, it may be more." We should endeavor
to remove the R&D cost elements and the salaries and contingency to obtain only the direct
capital cost.

Lower Hybrid (LH) Wave Plasma Heating and Current Drive, Account 22.03.01.02 — Starfire'
used lower hybrid for heating and current drive. They used 432 cross field amplifiers at 1.677
GHz at 420 kW each to deliver 90 MW heating power to the plasma. In present 20098, the 432
CFAs would cost $27.27 M, the grills and other delivery hardware would cost $49.61 M, and
initial CFA spares and grills would cost $12.37 for a total of $89.25 M in 20098.

ARIES-I, -1, -1V, -RS, and —AT chose to use a combination of lower hybrid and ICRF heating
and current drive. The ARIES-I final report'’ documented in the Cost Appendix B that the ICRF
delivered 97 MW and the LH delivered 5 MW to the plasma, but in the CD Chapter it reported
92 MW and 5 MW respectively for a total of 97 MW. In the ARIES-II-IV Systems Studies'®
report only the 96.7 MW of ICRF power was reported. In the remainder of the ARIES reports,
the power and costs are not separable so no detailed analyses could be made. The ARIES-II-IV
Systems Studies'® did document a cost for the LH subsystem at $2.13/W in 2009$ as shown in
Table 7.

Electron Cyclotron Resonance Frequency (ECRF) Plasma Heating and Current Drive, Account
22.03.01.03 — None of the ARIES studies chose to use ECRF as a current drive or heating
scheme. ITER has chosen to use ECRH as one of its systems for heating (not current drive).
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Neutral Particle Beam Plasma Heating, Current Drive and Rotation, Account 22.03.01.04 —
Several of the ARIES design concepts evaluated the NBI option for heating and current drive,
but only ARIES-III chose implement that option. The ARIES-II-IV Systems Studies'® did
document a cost for the NBI subsystem at $4.93/W in 20098 subsystem as shown in Table 7.

Summary of Heating and Current Drive, Account 22.03.01 - There was a great deal of
differing and conflicting information available regarding the power delivered to the plasma and
the wall plug efficiencies. Also, the ARIES cost data was thought to be calculated for each type
of heating and current drive, but only reported at the top level, which did not allow a more
detailed analysis of the subsystem costs. A summary of the subsystem costs is shown below in
Table 8. The first eight lines are a repeat of the data from Table 7. These data supposedly were
used on all the ARIES cost estimates, however using these data would not reproduce the reported
subsystem costs for any of the ARIES designs. This needs to be confirmed for accuracy.

Table 8§ also contains the ARIES subsystem heating and current drive summary data including
the types of heating and CD, the delivered power and the cost data available. The reported cost
estimates were escalated from the original data to 2009$ and converted to unit costs for
comparison (LSA = 4). Neutral particle beam heating and current drive is significantly more
expensive and is used infrequently. ICRF is used in the lower frequencies as it is the least
expensive. Lower Hybrid is somewhat more expensive, but is used usually in combination with
ICRF. The power levels were around 90 MW with Starfire and ARIES-I and then the power
level increased to ARIES-I at 202 MW, and decreased for the second stability plasmas of ARIES
IIL 11, and IV at 163 MW, 66 MW, and 68 MW. ARIES-RS slightly increased to 81 MW, but
ARIES-AT significantly decreased to 37 MW with the lowest subsystem cost of $62.32 M in
20098 (LSA =4). The ORNL ITER RF team provided an unofficial estimate of $5-6/W for
ICRF, however this estimate includes R&D, personnel salaries, and contingency, all of which
should be removed for inclusion in the direct capital cost algorithms. For future algorithm
definition, each heating and CD subsystem option should be defined regarding type, frequency,
source, and delivery components. Most of the ARIES designs described the launchers and other
means to deliver the power, but it is not evident what was actually estimated.
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Table 8. Summary of Heating and Current Drive Subsystem Costs

Type, Del Pwr, Rptd Cost, LSA4 Cost, LSA4 Cost, $W, $Iw,
Source Frequency Mw 92M$ 92M$ 2009M$ 1992% 2009%
ARIES Sys Studies NBI, 2 MeV NA $3.45 $4.93
ARIES Sys Studies LH, 80 MHZz? NA $1.49 $2.13
ARIES Sys Studies ICRF, 80 MHz NA $1.15 $1.64
ARIES Sys Studies ICRF, 158 MHz NA $1.15 $1.64
ARIES Sys Studies ICRF, 250 MHz NA $2.30 $3.29
ARIES Sys Studies ICRF, 800 MHz NA $2.30 $3.29
ARIES Sys Studies ICRF, 2500 MHz NA $2.30 $3.29
ARIES Sys Studies ICRF, 8000 MHz NA $2.30 $3.29
Starfire LH, 1.667 GHz 90 62.32 89.11 $0.69 $0.99
ARIES-I (LSA=2) ICRF/LH 96.707 $118.725 126.30 180.61 $1.31 $1.87
ARIES-I' (LSA=1) ICRF (/LH?) 202.5 $236.5 278.24 397.86 $1.37 $1.96
ARIES-II (LSA=2) ICRF/LH 66.1 $194.3 206.70 295.57 $3.13 $4.47
ARIES-III (LSA=2) NBI 172 $528.8(90%)
ARIES-III (LSA=2) NBI 172 $559.9 595.61 851.68 $3.46 $4.95
ARIES-III' (LSA=2) NBI 163.2 $529.2 562.98 805.02 $3.45 $4.93
ARIES-IV (LSA=1) ICRF/LH 68.0 $175.7 206.71 295.58 $3.04 $4.35
ARIES-RS (LSA=2) ICRF/HFFW/LH 80.773 $164.211 174.69 249.80 $2.16 $3.09
ARIES-AT (LSA=1) ICRF/LH 37.441 $37.060 43.60 62.35 $1.16 $1.67
US ITER Team ICRF Not specified  First of a kind including R&D, salaries, and contingency $5-6

Startup, Account 22.03.02 — The startup subsystems are dedicated to bringing the plasma from
inert plasma conditions up to full power, steady-state operation plasma conditions. This
subsystem also may be used when transitioning from a partial power condition up to a higher
level of power output. The candidate subsystems include Electron Cyclotron Resonance
Frequency (ECRF) Wave for plasma breakdown, lon Cyclotron Resonance Frequency fast wave
for current initiation and ramp-up, and Lower Hybrid. Starfire employed its steady-state LH
current drive subsystem as its plasma startup subsystem. ARIES-I used ICRF for plasma heating
and ECRH as plasma breakdown. All other ARIES designs (including ARIES-I") used ECRH as
the plasma breakdown subsystem. ARIES did not technically document their startup subsystems,
however they did include the ECRH plasma breakdown subsystems in their cost estimate.

C2.03.00 = determined by type of Plasma Startup subsystem times power delivered to plasma time
the number of units times unit cost.

Electron Cyclotron Resonance Frequency (ECRF) Wave Plasma Breakdown, Account
22.03.02.01 — The ARIES designs used ECRF for plasma breakdown with documentation as a
separate cost account, but no details have been provided about the components used or the power
delivered to the plasma. R. Miller'® provided a simple ECRH cost estimating relationship ($/W)
for all ARIES designs prior to ARIES-AT as shown in Table 9. The constant was increased for
ARIES-AT as shown in the second row. The delivered power levels for these designs were not
documented. I think there is a mistake in the constants, perhaps they are still in 19808, but even
then the conversion is still incorrect and perhaps the quoted LSA factors for this subsystem.
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Table 9 ECRF Plasma Breakdown Subsystem Costs (M$) from ARIES Studies®'®

ECRF Del Power, MW 1992$,LSA 1,2 1992$, LSA4 2009$, LSA4 Unit Cost, $/W

ARIES Sys Studies, A-1 to A-RS $2.60 (Constant)

ARIES Sys Studies, A-AT $2.78 (Constant)
ARIES-I' (LSA=2) Data Not Found $3.900 $4.149 $5.933 TBD
ARIES-II (LSA=2) Data Not Found $4.300 $4.574 $6.541 TBD
ARIES-III' (LSA=1) Data Not Found $4.300 $5.059 $7.234 TBD
ARIES-IV (LSA=2) Data Not Found $3.900 $4.149 $5.933 TBD
ARIES-RS (LSA=2) Data Not Found $4.334 $4.610 $6.592 TBD
ARIES-AT (LSA=1) Data Not Found $3.975 $4.677 $6.688 TBD

Ion Cyclotron Resonance Frequency (ICRF) Wave Current Initiation and Ramp-up, Account
22.03.02.02 — ARIES-I Cost Appendix" documented the use of ICRF to heat the plasma to
ignition. However, in the ARIES-I systems code documentation, ECRF was listed as the plasma
breakdown subsystem.

Lower Hybrid (LH) Wave Current Initiation and Ramp-up, Account 22.03.02.03 — Starfire' used
Lower Hybrid for the primary heating and current drive as well as being used for the plasma
startup with no additional cost. In ARIES-I, there was an LHCD startup system operating at 8
GHz that provided 5 MW of power to the plasma and required 7 MW of electrical power. In the
re-assessment of ARIES-I’, the primary heating and CD power went from 96.7 MW to 202.5
MW of a factor of 2.09, so it is inferred the startup heating and CD power for ARIES-AT’ would
be approximately 10.5 MW.

If these startup systems are additional costs above the steady-state heating and current drive, it is
anticipated these subsystems would use the same costing algorithms as the steady-state
subsystems. To conserve first wall space, it is hoped they can share the launcher components.

Stability Control, Account 22.03.03 — This subsystem is to ensure the stability of the steady-
state plasma and is primarily a transient operation, with fast acting, high power feedback to the
subsystems to actively control the plasma conditions. The candidate subsystems are Electron
Cyclotron Resonance Frequency (ECRF) and Neutron Particle Beams. This is a new function
added to the Plasma Formation and Sustainment account and it needs further investigation and
definition.

C22.03.03= determined by type of Plasma Stability Control subsystem times power delivered to
plasma time the number of units times unit cost.

Electron Cyclotron Resonance Frequency (ECRF) Wave Plasma Control, Account 22.03.03.01 -
TBD

Neutral Beam (NB) Wave Plasma Control, Account 22.03.03.02 - TBD

Plasma Fueling and Constituent Control, Account 22.03.04 — These are the subsystems that
provide the fueling, both steady-state as well as transient, to maintain the desired plasma fuel
mixture. In addition to providing the nominal mix of deutritium and tritium, there may need to be
some adjustment of the D-T mixture to fine tune the fuel mix in the plasma. There also may be
some need to inject some other elements to adjust the radiation characteristics of the plasma. The
subsystems considered are pellet injection fueling and constituent control and neutral particle
beam injection, also for fueling and constituent control. These systems or a dedicated variation of
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these systems may also be used to inject “killer” pellets to rapidly quench the plasma, if
necessary.

The costs for these plasma fueling subsystems on previous ARIES designs were included in
Account 22.5 Fuel Handling and Storage. There were algorithms provided for these subsystems
(see below), but for brevity, these cost data for Account 22.5 were never published. However
their costs were included in the roll-up total costs. The new ARIES recommended cost account
separates the function of Plasma Fueling and Constituent Control (Account 22.03.04) from Fuel
Handling and Storage (22.10) that includes gaseous and liquid recovery, processing, and storage
equipment as well as isotope separation.

C22.03.04= determined by number of pellet injectors or neutral beam lines x the unit cost of these
components.

Pellet Injection Fueling and Constituent Control, Account 22.03.04.01 — ARIES-I used pellets to
fuel the plasma at 2645 kg/d, 4-6 mm in diameter and injected at 1-5 km/s. ARIES-RS used a
two-stage pneumatic injector with an injection velocity of 5 km/s and a repetition rate of 2.9 Hz,
but this subsystem was marginal. Higher injection speeds are desired. No further technical
documentation was found for the remainder of the ARIES designs.

The ARIES-II-IV Systems Studies'® provided an algorithm for the pellet injector (previous
Account 22.5.1) as being $6.07 M (LSA =4, 1992%) each with 2 injectors required. This
algorithm applied from ARIES-1 to ARIES-RS. For ARIES-AT, Ron Miller"” updated the unit
costs to $6.48 M (LSA =4, 19928) or $9.266 M in 2009$. Since the cost data were never
published, these data is not confirmed. These costs would be unit costs times the number of units
or a nominal unit cost scaled to fuelling rate.

Neutral (Particle) Beam Injection (NBI) Fueling and Constituent Control, Account 22.03.04.02 —
If neutral beams are used in the current drive subsystem, altering the fuel mix in the particle
beam may be a convenient and low or no cost way to fuel the plasma. These costs can be unit
costs times the number of units or a nominal unit cost scaled to fuelling rate.

Vacuum, Power Core, Account 22.04

This account provides all the equipment and plumbing necessary to provide a high quality
vacuum for the power core. It includes the vacuum vessel, refrigerators, primary high vacuum
and roughing pumps, and vacuum ducts. It also includes the shielding materials in the vacuum
vessel and the vacuum ducts. Vacuum systems for other subsystems, such as radiation materials
treatment and coil systems are included in those subsystems. It is yet to be determined if vacuum
leak detection subsystem is included in this account or in instrumentation. The Starfire report'
has the best documentation of the vacuum equipment subsystem. The Starfire vacuum system,
including spares, would cost around $12.7 M in 2009$ plus the cost of the vacuum pumping
ducts, which are dependent on their presently uncalculated mass and the vacuum vessel. See the
following subsections for more specific details.

The Generomak reports™ did not provide any detailed information about the vacuum systems
and generally adopted the Starfire baseline data.

Vacuum Vessel, Account 22.04.01 (formerly Account 22.01.07) - The vacuum vessel is
typically the next outboard subsystem outside of the high temperature shielding. Its prime
requirement is to provide and sustain a high level vacuum environment for the operation of the
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plasma. Since it is a vacuum vessel, it will serve as a gaseous tritium boundary. It also serves as
an additional shielding element to further reduce the neutron flux to all components outside the
vacuum vessel, principally the TF coils. The vacuum vessel configuration and cooling are very
design dependent on the power core configuration. It typically is as close fitting to the outside of
the shield as practical to minimize the interior volume of the vacuum vessel and to make the TF
coils as small as possible. Many contemporary fusion power plant designs employ larger outer
legs of the TF coils that allow removal of entire power core sectors. Typically the TF coils have
self-contained cryo-jackets or dewars, so they do not need to be contained within the power core
vacuum boundary.

This account only is the structural elements of the vacuum system including the main vacuum
vessel chamber, the port enclosures, the vacuum door assembly, bulk shielding inside the
vacuum vessel walls, and any manifolding/plumbing. Depending on the shielding capability, the
vacuum chamber may or may not be a cooled structure, dependent on the structural materials and
the amount of energy deposited in the structure.

Historical cost data on the vacuum vessel is rather sparse and incomplete. The Starfire report'
and the EBTR report'® used the power core shields for the vacuum containment so there was no
vacuum vessel as such. However, this particular design approach has been abandoned in favor of
a separate vacuum vessel that contains the first wall, blankets, divertors, and shielding.

The ARIES studies®’ used an algorithm for the cost of the ARIES vacuum vessel based on the
mass of the vessel as shown in Table 10. Ron Miller'” documented and updated the leading
coefficient for the AT power plant due to a revised escalation basis as shown in Table 10, last
line.

Table 10. Older ARIES Vacuum Vessel Algorithms

ARIES Designs 19928 (LSA =4) 20098 (LSA =4)
II-IV, SPPS, RS $24 x VV mass in kg $34.32 x VV mass in kg
AT $26 x VV mass in kg $37.18 x VV mass in kg

From the published ARIES-AT'* ASC engineering data, the vacuum vessel has a volume of
295.12 m’ and a mass of 1415.31 tonnes, which would equate to a cost of $36.80 M (1992$) or
$52.62 M (20099%), using the $37.18/kg unit cost, for the vacuum vessel alone (LSA=4). Since
the published data combines both the cost of the vacuum vessel and the vacuum equipment, no
quantifiable value can be determined. For an LSA = 1 plant (applying the 0.85 factor), the
ARIES-AT vacuum vessel cost would be estimated at $44.73 M (20099).

Also in the ARIES-AT® ASC code calculates the vacuum vessel components (inboard VV,
outboard VV, O/B (UC) VV, divertor VV, and bottom VV) materials, volume fractions,
fractional density, unit cost/kg and thickness. The quoted unit costs in the ASC summary are
$65.604/kg for the inboard VV and $62.438/kg for the remaining VV components. It is not
evident how these unit costs were used. If the mass of the vacuum vessel (1415.31 tonne) is used
with the code documented unit cost, this would result in a cost of $132.77 M (2009$, LSA = 4)
to $126.36 M (2009%, LSA = 4. The actual number may be closer the lower number.

In 2006, a detailed, bottoms-up vacuum vessel design and cost study®' was conducted by
McDonnell Douglas Corporation (Waganer, et. al.) during the ARIES-AT study that provided
the most current and extensive design and cost examination of a power plant relevant vacuum
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vessel. This vacuum vessel design used a double-walled ferritic steel (F82H) that was filled with
water and tungsten carbide (WC) spheres as additional shielding materials. (Note that the use of
water in the vacuum vessel with a liquid metal-cooled power core is not favored presently.) The
detailed costing results are listed in Table 11 for the vessel components. The cost estimate was
prepared with the assumption that the construction corresponded with a LSA =1 criteria.

Table 11. ARIES-AT Vacuum Vessel Detailed Costing Study Results*

Component 2000% 2009%

Spool Assembly $30.16/kg $37.23/kg
Removable Doors $44.36/kg $54.76/kg
Door Frames $76.12/kg $93.97/kg
Port Enclosure $30.26/kg $37.36/kg
Composite Rate $35.13/kg $43.37/kg

The mass of the vacuum vessel in the detailed study (ARIES-AT) was estimated to be 1,113.451
tonnes with a total cost of $39.115 M (20008) or $48.29 M (20098) without the cost of the WC
shielding. In comparison, ARIES-AT systems code data with $37.08/kg times 0.85 for an LSA =
1 plant and a calculated mass of 1415 tonnes would yield a cost of $44.73 M. Although the costs
are similar, the systems code calculated mass is much larger and the unit cost is lower with an
additional LSA factor.

The ITER Technical Basis Report® documented the ITER vacuum vessel as a double-walled 316
LN stainless steel, cooled with water. The mass of the main vessel, port structures, ducts and 316
SS with boron shielding is 8448 tonnes. The preliminary ITER cost per the Snowmass cost
analysis'® data ($330.3 M in 2002$) scaled to 2009$ is $392.40 M, which equates to $46.4/kg.
This is very comparable to the ARIES detailed estimate. This estimate is probably equivalent to
an LSA 2 facility.

The FIRE vacuum vessel and ports weighs approximately 50 tonnes plus and additional 80
tonnes of SS shielding and is estimated to cost $63.70 M in 2009$ per the Snowmass cost
analysis™ data, which equates to $490/kg. Although this is for a smaller experimental machine,
its cost estimate is quite high compared to the ARIES estimates. This cost does have design
engineering and contingency included. This might be equivalent to an LSA 2 facility.

It is recommended that this composite rate of $43.37/kg in 2009$ from the detailed ARIES-AT
vacuum vessel study (see Table 11) be adopted as the best cost basis for vacuum vessels (at LSA
= 1) and a more accurate determination of the vacuum vessel mass be adopted for the computer
code. This yields a 20093 cost of $61.38 M for the computed mass of 1415.31 tonnes. This
should include the cost of the main vacuum enclosure, the main ports for maintenance, ports for
other purposes such as ECRH, and the vacuum doors for these ports. If this detail is provided,
there are corollary material unit costs in Reference 21. However, the vacuum ducts to the
vacuum pumping systems are included in the vacuum equipment (Account 22.04.05) as the size
and configuration of these pumping ducts are highly influential on the pumping equipment
requirements. Of course, using the results of the AT vacuum vessel study would have to be
modified based on the actual design of the vacuum vessel being considered. Also, the cost of any
boron carbide shielding spheres should be added to this account, if used, see the material cost

38



rates for WC (~$34.39/kg in 2009%). These shielding materials also might be added just before
testing to decrease the interest and escalation charges.

Ca2.0401 = $43.37 x mass of vacuum vessel + sum of products of shielding material unit costs per
mass times the mass of shielding materials. No LSA factors should be applied.

General Discussion of the Remainder of Account 22.04 (22.04.02 to 22.04.06)

This account includes all the vacuum pumping equipment, including helium
liquefier/refrigerators, primary vacuum pumps, roughing/backing pumps, vacuum pumping ducts
and plumbing and storage for all vacuum cryogenic systems. The cryogenic systems for the
superconducting coils are included with the coil accounts.

ARIES II-IV'® adopted or created the algorithm for the power core vacuum equipment cost based
on the mass flow rate of the pumped gases. Ron Miller”” documented and updated costing
coefficient for the AT power plant due to a revised escalation basis as shown in Table 12. Note
that these data do not include the vacuum vessel costs contained in Account 22.04.01.

Table 12. Previous Vacuum Systems Algorithms'>'®
ARIES Designs 19928 (LSA =4) 20098 (LSA =4)
II-1V, SPPS, RS $4.09 x mass flow rate in kg/d ~ $5.85 x mass flow rate in kg/d
AT $4.37 x mass flow rate inkg/d ~ $6.25 x mass flow rate in kg/d

From the ARIES-AT full summary printout from the ARIES web site’, the exhaust mass flow
rate is not provided. The ARIES-AT vacuum pumping speed is reported as 174.697 m’/s or
174,697 liters/sec for an unknown species of gas. This is probably meant to be the total gas load
pumping speed, not just helium. This compares to the Starfire data of 200 m*/s total gas load or
125 m*/s helium.

ITER Technical Basis Report™ has a very detailed definition of their vacuum equipment
subsystem that includes high vacuum pumping, roughing/backing pumping, and
diagnostic/roughing subsystems. ITER has 10 cryopumps, either active or regenerating, during
the long plasma pulses. Their anticipated steady-state helium pumping speed is 60 m*/s. The
ITER vacuum pumping equipment total cost escalated to 20098 is $69.97 M, per the Snowmass
cost analysis®® of ITER and FIRE. ITER also has $165.13 M (2009$) for the cryoplant, cryo
lines, and cryo containers. So the comparable ITER cost would be $235.1 M in 20098.

The FIRE Engineering Status Report of 2001% reported that FIRE would use 16 cryopumps with
an effective helium pumping speed of 32 m’/s. This report noted that the lower burn fraction
would increase an equivalent torus pumping requirement from prior Starfire and ARIES
conceptual designs. The related cost analysis of the Snowmass Summer study'® of FIRE vacuum
equipment would be $19.41 M in 2009§ plus the cost of cryogenic cooling systems of $2.04 M
resulting in a total vacuum pumping systems cost of $21.45 M.

This subsystem needs more clarity regarding pumping speeds and cryogenic requirements before
any recommendations can be made. This subsystem should be related to the pumping speed
needed, probably for helium, and the distance from the power core chamber and the cryogenic
and roughing pumps. From Starfire data, it would seem the refrigeration and liquefaction is the
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major cost. Cryopumps and roughing pumps should be a reasonable cost. The weight and cost of
the pumping ducts should be added.

C22.04.02-04 = sum of the products of the pumping parameters times the component unit costs.

Helium Liquefier-Refrigerators, Account 22.04.02 — This subsystem is the helium
refrigeration and liquefaction process equipment. Starfire' had helium compressors, heat
exchangers, expansion engines, and purifiers to deliver 20 kW of refrigeration at 4.2K to 4.5K at
the supply rate of 26,500 liter/hr. The cost of the Starfire helium refrigeration and liquefaction
was estimated to be $7.7 M in 1980 or $17.65 M in 20098$. This subsystem probably supplied all
of the plant liquid helium. If this data is to be used as an estimate basis, it should be scaled to the
supply rate.

ARIES does not separately identify the helium liquefier and refrigerators.

ITER? has a separate cost account just for the cryo-plant, cryo-lines, and cryo-containers with a
cost of $165.13 M in 2009$. This seems to be a very high cost item.

On the other hand, FIRE® has a very low cost cryo cooling with liquid nitrogen subsystems.
They only allocated $2.04 M for both liquid nitrogen and helium subsystems and piping.

This subsystem needs to be revisited to get current requirements and new cost estimates.

Primary Vacuum Pumps, Account 22.04.03 — These primary vacuum pumps could either be
cryogenic pumps or turbo-molecular pumps. Starfire' had a distributed vacuum subsystem with
vacuum pumps located at each sector. It required 48 active cryopumps with a combined pumping
speed of 125,000 liter/sec for helium and 200,000 liter/sec total gas load. In the 1980s, these
sized pumps were not readily available, but it was estimated that the then-current price would be
$100,000 per pump. With some learning experience to be gained before the future purchase with
quantity purchase discount, these pumps could be purchased for $50,000 each. The total for the
cryogenic vacuum pumps was $2.4 M + 0.24 M for installation and $0.05 for spares, which
equals $2.69 M in 19808$ or $6.17 M in 2009$.

The ARIES-AT vacuum pumping speed is reported as 174.697 m*/s or 174,697 liters/sec. This is
probably meant to be the total gas load pumping speed, not just helium.

If gyrotrons are used, they may need liquid hydrogen cooling. Starfire' had 24 gyrotron magnet
cryopumps, which were commercially available as 1000 liter/sec units for $3,000 ($6,875 in
20098$). The total for 24 pumps and installation would be around $165,000 in 20098.

Roughing or Backing Pumps, Account 22.04.04 — Starfire' had a single roughing pump system
that served the complete torus. The then current cost was $120K (in 1980%) or $275 K (in 2009%)
including installation.

Vacuum Ducts, Account 22.04.05 —The ARIES designs usually have multiple long vacuum
ducts connecting the power core chamber with the cryogenic vacuum pumps. The details of the
exterior vacuum pump design are not shown. These ducts will be cooled with chilled water or
liquid nitrogen. A good approximation for the vacuum duct cost algorithm is $28.02/kg in 20098,
which is a 25% reduction from the detailed ARIES-AT vacuum vessel port enclosures
($37.36/kg) to account for smaller size and less complexity. This does not count the cost of
shielding, which added to this account.
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Cr.04.05 = $28.02/kg x mass of vacuum ducts + unit shielding material cost times the shielding
mass.

Plumbing, Cryogenic, Account 22.04.06 — Starfire' only provided some insight in to the
plumbing for the vacuum subsystem. A small amount of liquid helium storage would be included
in this account. None of the ARIES cost estimates included this account.

C22.04.06 = The cryogenic plumbing and temporary storage should be estimated based on the size
and length of pipes and capacity and number of pumps.

Primary Structure and Support, Power Core, Account 22.05

This account defines the cost of the primary structure and support for the power core, which is
very massive. Several of the main power core elements support each other. This subsystem
transfers the gravity and seismic loads to the building support structures.

The Starfire' report identified the technical approach, material, mass, unit cost, and the total cost
of each primary structure element. The listed below are the third level accounts representative of
those elements considered.

On the other hand, ARIES has a single algorithm for the entire primary structure and support.
For ARIES-AT, the cost algorithm'> for the primary structure and support is $0.200 M x the
volume of the primary structure (outside dimensions) in m’ (in $19928$ for a structure typical of
an LSA=4 power core). The more valid parameter would be mass rather than volume as the
material and fractional density will vary, design to design. The systems code summary listed a
structural volume of 149.910 m® and a mass of the fusion power core structure of 899.459 tonnes.
It is not clear if these data refer to the same structural element and if the code related to a total
structure volume or mass or if it is just a part of the total. If it is assumed these data refer to the
same structural element (not sure what element), the effective density is 6000 kg/m’. If the
structure is made of steel with a theoretical density of 7800 kg/m’, then the fractional density is
0.77. The material and fractional density is never reported.

Assuming that the provided ARIES-AT structural volume is accurate for the total primary
structure, the algorithm' would yield $0.20 M x 149.910 m’ for a total cost of $29.982 M (in
$1992$ for LSA =4 or 0.85 x 29.982 = $25.48 M in 19928 for LSA = 1). This compares to a
reported cost of $26.933 M (in $19928 for LSA = 1). The reported cost divided by the fusion
power core structural mass yields the unit cost of $35.22/kg, which is reasonable. However the
basis still remains questionable, especially in light that all the bucking cylinder, anti-torque,
cryostat/thermal shield, and thermal supports have been transferred to the TF coil cost account.

These data for the ARIES-RS has exactly the same formulation with much higher volume and
mass values for the structure. I believe the structure algorithm for RS is the same as the one used
for SPPS'®, namely $0.184 M x volume of the primary structure (in 19928), which is slightly
lower than the AT version. With a structural volume of 271.132 m’, this would yield an LSA = 4
cost of $49.888 M as compared to the reported value of $56.86 M in 19928$. This set of data
cannot be confirmed either.

We must confirm what these data really refer to (structural volume, mass of FPC structure and
bucking cylinder mass. We must identify what element are really being considered and
estimated. Do we need to add the volume to the volume algorithm? Perhaps a better algorithm
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would involve the mass of the structure times a unit material cost rather than the non-descriptive
volume.

Cy2.05= sum of products of unit cost per mass times the mass of the structural component
element.

Carry-Through Structure, Account 22.05.01 — Starfire' identified this account but never
actually had any components fitting into this category. It is probably a transition support
structure that transmits loads from internal, high- or low-temperature, power core component
down to the shield pedestal.

It is recommended ARIES do not define costing algorithms for this carry —through structure until
such a common carry-through structural design is adopted. This component may indeed be used
once the structural design is better defined.

Structural Pedestal, Account 22.05.02— The structural pedestal is a structural element that
supports the entire power core. It may be a single monolithic element or it may be a set of
elements all attached to the building concrete floor. A single piece may be more efficient to deal
with seismic events. The Starfire' report used a non-magnetic steel, NonMagne 30, for the
structural elements. This pedestal had a mass of 418.4 tonnes.

It is recommended ARIES does not define costing algorithms for this pedestal structure until
such a structural pedestal design is adopted. This component may indeed be used once the
structural design is better defined.

Equipment Support Structure, Account 22.05.03 — This is a general set of structural support
elements for the ancillary equipment. This structure will include large support structures for
neutral beam equipment and diagnostic equipment as well as small instrumentation equipment
and wiring. It is unrealistic to catalog all the ancillary equipment, so there will probably be a
nominal allowance for this category.

Main Heat Transfer and Transport, Account 22.06

This account includes all the heat transfer piping, fluid circulation subsystem, intermediate heat
exchangers, steam generators (if used), pressurizing or cover gas subsystem, and in-systems
instrumentation and metering. This system interfaces between the high-temperature heat
generating components in the power core and the turbine control and isolation valves (supply
side) and the feed-water heating piping (return side). This is in agreement with the Starfire' and
GenIV** definitions. The primary heat transfer loops interface with the high temperature energy
production components, namely the first wall, blanket, divertor, and high temperature shields.
The physical interface will likely be at the disconnection point at the back of the hot shield.
There are several types of heat transfer loops possible depending on the technology involved and
the temperature of the heat transfer media. Lower temperature systems would likely be
pressurized water or organic coolants (OC). The next step up in higher coolant temperatures
would involve liquid metals or metal salts. The next higher temperature step might be helium or
carbon dioxide heat transfer media. It is recommended to have a good boundary between the
primary loop and the turbine loop to minimize tritium migration to the turbine system and out to
the environment. The MHTT system cost does not include the cost of the coolants as they are
included in Account 27, Special Materials, which are loaded just prior to testing and operation.
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Chuck Bathke and Ron Miller provided an updated set of algorithms'®"” listed below in

Table 13 for several options of the Main Heat Transfer and Transport (MHTT) system for use
with the previous ARIES studies and most recently, the ARIES-AT study. Note that the MHHT
cost algorithms provided by Miller are higher for the AT than for the SPPS types for plant
designs. The algorithms covered the primary loop, the intermediate loop, and a secondary loop,
which was probably the turbine coolant loop (should not be in the MHTT cost account). The
intermediate loop would probably be sodium or helium. If the power plant design used both
helium and liquid metal primary loops, the cost of each loop would be determined by the thermal
power transferred in each loop and the costs summed. Due to the exponential functions and
subdividing the gross power, this dual coolant option will be more expensive, which is probably
appropriate. The algorithm values were defined for an LSA = 4 plant. The MHTT system cost
factors for an LSA = 1 was either 0.9 with water or OC or 0.6 with He or LM with an
intermediate heat exchanger [or intermediate loop]. For all other LSA values, the factor would
revert to 1.0.

Table 13. ARIES-AT Main Heat Transfer and Transport Cost Algorithms15

Primary loop
Water and organic coolant: $108.60 M x (gross thermal power/3500)0'55 (in 20098%)

$75.95 M x (gross thermal power/3500) *° (in $1992)
Liquid Metal (Li and LiPb): $380.32 M x (gross thermal power/3500)">° (in 2009%)
$265.98 M x (gross thermal power/3500)"° (in $1992)
High Pressure Helium: $380.32 M x (gross thermal power/3500)0'55 (in 20098%)
$265.98 M x (gross thermal power/3500)" (in $1992)
Intermediate loop
Sodium or Helium: $70.41 M x (gross thermal power/3500)*>° (in 20093)
$49.24 M x (gross thermal power/3500)™° (in $1992)

Sccondary {turbine) loop

The reported costs of the MHTT systems for several of the prior system studies were escalated to
20098$ as shown in Table 14. The updated algorithms shown in Table 14 were used to estimate
the system cost when the algorithm was used. The data is graphically illustrated in Figure 2.
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Table 14. Comparison of Main Heat Transfer and Transport Reported Costs with the
Updated ARIES-AT Cost Algorithms'® in M$

Summary of MHTT data ARIES-AT algorithms

2009% 2009%
Reported  Calculated

ARIES-CS

Fusion Plant Design Coolant Pth $MHTT  $ MHTT Compared to Algorithm
Starfire H20 3800 $161.51 $113.63 42% high (RM Parsons est)
EBTR H20 3726 $147.57 $112.41  30% high (RM Parsons est)

Prom-L Pb & He 3071 $290.70 $479.87 40% low (Ebasco est + 75% learning)
ARIES-I| He 2544 $375.24 $319.13  17% high

ARIES-I' He 2870 $179.89 $204.60 12% low

ARIES-II Li 2630 $331.60 $384.42  14% low

ARIES-III oC 2997 $98.09 $99.72 OK, Escal Change

ARIES-IV He 2590 $167.73  $193.37 13% low

ARIES-RS Li 2618.60 $369.30 $384.26 OK, Escal Change

ARIES-AT LiPb 1982.40  $180.13  $166.93 8% high

ARIES-ST LiPb & He  3373.10  $511.57  $507.17 2% high

LiPb & He  2920.00 $537.29 $478.55 12% high

Cost, M (2009%)

Comparison of Heat Transfer and Transport Costs

$600.00
He or LiPb Primary /
s500.00 4| V2 LIPP 1/2He Primary | ARIES.CS (LiPb & He)/ _AARIES-ST (Lifb & He)
———Li Prim + Na Intm
———H20 or OC / / /
$400.00 (/ _— //
RIES-| Rs (Li
ARIES-|| (Li + Na?
$300.00