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. Intfroduction

O Purpose and Application

® To present the estimation method for initial overnight construction cost.

® The estimation method was applied from single unit in the country of origin to

multiple units in series at the foreign country site.

O Subject plant development status

® SMR (Small Modular Reactor) which has been licensed by standard design

® SMR which has no pilot or lead plant, no similar reference plants in its NSSS
features and passive systems applied

® SMR which differs from existing NPP in its scale of capacity
- ® Degree of project definition is around 20%. w il
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|. Introduction (continued)

O Cost estimate method employed
® Top-down method

® Parametric techniques used mainly are follows;

= End products units method
= Physical dimension method
= Capacity factor method

= Ratio or factor method

[ Cost estimate classification

® Could be included in Class 3 which is defined by AACElI Recommendation
Practice (refer to appendix 1.) = v
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ll. Assumptions

O Licensing Requirement

® Systems at the deployment stage has been licensed by site-specific design in
the country of origin.

® No future changes in regulatory requirements.

O Project Financing and Business Model

® Project financing and business model have been completed for all phases of
the project. |

® No provision is made for force majeure, war, labor strike, etc.

® RD&D (research, development and demonstration) costs are not allocated to
any FOAK or NOAK plant. M
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lI. Cost Estimate Approach

O International Cost Estimate

® Estimating the cost to build a newly designed SMR outside the country of origin
can be challenging.

® |tis very difficult to access or to find cost related data.

® It may happen to take long times and needs lots of effort and expenditure.

® It may be inconclusive especially in the case that the designated foreign country
is at the stage of importing nuclear program.
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O International Cost Estimate Approach

® Country of origin approach

= Cost estimate using reference or comparable plant data of the country of origin
=  Apply cost adjustments based on differentials between origin and foreign.

= Cost estimate accuracy depends on location factors applied.

® Proxy country approach

= Cost estimate using reference or comparable plant data of a proxy country
= A proxy country is similar in geographic, economic and infrastructure conditions.

= Decomposition and comparison of cost data between two countries is needed. LGt

® Country of origin approach is adopted in this case

ly

= i



I\V/. Cost Estimate Steps

- single units - twin units
- in the country of origin - in the country of origin

- twin units - series of twin units
- at the foreign site - at the foreign site




. Cost Estimate Step

d Step 1. !_‘L _ Single unit, country of origin

Collect and review project information according to the purpose of cost

estimate and its intended use

2 i

= Project definition (% complete of engineering)
= Major equipment characteristics for NI : NSSS, adopted passive systems, etc.

= T/G, specific system and facilities different from those of large NPP

Select reference plant

= Most close and comparable to the subject plant

= Site characteristics (green field or brown field) should be considered.

= If reference plant available was built in twin units and the subject plant is supposed to
be deployed in twin units from FOAK plant, Step 1 and 2 should be appropriately
adjusted in the manner of one step. w




O Step 1. (continued) 1‘5 T Single unit, country of origin

® Prepare code of account

WBS, standard account code or other internal account code should be prepared to
enhance the accuracy and the consistency of cost estimate.

IAEA accounting system is recommended (refer to Economic evaluation of bids for
Nuclear Power Plant, 1999 edition).

® Define considerations prior to proceeding cost estimate

Freeze reference date for cost estimate in advance.

Collect cost information data in real time rather than by trying to collect long after the
fact (i.e., constant value application).

Any combination of methods may be applied in estimating the cost.

(i.e., bottom-up by quantity take-off method and/or top-down by parametric rgw can
be used based on the level of cost information) Y
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[\/. Cost Estimate Step (Continued)

O Step 1. (continued) &L Single unit, country of origin

® Estimate the cost of SMR specific major elements

Select SMR specific cost drivers which are major cost estimate elements.

Set the CERs (cost estimate relationships) for SMR specific cost drivers.

Quote the prices of SMR specific cost drivers from the credible suppliers (e.g., NSSS,
Fuel development manufacturers)and compare the figures with those calculated from
CERs.

The cost of SMR specific cost drivers can be estimated in the range value rathe than»in
the point value if there are no supporting backup data. :

ly

i

1)



[\/. Cost Estimate Step (Continued)

O Step 1. (continued) JL‘L _ Single unit, country of origin

® Prepare cost estimate table

Define the overnight construction cost structure based on the code of account. (i.e.,
fore cost, base cost, direct cost, indirect cost, supplementary cost, owner’s capital
investment and service cost)

® Proceed cost estimate according to the code of account

Apply appropriate method to cost categories using reference plant data as follows, but
not limited to these methods;

Physical dimension method : building and structures

End products unit or capacity factor method : facilities

Capacity factor method using standard six-tenth factor rules : equipment bas donp.o
list or equipment list '
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[\/. Cost Estimate Step (Continued)

O Step 1. (continued) -J.E ‘L _ Single unit, country of origin

® Proceed cost estimate according to the code of account (continued)

= Specific analogy method

. indirect cost - engineering, project management, etc.
. supplementary cost - transportation, spare parts, etc.

: owner’s investment and services cost - general affairs related facilities, provisional
scope of owner, etc.

= Take additional adjustments, if necessary, to make it more accurate and realistic.

= Summarize the results based on cost estimate table.
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[\/. Cost Estimate Step (Continued)

d Step 2. ‘L & Twin units, country of origin

® Survey and review the references for twin unit cost estimate

= Reference 1. 0.93, 0.79~0.85 : French case in large NPP (refer to appendix 2, 3.) ==

= Reference 2. 0.87~0.93 : NEA report of “the current status, technical feasibility and

economics of small modular reactors, June 2011, pp. 172)

® Adjust the result of step 1

= Application of reference ratio to total figure may be one of the choices.

= |f possible, adjust the result of step 1 into cost category by cost category. (e.g. apply
reference ratio to the direct cost, and adjust the indirect cost based on reference ra"[ipv
and historical data) ‘ |
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® Classify cost items into location factor needed or not

Cost items needed location adjustment :

- most of bulk commodities/ labor, supporting structures
- regulation and taxes related item/ transportation related item

- site specific or related works/ localized item and works, etc.

Cost items not needed location adjustment :

- equipment/ home office works in the country of origin, etc.

® Prepare and apply location factor

Location factor reference : the Richardson’s international construction factors
and location cost manual AL

Survey the local market and government policy.
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I\/. Cost Estimate Step (Continued)

O Step 4. |J§££ Jg Q | Series of twin units, foreign country

® Survey and review the references for series construction

= Reference A : ~35% deduction from FOAK to 5" NOAK (refer to appendix 2.) =

|| FoaK1 | FoAkz | NOAK1 | NAOK2 | NOAK34 | FAOKS |
Units 2 2 2 2 2.2 2

(no. of plants)

Reduction

1.00 0.79 0.74 0.70 0.67 0.65
Rate

(source: Willium d’Haeseleer, Consideration on Nuclear Projects Organization and Construction Cost, March 11,
2014)

* Deduction rates of NOAK 1 ~ NOAK 4 were derived by interpolation. YTYY
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I\/. Cost Estimate Step (Continued)

| Series of twin units, foreign country

O Step 4. (continued)

® Survey and review the references for series construction (continued)

= Reference B : ~42% deduction from LEAD %2 to FOAK 4 (refer to appendix 4.) =p

Units
(no. of plants)

Reduction
Rate
* Learning rate is 10%, reduction rate is based on total overnight cost and LUCE(Levelized Unit Cost of Electricity).
(source: Robert Rosner and Stephen Goldberg, Small Modular Reactors — Key to Future Nuclear Power
Generation in the U.S."2, Nov. 2011, Page 15~22)

1.00 0.74 0.70 0.65 0.62 0.58
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I\/. Cost Estimate Step (Continued)

O Step 4. (continued) H; JL‘E JE‘L' eries of twin units, foreign country

® Survey and review the references for series construction (continued)

= Reference C : ~44% deduction from FOAK to NOAK 5 (refer to appendix 5.) ==p

Units
(no. of plants)

Reduction
Rate

* Deduction rates of NOAK 4 ~ NOAK 5 were derived by extrapolation.
(source: NEA, The Current Status, Technical Feasibility and Economics of Small Modular Reactors, June 2011,

page 75~81)

1.00 0.74 0.67 0.61 0.58 0.56
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[\/. Cost Estimate Step (Continued)

O Step 4. (continued) H“JF—“[—‘ [ ‘5 | Series of twin units, foreign country

® Survey and review the references for series construction (continued)

= Reference D : guideline factors for each doubling construction as follows;
- 0.94 for equipment costs
- 0.90 for construction labor
- 0.90 for material cost

(source: NEA, Cost Estimating Guidelines for Generation IV Nuclear Energy Systems, Sep. 2007, page 54~55)

= Cost deduction by series construction is to be saturated after 5"-of-a-kind plant.

® Finalize cost estimate

= Apply cost deduction rate to the result of step 3.

= Apply additional adjustments factors, if possible or necessary, such factors as
subsequent factory fabricated units, staggered construction intervals and perio:
design simplification. Iy
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® Document the cost estimate results

Document the results in the form of report which can be traced and reviewed.

Include primary estimate methods, calculations, results, rationales, scope of boundary,
assumptions, source of the data.

® \erify the cost estimate results

Request the internal review by the related subject expert.
Confirm the result or consult with third party externally.

Compare the result with the figure of merit published by credible international nuclear -

associations. (e.g. overnight unit construction cost) j v
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V. Conclusion

Initial Overnight Construction Cost Estimate will exhibit considerable uncertainty.

Magnitude of Uncertainty depends on the level of Project Definition and Reference Data.

® The cost estimate results should be well documented especially for assumption, exclusion and risk
owners, eftc.

® The cost estimate can be repeated and updated according to its purpose and intended use.

Any combination of Estimate Methods may be applied in any given class of estimate.

Initial Overnight Construction Cost Estimate can be the basis or input data to further cost
estimate (e.g. for Total Project Cost, Plant Life Cycle Cost) and Initial Project Budget.

Initial Overnight Construction Cost Estimate from single unit FOAK to series twin unit NOAK
is important value in business modeling. Yo

Final Value may be presented in the figure of merit, e.g. $/kWe. h
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Cost Estimate Classification Matrix for the Process Industry

Primary gk
Characiistic Secondary Characreristic
SROELr | psuske EXPECTED
ESTIMATE T = METHODOLOGY ACCURACY RANGE
CLASS DEFINITION i sl Typical estimating methad | Typical variation in low and
Expressed as % of estimate hiph ra [
complete definition i
Capacity factored, T .
Class 5 0% to 2% Conco | parametric motels, |- —2Thet0 I
d judgment, or analogy -
Study or Equipment factored or |L: -15% to-30%
s I feasibility parametric models  |H- +20% to +50%
Budget Semi-detailed unit costs |, .
Class 3 10% to 40% authorization or | with assembly level line Ij:| j%ﬁ%fggﬁ%
control items .
Control or Detailed unit cost with [L: -5% to-15%
Class.2 ST bidftender | forced detailed take-off [H- +5% to +20%
Check estimate | Detailed unit cost with |L: -3% to -10%
Class:1 T0% W0 100% | "o biditender detailed take-off  |H- +3% to +15%
Motes: [3] The state of process technology and availability of applicable reference cost data affect the range markedby.

The +/- value represents typical percentage vanation of actual costs from the cost estimate afier application of
contingency (typically at & 50% level of confidence) for given scope.
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Construction Cost Decrease for Large NPP — French Experience

Based on a study issued by William d’Haeseleer, construction
cost decrease by ~35% between a FOAK and a 5™ twin-unit

Construction Capex for nuclear reactors in Europe as modelled by William d'Haeseleer
(Eops KW, central estimates and ranges of uncertainty) High end of

uncertainties
.Gnnud esthmate
Low end of uncertainties

Including
15% of

contingencies IS 5,270
\ ~4,930 I
4100
S 3.710 %
3.570 20
i 3,230 ~3.130
- el
3.060 2,810 ~2.720 e
2450 -
u
=
e B
"AVE" (Average, FOAK, Capeax FOAK; Capex NOAK; (5+) Capax NOAK; (10+) Capex Ji
generic Capex) {Brownfield) [{Brownfield) {Brownfield) (Brownfield) H

Twin Single Single
Uncertainty: {Uncertainty Uncertainty: Uncertainty: Uncertainty:
-10% [ +15% undisclosed) -20% | +30% -10% / +15% -10% [ +15%
As some Capex values were not explicitly written in the report, AREVA calculated them from W._ d'Hasselesr's asaumptions, hence the *~" symbol A
Spurpe: William d'Haeseleer, 2013 — "Synthesis on the Ec s of Much Energy” {public report 1o the Euwnopean Commission ENEF)

Strategy Department — Economic Studies — March 2014 —-p. 8 ﬂwﬁw%-xnﬂw




Economy of Scale - French Experience

Capital investment decomposition (single unit)

1 > 300 I < G50 E > 1 O 2 = 1 JZISOD
20 TILamnd and land rights and site utilities 2.8 o = s ] < S 3
21 Buildimgs and stracthares 145 215 2o 1.0
> Steam production and discharse processings L B I 4 S35 SS B
23 Tarbimnes and altermators 10 5 1F. 7T 237 2§
e Flectrical . imstrmarmentation amnd comrtmol s & 5 o 131 S 13 8
25 hliscellaneowus plant eguuipoaent 2 5 &2 e <4 1
Pl ] TATater intake and discharoe struachares 1< =25 5. O L
Smbr-total for dirvect costs Bl .5 o3 BPETF. 2= 1542
L Engineering and design I3 3 p RGN 18 9 F1-1
o Constrmaction Servioes G2 TR T.B 8.5
o3 rther indirect costs =4 O = e s e ]
Sub—rotal for indirect costs X34 285.2 32_1 IS.o
Contingencics =, 2. 1 o a2
Owrmer ™ s costs 123 15 <4 1LF-5 1< 1
Tortal overnicshr cost X e Oy 1450 LE2_O ZAS. D
Specific overnight cost ratio (1 > JI00 — LO0O) L] a7 S5= as
Source: JF. Fowillard and J.T. FRowowyser [R0O]7.
Capital investment decomposition (two unit)

2 = JZ0D 2 GS0O 2 e 1 OO 2 > 1 ISOD
pells ILand and land rghts amnd site utilities P =) 31 3.1 =0
273 Buildings and stractares >0 = Fr_ ETF.S s B T
22> Steqamm prodiaction and discharge processing 45 8 .l 1OS O 1i31.1
23 Toarbines and altermators 1.5 33 O 44 = 54 3
et Electrical imstruamentation and contrmol 11 =2 17 3 Z2E O 20 5
25 Miscellamnesoirs plant eguipsmnent =4 _3 S5 o 5 o1
pefl) A ater intake and discharoe stmacthuares 2.3 o2 BB 1I1_1
Suab-roftal for direct costs AT o 2T 2 Z2EZH_3 2TE. T
ox Engincecering and desigmn B > 5 28 4 FZ2 9
o> Construaction services 7 e L el 108 T2
o3 Orther indirect costs S E &_ T s5.1 = 3
Sub-—roral for inmndirect costs 303 3D 4T3 S4.4
Contingencies -4 _F e Lo | 108
Orarmer ™ s cosis 1.1 1o 3 =23 _F 23 9
Toral overnigchts cost 1SS0 23S0 DG .E o7 A
Specific overnight cost ratio (1 = J00 — L0y o S5 A 41

S ource: J. Powillard and JF. T . TFoowver [107]_

* Reduction of Capital costs of NPP, NEA, 2000, page 33-34
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Modeling the SMR Economy

. . Units NOAK FOAK-4 LEAD LEAD?2
Calculation of Levelized Cost of Net Elecirical Capacity MWe 500 500" 500° 300°
E|eCtI"ICIty for SMRS ($201 1 ) WACC Din-zct Costs (see Table ?-_'; SM 2.000 2230 2.837 1.808

Indirect Costs (10% of direct costs) EM 200 223 284 181
=52°/0) First Core Costs EM 93 23 93 23
DD&E Expenses® $ M 1] 50 10 100
Owner's Cost g M 200¢ 200 2004 200
Overnight Cost EAM 2,493 2,795 3. 515 2,382
Contingency i) 15 26 35 35
Total Overnight Cost §M 2.867 3.529 4.745 3.215
Total Overnight Cost per KW AW 4.778 5.882 7.908 10.717
Interest During Constraction Factor %a 8.69 8.69 3.69 8.69
All-in Capital Costs SAr 3,084 3,771 3,050 2,422
Levelized Capital Cost + D&D Cost $/MWh 40.36 49.36 66.09 89.58
Levelized O&M Costs 5/ Wh 12.05 13.26 16.54 2549
Levelized Fuel Cost $MWh 8.53 8.53 8.53 §.53
Levelized Cost (real 20115) ST Te 60,95 71.15 91.17 123.60

a. Six reactors of 100 MWe each. Capacity factor of 90%.

b. Three reactors of 100 MWe each. Capacity factor of 80%a.

c. It is assumed that DDW&E costs would be 30/50 cost-shared between the federal government and private sector:
other scenanios that mcrease the powvate sector’s share should be considered.

d. Further analysis is required for this cost center.

130

Levelized costs of learning plants
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FOAK-1 YIYY

Levelized Cost of Electridty [$/MWh)
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FOAK Factors and Economy of Subsequent Units on the Site

Productivity and program
effects of building NPPs in
series

Costs of equipment fabrication
and assembly in serial
production of nuclear
propulsion reactors

Productivity effect Gioat of the laat unit

Plant configuration (muiplicative factor), (v o) Total coat of the plant
I:_rlmu: E [Ty {#+xiTe
A [4] - Ve (15T,
S y ! T (Faatye )T,
¥ - o 2T Huby ﬁl 1
i A A : S
i A FESTE ¥t oy il
The ndusirial produciviy cosfficient k=0-2%,
[FOAK exira cost parameter x=13-55%
Parametes related to the gain in building a pair of units y=74%-85%_
Parameter relofed o the gan in o pairs of unds on the same ste =82%85%
1.4 7
: At least 15% for the second-of-a-kimd plant
0.9 - < )
0.8 4
E 07 A
g 0.6 - /
# i At lezst 5% for the 2, 3% and 44 units (leaming, T
E ) imperivment of technologies eic.)
0.4 + Range of stable values afier the
57 unit
0.3
0.2
L[
] T T
[i] 1 F 3 & 5 B T 8 9 10 11
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