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NOTICE

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government ner any agency thereof, or any of their
employees, makes any w,irranty, expressed or implied, or assumes any legal liabihty of re.
sponsibility for any third party's use, of the results of such use, of any information, apparatus,
product or process disclosed in this report, or represents that its use b/ such third party would
not infringe privately owned rights.
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Availability of Reference Materials Cited in NRC Publicatons

Mos- documents cited in NRC publications will be available from one of the following sources-

1. The N RC Public Document Room,1717 H Street, N.W.
Washington, DC 20555

2. The Superintendent of Documents. U.S. Government Printing Of fice, Post Of fice Box 37082,
Washington, DC 20013 7082

3. The National Technical Information Service, Springfield VA 22161

Although the hsting that follows represents the majority of documents cited in NRC pubhcanons,
it is not intended to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC Pubhc Docu-
ment Room include NRC correspondence and .nternal NRC roemoranda. NRC Offece of Icspection
and Enforcement bulletins, circulars, information notices, inspection and investigation notices, f

Licensee E vent Reports; vendor reports and correspondence; Commission papers, and applicant and
hcensee documents and correspondence

The following documents in the NUREG series are available for purchate -| Tom the GPO Sales
Program formal NRC staff and contractor reports, NRC sponsored conference pioceedings, and
NRC booklets and brochures Also andable are Regulatory Guides, NRC regulations in the Code of

| Federal Regulations, and Nuclear Regulatory Commission issuances.

Documents availab'e from the National Technical Infortnation Service include NUREG series
reports and technical reports prepared by other federal agenors and reports prepared by the Atomic
Energy Commission, forerunner agency to the Nuclear Regulatory Commission.

Do< uments available from public and special technical libraries include all open hterature items,
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state legislation, and congressional reports can usually be obtained from these libraries.
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request to the Division of Information Support Services, Distribution Section, U.S. Nuclear
Regulatory Commission, Wasnington, DC 20555.

Copies of industry codes and standards used in a substanbve manner in the NRC regulatory process
are maintained at the NRC Library, 7920 Norfo!k Avenue, Bethesda, Marylard, and are available
there for reference use by the pubhc. Codes and standards ore usually copyrighted and may be
purchased from the originating organization or, if they are American National Standards, from the
American National Standards Institute,1430 Broadway, New York, NY 10018.
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ABSTRACT
P

This report represents a validation study of the cost methodologies and r

quantitative factors derived in Labor Productivity Adjustment Facters
(NUREG/CR-4546) and Generic Methedolegv fer Estimating the taber cest
Associated with the Remeval of Hardware. Materials. and Structures F;2m
Nuclear Power Plants (SEA Report 84-116 05 A:1). This cost methodology was ,

*

developed to support NRC analysts in determining generic estimates of
removal, installstion, and total labor costs for construction-related

'
activities at nuclear generating stations. In addition to the validation
oiscussion. this report reviews the generic cost analysis methodology'

employed. It also discusses each of the individual cost factors used in
estimating the costs of physical modifications at nuclear power plants.
The generic estimating approach presented uses the "greenfield" or new
plant construction installation costs compiled in the Energy Economic Data
Base (EEDB) as a baseline;. These baseline costs are then adjusted to ,

account for labor productivity, radiation fielda. learning curve effects,
and impacts on ancillary systems or components. ,

For comparisons of estimated vs actual labor costs, approximately four '
dozen actual cost data points (as reported by 14 nuclear utilities) vere '

; obtained. Detailed background information was collected on each individua)
) data point to give the best understanding possible so that the labor

productivity factors, removal factors, etc., could judiciously be chosen. ;

This study concludes that cost estimates that are typically within 40% of
the actual values can be generated by prudently using the methodologies and
cost factors investigated herein.
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VALIDATION OF GENERIC COST ESTIKATES
FOR CONSTRUCTION-RELATED ACTIVITY AT

NUCLEAR POWER PLANTS

1.0 BACKGROUND

The U.S. Nuclear Regulatory Commission's (NRC) Regulation Development
Branch has sponsored several studies on generic costs associated with
construction activity at nuclear power plants. These generic studies
are intended to provide tools and methods to assist analysts in the
estimation of costs resulting from new and revised regulatory
requirements.

Three studies have recently been completed for the Regulation
Development Branch which deal specifically with construction costs at
nuclear power plants. These studies tre documented in Laber
Productivity Adjustment Facters (NUREG/CR-4546). teneric Methodelegv for
Estimating the Labor Cost Associated with the Removal of Hardware.
Materials. and Structures From Nuclear Power Plants (SEA Report 84 116-
05-A:1), and Encineerine and Quality Assurance Cost Facters Associated .

'

with Nuclear Plant Medi#icatien (NUREG/CR-4921). A number of other
studies have also been sponsored by the Regulation Development Branch
which draw on these generic cost studies to help form a comprehensive
and consistent cost ectimating approach for NRC analysts. In particular

the NRC has issued analytical guides which draw on and build on this
cost information. These includa Generic Cost Estimates (NUREG/CR 4627).
A_Fandheek for Cost Estimating (NUREG/CR 3971), and A Handbeck for Quick
Cost Estientes (ITUREG/CR 4568) . Another study. Data Base of Svstem-
Average _Dese Rates at Nuclear Powe r Plants (NUREG/CR 5035), provides
guidance in estimating worker rtdiation doses associated with nuclear
plant modifications.

<

The overall approach taken in these studies is to build on information
developed previously. The approach generally utilizes the Energy
Economic Data Base (EEDB) to provide baseline costs for labor,
equipment, and materials associated with new plant construction. These
baseline costs are then adjusted to reflect actual conditions existing

operating or nearly completed nuclear plants. Successive sets ofat
factors are used to estimate the total resource requirement, as well as
aspects such as worker radiation exposure. This "building block"

approach is efficient and practical. However, the sequential structure

of the methodology increaces the need to assure that each "block" or set
of cost factors is accurate and adequately reflects reality. One

inaccurate facter or set of factors can have its errors multiplied and
throw off the entire estimate by a substantial amount,

,

Section 2 of this report presents some of the points which justified the
need for this validation study. It also summarizes what the analysis
focused on throughout this report and cautions the cost estimator on the
limitations of this methodology. A review of the general approach taken
in this study and the applicabi ity of the cost methodology confirmed
herein are presented in Section 3. The adjustment factors and their
characteristics are discussed and tabulated in Section 4. Specisi
guidelines for pipe replacement activities are also included in this"

Section. Comparisons of actual cost data with estimated labor costs are
presented in Section 5 together with a statistical analysis of tho <

i

results. An example of applying the generic methodology and factors to i

1

1

|
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derive an estimate of the labor costs is given in Section 6. Section 7
presents several cautions and limitations that users of this methodology
should be aware of. The conclusions are given in Section 8.

.

|2.0 PURPOSE AND SCOPE i
t i

The primary purpose of the generic cost estimating approach is to assist |

NRC analysts in preparing approximate estimates of cost impacts
associated with the implementation of generic regulatory requirements. - '

<
,

This report reviews methods. rules of thumb. quantitative cost factors,
etc.. (derived in NUREG/CR 4546 and SEA 84 116 05 A 1) which will allowthe user to develop realistic and consistent estimates for total labor

i cost as well as for removal and/or installation labor costs associated
with physical modifications to operating or nearly completed nuclear
power reactors. The study was necessary because only a partial
verification of the entire set of factors has been conducted in previous
work.

The objective of this task was to assess the validity of the methodologies
derived in NUREG/CR 4546 and SEA 84 116-05 A:1. Therefore, this report
will focus on the costing approach as well as the adjustment factors and
their relationship to the overall generic model. The saalysis focused on
the overall results of the estimated labor costs as compared to actual
cost data and not on the individual adjustment factors. Although the
labor productivity factors, removal factors, and learning curve factors
were investigated in great detail. the value of the engineering and QA/QC
f act n was not examined. ,

,

L

It should be noted that although the cost adjustment factors were
developed or refined bated on actual cost data, they are by no means,

i "cast in concrete." The user has to recognize that each requirement is
unique and has its own specific problems. The more detailed and

-

realistic estimates vill require a sound knowledge of technical details
as well as implementation cost data. ,

'

1 3.0 TECHNICAL APPROACH
a

3.1 GENERIC METHODS
4

! NRC analysts must often produce Industry-wide cost estimates for
modifications done on a large number of reactors of varying designs and4

| site characteristics. The generic cost estimating approach requires the
analyst to perform the following activities in order to perform a cost,

analysis:
;

1

! Ident!fy the type and number of plants that are impacted by*

the requirement. Group the plants according to those
features that will allow a technically sound common,

i resolution of the regulatory tequirement. For each grouping.
a reference plant can be chosen for which the cost estimatesi

| will be prepared.
4

j Define the technical detail of the generic action.*

4

i
!

!

! 2

|

4
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Locate within the EEDB those systems and structures that best.

match those affected by the proposed regulatory requirement.

Evaluate the relevant cost categories, i.e., removal,
.

installation, and quality assurance and engineering costs.
Use the cost data presented in the EEDB together with the
appropriate generic cost factors, rules of thumb, and any
other information supplied by the sources mentioned in the
background section of thi.* report.

Distribute the reference plant cos'ts to the entire population*

of impacted nuclear reactors in the same group.

Other major costs (not included in our discussion) associated with the
implementation of a generic regulatory requirement have to be considered
in addition to the removal and installation labor costs. Figure 3.1

illustrates these costs. They are:

Replacement energy costs for the time period while the plant.

costis shutdown to accomplish the modifications (see Generic ,

Estientes. Ref. 1. and Reelacement Energy cests fer Nuclear
Electricitv Generatine Units in the United States. Ref. 6).

Labor and other costs associated with ALARA activities. such.

as radiation dose estimation, dose reduction through
application of temporary shielding, decontamination, or use

of remote tools and robots.
!

Costs of shutting down the reactor, making general ,.

preparations so the work activities can commence, and ;

restarting the plant when the repairs are complete (see
Laneric Cost Estimates fer Reacter shutdeun and startue. Ref.
5. and Generic cost Estimates. Ref. 1).

Costs and impacts associated with vorwer radiation exposure.

(Ref. 1. Generic JCost Estientes, presents exposure costs for
a number of discrete .epair/ modification activities at
nuclear plants, and Ref. 11. Data Base of System-Average Dese
Rates at Nuclear Pever Plants. provides tables on radiation
dose rates typical for most PWR and BWR systems and ,

components accounts).

Costs of disposing of radioactive materials generated as a.

result of repair / replacement activities (see Generic Cost
Estimates fer the Diseesal of Radienetive Materials. Ref. 8.
and Generie Cent Estiestos. Ref. 1).

Costs of equipment and materials needed to accomplish the.

repair / replacement activities.

Utility licensing and administration costs.. ,

liRC costs..

,

e

'

: 3
5
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Licensee Costs Associated With
'

NRC Regulatory Actions

Other Tech. Shut- Procedural Eng. & Hardware, Labor Exposure Health Watte
Costs Spec. down Changes Q/A Material Costs Costs Physics Disposal

Changes Costs Costs Equipment Radiation Costs
' Costs Protection

Costs

I I

Replacement Defueling/ EEDB
Enstgy Refueling Labor

&

Dose Estimate
Rate of Waste

Shutdown / Data , Volume
Startup |& YPe

i
I 4

Labor Removal Learning
Productivity Factors Curve

Factors Factors

FIGURE 3.1. REGULATORY EFFECTS COST ANALYSIS
I
1
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3.2 CONCEPTUAL FRAMEk'ORK ,

'

The costing methodology presented in this report utilizes the data base
derived in the EEUb "or baseline estimates of the direct installation
labor hours and for estimates of new plant equipment and material costs.'

Since the EEDB expresses costs only for a new construction environment,"

adjustments are necessary to properly account for work performed at
operating or nearly completed nuclear plants. These methods must
account for aspects such as radiation environment, poor access,
congestion and interference, and other conditions which are typically
present at operating or near completed reactor sites. Figure 3.2
illustrates this overall cost adjustment approach. To estimate
installation labor requirements, the general form of the adjustment is:

C'=CL (1+1't) (1+Fy) (1)
L

where p

#C ' = adjusted installation labor costL
= EEDB installation labor costCL

FL = sum of labor productivity factors
Fy = quality assurance and engineering factor

.

Adhering to this general methodology, a total cost that incorporates -

both removal and installation is defined as: [

(1+F ) = C ' (1+Fg) (2)C"=CL (1+F ) (1+Fy) R Lt L
,

where
C " = adjusted installation and removal labor cost iL

j FR = sum of removal factors.
1

Also, the presence of a learning curve in many large and unusual
I replacement activities (e.g., steam generator replacement) hss an

important bearing on industry-wide efforts. That is, experience has
shown that removal and replacement activities generally become more ,

efficient after they have been performed several times, especially for F

,

large and co= plex jobs. Applying this learning curve effect. the
relationship for the combined costs for removal and installation labor1

becomes:
.

L (1 + F )(1 + Fy)(1 + F )(1 + F c) (3)
|

C"=C L R tt

i
1 where FLC is the learning curve factor. ;

If estimates of removal costs alone are needed, they can be calculated I
4

using the formula:a

13 (4) !L (1 + F )(1 + Fy)(1 + FLC)((1 + FR1)(1 + FR2)i
CRL = C

'

L

!where

] CRL = the removal labor cost
! FR1 and FR2 account for removal activities.
]

FR1 is a factor which accounts for environmental conditions and target
ites characteristics (structural or hardware). and FR2 is a factor whi:h i

3

i corrects for impingement on ancillary systems.
!

| 5 '

l
'

.

.
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3.3 APPLICABILITY LEVEL
,

'

Although the EEDB presents cost and labor information down to the system and
component level of detail. most modification activities at nuclear plants

iseldom involve entire systems but rather affect individual sub components
and/or portions of systems. As a result, guidelines are now being developed .

to obtain costs and installation hours for individual items such as piping.
valves, pumps and motors, electrical instrumentation and control devices.
etc., from the aggregated values in the EEDB (Ref. 12). The cost'

methodology and factors discussed herein could ba applied to estimate
|

generic modification costs down to an even finer level of detail than
|currently possible with the EEDB.

4.0 FACTOR QUANTIFICATION i

NRC analysts using the information presented here will generally use it
in the context of estimating costs for a complete modification. i.e.,

the final estimate should include costs of both removal and installation
activities. However, separate factors have been defined for estimating
installation labor costs and removal labor costs. These factors must be
defined in a consistent and complimentary manner. The factors for '

hardware and material removal should not overlap with those applicable
to installation, and vice versa. Section 4.1 presents guidelines for
selecting labor productivity factors, and Section 4.2 gives guidelines

! for removal factors.
i

I 4.1 LA. EOR PRODUCTIVITY FACTORS

The NRC publication Labor Productivity Adjustment Factors (NUREG/CR-
1 4546)(Ref. 9) discusses factor quantification in detail. Four different
i workplace characteristics have been identified as (1) possessing

significant impact, and (2) fitting approximately with information
available to NRC analysts. These characteristics are Access and i

i

Handling. Congestion and Interference. Radiation, and Manageability.
| Their recommended factor values are reproduced in Table 4.1. Each
j workplace characteristic is discussed briefly below. The folleving form -

is chosen for representation of labor productivity factors: -

Ftotal = 1 + FL
where

j FL = sum of labor productivity factors.
? ,

|
9 4.1.1 Accoms and Mandling ,

4

j This factor is concerned with the adeqsacy of space for spotting
'

|
materials immediately adjacent to work areaa. for permitting shakeout of

! materials (layout in sequence of need) in laydown areas, and for en- i
!

i ground prefabrication of components. If such space is limited.

} additional non productive time is required for identifying and picking
up materials and the man hour savings normally credited to on ground |

,

|
prefabrication of components are lost. ,

I;

! :

! I
i

'

| !

I 7

!

1
i
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|TABLE 4.1.

LABOR PRODUCTIVITY FACTORS

Activity
Characterletic Factor Value

1

1.L Access and Handling a. Operating plant. O.I b. Operating plant, non- 0.3 c. Operating plant con- 0.4
(operatmg plants) security procedures, containment RWP* tainment area, extra

easy acces, adequate redrictions, extra handling; restricted |
laydown hardling. Innited laydown prefabocation, l.

laydown and shakeout potential I

ii. Access..ad Handimg a. Under construction. 0.0 b. Under construction. 0.2 c. Under construction. 0.4,

(plants under easy access, infomal area, extra containment area, extra
construction;l adequate laydown handling, limited haMiing; restricted

,

laydown lay &wvn prefabncaton.
I

and shakeout potential
|

2. Congesten and a. Uncongested work 0.0 b. Congested work O.2 c. Severely congested 0.4 Iinterference 2 area area work area |

3 4* 3. Radiaton a. No radiation 0.0 b. Mwwnalequaprnent 0.2 c. Full protective equip- 0.5 d. High radiation, high
requirements ment roquired temperature;
(respirator)

Stay Rad. j

Time Factor
2 hr 1.1

1 hr 2.6
.5 hr 5.634. Manageabdasy a. Noneutage related (0.2) b. Outage activity 0.3 c. Outage actnney, withhi 0.4

containment

F,,,,, 14. Sum of Labor Productivity Factors=

Notes:

(1) Under constructen generally denotes plants more than 70 poecent awnplete

(2) Applies to both operating plants and plants under construction

(3) Nornelly applies to operating plants only

(4) See text for basis of stay time factors

*RWP: Radiation Work Permit required
1

- _ _ .
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J;

; As necessary personnel movement to and from the work site becomes more
time-consuming and as material handling becomes more difficult, direct!

work time falls relative to total time. The factor associated with such
conditions ranges up to 0.25 for general construction. Expert opinion.

!

however. is unanimous that such difficulties increase in the case of'

operating reactors, and that a maximum factor of,0.4 is appropriate for
nuclear plant containment areas.'

|
This maximum value is approached in incremental steps, depending upon,

' whether one is concerned with an operating plant, or a plant under
construction. The first 0.1 increment is due almost entirely to i

security precautions at operating reactors. Another 0.2 increment is t

estimated to be imposed by problems at operating pisnts associated with
internal area activities and the typical constraints placed upon ,

5

personnel and material movement in such areas. This same 0.2 facto-
becomes the first increment associated with plants under construction. 7

i The extreme value of 0.4 is reserved for activities carried out within ;

7the main reactor containment building itself.!

In this validation study. the following values were selected and are
recommended for most future cost estimating analyses

t

For work conducted in open areas, involving only '.

0.1 -

i security restrictions

For work conducted in primary auxiliary building, i0.3 -

vaste process building, fuel storage building, diesel
generator building

For work condu :ted in reactor building. drywell. t0.4 -

i

4.1.2 Concestien and Interference [

i

|
This factor refers to the physical condition of the actual work site. ;

Congestion can be interpreted as limitations en the ability to maneuver e

equipment and materials freely and of individuals to perform their tasks ,

!

! unhindered. Severe congestion suggests the inability to function except
) in extremely restricted positions. Congestion of workers and [

|
construction equipment adds to non productive (waiting) time in addition '

to reducing production rates during direct time as workers and equipment
g

, get in each others way. It also refers to interferences from already-

I installed permanent materials and equipment that limit accessibility to r

i work areas or physically block new work planned.

The standard situation (labor productivity adjustment factor = 0)
incorporates adequate crew activity space and no significant potential [

i
for interference with the systems being addressed. A severely congested j

work area is defined as one with one-third or less of the adequate crew !'

! work space plus interfe rences such as a dense mix of piping, electrical :

| systems, and/or mechanical systems in the same area. Available |
'

|
literature and data suggest that an adjustment factor of 0.4 describes
the maximum end of this range, and it applies to most work activities !

| performed inside the reactor building or drywell. For work areas that |

are congested enough to interfere with worker effectiveness, but are not ;
t

extremely congested, a factor of 0.2 is reconmended. -

i I
i

4 i
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'

i'
J I
._ - - -- _ . - _ . - . . . - _ - - _ - --



|

4.1.3 Radiation

Work in a radiological environment presents a particularly difficult
problem for operating reacters. There are two reasons for productivity
reductions: (1) the encumbrances of protective equipmant, particulsely
under conditions of elevated temperature, and (2) strict limits on
permissible radiation exposure that constrain the time that a given
worker can remain in a particular environment.

Even minimal equipment, such as a face mask respirator, can reduce
productivity significantly. Full protective equipment, including air
units and a double set of protective clothing, are much more cumbersome.
The use of such equipment in a high temperature environment is even more
debilitating. Information supplied by industry cources assigns maximum
factor values of 0.5 for full protective equipment and an additional 0.1
for high temperature operation. e.g.. above 95 100* F. The same value
of 0.1 is recommended for all activities performed in a non-radiation
but high temperature work environment.

The consideration of limited "stay time" is somewhat more complex
arithmetically. "Stay time" is defined as the maximum time a worker is
permitted to remain in a particular radiological environment. A stay
time limitation would increase necessary work hours by a factor equal to
the ratio of the difference between stay time and normal direct work
time per shift to the stay time.

Fstay time = norm,1 direct verk time - ntav time
stay time

If normal direct work time is, say, three hours per shift (37.5 percent
of total shift time) for new nuclear construction, and stay time is
limited to one hour, the factor is (3 1)/1 - 2. If stay time is 30minutes, the factor is (3 0.5) /0.5 = 5 : etc.

This time must also be adjusted for protective equipment and high
temperature activity represented by the combined factor of 0.6.
Continuing the examples above, for a one hour stay time the factor is
2.0 + 0.6 - 2.6. If stay time is 30 minutes, the total radiation
adjustment factor is 5.6.

Stay time becomes an important productivity element only for activities
a performed within the containment. Any containment activities taking

place while the reactor core is producing power will be limited in time
duration. Under outage conditions, activities in proximity to reactor
coolant system and within the drywell of a boiling water reactor almost
certainly involve stay time limitations of less than an hour.

This study assigned point values for the radiation adjustment factor for
specific radiation dose rate level ranges. The values, which were based
on detailed background information known on most of the actual
modification data points, produced the best fit when incorporated in the
cost equations. They are:

i

!

i

i
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Radiatien Dose Rate fer/hr) Radiatien Adjustrent Factet

0 0

0< Dose Rates 10 0.2
10< Dose Rates 30 0.5
30< Dose Rate 550 & high temperature 1.1
SO< Dose Rates 100 & high temperature 2.6

>100 & high temperature 5.6

The cost analyst is cauticced that the generated point values are highly
at thoseempirical in nature and very specific to the conditions present

particular nuclear units. They should be used with great care since. in
many cases. they may prove invalid or produce meaningless results. The

estimator is encouraged to employ the radiation dose rate tablescost
developed in Ref. 11. Careful consideration should be given to all

cautions and limitations associated with those tables.

4.1.4 Mapa pability

This concept refers not only to the individual task, but the overall
management environment within which it is performed. Generally

speaking, evidence suggests that productivity tends to decline as
management complexity increases, and that management complexity can be
approximated by the size of the workforce on site. For cperatina
reactors, this leads to the conclusion that productivity falls for work
undertaken during plant outages.

Given the usual cost of replacement power. there is enormous incentive |

to return a plant to service as soon as possible; thus round-the clock ,

schedules and heavy overtime are routine. Most studies have concluded
that longer-than-normal workdays and weeks cause workers to slow down
throughout the workday so that production during any hour is less than ;

vould be expected under normal five day per week, eight hours per day
conditions. The adjustment factor used (0.3) reflects productivity
losses associated with ranaging a crash project involving high levels of
overtime. When the activity-occurs within containment, an additional
0.1 is added to adjust for difficulties associated with preplanning work

~ vithout adequata prior physical acesss.

Hovev relative to new construction normal maintenance performed
.

whi' a plant is on line is probably more productive. This is due to i

re~.tively small crew cizes, ability to focus close management
a- ention. and a lack of stringent time pressure. A productivity credit

( 0.2 is applied in this case.

4.. .lMOVAL FACTORS

The removal adjustment factors were first presented in the study Generic
Methodelegv fer Estinating the_ Labor Cost Arseeisted with the Removal _gi
Hardvsre. Materisle. and S+ructures frer Nuclear Pever Planta (SEA .

Report 84-116 05 A:1. Ref.13), Since no single specific methodology I

existed to adequately esti= ate labor removal costs, the problea was
addressed in an eclectic fashicn, using actual industry data when
pessible, employing industry rules of thumb when necessary and

;

referring to niandard cost estimating sources when appropriate.
i

i
i,

11
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The analysis of original removal cost data indicated that two separate
!sets of removal factors were needed to adequately reflect actual cost
|variations. That is, removal costs can better be estimated using

factors in the form (1 + FR1) (1 + Fg2) rather than simply (1 + F )-
R

The factors FR1 and FR2 can each be the sum of appropriate sub-factors. 1

FR1 is a factor thac accounts for the environmental conditions under
which the removal operations take place. It also takes into accountwhether the target item is hardware or is structural in nature.
Industry practice favors differential treatment of structures and
systems / hardware. Be:ause the data collected during that study covered
hardware and equipment removal almost exclusively, the factors for
removal of structures were estimated using guidelines given in standard
cost estimating references.

FR2 is a cost adjustment factor based on whether or not the removal
operations have significant impacts on adjacent or ancillary syste=s.
It accounts for time spent removing "non target" or ancillary systems
and structures.

I Using the above factors, estimates of total labor costs. including both! removal and installation, are produced using the formula:
' C"=C L (1 + F )(1 + Fy)(1 + FLC)(1 + FR1)(1 + FR2) (5)L L

In order to facilitate use of these factors by NRC analysts. removal
factors have been categorized to the extent possible by the same
characteristics that must be evaluated in order to apply the labor
productivity factors. This does not necessarily imply causative
relationships as are present in the labor productivity formulation.
However, it does imply that certain characteristics. like site access,
are associated positively with other factors that affect removal
efforts.

Equations (4) and (5) are suitable when the EEDB is being used to
estimate either the total or removal Itbor cost requirement for the
modification in question. However, there may be circumstances where the
analyst has an independent installation labor cost. In'these
circumstances just the removal 2 abor cost would be needed in order to
see the total labor cost picture. Removal labor costs can be estimatedusing the following expression:

Labor Removal Cost =CL' [(1 +FR1)(1+ FR2) 1] (6)-

This assu=es the independently-cbtained installation labor cost (CL')
adequately reflects labor productivity, engineering /QA consideraticas,
and learning curve effects.

Removal labor costs as a percentage of the labor installation costs can
vary dramatically, depending on the number and complexity of removal
activities associated with a given modification, as well as learning
curve considerations. Data from a number of actual cases indicate that
removal labor generally accounts for about 30% of the total labor costs.
or is about 55% of th6 installation labor costs. Therefore, where
independent labor installation costs are available, removal costs canI

} reasonably be estimated to be about 55% of the installation value.
|

|
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The original data set assembled in SEA 84 116 05-A:1 contained about two
dozen actual cases of equipment replacement that occurred at both BWRs
and PWRs during recent years. Those cases provided data on 11 distinct
areas of the plant and were extremely important in estimating the range
of values of the adjustment factors needed to derive replacement labor
costs from the EEDB data. However. it should be recognized that data
collected from industry were not necessarily internally consistent and
could not be checked for quality. Thus, results derived from the data

varied widely and were applied selectively rather than comprehensively.
This also led to a presentation of the reewval factors in terms of value
ranges rather than point estimates.

For this validation study, an updated set of data points (almost double
the original size) was gathered. The data include actual cases of
equipment and structure replacement performed by 14 nuclear utilities
and conducted in 26 discrete areas of the plant. Based on analysis of

the improved data set and detail background information about each work
activity, a new range of values was derived for the radiation component
of the removal factor FR11-

Removal factors are summarized in Table 4.2 and are discussed separately
below.

4.2.1 Tsrgeted Svrtem Rereval Facters

4.2.1.1 Radiation Environment

It is clear that the radiation environment at an operating reactor
greatly affects removal efforts as compared to greenfield (EEDB)
installation. However, once EEDB data are adjustod for radiological
effects on labor productivity, the ratio of removal to installation
approaches more conventional levels (0.3 to 0.8 for hardware and
equipment).

Industry data show a clear inverse relationship between the radiation
co=ponent of the labor productivity adjustment and the removal factor.
Although not intuitively obvious this is a logical relationship since
the base the removal factor operates against becomes very large under
high radiation conditions. Although removal effort becomes relatively
smaller (as measured by the removal factor) under radiological
conditions, abcolute values of labor hours and costs increase as the
radiological conditions become more restrictive.

High radiatien conditions appear to favor a removal factor range of 0.05
to 0.20. with low radiation (non contain=ent) conditions associated with
a 0.35 to 0.40 range. Generally, within the ranges, the more severe the
radiation, the lower the factor and vice versa. For work within
containment areas. the lower end of the lower range (i.e.. 0.05 to 0.10)
would be appropriate for any removal work undertaken while the plant is
in operation. Under outage conditions activities in proximity to the
reactor coolant systems or within the dry well of a BWR will also imply
the lower end of the range. Outside the containment any activity
mandating the use of air units and/or protective clothing will imply the
lower end of the upper range (e.g., -0.35).

This study assigned point values for the radiation adjustment factor for
specific radiation dose rate level ranges (and consequently productivity

)
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TABLE 4.2

REMOVAL FACTORS

Activity
Characteristic Factor Value

Stage 1: Targeted Systems and Structures

. 1. Radiation (F"'') a. Low Radiation. 0.35-0.40 b. High Radiation, 0.05 - 0.20
| outside containment inside containment

2. Structural (FR12)
. Congested work area 5 b. Severely congested .8.

work area

Stage 2: Ancillary Systems and Structures

1. Access and a. Complex activity, 40 .60.

handling (FR2) impingement on
surrounding systems
and structures

.

1

l

Total Removal Factor = (1 + F R11 + FR12)(1 + FR2)

.
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factors for radiation). They are recommended for future cost analyses
and are presented below:

Preductivity Facter fer Rsdintien Egrevnl Facter for Rajintion

C 0.40

0.2 0.3S
0.5 0.20

1.1 0.15
2.6 0.10

5.6 0.05

Caution should be used when applying these radiation removal factors to
generate cost estimates.

4.2.1.2 Structure Removal

Removal of structures in many cases requires a disproportionately Jarge
labor effort aa compared to the effort associated with the removal of
hardware and equipment. For instance, the removal of an internal
concrete floor is much more labor intensive than its installation. This

effect, however, is also dependent upon the work environment. The

ability to apply wrecking equipment to a free-standing concrete
structure, for example, would greatly alter the relationship.

The structural removal factor should only be applied when the use of
specialized equipment is hindered. In addition, it should be applied

only when the structural material of concera is bulky, such as concrete,
brick, er concrete blocks. It should not be applied to the removal of
steel structures.

This removal factor approximates the gradations of congestion described
in the labor productivity section. The choice of the factor value is
dependent on the degree of congestion at the work site. For example, if

the work place is rated "severely congested" for productivity purposes,
the 0.8 factor should be used.

Since in the original document. SEA 84 05 A:1 no data were obtained for
removal of structures, the adjustment factor was approximated using
Richardson's Precess Pinnt Constructien Estirating Ctandsrds (Ref. 10).
Richardson allows derivation of various removal to installation ratios,
of which the follow.ng are representative:

Equipment Removal /Installatien

Suspended Gas Heater .725
Electrical Cooling Unit 772

Structurni

A in. Interior Concrete Floor 1.194
6 in. Interior Concrete Floor 1.305

Based on these data, it is estimated that the resoval factor is
increased by a factor of 0.5 or 0.8 if the target is structural in

is bulky, and is located in a congested or severely congestednature,

workspace. If these conditions do not apply the structural factor FR12

15
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is assigned a value of 0. The factor for radiation. FR11 still
applies, however.

!

4.2.2 Ancillarv Structures and Systems Facter

The factor FR2 is to be applied whenever the removal of the target item
also requires the removal of non target or ancillary components and
systems in order to accomplish the tasks. As mentioned above, a
separate multiplicative factor was derived based on residual data from
very large and complex removal tasks. The original data suggested a
range of 0.40 to 0.60 for this factor.

This facts.- has been defined in terms of site access, which must also be
evaluated in order to choose the appropriate labor productivity factors.
It should be applied only in extreme accesc cases for both operating
plants and plants whose construction is more than 70 percent complete.
If a labor productivity access factor of 0.2 or 0.3 has been used, then
the analyst should use a value for FR2 of 0.4. If an access factor of
0.4 has beer used, then FR2 = 0.6 should be chosen. Since the access
factor attempts to correct for inability to enter the work area easily,
it is in essence used as a proxy for the interrelationship of the target
system with other systems and structures.

This study confirmed that the ancillary structures and systems factor
can correctly adjust the cost estimates to closer match the actual cost
data. Industry data show that large and bulky components, such as steam
generators, reactor coolant pumps, feedwater heaters, demand that

1 adjustment factor but small hardware items do not. Another type of
component that needed correction for its impingement on auxiliary
syste=s is the omall to medium pipe (less than 12 inches in diameter).
This finding, although empirical, is logical: in order to remove small
pipe (which is given secondary priority in the layout of overall plant
piping systems and is generally more difficult to gain access to than

I

major piping and large components) non target components likely will
have to be removed. That is, in order to clear the work area additional
labor-hours are spent to remove surrounding equipment which other;ise
would not be affected by the modification.

Due to heavy congestion conditions present within principal buildings at
.nuclear reactor sites and limited laydown space available for future '

modifications, it is recommended that the impingement factor be used on,

all activities similar to those investigated in this study, i.e.. heavy,bulky items such as steam generators. large pumps, etc., as well as
small piping.

An alternative approach to estimating labor removal costs for ancillary
systems and structures is availsble to the analyst. When such an item

; is identified. It can be estimated directly by treating the ancillary
item as the primary activity, finding its installation cost in the EEDB.
and making all factor adjustments directly on that EEDB installation
labor cost. This approach is preferable and should produce more
accurate results than using the 0.4 to 0.6 adjustment factor discussed
here. However, the 0.4 to 0.6 factor is useful for quick estimates or
when gross approximations are viewed as adequate.

.
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4.3 LEARNING CURVE FACTORS

Two sets of data were collected which clearly demonstrate that learning
from prior efforts significantly improves the efficiency of subsequent
physical codification activities. This learning curve effect applies to

large and unusual repair and removal activities. These are the types of

removal activities requiring extensive preparation, and which involve
significant disturbances to major systems or components within a nuclear
power plant.

Figure 4.1 illustrates the quantitative effect of learning from prior
activities. The values shown are normalized to the fourth time a given
activity has taken place. Data for efforts beyond the fourth time are
not available, so it is recommended that no benefits be taken beyond
this point.

The data used in generating Figure 4.1 were derived from two different
major removal / replacement efforts at several different nuclear power
plants. These activities were:

Steam generator removal and installation at PWRso

o Reactor coolant pump removal and installation at a PWR

These were =ajor replacement operations involving thousands of labor-
hours to accomplish. The normalized data from these different types of
removal activities were averaged to produce the values displayed in
Figure 4.1. The average values for first through fourth of a kind
factors are as follows:

Labor Required Relative
Event Nurber to Fourth-ef-a-Kind Event

1 3.6

2 2.5
3 1.4
4 1.0

Any application of these learning curve effects to regulatory impact
analyses must be used with caution. The reduction in labor from the
first to the fourth of a kind effort assumes that these efforts are
conducted sequentially and that the information from the first effort is
available to those conducting the second ei' fort. Similarly. the

infor=ation from the second effort must be available in time to benefit
the third, and the third be available to benefit the fourth. The
effects illustrated in Figure 4.1 are also based on the assumption that
information is shared fairly freely among utilities and plant crews
performing similar replacement operations at different plants. The data
available suggest that this is typically the case. If this sequential
ordering is not possible and the replace =ent efforts at different plants
must take place essentially simultaneously, then first of a-kind factors
should be applied to each of these efforts. That is, the total labor

costs to accomplish the required plant modificatiens, as derived
according to the discussions in Sections 4.1 and 4.2. should be
multiplied by a factor or about 3.6.

17
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The preceding discussion noted that these learning curve effects have|

been quantified based on data from two maior replacement activities at i
|

j nuclear power plants. These are efforts that required thousands of
labor hours to complete. Data were not available to determine whether ,

i '

such first- to fourth of a kind improvements would also hold true for
lesser replacement activitias. Therefore, it is recommended that the

learning curve factors be applied only in the context of major iI

activities. For smaller jobs analysts should use a learning curve
; factor of 1.0 (i.e., 1+FLC = 1.0).

'

The learning curve trends presented here were derived from both removal
and instellation data. The trends for removal are fairly similar to
those for installation. Therefore. the learning curve factors presented
here can be applied to both estimatrs of installation labor and to
those of removal labor.

Table 4.3 summari:es the learning curve factors and gives brief
guidelines for selecting the appropriate factor.

s

TABLE 4.3
LEARNING CURVE FACTORS ,21

AdMty Factor
Characteristic Value. FLC

!Previous experience or knowledge of
rernoval or installation activity

i

1. Work has already been periorrned by
industry at least three tirnes 0.0

2. Work has already been pehormed twice
by industry 0,4

3. Work has been performed once before,

by industry 1.5

4. This is the first tirne work has been'

i been performed by industry 2.6
,

learning curve f actor = 1 + FLC i

5

1
| Applicable only to magg replacement activities |

:

2 App 5 cable to both rernoval and insta!!ation activities

i

!

1
J

1

1
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4.4 ENGINEERING AND OUAfJTY ASSURANCE /qQNTROL COST FACTOR

!This factor accounts for the cost of engineering and design, as well asi

! quality assurance (QA) and quality control (QC) activities, associated
! with implementing a requirement. A study of the relationship of these

costs with the total direct cost of material. equipment, and labor has
been conducted under contract to NRC. This study concluded that a
reasonable approximation of the combined cost for engineering, design.
QA. and QC can be obtained by using factors of 25% for changes to plants
well along in construction (typically more than 70% complete) and
operating plants, and 30% for new plants. The basis for these values,

and a more detailed breakdown of engineering and quality control costs
by EEDB code of accounts is available in the document Engineering and
Ouality Assurance Cost Associated With Nuclear Plant Modification

'

(NUREG/CR 4921. Ref. 7). Although Engineering /QA/QC factors are
presented as point values rather than ranges. the cost estimator is
cautioned that there are cases where Engineering /QA/QC costs are greater
than normally anticipated (i.e.. minimal structure / system modifications
but major engineering analysis effort) or are lower than anticipated
(i.e., installation of off the shelf items requiring a minor amount of,

engineering).

As defined in NUREG/CR-4921. the Engineering and QA/QC factor should be
applied to total direct cost, i.e.. material / equipment and labor costs.
However, since this validation study dealt with labor costs only, the

{ Engineering and QA/QC factor was used here to adjust the "greenfield"
labor costs alone. For all future cost estimating analyses it is
recom= ended that both material and labor costs be multiplied by the same
factor in order to generate Engineering /QA/QC costs and to include these
costs in the overall analysis.

,
4.5 SPECIAL CONST0ERATIONS FOR PIPING

i
4.5.1 Large Pine

Estimates of piping replacement costs were generated using the
methodology and factors currently beine developed by SEA as part of an
EEDB Disaggregation Task (Ref. 12). Table 4.4 presents factors that
help determine labor, factory, and site material costs. The
"greenfield" 2EDB installation labor for a particular safety class and
materita type pipe was calculated by multiplying the installation cost
factor (in labor-hours /lb of material) with the pipe weight (in
Ib/ linear foot).

Six of the ten pipe data points considered in this study were large pipe
replacements. When compared to the actual plant costs. all six cost
estimates produced using the generic methodology required that the
"greenfield" EEDB laber-hours be adjusted by a factor of 0.2 in order to
reasonably agree with actual costs reported by utilities. This
correction is purely empirical in nature and is perhaps a result of
abnormalities in the disaggregated EEDB installation cost factor itself.
The "large pipe" factor PF. is recommended for all cost estimates
involving pipe with a diameter of over 18 inches. The total estimated
cost equation for piping replacement activities has the form:

C"-C L x PF(1+F )(1+Fy)(1+FLC)(1+Fg) (7)L L

20
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TABLE 4.4

PIPINC- INSTALLATION COSTS, FACTORY COSTS,
AND SITE MATERIAL COSTS

FOR PWRs AND BWRs

Material / Safety Installation Costs Factory Costs Site Matenal Costs
Diameter

Type / Class MHsab $/It: Silb
Size

2*and CS/NNS 1.62 - 1.572
,

Smaller
CS/SC1,2, or 3 2.52 - 2.568

SS/NNS 3.6 - 7.296

SS/SC1,2 or3 5.4 - 15.144

2.5 and CS/NNS 0.42 3.636 0.9953
Larger

CS/SC 1,2, or 3 0.78 4.512 1.8484

SS/NNS 1.32 17.76 3.1284

SS/SC 1,2, or 3 2.16 18.492 5.1185

CS - CARBON STEEL SS - STAINLESS STEEL l
|

NNS - NON NUCLEAR SAFETY : Piping system that does not interface with safety class systems.

SC1 - SAFETY CLASS 1 : Piping system that is part of the primary coolant boundary.
'

SC2 & SC3 - SAFETY CLASSES 2 & 3 : Piping systems that are not part of the primary coolant boundary, i.e., Emergency Core Cooling and

Auxiliary Cooling Systems.

_ _ _ _ _ _ _ _ _ _ _ _
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. . . ,,

where

for large pipe PF = 0.2
for small pipe PF = 1.0

4.5.2 Small Pipe

The other four of the pipe data points considered involve small to
medium size pip'e replacements. A factor reflecting the impingement onancillary components is recommended for most of these removal andreplacement activities. The guidelines and values described in Section
4.2.3 of this report have to be followed closely.

5.0
COMPARISONS OF ACTUAL DATA WITH ESTIMATED LABOR

5.1 DATA COMPARISDNS

Table 5.1 presents a comparison of actual labor data obtained from
nuclear plants with estimated labor based on the generic estimatingprocedures presented in Section 4. The table gives the values assignedto the factors used in estimating the total, installation, and removallabor. .The resulting values for the estimated costs are given in terms
of ratios relative to actual labor costs as reported by the utilities.
The table contains data on a wide variety of hardware removal andreplacement activities. The equipment was located both inside.andoutside of containment. The data included both very large jobs, such assteam generator replacement.
a make up pump. and very small jobs. such as replacement of

The following equations were utilized tc. calculate estimates of the
installation, removal, and total labor costs:

Installation: C'=C L (1+F ) (1+Fy) (1+FLC) (8)L L

Removal: CRL = CL (1+F )(1+Fy)(1+FLC){(1+FR1)(1+FR2)L 13 (4)*

C"=CTotal: L (1+F ) (1+Fy) (1+F c) (1+FR1)(1+FR2) (5) C

L L t

The first column of numbers in Table 5.1 shows the values of the overalllabor productivity factor chosen for each case. This la the (1 + F )Lterm in the cost equations (8). (4), and (5). The factor FL is the sumof the sub factors presented in Table 4.1. The values fer the laborproductivity sub factors used in this study to estimate costs for
comparisons with actual cost data are shown in Table 5.2. They were
chosen based on an assessment of the environment and working conditions
under which each operation was conducted. Each factor selected was in
complete agreement with the guidance provided for choosing each factor.

Column 2 in Table 5.1 shows the Engineering and Quality Assurance /Control factor. (1 + Fy) in the cost equations. The factor Fy was not '

appl to all cases, but only to those which included Engineerinh'QA/QC
costs an the actual labor to accomplish the modification. That is,

.

since some utilities providing cost information for this study had
grouped Engineering /QA/QC costs together with actual labor costs. the
generated estimates for the labor costs had to be adjusted by (1 + Fy).

22
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TA% Lei 5.2

ASSIGNED LABOR PRODUCTIVITY FACTORS
NET 1.A80R

ACCESS 40 (X)f0ESTo4M o Ff000CTIVITY
ITEM NUMBER ITE M HMJOtF6 NTERFTRErJCE RADLATKyJ MArWEfKNT FAW

1 s1 SPENT FUEL POOL RERACK 0.3 0.4 5.6 0.3 7.6
2 #2 SPENT FUEL POOL RERACK C.3 02 1.1 0.3 2.9
3 s3 SPENT FUEL POOL RERACK 0.1 0.0 0.0 -0.2 0.9
4 s4 SPENT FUEL POOL RERACK O.1 00 00 -0.2 0.9
5 #S SPENT FUEL POOL RERACK 0.1 00 0.0 -0.2 0.9
6 LOWPOWER RMJGEMOPATOR 0.4 0.4 5.6 0.4 7.8
7 FIRE DOORS - contarnmL 0.4 0.4 0.5 0.4 - 2.7
8 FIRE DOORS- open 0.1 0.0 0.0 -0,2 0.9
9 SRMMRM(dry tubes) 0.4 0.4 0.5 0.4 2.7
10 CLASS 1ESTATION BATTERY 0.1 0.0 0.0 0.3 1.4
11 AUX.(XPOENSATE PUhr 0.3 0.2 0.2 0.3 2.0
12 NTAKE COOLNG WATER PLAF 0.3 02 0.0 0.3 1.8
13 MAKE-UP PUMP 0.3 0.2 0.5 0.3 2.3
14 2 LOWPPESSURE FW HEATERS 0.3 0.4 0.2 0.3 2.2
15 t/ SeGH PRESSURE FW EATERS 0.3 0.4 0.2 0.3 2.2
16 2 leGH & 4 LOW PRESSUM FW MATERS 0.3 0.4 0.2 0.3 2.2
17 CONDENSER RE-TUBNG O.3 0.2 0.2 0.3 2.0
18 CHR.LERS 0.4 0.4 0.5 0.4 2.7
19 RTDs & PRESSURE TRAPSMITTERS 0.4 0.4 1.1 0.4 3.3
20 RADIATIONMONITORNC SYSTEM 0.3 0.2 0.2 0.3 2.0
21 MACTOR PROTECTION MSTEM 0.1 0.0 0.0 0.3 1.4
22 HYDROGENMOOMWER 0.4 0.4 0.2 0.4 2.4

,

'

u 23 COE SPRAY PIPNG 0.4 0.4 2.6 0.4 4.8* 24 EAERGENCYCOPOENSER PPPG 0.4 0.4 0.5 0.4 2.725 # 1 FEEDWATER PIPING 0.4 0.4 1.1 0.4 3.3
26 C 2 FEEDWATER PIPING 0.4 0.4 1.1 0.4 3.327 81 MAIN STEAM PAPING 0.4 0.4 1.1 0.4 3.3
28 s2 MAIN STEAM PfPING 0.4 0.4 1.1 0.4 3.3
29 81 RECIRCULATION PIPING 0.4 0.4 0.5 0.4 2.730 #2 RECIRCULATION PIPING 0.4 0.4 0.5 0.4 2.731 83 RECIRCULATION PIPING 0.4 0.4 0.5 0.4 2.7
32 s4 RECIRCULATION PIPING 0.4 0.4 05 0.4 2.7J3 #1 REACTOR COOUNT PtMP 0.4 0.4 1.e e 3.334 82 REACTOR COOLANT PUMP O.4 0.4 1.1 0.4 3.335 33 REACTOR COOLNJTPUMP 0.4 0.4 1.1 0.4 3.336 #4 REACTOR COOLNJTPt;AP 0.4 0.4 1.1 0.4 3..37 #1 STEAM GENERATOR 0.4 0.4 2.6 0.4 4.6

.

'

38 82 STEAM GENERATOR 0.4 0.4 2.6 0.4 4.839 83 STENJGENERATOR 0.4 0.4 2.6 0.4 4.8
,

40 #4 ST7AM GENERATOR 0.4 0.4 2.6 0.4 4.841 s1 STEAM GENERATOR SUPPORT 0.4 0.4 0.5 0.4 2.742 #2 STEAM GENERATOR SUPPORT 0.4 0.4 0.5 0.4 2.743 #1 MANIPULATOR CRANE 0.0 0.4 0.5 0.4 2.744 82 MAN!PtAATOR CRANE 0.4 0.4 0.5 0.4 2.745 33 MAN 1PULATOR CRANE 0.4 0.4 0.5 0.4 2.746 CONDENSATE STORAGE TN4K- mtas orvy 0.1 0.2 0.0 0.3 1.6

._ - .. . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _
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Because all modifications were done to operating plants, a value of 0.25
was chosen for the Fy where Engineering /QA/QC was included.

Column 3 in Table 5.1 presents the learning curve factors used. i.e.,

the (1+FLC) term in the cost equations. Values other than 1.0 were used
only for major replacement tasks or subtasks which were performed as
part of major activities.

Column 4 in Table 5.1 shows the values chosen for the total removal
x (1+FR2). They were taken frem the descriptions and i

factors. (1+FR1) I

value ranges of Table 4.2. A detailed breakdown for the individual
removal factors is presented in Table 5.3. Since there exists an
inverse relationship between the radiation component of the labor
productivity adjustment and the removal factor, the following values
were used:

Rndistien Productivity Fneter Radiation Remeval Facter

0.0 0.4

0.2 0.35
0.5 0.2

1.1 0.15
2.6 0.1

5.6 0.05

Although the above factors represent point values rather than ranges,
the use of ther.e values resulted in estimates which reflected and
matched the actual cost data most accurately.

F 2, wasThe factor which accounts for impacts on ancillary systems. R
chosen based on the relative degree of impact on non target systems /
components. Table 5.3 shows the specific values used.

The last three columns in Table 5.1 show how the actual cost as incurred
by the utilities compared to the estimated costs. Since some utilities
supplied total costs rather than separate removal and installation
costs, no actual-over-estimate ratios for those individual activities
could be calculated. The generic methods presented in this study
produced labor cost estimates which, en the average, were within 15% of
the actual cost reported by the utilities.

5.2 ERROR ANALYSIS

Ideally, the values in the last three columns of Table 5.1 should be
unity. In most cases the estimated costs are within 1 40 percent of the

actual values. In some cases, however, the estimated labor is more than
double or less than half the actual labor as reported by utilities.
Some of the misfit is undoubtedly due to an incomplete understanding of
the work environment. This would result in choosing the wrong values of
the factors from Tables 4.1. 4.2. and 4.3. Errors may also result
because the designs of some of the plants providing the data do not
coincide with the designs upon which the EEDB data base is derived.
Differences could also arise because some of the actual data may include
significant and unusual amounts of rework labor costs which, unless
specifically reported, can not be accounted for by the generic cost
estimating model.

25
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The degree of confidence assigned to each data point is presented in
! Table 5.4. It was based on the amount of background information known

about the data point, the technical level of detail given by the EEDB as
,

compared to the plant component / system, and also on the consistency and
| simplicity of the actual data with respect to cost figures. A value of

| 1 for the confideace level corresponds to data which was well
L characterized in t*rms of the work environment and scope, so that the

choice of cost factors was straightforward, with minimal uncertainty.

| The breakdown of the data is as follows: l

Confidence Level Number of Data Points

#1 25
#2 12

#3 9

Figure 5.1 shows how well the actual costs compared to the estimated
costs. As expectec. data having the highest degree of confidence
produced the best estimates sor the total and removal costs. The
generic cost estimating methods produced estimates which, on the
average. were about 2% lower than the actual costs as reported by
nuclear utilities. ,

As indicated in Figure 5.1. better estimates of removal labor costs were
produced for data of confidence level #3 than for level #2 data. One
reason for this is that since most of the level #3 data points involved
pipe replacement activities, the generated cost estimatoa were adjusted
according to the guidelines presented in Section 4.5 (i.e.. applying a
"large pipe" factor or a small pipe impingement factor). Confidence
level #2 data did not benefit from this correction or any other
empirical rectifications and thus, their estimates of the removal labor ,

cost are higher than the actual costs by a factnr of three. However,

both total cost and installation cost estimates for the confidence level
'

#2 group were typically within 15% of the actual costs reported.

?

5.3 STATISTICAL ANALYSIS OF NUCLEAR MCDEL ACCUP_ACY

The nuclear model predicts the cost of power station refurbishment and
repair by estimating the repair costs of generic equipment in a

i theoretical power plant. The parameters and mathematical structure of
j the model were not determined through examination of historical data and

the testing of statistical hypotheses (regression). Instead, expertsi

have brought experiential and technical knowledge to bear upon the
proble=, and have constructed a model that is highly accurate.

Although regression techniques were not used to generate the nuclear
,

model. it is useful to assume that it has and then search for adherence
to the standard regression criteria for residuals.

I
; To test the nuclear cost analysis model's accuracy, we have for the

moment assumed that the model was constructed using regression analysis,
Regression analysis, among other things. determines how closely dataj~
fits some hypothesized mathematical fre*ework. For instance. the speed
with which water flows through a pipe is related to the pipe's diameter.
If we increase the pipe's diameter, the water flow rate changes. By

1 '

i varying the diameter of the pipe a number of times and recording the

27
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TABLE 5.4 !
:

ACTUAL DATA CONFIDENCE LEVEL i

j ,

'
!
4

,I; COPEDENCE
! ITEM NUVBER ITEM LEVEL

1 s1 SPENT FUEL POOL RERACK 1 I
2 #2 SPENT FUEL POOL RERACK 1

3 s3 SPENT FUEL POOL RERACK 1
,

; 4 s4 SPENT FUEL POOL RERACK 1

5 s5 SPENT FUEL POOL RERACK 1 '
;

; 6 LOW POWER RANGE MON! TOR 3
! 7 FIRE DOORS containmL 2

8 FIRE DOORS open 2
9 SRM/lRM(dry tubes) 1

10 CLASS 1E STATON BATTERY 1 !

11 AUX. CONDENSATE PUMP 2
12 INTAXE COOUNG WATER PUMP 2,

d 13 MAKE UP PUMP 1

i 14 2 LOW PRESSURE FW HEATERS 1

15 2 HIGH PRESSURE FW HEATERS 1
-

16 2 HIGH & 4 LOW PRESS. FW HEATERS 1
'

17 CONDENSER RE.TUBNG 1

18 CHILLERS 3
19 RTDs & PRE *4URE TRANSMITTERS 1

20 RADtATON MONn ORNG SYSTEM 1 {21 REACTOf:PROTECTON SYSTEM 2 !
22 H'fDFOGEN F'ECOMBNER 2 ;
23 CORE SPRAY PIPING t '

24 EMERGENCYCONDENSER FiPNG 1

25 s 1 FEEDWATER PIPtNG 3
20 s 2 FEEDWATER PIPING 3
27 31 MAIN STE AM PIPING 3
28 #2 MAIN STEAM PIPING '3
29 s1 RECIRCULATON PIPING 1

30 m2 REClRCULATON PIPING 3
31 s.3 RECIRCULATON PlFING 3

,

'

32 s4 RECIRCULATON P1 PING 3
33 s1 REACTOR COOLANT PUMP 1

| 34 #2 REACTOR COOLANT PUMP 1

! 35 s3 RsACTOR OOOLANT PUMP e
; 38 s4 REMTOR COOUWT PUMP 1
! 37 s1 STEAM GENERATOR 1

38 #2 STEAM GENERATOR 1
<

'
39 s3 STEAM GENERATOR 1

" 40 a4 STEAM GENERATOR 1
- 41 s1 STEAM GENERATOR SUPPORT 2

42 #2 STEAM GENERATOR SUPPORT 2; .

; 43 s1 MANIPULATOR CRANE 2
i 44 s2 MAN:PULATOR CRANE 2
4 45 s3 MANIPULATOR CRWE 2
1 46 CONDENSATE STORAGE TANK instat only 2
1

1
J

i

j

28
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data, regression analysis can be used to fit the data to the proper
mathematical function that relates water flow to pipe diameter. The
error in the data makes itself apparent when we compare the water flow
predicted by the equation to the act ual water flow. This residual
represents random deviations from Cae model that ace attributable to
data anomalies and variables that have been omitted.

Similarly, in the nuclear model, an equation has been constructed to
depict the relationship between repair cost and physical attributes / work
environment of naghinery to be repaired or replaced. As in the water
flov/ pipe diameter example, deviations or residuals can be measured and
represent data uncertainties or randomness and variables that have been
omitted.

From the residuals, a statistic called R 0<R <1. can be calculated.2 2

This statistic measures how closely the model predicts costs. Figures
5.2 and 5.3 dis 91ay two hypothetical situations. one in which the R-
square is relatively lov and one in which it is high. The latter case
is most representative of the nuclear model. The nuclear model has an
R square between .85 and .96.

The second consideration is the shape of tb2 distribution of the
residuals. If the nuclear model has accounted for most of the variables
affecting cost. the parameter "estimates" are based upon a sufficiently
large random sample, then it would be reasonable to expect that the
residuals would be distributed as a "bell curve" or normal distribution.
This in fact seems to be the case although rigorous statistical testing
for normality was not performed on the data. In regression anal sis,fthe residual distribution takes this shape, in part, because the
regression technique maximizes the likelihood that an observed value
falls upon the regression line. This is why the distribution comes to a
peak over the residual value of zero (0). Also. there is an equal
probability that an actual value falls below the regression line as
rises above it. The mean of the residuals in the nuclear model is

-

insignificantly different from tero. Figures 5.4.a. 5.4.b. 5.5 and 5.6present these findings graphically.

In conclusion, it is apparent that: 1) the aean of the nuclear modelresiduals is effectively zero. 2) that visual inspection of the residuci
distribution indicates a bell curve, and 3) the accuracy of the model is
on the order of .96 on a scale of 0 to 1. Because the model is notbased upon rigorous statistical techniques, we find this result
surprisingly good because these attributes would be expected had ve. in
fact. used rigorous estimation methods.

6.0 EXAMPLE APPLICATION

The following example illustrates the use of the factors presented in
Section 4 to estimate removal and replacement costs.

For purposes of this example, we assume that an NRC regulation calla for
the upgrading of the containment spray heat exchangers on certain
plants. These heat exchangers remove heat from vater which collects in
the reactor containment building sumps following a loss of-coolant
accident and activation of the containment spray system. For the
affected plants. these heat exchangers are located within the reactor
containment building.

>
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The EEDB PWR reference plant indicates that there are two of these
cooling units in the base design. They are described in account No.
223.421 of the EEDB. The cost and technical data from the EEDB are
shown in Tables 6.1 and 6.2. From Table 6.1 the labor costs for
installing these heat exchangers under a new construction environment is
$23.209.

To determine the removal and replacement labor costs for plants already
in operation. it is necessary to first assess the environment under
which these activities must be carried out. Since the heat exchangers
are located inside containment the work can only be performed while the
reacter is shut down. The coolers or heat exchangers are located in the
reactor building annulus between the secondary shieldvall and the outer
vall of the building. Therefore, the work must be performed An a
radiation environment. Based on the working conditions and radiation
environ =ent. we estimate a worker stay time of about two hours.

The containment spray heat exchangers are located in an area with
considerable piping. electrical conduit and cable trays, and other
hardware. Therefore, the area is considered to be very congested.

This assessment of the work environment yields the following labor
productivity factors from Table 4.1.

o Access and handling
Operating plant, inside the RCB 0.4

o Congestion and interference
Congested work area 0.4

o Radiation
Stay time of 2 hours 1.1

o Manageability Outage activity,
inside containment 0.4

The total labor productivity adjustment factor is:

1 + 0.4 + 0.4 + 1.1 + 0.4 = 3.3

A factor must also be included for engineering and quality assurance.
The factor for operating plants is 0.25. Note that this adjustment will
be done to both labor costs and material costs.

I The replacement of these cooling units is not a considered a major
undertaking. Industry has removed equipment similar to this many times
in the past. Therefore. the learning curve factor applicable is 1.0.

The removal factors are assessed based on the inform? tion given in Table
4.2. The first factor. FR11. is assessed based on the radiation
environment. The value is selected from the 0.05 to 0.20 range since
the work is conducted inside containment. The radiation environment is
anticipated to be on the lover end of the in containment radiation
range, so the value selected is 0.15 (using guidelines presented in
Section 4.2.t.1).
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Since the containment spray heat exchangers are hardware which is not
structural. the FR12 factor is not used. Similarly. these heat
exchangers are not expected to impinge extensively on surrounding
equipment and systems when they are removed and replaced. Therefore,
the FR2 removal factot is not used. The overall removal factor is:

(1.0 + 0.15 + 0)(1.0 + 0) = 1.15

Summarizing the four adjustment factors to be applied to the EEDB labor
costs are:

Labor Productivity 3.3
Engineering and QA 1.25
Learning Curve 1.00
Removal 1.15

The estimated labor cost to remove and replace the containment spray
heat exchangers, on a per plant basis is:

C"=C L (1 + F )(1 + F )(1 + FLC) (1 + F )L L y R

= $23.200 x 3.3 x 1.25 x 1.0 x 1.15 = $110.098

Additional Engineering /QA/QC costs are determined when material costs
are adjusted by the Engineering /QA/QC factor. Ty. of 0.25. From Table
6.1 the combined factory and site material costs are $258.566. Theadditional Engineering /QA/QC costs are:

$258.566 x 0.25 - $64.642.

Finally. the total estimated labor cost to removal and rep'. ace the
containment spray heat exchangers, on a per plant basis is:

C ' = $110.098 + $64.642 = $174.740L

7.0 CAUTIONS AND LIMITATIONS

This activity has attempted to verify the adequacy of generic cost
analysir. methods for estimating the labor requirements of
repair / modification activities at nuclear power plants. The results
obtained from the actual versus estimated cost comparisons indicate that
the generic methods are reasonably good predictors of these costs.
Analysts using these generic methods should be aware of the following
cautions and limitations.

Even though, as a whole. the generic cost estimating model*

appears to predict actual costs reasonably well the cost
predictions for specific cases can be significantly in error.
All cost estimates must be reviewed carefully for
reasonableness.

The comparisons made here involved a limited number of actual*

data points (46 points were used). This is not a large
sampling population from a statistical standpoint. A larger

40

.

_ _ _ _ . _ _ _ _ _ _ -



- a

data base uisht indicate a poorer fit of the generic models
compared to actual data than was shown for the comparisons
made here.

Analysts using the generic methodology must use caution and*

care in selecting each individual cost factor applicable to a
specific analysis. Proper application of this method
requires considerable familiarity with the specific plants
involved and with the design features of the systems and
components to be removed. The analysts must have a good
grasp on the working environment under which the
removal / replacement activities vill take place.

The factors related to radiation can have a particularly*

large effect on the estimated labor costs. The relationship
between the radiation dose rate and the radiation adjustment
factors discussed in Sections 4.1.3 and 4.2.1.1 should be
used with caution and tempered with sound engineering
judgment. For example. if the working environment for a
large physical codification effort is expected to be greater
than 100 mr/hr. the corresponding labor productivity factor
for radiation is given as 5.6. If the work required the
expenditure of thousands of labor hours to accomplish, the
utilities involved may well take measures to reduce the dose
rates. The application of shielding. decontamination. or the
use of remote tools might well be employed. For cases such
as thic. or cases where the dose rates involved fall on the
border of adjacent dose rate ranges (see Section 4.1.3).
analysts are encouraged to investigate the sensitivity of the
results to the particular radiation cost factors selected.

Note also that the generic methods do not explicitly account
for ALARA procedures or the labor expended in reducing vorker
exposure.

The cost data in the EEDB are based on generic plant designs*

which are reasonably close to modern BWR and PWR designs.
The EEDB designs may be significantly different from those
impacted by specific NRC requirements. Therefore.

,

considerable care must be exercised in assuring that the EEDB '

data are indeed applicable to the plants of interest to a
particular cost analysis.

Since the generic cost methodology typically relies on the*

information in the EEDB for baseline costs, any incorrect
costs in the EEDB could well result in erroneous cost
estimates. Some checks of the EEDB system and component
costs were made. Actual plant greenfield construction cost
data was collected from several utilities. Cests of systems
and components (both labor and material costs) from these
actual cases were compared against comparable items in the
EEDB. The results of this comparison were inconclusive. The
EEDB costs were higher than actual costs for some plants and
lower for other plants. A large part of the problem was
disparities in the designs and scopes of the systems and
components compared. In addition, the cost data collected
showed conswJerable difference in costs from one plant to the
next for the same ites or system. This was even true from
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one unit to the next on a multiple plant site operated by a
single utility. Thus, while this effort did not serve to
verify the costs in the EEDB. neither did it identify any
substantial errors in the EEDB.

8.0 CONCLUSI0HS

In this study we have:

Re assessed removal, installation and total cost factors.*

Found that the general methodology appears sound, and no*

major revisions are necessary.

Determined that certair components, such as piping, appear to*

warrant special considerations. Based on a limited number of
actual data points, special adjustment factors are
identified.

Shown through statistical analysis that the nuclear model*

behaves well in a statistical sense and is a good cost
predictor.

Overall, the generic methodology appears sound and, when properly used,
should result in reasonably accurate estimates of physical modifications
at nuclear power plants.
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