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Preface 

Section 205(a)(2) of the Department of Energy Organiza- 
tion Act of 1977 (Public Law 95-91) requires the Admin- 
istrator of the Energy Information Administration (EIA) 
to carry out a central, comprehensive, and unified 
energy data and information program that will collect, 
evaluate, assemble, analyze, and disseminate data and 
information relevant to energy resources, reserves, pro- 
duction, demand, technology, and related economic and 
statistical information. To assist in meeting these 
responsibilities in the area of electric power, EIA has 
prepared this report, An Analysis of Nuclear P m e r  Plant 
Operating Costs: A 2995 Update. 

The primary purpose of this report is to provide an up- 
dated analysis of nuclear power plant operating costs. 

This is the third report on this subject published by EIA 
since 1988. This work was done at the request of the 
U.S. Nuclear Regulatory Commission, using data and 
methodologies deemed by EIA to be appropriate. 

The legislation that created EIA vested the organization 
with an element of statutory independence. The EIA 
does not take positions on policy questions. The EIA's 
responsibility is to provide timely, high quality in- 
formation and to perform objective, credible analyses in 
support of the deliberations by both public and private 
deasionmakers. Accordingly, this report does not pur- 
port to represent the policy positions of the U.S. 
Department of Energy or the Administration. 
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Executive Summary 

This report describes the results of an analysis of 
nuclear power plant nonfuel operating costs? Nonfuel 
operating costs are composed of routine operating and 
maintenance (O&M) costs and capital expenditures 
incurred after a plant begins operating. Approximately 
67 percent of the reported O&M costs are labor-related, 
and the remaining 33 percent are for expenditures for 
maintenance material and supplies. According to a 
recently published study, approximately 47 percent of 
the staff at a nuclear power plant are involved with the 
plant's maintenance; plant operators make up about 16 
percent; and the remaining 37 percent perform security, 
administrative, and managerial activities. 

Post-operational capital expenditures are typically 
called "capital additions" costs because the costs are 
added to the utility's ratebase and recovered as a 
depreciation expense over a number of years. There are 
three types of capital additions: (1) plant retrofits 
required by the Nuclear Regulatory Commission 
(NRC), an example being the redesign of the control 
room; (2) repairs needed to keep a plant operational, 
such as the replacement of the steam generator; and (3) 
changes to the plant that will improve performance and 
productivity. Some recently completed case studies 
found that for the plants studied, roughly 50 percent of 
the capital additions were the result of regulatory 
compliance actions. The other 50 percent were largely 
due to repair or replacement of plant components. Only 
a small fraction of the capital additions costs were 
undertaken to improve plant performance. 

Over the 6 years ending in 1993, the trends in nuclear 
power plant O&M and capital additions costs, depicted 
in Figures ES1 and ES2, show encouraging signs. Over 
the 1974-1987 period, real (inflation-adjusted) O&M 
costs were escalating at a rate of about 11 percent per 
year. Since then, however, the annual growth rate in 
O&M costs has averaged less than 1 percent. Addition- 
ally, real capital additions costs peaked in 1984 and 

have since fallen to levels comparable with those 
observed in the late 1970s. 

As a result of the past escalation in nuclear operating 
costs, the fall in fossil fuel prices, and increased compe 
tition in the electric utility industry, nuclear power 
plants are now under increased economic pressure, and 
additional substantial cost increases could threaten the 
long-term economic viability of many operating nuclear 
power plants? The principal objective of this analysis, 
therefore, was to determine the factors that caused the 
moderation in cost growth over the past 6 years. Both 
the industry and the NRC have taken actions to control 
O&M costs. This analysis was intended to yield insights 
into the question of whether these programs caused the 
moderation in cost growth. Additionally, the analysis 
will yield some insight into the question of whether the 
trends in costs will continue into the future. 

To determine why cost growth has moderated, a 
statistical analysis of the underlying economic and 
behavioral factors influencing nonfuel operating costs 
was undertaken. The conceptual model used in this 
analysis postulated that O&M and capital additions 
costs are explained by four sets of factors? 

1. Economic incentives to improve plant perfwmance, as 
measured by the price of replacement power. When a 
plant is out of service, replacement power must be 
obtained from other sources. Increases in the price 
of replacement power increase the incentive to 
reduce the quantity of replacement power by 
improving the performance of the power plant. 
Plant performance can be improved by increasing 
O&M costs. The statistical analysis did, in fact, find 
that the price of replacement power and real O&M 
costs were positively correlated. 

2. NRC regulatory activity, as measured by the cumulative 
number of NRC regu2atory actions.' Since this, or any 

'This study is the third analysis of the nuclear power plant operating costs published by EIA. The first one, entitled An Analysis of 
Nuclear P m r  Plant Operating Cosfs (DOE/EIA-0511), used data from 1974 to 1984. The data used in the first update, A n  Analysis ofNudem 
Power Plant Operating Costs: A 1991 Upllate (DOE/EIA-0547), ended in 1989. 
% Energy Information Administration, World Nudear Outlook, DOE/EIA-0436(94) (Washington, DC, December 1994). 
3This model was also similar to the ones described in the two other studies. 
'The NRC regulatory actions include formal changes in the Code of Federal Regulations, regulatory bulletins, regulatory guides, and 

all generic letters. Additionally, because this measure increases over time, it also captures the effects of any relevant but unmeasurable 
factors correlated with time. 
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Figure ES1. Nuclear Power Plant Operating and Mainteniance Costs, 1974-1993 
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Notes: Data have been deflated with the Gross Domestic Product Implicit Price Deflator. The sample consists of all plants with 
capacity over 400 megawatts in operation by the end of 1993. 

Sources: Federal Energy Regulatory Commission, FERC Form -1, "Annual Report of Major Electric Utilities, Licensees and 
Others"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor survey 
forms; and Utility Data Institute. 

Thus, the regulatory effects were greater than any 
industry learning effects. Interestingly, this study 
found that just the opposite was true for capital 
additions-namely, the regulatory and industry 
learning effects jointly caused real capital additions 
costs to fall. 

measure of NRC regulatory activity, increases over 
time, this factor was highly correlated with industry 
experience, which was also increasing over time. In 
fact, the increases in NRC regulatory activity and 
industry learning were so highly correlated that it 
was impossible to derive separate estimates of the 
two effects. The regulatory effects would cause costs 
to increase. Since the learning effects would general- 
ly cause costs to fall, the observed correlation 
between any measure of NRC regulatory activity 
and costs would depend upon the relative sizes of 
these two influences. The analysis found that 
increased NRC regulatory activity and industry 
learning jointly caused real O&M costs to increase. 

3.  The combined effecfs of planf aging and operatm experi- 
ence, us measured by the age of the plant. Each year, a 
power plant becomes 1 year older, and the experi- 
ence of the plant operator increases. Plant aging 
could cause costs to increase, whereas additional 
operator experience should cause costs to fall. The 
statistical analysis could not find any measurable 
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Figure ES2. Nuclear Power Plant Capital Additions Costs, 1974-1993 
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Notes: Data have been deflated with the Gross Domestic Product Implicit Price Deflator. The sample consists of all plants with 
capacity over 400 megawatts In operation by the end of 1993. 

Sources: Federal Energy Regulatory Commission, FERC Form 1 , "Annual Report of Major Electric Utilities, Licensees and 
Others"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor survey 
forms; and Utility Data Institute. 

correlation between plant age and real O m  costs. 
However, as plants aged, real capital additions costs 
increased. 

4. Fuel, O&M labor and materials, and capital additions 
prices. Increases in these prices caused a reduction 
in the quantities of O&M materials and labor used. 
There was no measurable correlation between these 
prices and the quantities of the capital additions. 

This statistical analysis was then used to determine the 
factors causing the changes in costs observed over the 
past 6 years, using estimates of the model to predict 
what costs would have been if all factors other than the 
one in question had remained at their 1975 levels. Table 
ES1 summarizes the results of the O&M cost analysis? 

Over the 1975-1987 period, the escalation in real O&M 
costs was caused by two major factors. First, over most 

5For two reasons, the means shown in Figures ES1 and ES2 and the ones shown in Tables ESl and ES2 are not the same. First, because 
some of the data for the explanatory variables were missing, the samples used in the statistical analysis and in the tabulations shown in 
Figures Es1 and ES2 were different. Second, two different methods were used to compute the means. These points are discussed in detail 
in the text and in Appendix A. Additionally, the statistical analysis used data only for the 1975-1992 period. 

Energy Information Administration/ An Analysis of Nuclear Power Plant Operating Costs: A 1995 Update i X  



Factor 

of this period, replacement power prices were increas- 
ing. Since replacement power prices and real O&M 
costs were positively correlated, the price increases 
caused real O&M costs to increase by about $3.10 (1993 
dollars) per kilowatt (kW) of plant capacity per year. 
Second, NRC regulatory activity and industry experi- 
ence were also increasing over time, and such increases 
were much more important cost drivers. Over the 1975- 
1987 period, increased NRC regulatory activity and 
industry learning jointly caused real O&M costs to 
increase by about $9.10 per kW annually. 

Time Period 
1975-1 987 1987-1 992 1975-1 992 

Over the 1987-1992 period, the absolute annual change 
in O&M costs fell substantially Wable ES1). Over the 
same period, replacement power prices were also 
falling, and as a result of the positive correlation with 
costs, real O&M expenditures fell by about $3.40 per 
kW per year. This reduction in real O&M costs caused 
by the fall in replacement power prices was the princi- 
pal factor moderating the growth of O&M costs! 

This analysis did not attempt to answer the question of 
what costs would have been in the absence of the NRC 
and industry cost reduction programs. It is quite 
possible that without these cost reduction initiatives, 
costs would have been higher than otherwise would 
have been the case. Thus, the results just described do 
not suggest that these cost reduction programs were 
ineffective in the sense that they did not influence costs. 

Table ES2 shows the results of the analysis of the 
factors causing the changes in real capital additions 
costs. Over the 1975-1987 period, real capital additions 

costs increased at an annual absolute rate of about $2.30 
per kW (1993 dollars), primarily as a result of plant 
aging effects. Over the 1987-1992 period, however, real 
capital additions costs fell by about $2.80 per kW. This 
reduction was due to substantial industry learning 
effects that more than offset the plant aging effects. 
That is, the NRC regulatory and industry learning 
effects jointly caused real capital additions costs to fall 
by about $4.30 per kW. These negative effects more 
than offset the positive effects of plant aging, which 
totaled about $2.70 per kW over the 1987-1992 period. 

Over the entire 1975-1992 period, capital additions costs 
were influenced by two factors that tended to offset 
each other. Plant aging caused capital additions costs to 
increase by about $4.00 per kW per year. However, the 
analysis found evidence of very strong industry learn- 
ing, which more than offset the effects of NRC regula- 
tion. Consequently, increased NRC regulatory activity 
and industry learning jointly caused capital additions 
costs to fall by about $2.60 per kW per year. 

In conclusion, this analysis found that utilities' nuclear 
maintenance expenditures were responsive to a set of 
economic and State regulatory incentives to increase 
plant output. More importantly, changes in those 
incentives were the primary reason for the moderation 
in the growth of real O&M costs (Table ES1). In the late 
1980s, the performance of U.S. nuclear power plants 
(i.e., capacity factors) increased substantially; however, 
increases in plant performance have also moderated 
over the past few years. It would be useful to know 
whether the moderation in the growth of O&M costs 

'Increases in the prices of O&M material and labor represented an increased incentive to control real costs. As Table El shows, such 
incentives are important 
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Factor 
Plant Age ................................ 4.38 
NRC Regulatory Actions and Industry Learning ..... -1.64 
Other and Unexplained ...................... -0.47 

Time Period 

1975-1 987 I 1987-1 992 I 1975-1 992 

2.66 
-4.26 
-1.17 

4.05 
-2.60 
-0.73 

Total .................................. 2.28 -2.77 0.72 
Note: Because an indirect measure of the NRC regulatory effect was used, this factor could also be capturing the effects of any 

relevant but unmeasurable factor highly correlated with time. 
Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utilities, Licensees and 

Others"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor survey 
forms; and Utility Data Institute. 

and the leveling off of nuclear power plant capacity 
factors are related. It would also be useful to know 
whether there is a relationship between nuclear power 
plant performance and the economic factors that 
affected O&M costs. Such an analysis could yield 
insights about future trends in nuclear power plant 
performance. 

Finally, the present analysis was unable to disentangle 
the effects of NRC regulatory actions from effects 
related to industry learning and other management- 
related factors. To do this, detailed case studies are 
needed. The information shown in Tables ESl and ES2 
highlights the importance of such case studies. 
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1 = Introduction 

This report is the second update to the 1988 report, An 
Analysis of Nuclear Power Plant Operating Costs? Non- 
fuel operating costs consist of operating and mainte- 
nance (O&M) costs, which are mainly labor to run and 
maintain the plant, and capital expenditures incurred 
after the plant entered commercial operation (capital 
additions). Capital additions are expenditures for major 
repairs and replacements of equipment, or plant 
modifications required by the U.S. Nuclear Regulatory 
Commission (NRC) or implemented by utilities at their 
discretion. The 1988 report found that real (inflation- 
adjusted) O&M and capital additions costs escalated at 
annual rates of 12 percent and 17 percent, respectively, 
over the 1974-1984 period. The first update, published 
in 1991, found that the escalation in real O&M costs fell 
to less than 5 percent from 1984 to 1989, and the level 
of capital additions actually fell? 

The 1988 and 1991 reports also described the results of 
a statistical analysis that attempted to determine the 
factors causing the escalation in O&M and capital 
additions costs. Both analyses found that an increase in 
NRC regulatory actions was the major factor causing 
the escalation in O&M costs. However, these regula- 
tion-induced cost increases were partially offset by 
strong learning effects that caused O&M costs to fall. 
The escalation in capital additions costs was the result 
of increases in NRC regula tory requirements and plant 
aging? 

According to the conventional wisdom, nuclear power 
plants are expensive to construct but very inexpensive 
to operate. Because of this perception of low and 
predictable operating costs, nuclear power plants were 
expected to operate until the failure of a life-limiting 
component (e.g., reactor vessel or containment.) Since 
these components were designed to last for 50 to 60 

years, nuclear power plants were expected to operate 
for at least 40 years. However, with the escalation in 
O&M costs, it is not clear whether nuclear power plants 
will operate as long as was previously thought. Indeed, 
over the past few years three nuclear power plants with 
ages between 17 and 31 years were retired because the 
owners and associated regulatory authorities deemed 
that capital expenditures to replace (or modify) plants 
components were uneconomical. According to the 
Office of Technology Assessment of the U.S. Congress 
(OTA), at current levels most nuclear power plants are 
moderately attractive. However, OTA also found that 
the 'long term prospects for the Nation's . . . operating 
nuclear power plants are increasingly unclear," and 
additional substantial cost increases could threaten the 
economic viability of many units?' 

Consequently, the industry now views the escalation in 
O&M costs as a major challenge and realizes that O&M 
cost containment is crucial to the continued economic 
viability of many operating power plants. As a result, 
over the past few years, the industry has undertaken a 
number of steps to reduce O&M costs, including: 
controlling contractor expenses; upgrading to more 
efficient technology; controlling the use of overtime; 
and identifying and stopping unnecessary work. 

Additionally, in the 1980s, the NRC also took actions to 
control the growth in regulations. First, in 1988 the 
NRC initiated procedures to limit the number of back- 
fits. Backfits are NRC-required changes in the design of 
the plant, which affect capital additions and perhaps 
O&M costs as well. Additionally, over roughly the 
same time period, the NRC attempted to improve the 
efficiency of the regulatory process. The intent was to 
achieve the same level of safety at lower cost. For 
example, the NRC developed a set of indicators that 

'Energy Information Administration, An Analysis ofNuclear Power Plant Operating Costs, DOE/EIA-O511 (Washington, DC, 1988). 
'Energy Information Administration, An Analysis of Nuclear Power Plant Operating Costs: A 1991 Update, DOE/EIA-0547 (Washington, 

DC, 1991). 
PThese results are also consistent with many industry studies. For a review of these studies see Energy Information Administration, 

An Analysis of Nuclear P a r  Plant Operating Costs: A 1991 Update, DOE/EtA-0547 (Washington, DC, 1991); Energy Information 
Admlnisttation, World Nuclear Outlook, DOE/EIA-0436(94) (Washington, DC, December 1994); and Nuclear Management and Resources 
Council, Review of Ogeratiorts and Maintenance Costs in the Nuclear Industry (Washington, DC, December 1992). 

'%e Energy Information Administration, World Nuclear Outlook, DOE/EIA-0436(94) (Washington, DC, December 1994); US. Congress, 
Office ofTechnology Assessment, Aging Nuc1earPowerPlants:s:MnMgfngPlant Lifeand D e m m i s s i o n i n g , O 7 5  (Washington, DC, 1993); 
and James G. Hewlett, 'The Economics of AgingU.S. Nuclear Power Plants," in The Nudearhdushy: Info the21st Cenhtry (London,United 
Kingdom Financial Times of London, 1994). 
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reflect the overall safety of the plant. These indicators 
are used by the NRC to focus their regulatory efforts on 
the poorer performing plants.'' These actions should 
affect O&M costs. 

As discussed later in this report, over the past few 
years real (inflation-adjusted) O&M costs have begun to 
level off. The objective of this report is to determine 
whether the industry and NRC initiatives to control 
costs have resulted in this moderation in the growth of 
O&M costs. Because the industry agrces that the control 
of O&M costs is crucial to the viability of the technolo- 
gy, an examination of the factors causing the modera- 
tion in costs is important. 

A related issue deals with projecting nuclear operating 
costs into the future. Because of the escalation in 
nuclear operating costs (and the fall in fossil fuel prices) 
many State and Federal regulatory commissions are 
examining the economics of the continued operation of 
nuclear power plants under their jurisdiction.'2 The 
economics of the continued operation of a nuclear 
power plant is typically examined by comparing the 
cost of the plant's continued operation with the cost of 
obtaining the power from other sources. This assess- 

ment requires plant-specific projections of nuclear 
operating costs. 

Analysts preparing these projections look at past 
industry-wide cost trends and consider whether these 
trends are likely to continue. To determine whether 
these changes in trends will continue into the future, 
information about the causal factors influencing costs 
and the future trends in these factors are needed. An 
analysis of the factors explaining the moderation in cost 
growth will also yield important insights into the 
question of whether these trends will continue. 

The organization of this report is as follows: Chapter 2 
discusses the historical trends in O&M costs and 
tabulations of causal factors. Since operating costs are 
influenced by more than one causal factor, simple 
cross-tabulations can give misleading information about 
the direction and size of these factors. To avoid this 
problem, a structured statistical analysis was under- 
taken as described in Chapter 3. Chapter 4 presents the 
results of an analysis of the factors causing the change 
in the trends in operating costs and whether the 
industry and NRC initiatives to reduce O M  costs 
caused the trends to change. 

'%e US. Nuclear Regulatory Commission, Annual Report to Congress, NUREG-1145, VoL 10 Washington, DC, 1990). 
"8 for example,U.S. Congress, Office of Technology Assessment, Aging Nuclear Pouter Plants: Managing Plant Life and Decommissioning, 

OTA-E475 Washington, DC, 1993). 
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2. Description of Operating Cost Data 
and Trends in the Data 

The data on nuclear power plant operating costs used 
in this analysis were obtained from Schedule 402 of the 
Federal Energy Regulatory Commission (FJZRC) Form 
1, "Annual Report of Major Utilities, Licensees and 
Others." These data have been published by the Energy 
Information Administration (EIA), the Federal Power 
Commission, and several private firms (e.g., Utility 
Data Institute) since the 1950s. Although the data are 
widely used, there are issues concerning the coverage 
and definition of operating costs. Therefore, this chapter 
begins with a discussion of the operating cost data used 
in the analysis and the definitional issues. This chapter 
then presents some trends in the data and discusses the 
three principal factors thought to influence operating 
costs. Some of these trends suggest relationships found 
in the statistical analyses described in Chapter 3. 

Nature and Sources of the 
Operating Cost Data 

Used in the Study 
The operating cost data used in the study are divided 
into two categories. Those nonfuel operating costs that 
are expensed for ratemaking purposes are called O&M 
costs, while those nonfuel operating costs that are 
capitalized are called "capital additions." The types of 
costs that are expensed and capitalized are to some 
extent specified by law in the Uniform System of 
Ac~ounts.'~ 

A recently completed study has estimated that approxi- 
mately 67 percent of the total reported O&M costs are 
labor related, and the remaining 33 percent are for 
expenditures on maintenance materials and supplies. It 
has been estimated that for a typical 1,OOO-megawatt 
plant, about 47 percent of the staff performs mainte- 
nance and support activities. Power plant operators 
comprise about 16 percent, and security workers about 
17 percent of the total on-site staff. Most of the remain- 
ing 20 percent perform various administrative and 
managerial activities. Thus, the reported O&M costs 
consist mainly of labor expenses, with the largest single 
component representing maintenance acti~ities!~ 

There are three types of post-operational capital ex- 
penditures (i.e., capital additions). First, there are the 
major plant retrofits that are required by the NRC. An 
example of such a retrofit would be the NRC-mandated 
redesign of the control room instrumentation after the 
1979 accident at Three Mile Island. A second type of 
capital addition project consists of major repairs that 
are needed to keep a plant operational, such as the 
replacement of the steam generator. A third category of 
capital additions involves discretionary expenditures 
needed to improve both plant performance and labor 
produc ti~ity.'~ 

The O&M cost data were derived directly from Sched- 
ule 402 of the FERC Form 1. However, the capital 
additions are not directly reported and, therefore, had 
to be computed by calculating the year-to-year changes 

'%tillties can recover costs in two ways. Costs that are expensed are recovered on a dollar-fordollar basis roughly when they are 
incurred. Costs that are capitalized are recovered over the life of the plant by means of depreciation charges: each year, the utility earns 
a return on the unrecovered amount of the capitalized costs. The UniformSystemof Accounts is found in the Code of FederalRegulations 
and is the accounting system required by FERC for ratemaking purposes. 

"See H.1. Bowers, LC Fuller, and ML. Myers, Cost Estimating Relufionships for Nuclem Power Plant Operution und Maintenunce, report 
submltted to the U.S. Department of Energy by Oak Ridge National Laboratory (Oak Ridge, TN, September 1987); and International 
Brotherhood of Electrical Workers, Utility Department Nuclenr Guide, VoL 87 (Washington, DC, January 1987). 

'The E M  has undertaken a series of case studies to gain some insight into the actual composition of these capital additions costs, 
especially those that are required by the NRC These case studies found that roughly 50 percent of the capital additions were regulatory 
induced. The other 50 percent were largely due to repairs/replacement of plant components. Only a very small fraction of the capital 
additions costs was undertaken to improve plant performance. See Sandy a h e n  and Associates, AnuZysis of the Role of Regulation in the 
Escalation of Nuclear Power Cupitul Additions Costs, ORNTJSYB/88-Sc557/1 (Oak Ridge, TN: Oak Ridge National Laboratory, July 1989). 
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in the "cost-of-plant" account. The data in this account 
are the cumulative undepreciated book value of the 
plant. When a major plant component is replaced, its 
cost, net of any salvage value, is recorded in this 
account.'6 Since the data in the cost-of-plant account is 
cumulative, the year-by-year changes should reflect the 
yearly net capital additions. 

Because accounting data are being used, there will be 
some (hopefully random) variations in the yearly 
capital additions data. The cost of the repairheplace- 
ment of a plant component is recorded in the cost-of- 
plant account when the project is completed, and 
therefore, the cost of major repairs taking over one 
calendar year will be recorded in just one year. This 
causes some distortions in the timing of the costs of 
major capital expenditures." More important, the cost 
of these multi-year projects will be in a mixture of 
dollars of various years. For example, consider a 
hypothetical $150 million retrofit begun in 1987 and 
ended in 1990. One part of that $150 million will be in 
1987 dollars, another in 1988 dollars, and so on. The 
Gross Domestic Product (GDP) deflator for the year the 
costs were recorded was used to deflate the capital 
additions. That is, in the above example, the entire $150 
million was deflated using the GDP deflator for 1990, 
even though some of the expenditures were in 1987, 
and so on. Deflating the cost with just a deflator for a 
single year will also introduce distortions in the yearly 
real capital additions data.'* 

It must also be noted that some capital additions cost 
data are negative. In some cases, negative capital 
additions costs result when the cost of replacing a plant 
component is less than its salvage value. However, 
most negative capital additions costs tend to occur in 
the first few years of a planfs operation, and in most 
cases they are due to regulatory treatment of the 
original capital costs. For example, a disallowance of 
some of a plant's original capital costs can result in a 
decease in the cost-of-plant account and therefore a 

negative capital additions for that year. Cost disallow- 
ances were identified for plants in the study, and in 
some cases the data were excl~ded.'~ 

Definitional Issues 
There are three data issues that affect the results of this 
study. These issues deal with the definition of O&M 
costs. The first, and perhaps the most important, 
definitional issue is that the reported O&M costs do not 
include items that are generally considered to be 
operating expenses. Insurance premiums for property 
damage, third-party damages, and replacement power 
in case of an accident are not included in the reported 
O W  costs. After the accident at Three Mile Island, 
insurance costs became significant. Additionally, NRC 
regulatory fees and some payroll taxes and fringe 
benefits, such as health insurance and pension costs, are 
reported for the entire utility and are not included in 
the O&M data. In total, it has been estimated that the 
reported O&M costs understate the actual costs by up 
to 30 percent?' 

In this study, no attempt was made to correct for this 
understatement of total O&M costs. Since the 30-percent 
understatement is only an estimate and will vary 
substantially from utility to utility, nothing would be 
gained by scaling up all the costs by 30 percent. Thus, 
the O&M costs used in this report understate the actual 
costs. The understatement of total O&M costs is par- 
ticularly important when the reported O&M costs are 
used to compare the cost of electricity generated from 
nuclear power plants with the cost of electricity from 
other generating technologies?' 

Second, with the exceptions just noted, the O&M and 
capital additions costs are all nonfuel operating expens- 
es that are expensed and capitalized, respectively, for 
ratemaking purposes. The Uniform System of Accounts 
specifies that mundane maintenance expenditures be 

"Note that the capital additions data used here will understate the gross capital additions by the amount of salvage value of the 

"For example, suppose that a utility undertook a 3 year $150 million capital repair and expended $50 million dollars each year. The 

'Vor a detailed discussion of the issue of the deflation of capital expenditures that are in a mixture of dollars of various years, see 

I9An attempt was made to adjust the costs for the disallowances. When this could not be done, the data were excluded. 
'%.I. Bowers, L.C. Fuller, and M.L.. Myers, Cost Estimating Relationships for Nuclear Power Plant Operation and Mnintenance, report 

submitted to the U.S. Department of Energy by Oak Ridge National Laboratory (Oak Ridge, TN, September 1987). 
"For an example of the use of reported O&M costs for economic comparisons, see U.S. Department of Energy, Update, DOE/NE-o048/3 

(Washington, DC, April-June 1983), p. 34. The reported O&M costs for coal are understated. Because the insurance costs in case of an 
acadent in a coal plant are very small relative to those for nuclear power plants, the understatement of O&M costs are greater for nuclear 
than for coal plants. 

replad,  component. 

$150 million cost of this repair will only be reflected in the data for year 3. 

Energy Information Administration, An Analysis of Nuclear Pmer  Plant Construction Costs, DOE/EIA-0485 (Washington, DC, 1986). 
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expensed and multi-milliondollar repairs be capital- 
ized?2 However, there is probably a "gray area" 
where utilities could use their discretion in determining 
which costs are capitalized and which are expensed. 
This, in turn could result in some variations in both 
O&M and capital additions costs that are due to 
accounting factors. 

Utilities recover all expensed costs on a dollar-fordollar 
basis roughly when they are incurred, while the capital- 
ized costs are recovered over a number of years by 
means of depreciation charges. The utility will also earn 
a return each year on the undepreciated value of the 
plant. If this return equals the "cost of capital," the 
utility should be indifferent to the method used to 
recover the costs. If, in fact, allowed returns are less 
than the cost of capital, there would be incentive to 
expense rather than capitalize costs. Many analysts 
believe that in the 1970s and 198Os, allowed retwns 
were less than the cost of capital, and that the differ- 
ence was increasing over time.= If this is true, there 
could be an increasing incentive to expense as many 
costs as possible. Thus, it is possible that some of the 
escalation in O&M costs could be due to accounting 
variations in the types of operating expenditures that 
are expensed. 

State Public Utility Commissions (PUC) also have some 
control over the types of expenditures that are ex- 
pensed and capitalized. Very stringent (pro-ratepayer) 
regulatory commissions would probably tend to 
capitalize as many costs as possible, because of the 
belief that ratepayers would prefer to postpone paying 
these Thus, these accounting variations in 
O&M costs could also be related to the State regulatory 
environment. Since this analysis attempts to relate 
O&M costs to State regulatory actions, this is an 
important point. 

The question of expensing versus capitalizing arises 
when accounting data are used for economic analysis. 
Unfortunately, there is no practical way of knowing 
how much, if any, of the variation in O&M costs is due 
to differences in accounting practices. However, there 

could be nonrandom variations in the types of costs 
that are expensed. 

A third definitional problem deals with the differences 
between the operating and maintenance components of 
total O&M costs. The analysis described in Chapter 3 
deals in part with the relationship between economic 
and State regulatory factors affecting plant performance 
and utility maintenance practices. Based on the defini- 
tions found in the Uniform System of Accounts, utilities 
report operating and maintenance expenses separately. 
Unfortunately, the distinction between maintenance and 
operating costs, as defined in the Uniform System of 
Accounts, is not entirely clear. For example, the cost of 
lubricants and oil and labor expenses associated with 
the checking of equipment and gauges, which a recent 
study calls "surveillance maintenance," are considered 
to be operating expenses.= Reactor operator training 
is considered an operating expense, although such 
activities are very important for effective plant opera- 
tion. Since the differentiation between operating and 
maintenance expenses appears .to be artificial, the 
analysis described in Chapter 3 uses total O&M costs. 

Sample Used in the Analysis 
The O&M and capital additions data used in this study 
consisted of annual observations over the period from 
1974 through 1993 for 69 commercial nuclear power 
plants. Several other variables used in the analysis were 
available only from 1975 to 1992. Thus, the sample used 
in the statistical analysis found in Chapter 3 and in the 
tabulations shown in this chapter that included eco- 
nomic variables (e.g., prices) used data through 1992. 
All the other tabulations used data through 1993. All 
large-scale (400 megawatts or larger) commercial light- 
water nuclear power plants that were in commercial 
operation by the end.of 1993 are included. On a capaa- 
ty-weighted basis, the coverage of the sample is about 
95 percent of the universe?' The average number of 
time-series observations per plant is about 14. Thus, the 
number of observations used in the tabulations present- 
ed in this chapter was about 950. 

Title 10, Code of Federal Regulations, Part 101. 
5, for example, Peter Navarro, The Dimming of America: The Real Cost of Electric Utilify Regulatory Failure (Boston, MA: Ballinger 

Publishing Company, 1985). 
2'In many respects, the issue of expensing versus capitalizing operating costs is the same as the Construction Work in Progress (CWIP) 

versus Allowance for Funds Used During Construction (AFUDC) controversy. Ratepayers generally prefer the AFUDC method of 
recovering construction costs, which is identical to the capitalization of operating costs, while utilities prefer the CWIP method, which 
is similar (in spirit) to the expensing of operating costs. 

%?e US. Nuclear Regulatory Commission, Status of Maintenance in the U.S. Nuclear Power Industry 1985, VoL 1, ‘Findings and 
Conclusions," NUREG1212 (Washington, DC, June 1986). 

16The only two plants in operation over the 1975 to 1989 period that were excluded areBigRockPoint andYankeeRowe,with capadlies 
of 65 and 175 Megawatts, respectively. Additionally, Shippingport was excluded because it was owned and operated by the U.S. 
Department of Energy. 
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The O&M and capital additions data are available only 
at the plant (Le., site) as opposed to the unit level. In 
roughly 40 percent of the cases, there is more than one 
unit located at the same site or plantin Since some of 
the costs (e.g., security) are common to both units, the 
use of plant-level data, as opposed to unit-level data, 
generally presents no problems. The only time when 
the use of plant-level data presents major problems is 
when the units at a multi-unit site are of very different 
vintages. Fortunately, these are uncommon. 

The principal way in which plant size can be increased 
is to add another unit at the same site. In the database 
used here, there were cases in which an additional unit 
was added to a site. However, this tended to occur in 
the first few years of the plant's operation. Thus, there 
is little variation in plant sue over time. 

A number of features of the data that influenced both 
the interpretation of the results and the analysis itself 
stemmed from the industry's youth and the way it 
evolved. First, the first power plant that this analysis 
treated as commercial began operation in 1967. Since 
the nuclear industry is rather young, average plant age 
as of the end of 1993 is about 15 years, and the oldest 
plant in the sample is about 26 years old. However, the 
useful life of a nuclear power plant is generally 
assumed to be about 30 to 40 years. Thus, care must be 
taken in extrapolating the results of any historical 
analysis of the aging issue into the future. 

Second, nuclear power plants were built in two-major 
"waves." The plants in the first wave entered construc- 
tion in the late 1960s and early 1970s and became 
operational in the early to mid-1970s. The plants in the 
second wave entered construction in the early to mid- 
1970s and became operational in the mid-1980s. Thus, 
until the mid-l980s, there were 47 plants in the data- 
base. However, after 1984, the number of plants in- 
creased to 69. 

Additionally, as the industry expanded, unit size also 
increased, because of the perception of scale economies. 
The size of many units that became operational in the 
early 1970s was about 500 to 700 megawatts, increasing 
to over 1,200 megawatts for units that became opera- 

tional in the mid-1980s. Thus, on average the older 
plants are also the smaller ones. Moreover, many of the 
older nuclear power plants were built in regions of the 
country that were dependent upon expensive fossil 
fuels. Since the age distribution of nuclear power plants 
is not constant across regions, plant age will tend to be 
correlated with factors that vary by region. 

Finally, this analysis examined the relationship between 
real O&M costs and the prices of O&M labor and 
materials. Although there were substantial regional 
vcuiations in the levels of labor and materials costs, 
they tended to increase at roughly the same rate. As a 
result, there was much less regional variation in the 
changes in these costs over time. This point is impor- 
tant, because the statistical analysis focused on changes 
in costs over time. 

Trends in Nuclear Power Plant 
Nonfuel Operating Costs 

TIze remainder of this chapter describes some trends in 
nonfuel operating costs and in the influencing factors. 
These factors include plant age, NRC regulatory 
activity, and economic and State regulatory incentives 
to improve performance. The tabulations presented in 
this chapter must be used with great care, since they 
just consider one factor at a time. Such tabulations can 
be misleading if costs are influenced by multiple factors 
that are correlated with each other. Additionally, in this 
chapter no attempt is made to determine whether the 
differences in trends in costs were "real" or simply the 
result of random factors. These considerations are ex- 
axnined in detail in the statistical analysis in Chapter 3. 

In total, real (inflation-adjusted) nonfuel operating costs 
have escalated from about $37 per kilowatt (kw) of 
capacity (1993 dollars) in 1974 to about $140 per kW in 
1984 (Table 1).= The relatively high value in 1984 was 
due to several large capital additions. Since then, costs 
have fallen from that level. If the 1984 data are exclud- 
ed because of these large capital additions, then nonfuel 
operating costs generally have escalated from 1974 to 
1987?' From 1988 to 1993, real nonfuel operating costs 
have fallen slightly. 

%or example, Calvert cliffs 1 and Calvert Cliffs 2 are located at the same site and are therefore treated as one plant. 
%e "real" costs presented in this chapter represent costs adjusted for the rate of inflation, as m e a s d  by the GDP implicit price 

deflator. This notion of "real" differs from the one used in economics, which represents changes in quantities only. (See Appendix A for 
a more detailed discussion of issues related to the deflation of costs.) As is discussed in Appendix A, the use of other deflators yielded 
results similar to those presented in this chapter. Additionally, the costs reported in this chapter are costs per kilowatt of installed capacity, 
as opposed to costs per kilowatthour of plant output. This issue is also discussed in Appendix A. For descriptions of the trends and 
tabulations of O&M costs per kilowatthour of plant output, see Energy Momt ion  Administration, World Nudeur Outlook, DOE/EIA- 
0436(94) (Washington, DC, December 1994). 

Wote  that costs fell slightly in 1978 and 1985. 
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Year 

The trends in the two components of nonfuel operating 
costs were slightly different. As Table 1 and Figure 1 
show, real O&M costs have been escalating over the 
1974-1992 period, increasing from about $22 per kW in 
1974 to about $97 in 1992. Real O&M costs fell slightly 
in 1993. However, the bulk of the escalation occurred 
prior to 1988 (Figure 1). That is, over the 1974-1987 
period, O&M costs were escalating at an annual rate of 
about 11 percent. Since then, real O&M costs have been 
escalating at an annual rate of less than 1 percent per 
year. The second component-capital additions- 
peaked in 1984 and has fallen to levels roughly com- 
parable with the costs observed ih the late 1970s to 
early 1980s (Figure 2). 

Routine Routine Total Operating Postoperational Total Nonfuel 

costs costs costs Expenditures Expenditures 
Operating Maintenance and Maintenance Capital Operating 

In the aggregate, nuclear power plant nonfuel operating 
costs have been roughly constant over approximately 
the past 5 years. As was noted above, the second wave 
of power plants became operational after 1984, and as 

a result the sample consisted of two distinct vintages of 
power plants. A major issue is the impact of increased 
operating costs on the retirement of the older power 
plants (i.e., the first wave). Thus, it is important to 
determine whether the trends for the entire population 
of plants are also observed for this first wave of nuclear 
power plants. 

This issue was examined by restricting the sample to 
those plants that were operational in 1983. As Table 2 
and Figure 3 show, similar trends are observed for the 
first "wave" of power plants. Interestingly, Figure 3 
suggests that the older plants had higher costs. That is, 
the nonfuel operating costs for the older plants are 
greater than the costs when both vintages of plants are 
included. However, the older plants are also smaller, 
and the statistical analysis suggests that some of the 
difference is due to scale economies. 
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FIgure 1. Nuclear Power Plant Operating and Maintenance Costs, 1974-1993 
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Notes: Data have been deflated with the Gross Domestic Product lniplicit Price Deflator. The sample consists of all plants with 
capacity over 400 megawatts in operation by the end of 1993. 

Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utilities, Licensees and 
Others"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor survey 
forms; and Utility Data Institute. 

There are large variations across plants in O&M costs 
(Table 3). The third column in Table 3 shows the 
average O&M costs computed over the 1990-1993 
period.for most of the plants in the database. The 
remaining columns show the ratio of each plant's 4 
year moving average costs to the 4-year moving aver- 
age costs for all plants?' For example, in 1993, the 

highest (lowest) cost plant's 4-year average O&M costs 
was 1.9 (0.6) times the industry average. A three- 
dimensional surface plot of real O&M costs, plant 
vintage (as measured by the plant's 1993 age), and 
plant size is shown in Figure 4. The data were obtained 
from Table 3. A threedimensional surface plot is 
essentially a smooth "envelope" that is placed over the 

%As was noted above, there is a substantial amount of yearly variation In the capital additions costs. Additionally, many maintenance 
activities can only be undertaken when the plant is out of service for refueling. Since many units are on 18 to 24 month refueling cycles, 
there will be some yearly variations in the O M  costs. To smooth these variations, moving averages were used. Because of missing data 
3 plants were excluded from these tabulations. 

8 Energy Information Administration/ An Analysis of Nuclear Power Plant Operating Costs: A 1995 Update 



Flgure 2. Nuclear Power Plant Capital Additions Costs, 1974-1993 
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Notes: Data have been deflated with the Gross Domestic Product Implicit Price Deflator. The sample consists of all plants with 
capacity over 400 megawatts in operation by the end of 1993. 

Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utilities, Licensees and 
Others"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor survey 
forms; and Utility Data Institute. 

data plotted in three-as opposed to two-dimensional 
space?' The older the vintage, the higher the costs 
(Figure 4). Additionally, holding plant vintage constant, 
costs fall as size increases, at least up to about 2,800 
megawatts. Thus, the higher cost plants tend to be the 
older and smaller ones. 

Comparisons of these 4-year relative moving averages 
show how each plant's costs were changing compared 
to the industry as a whole. For example, if a plant's 
relative costs went from 1.0 in 1979 to 0.6 in 1993, then 
this plant's costs were escalating at a lower rate than 
the industry as a whole. As Table 3 shows, with a few 

3'Because of random variations, it was necessary to smooth the data. The smoothing algorithmessentially results in a three-dimensional 
graphic representation of a very flexible quadratic regression, where the dependent variable is shown on the vertical axis and the two 
independent variables are the ones on the horizontal axes. For example, Figure 4 shows the graphic representation of a very flexible 
quadratic regression of O&M costs against plant size and vintage. Note that this process will result in the extrapolation of the plot outside 
the range of the data. 
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Year 

exceptions, the smaller, older plants tended to always 
have higher costs. Just the opposite is true for the 
newer, larger plants. 

Routine Routine Total Operating Postoperational Total Nonfuel 

costs costs costs Expenditures Expenditures 
Operating Maintenance and Maintenance Capital Operating 

Table 4 shows similar information for total nonfuel 
operating costs. As was the case with O&M costs, the 
older, smaller (newer, larger) plants tend to have higher 
(lower) real O&M costs. Additionally, this relationship 
tended to be true over time. 

Factors Influencing the Trends in 
Nonfuel Operating Costs 

To summarize, since 1987, the annual growth rate in 
real O&M costs and the level of real capital additions 
costs fell. This update attempts to determine the 
reasons for the observed moderation in the growth of 

nuclear nonfuel operating costs. The analysis is intend- 
ed to yield insights into 'the question of whether the 
trends will continue in the future. Given that substan- 
tial cost increases will influence the long-run economic 
viability of many plants, this issue is important. 

To answer this question, the factors influencing O&M 
and capital additions costs must be examined. The 
discussion above suggests that plant vintage and plant 
size will influence costs at any point in time. However, 
these factors do not vary over time and, therefore, 
cannot influence the change in costs over time. In this 
analysis, the three most important factors influencing 
changes in costs over time are plant aging, NRC 
regulatory activity, and economic and State regulatory 
incentives to improve performance. The remainder of 
this chapter discusses these factors. Some insights can 
be gained by displaying the data. Thus, several impor- 
tant tabulations of the data are also presented. 
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Figure 3. Total Nonfuel Operatlng Costs for Old Plants and for All Plants, 1974-1993 
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Notes: Data have been deflated with the Gross Domestic Product Implicit Price Deflator. The sample consists of all plants with 
capacity over 400 megawatts in operation by the end of 1993. 

Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utilities, Licensees and 
Others"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor survey 
forms; and Utility Data Institute. 

Plant Aging 
Plant aging is a 
industry argues 

the major plants components begin to fail. On the other 
hand, critics of the industry have argued that the aging 
process will begin early in a plant's life and will be 
observed over most of its life. In fact, many critics have 
argued that, since aging effects will be observed over 
the entire life of a plant, most plants will be retired 
before the end of their design life?2 

. controversial issue. On one hand, the 
that there is a "break-in" period during 

which costsfall and performance increases, followed by 
a long period where costs and performance are invari- 
ant with age. Additionally, aging effects will only be 
observed at the very end of a plant's design life when 

James G. Hewlett, '"he Fiincial Implications of Early Decommissioning," The Energy JournaI (May 1991) for a review of this 
literature. Additionally see, G. Rothwell, "Utilization and Service: Decomposing Nuclear Power Capacity Factors," Resources and Energy, 
VoL 12, pp. 215-229; James G. Hewlett, 'The Operating Cost and Longevity of Nuclear Power Plants Evidence from the USA," Energy 
Policy (July 19921, pp. 608422; and U.S. Congress, Office of Technology Assessment, Aging Nuclear P m  Plants: Managing Plant Life and 
Decommissioning, OTA-E-575 (Washington, DC, 1993). 

Energy Information Administration/ An Analysis of Nuclear Power Plant Operating Costs: A 1995 Update 11 



Table 3 . Ranking of Plants by 1990-1993 Real Operating and Maintenance Costs 

Plant Name 

Real O&M Coats Rolathrr to Induatry Avrrage by Year 
Vintage Slm OIMCosW. 
(vrars)' (Kilowatts) 18QO-1893b 1881 I 1982 I 1983 I 1984 I 1885 I 1866 I 1087 I 1888 I 1989 I 1990 I 1891 I 1892 I 1893 

12.5 2.441 53.14 sequoyah ........... 
Braidwood .......... 
NorlhAnna .......... 
Byron .............. 
calawba ........... 
Oconee ............ 
LaSalle ............ 
Vogtle ............. 
Prairie Island ........ 
surly .............. 
Point Beach ......... 
South Texas ......... 
Wolf Creek .......... 
McGuire ............ 
Harris .............. 
Callaway ........... 
Comanche Peak ...... 
Zion ............... 
Maine Yankee ....... 
Susquehanna ........ 
Millstone 3 .......... 
Seabrook ........... 
Donald C . Cook .... 1. 
Grand Gulf ........ 1 .  
WNP .............. 
Limerick ............ 
Cooper ............. 
Hope Creek ......... 
V.C. Summer ........ 
Jaseph M . Farley ..... 
Palo Verde .......... 
Sr . Lucie ........... 
Edwin 1 . Hatch ....... 
ArkansasNudearI ... 
Salem ............. 
Dresden ............ 
Calvert Cliffs ......... 
Beaver Valley ........ 
Palisades ........... 
San Onofre ......... 
Enrico Fermi ......... 
Diablo Canyon ....... 
Quad Cities ......... 
Monticello ........... 
Duane Arnold ........ 
Peach Bottom ........ 
H.B. Robinson ....... 
Clinton ............. 
Davis-&% ......... 
Kewaunee .......... 

Indian Point 3 ........ 
Crystal River 3 ....... 
Nine Mile Point ....... 
Turkey Point . ........ 
Vermont Yankee ...... 
Brunswick .......... 
Roben E . Ginna ...... 
Indian Pojnt . ........ 
River Bend .......... 
Connecticut Yankee ... 
James A Ftzpalrick ... 
Pilgrim . . . . . . . . . . . . .  
Ft . Calhoun ......... 
Ovsler Creek ........ 

Waterford 3 ......... 

Peny .............. 

6.0 
15.0 
8.0 
8.5 

20.3 
10.0 
7.0 

20.5 
21.5 
23.0 
6.0 
9.0 

11.5 
7.0 
9.0 
4.0 

20.5 
22.0 
10.0 
8.0 
4.0 

17.5 
9.0 
9.0 
8.0 

20.0 
7.0 

10.0 
9.0 

15.0 
7.3 

14.5 
17.0 
17.0 
15.0 
24.8 
18.0 
12.5 
23.0 
13.0 
6.0 
8.5 

21 . 0 
23.0 
19.0 
20.0 
23.0 
7.0 

16.0 
20.0 
7.0 

18.0 
17.0 
12.9 
21.5 
22.0 
18.0 
24.0 
23.0 
8.0 

26.0 
19.0 
22.0 
21 . 0 
25.0 

2.450 
1. 959 
2. 350 
2.610 
2.667 
2.341 
2 . m  
1. 186 
1. 695 
1.048 
2.709 
1.250 
2.441 

951 
1. 171 
2. 430 
2. 196 

864 
2. 304 
1. 253 
1.197 
2.285 
1. 373 
1.200 
2.276 

836 
1.170 

954 
1.153 
1 . m 
4. 209 
1.700 
1.700 
1.845 
2.340 
1.665 
1.829 
1.847 

81 2 
2.710 
I. 154 
2. 301 
1. 657 

569 
597 

2. 304 
769 
985 
962 
535 

1. 250 
1. 013 
890 

1. 854 
1. 520 

563 
I. 416 

51 7 
873 

1. 036 
600 
883 
678 
502 
650 

60.03 
60.17 
64.59 
65.07 
65.53 
66.54 
67.71 
67.95 
68.47 
68.60 
70.24 
71.37 
71.62 
73.21 
75.36 
75.87 
77.34 
79.66 
79.89 
80.26 
81.41 
81.84 
82.35 
86.19 
86.42 
86.81 
86.90 
87.1 5 
87.1 8 
90.22 
91.42 
91.65 
94.38 
94.81 
94.91 
96.01 
96.26 
96.43 
97.80 
98.71 

100.25 
100.49 
100.80 
101.86 
103.11 
104.85 
106.70 
109.18 
110.76 
111.77 
1 12.97 
112.98 
119.59 
121.91 
122.52 
125.53 
126.56 
132.04 
135.69 
136.79 
143.22 
143.99 
144.78 
153.56 
178.07 

NA 
0.53 
NA 
NA 

0.66 
NA 
NA 

0.65 
0.59 
0.58 
NA 
NA 
NA 
NA 
NA 
NA 

0.57 
0.62 
NA 
NA 
NA 

0.48 
NA 
NA 
NA 

0.68 
NA 
NA 
NA 

0.88 
NA 

0.80 
1.04 
0.78 
1.40 
0.91 
0.82 
1.22 
1.24 
1.75 
NA 
NA 

0.77 
1.01 
1.00 
0.88 
0.93 
NA 

1.21 
1.01 
NA 

1.49 
1.36 
0.80 
0.65 
1.28 
1.06 
1.19 
1.65 
NA 

1.58 
1.25 
1.33 
0.86 
1.93 

NA 
0.55 
NA 
NA 

0.69 
NA 
NA 

0.61 
0.54 
0.65 
NA 
NA 
NA 
NA 
NA 
NA 

0.57 
0.64 
NA 
NA 
NA 

0.50 
NA 
NA 
NA 

0.68 
NA 
NA 
NA 

0.84 
NA 

0.69 
1.02 
0.75 
1.49 
0.79 
0.80 
1.30 
1.22 
1.76 
NA 
NA 

0.71 
1 . 09 
1.01 
0.84 
1.01 
NA 

1.33 
0.97 
NA 

1.64 
I . 40 
0.83 
0.59 
1.32 
1.21 
1.24 
1.65 
NA 

1.64 
1.12 
1.38 
0.85 
2.15 

NA 
0.47 
NA 
NA 

0.68 
NA 
NA 

0.60 
0.W 
0.69 
NA 
NA 
NA 
NA 
NA 
NA 

0.54 
0.63 
NA 
NA 
NA 

0.51 
NA 
NA 
NA 

0.73 
NA 
NA 
NA 

0.75 
NA 

0.61 
1.03 
0.71 
1.45 
0.66 
0.73 
1.41 
1.24 
1.73 
NA 
NA 

0.64 
1.06 
1.23 
0.88 
1 . 04 
NA 

1.31 
0.96 
NA 

1.53 
1.54 
0.83 
0.60 
1.47 
1.30 
1.22 
1.51 
NA 

1.69 
1.06 
1.42 
0.91 
2.52 

NA 
0.51 
NA 
NA 

0.66 
NA 
NA 

0.55 
0.58 
0.72 
NA 
NA 

0.59 
NA 
NA 
NA 

0.51 
0.65 
NA 
NA 
NA 

0.54 
NA 
NA 
NA 

0.67 
NA 
NA 
NA 

0.71 
NA 

0.62 
1.20 
0.75 
1.42 
0.65 
0.68 
1.42 
1.29 
1.66 
NA 
NA 

0.65 
1.09 
1 . 20 
0.85 
'1.19 
NA 

'1.19 
0.95 
NA 

.I . 34 
'I . 58 
0.87 
0.61 
1.46 
'I . 33 
1.18 
1.69 
NA 

1.65 
1.02 
1.58 
0.89 
2.68 

NA 
0.52 
NA 
NA 

0.71 
0.44 
NA 
0.58 
0.59 
0.71 
NA 
NA 

0.73 
NA 
NA 
NA 

0.51 
0.67 
NA 
NA 
NA 

0.62 
NA 
NA 
NA 

0.70 
NA 
NA 
NA 

0.78 
NA 

0.61 
1.31 
0.72 
1.46 
0.65 
0.67 
1.37 
1.23 
1.69 
NA 
NA 

0.66 
1.08 
1.35 
0.91 
1.21 
NA 
I . 26 
0.96 
NA 

1.28 
1.53 
0.70 
0.68 
1.47 
1.47 
1.14 
1.54 
NA 

1.54 
1.02 
1.60 
0.97 
2.88 

NA 
0.53 
NA 
NA 

0.71 
0.54 
NA 

0.60 
0.67 
0.68 
NA 
NA 

0.77 
NA 
NA 
NA 

0.49 
0.57 
0.90 
NA 
NA 

0.66 
NA 
NA 
NA 

0.76 
NA 
NA 
NA 

0.84 
NA 

0.63 
1.51 
0.75 
1.35 
0.69 
0.62 
1.25 
1.26 
1.51 
NA 
NA 

0.65 
1.01 
1.27 
0.93 
1.17 
NA 

1.36 
0.95 
NA 

1.04 
1.49 
0.62 
0.86 
1.47 
1.42 
1.09 
1.48 
NA 

1.72 
I . 04 
I . 64 
1.02 
3.09 

NA 
0.60 
NA 
NA 

0.76 
0.53 
NA 

0.61 
0.65 
0.66 
NA 
NA 

0.75 
NA 
NA 
NA 

0.51 
0.63 
0.91 
NA 
NA 

0.70 
NA 
NA 
NA 

0.77 
NA 

1.09 
NA 

0.89 
NA 

0.70 
1.43 
0.80 
1.19 
0.73 
0.62 
0.97 
1.17 
I . 42 
NA 
NA 

0.66 
1.05 
1.18 
0.97 
1.13 
NA 

1.54 
0.97 
NA 

0.98 
1.36 
0.47 
0.97 
1.35 
1.37 
1.07 
1.61 
NA 

1 . 81 
1.07 
1.86 
1.06 
2.97 

NA 
0.52 
0.60 
0.58 
0.79 
0.62 
NA 

0.66 
0.73 
0.67 
NA 

0.66 
0.82 
NA 

0.94 
NA 

0.59 
0.85 
0.87 
NA 
NA 

0.71 
0.96 
0.76 
NA 

0.85 
NA 
I . 02 
0.88 
0.92 
NA 

0.69 
1.27 
0.87 
1.05 
0.79 
0.62 
0.81 
1.20 
I . 21 
NA 

0.90 
0.66 
0.97 
1.22 
1.24 
1.03 
NA 

1.84 
1.05 
NA 

0.89 
1.24 
0.51 
1 . 13 
1.25 
1.34 
1.08 
1.40 
NA 

1.72 
1.12 
1.94 
1.31 
2.71 

NA NA 0.63 0.68 0.63 
0.60 0.62 0.60 0.67 0.63 
0.62 0.63 0.67 0.67 0.67 
0.61 0.65 0.67 0.68 0.68 
0.77 0.75 0.72 0.71 0.68 
0.64 0.67 0.70 0.70 0.70 
NA 0.86 0.84 0.67 0.71 

0.59 0.62 0.63 0.67 0.71 
0.74 0.73 0.76 0.71 0.72 
0.65 0.64 0.67 0.88 0.72 
NA NA 0.55 0.62 0.73 

0.73 0.71 0.72 0.68 0.75 
0.80 0.80 0.77 0.74 0.75 
NA 0.78 0.80 0.77 0.76 

0.94 0.88 0.78 0.79 0.79 
NA NA NA NA 0.79 

0.61 0.68 0.74 0.77 0.81 
0.59 0.73 0.68 0.73 0.83 
0.85 0.84 0.86 0.83 0.83 
0.65 0.72 0.72 0.77 0.84 
NA NA NA NA 0.85 

0.68 0.73 0.73 0.82 0.85 
0.97 0.91 0.83 0.86 0.86 
0.82 0.83 0.86 0.88 0.90 
1.22 1.28 1.10 0.97 0.90 
0.86 0.91 0.90 0.88 0.91 
NA 0.89 0.91 0.92 0.91 

0.96 0.94 0.93 0.93 0.91 
1.07 1.00 0.98 0.95 0.91 
0.91 0.90 0.88 0.93 0.94 
0.81 0.88 0.90 0.82 0.85 
0.66 0.76 0.80 0.87 0.06 
1.15 1.00 1.00 1.02 0.99 
0.91 0.97 1.00 0.09 0.99 
0.93 0.87 0.87 0.90 0.99 
0.83 0.86 0.91 0.94 1.00 
0.65 0.76 0.88 0.96 1.01 
0.79 0.76 0.90 0.96 1.01 
1.17 1.11 1.11 1.04 1.02 
1.06 1.03 1.05 1.08 1.03 
NA NA 1.31 1.16 1.05 

1.00 1.01 1.09 1.06 1.05 
0.70 0.78 0.88 0.99 1.05 
1.01 0.99 1.05 1.06 1.06 
1.02 1.12 1.01 1.00 1.08 
1.28 1.31 1.33 1.14 1.10 
0.99 1.01 1.02 1.04 1.11 
NA 1.10 1.12 1.14 1.14 

1.84 1.78 1.58 1.31 1.18 
1.08 1.13 1.20 1.20 1.17 
NA 1.19 1.33 1.26 1.18 

0.85 0.92 1.15 1.18 1.18 
1.25 1.25 1.26 1.29 1.25 
0.75 1.00 1.22 1.29 1.27 
1.24 1.32 1.42 1.36 1.28 
1.19 1.21 1.15 1.24 1.31 
1.20 1.12 1.11 1.22 1.32 
1.19 1.27 1.37 1.42 1.38 
1.56 1.55 1.42 1.49 1.42 
1.37 1.43 1.40 1.47 1.43 
1.81 1.64 1.53 1.52 1.50 
1.10 1.20 1.24 1.49 1.50 
2.01 1.96 1.75 1.58 1.51 
1.70 1.87 1.96 1.87 1.60 
2.40 2.02 1.89 1.87 1.86 

'Plant age as of 1993 was used l o  measure vintage . 
9993 dollars per kilowan of capacity . 
Notes: The data In the column labeled 'Real O N  Cas .  19904993'are averages over that time period . The data in the other columns are +year moving averages for each plant 

relative l o  industry-wide +year moving averages . An entry of 'NA' indicates not applicable because the plant was not operalional in that year or because data were not available . 
Data have been deflated with the Gross Domestic Product Implicit Price Deflator . The sample consisls of all plants with capachy over 400 megawalls in operation by the end of 1993 . 

Sources: Federal Energy Regulatory Commisslon . FERC Form 1. 'Annual Report of Major Eledric Utilities. Licansees and Others'; Energy Information Adminktratlon . Form EIA-412. 
-Annual Report of Public Ueclric Utilities. ' and predecessor survey forms; and Utility Data Instituto . 
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Flgure 4. Surface Plot of Real Operating and Maintenance Costs, Plant Vlntage, and Plant Slze 

400 
Plant Size (Megawatts) 

Notes: Data have been deflated with the Gross Domestic Product Implicit Price Deflator. The sample consists of all plants with 
capacity over 400 megawatts in operation by the end of 1993. Plant vintage is measured by the 1993 age of the plant. The 
mathematical algoriihm used to smooth the data and generate the surface plot will extrapolate the plot outside the range of the data. 

Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utilities, Licensees and 
Others"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor sunrey 
forms; and Utility Data Institute. 

Most utilities own only one nuclear power plant (as 
opposed to one unit); therefore, plant age and utility 
experience will be highly correlated. This is because 
each year a plant will become one year older and the 
owner's experience will increase by one year. Plant 
aging could cause costs to increase while increased 
utility experience could cause costs to fall. Since these 
two factors are so highly correlated, it was impossible 
to derive separate estimates of both effects. Thus, the 
observed relationship between plant age and costs will 
depend upon the relative strength of these two effects. 

capital additions costs by age and reactor types are 
plotted in Figures 5 and 6. Surface plots of real O&M 
and capital additions costs against plant age and time 
are shown in Figures 7 and 8, respectively. Figure 7, 
along with the data in Table 5 and Figure 5, suggests 
that real O&M costs increase with age. However, the 
statistical analysis could not find any measurable 
correlation between plant age and real O&M costs. 
(This apparent correlation between age and O&M costs 
is, therefore, due to other factors that are conelated 
with age.) 

Tabulations of real O&M and capital additions costs by 
age, date of the observations, and reactor type are 
shown in Tables 5 and 6, respectively. Real O&M and 

These tabulations and plots also suggest that the 
relationship between capital additions costs, age, and 
time varies over time and the life of the plant. When 
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Planl Namr 

Table 4 . Ranking of Plants by 1990-1993 Total Nonfuel Operating Costs 
O&M Costa Relalhr* to Industry Average by Year 

1981 I 1982 I 1983 I 1984 I 1985 I 1986 I 1987 I 1988 I I989 I 1980 I 1991 I 1992 1 1993 
Vlntsge S l u  TUaICoata. 
(Yean) (Kilowatts) 11XO-lSa3b 

Calawba ........... 
WNP .............. 
Braidwood .......... 
Oconee ............ 
Callaway ........... 
Wolf Creek .......... 
Byron .............. 
MoGuire ............ 
Grand Gulf .......... 
LaSalle ............ 
Nonh Anna .......... 
Susquehanna ........ 
Donald C . Cook ...... 
Zion ............... 
Millslone 3 .......... 
Voglle ............. 
Maine Yankee ....... 
V.C. Summer ........ 
South Texas ......... 
Comanche Peak ...... 
SequoyaJl ........... 
Joseph M . Farley ..... 
SI . Lucie ........... 
Edwin I . Hatch ....... 
s u n y  .............. 
Prairie Island ........ 
Waterford 3 ......... 
Seabrook ........... 
Hanis .............. 
Point Beach ......... 
Cooper ............. 
Monlimllo ........... 
ArkansasNudearl ... 
Dresden ............ 
Palo Verde .......... 
Hope Creek ......... 
Beaver Valley ........ 
Kewaunee .......... 
timerick ............ 
Calvert Cliffs ......... 
San Onofre ......... 
Clinton ............. 
Indian Point 3 ........ 
Peach Bottom ........ 
Quad Ctiss  ......... 
Enrico Fermi ......... 
Salem ............. 
Davis-Eese ......... 
Vermont Yankee ...... 
H.B. Robinson ....... 
Perry .............. 
River Bend .......... 
Diablo Canyon ....... 
Duane h o l d  ........ 
Nine Mile Point ....... 
Crystal River 3 ....... 
Brunswick .......... 
Connecticut Yankee ... 
Palisades ........... 
James A Filzpatrick ... 
Indian Point ......... 
Robert E . Ginna ...... 
Pilgrim ............. 
F I. Calhoun ......... 

T u k y  Point ......... 

8.5 
9.0 
6.0 

20.3 
9.0 
9.0 
8.0 

11.5 
9.0 

10.0 
15.0 
10.0 
17.5 
20.5 
8.0 
7.0 

22.0 
10.0 
6.0 
4.0 

12.5 
15.0 
14.5 
17.0 
21.5 
20.5 
9.0 
4.0 
7.0 
23.0 
20.0 
23.0 
17.0 
24.8 
7.3 
7.0 

12.5 
20.0 
8.0 

18.0 
13.0 
7.0 

18.0 
20.0 
21 . 0 
6.0 

15.0 
16.0 
22.0 
23.0 
7.0 
8.0 
8.5 

19.0 
12.9 
17.0 
18.0 
26.0 
23.0 
19.0 
23.0 
21.5 
24.0 
22.0 
21 . 0 

2.610 
1 . x x )  
2. 450 
2.667 
1.171 
1. 250 
2.350 
2.441 
1. 373 
2.341 
1.959 
2.304 
2. 285 
2. 196 
1. 253 
2. 296 

864 
954 

2.709 
2.430 
2.441 
1 . 
1.700 
1.700 
1. 695 
1.186 
1.153 
1.197 

951 
1. 048 

836 
569 

1.845 
1.665 
4. 209 
1. 170 
1. 847 

535 
2. 276 
1.829 
2. 710 
985 

1. 013 
2. 304 
1. 657 
1. I54 
2. 340 

462 
563 
769 

1. 250 
1. 036 
2. 301 

597 
1.854 

890 
1. 416 
600 
81 2 
883 
873 

1. 520 
51 7 
678 
502 

65.61 
71.98 
73.46 
74.26 
74.60 
75.34 
78.41 
78.54 
82.29 
87.05 
88.34 
88.61 
91.36 
93.23 
93.49 
93.87 
94.47 
94.99 
96.41 
98.45 
99.26 

101.24 
101.35 
103.04 
103.75 
106.26 
107.56 
107.57 
109.45 
112.05 
112.97 
115.18 
11 5.68 
11 5.71 
117.58 
11 9.63 
122.59 
122.88 
123.99 
124.38 
124.87 
127.95 
129.60 
131.24 
131.27 
131.28 
132.38 
132.39 
132.82 
135.98 
139.13 
143.06 
144.77 
145.98 
148.07 
150.75 
150.94 
155.78 
161.86 
165.73 
168.24 
174.82 
190.62 
200.97 
203.17 

NA 
NA 
NA 
0.6 
NA 
NA 
NA 
NA 
NA 
NA 
0.8 
NA 
0.8 
0.7 
NA 
NA 
0.7 
NA 
NA 
NA 
NA 
I . 4 
0.9 
1.3 
2.0 
0.8 
NA 
NA 
NA 
0.4 
1 . 1 
1.2 
1.1 
1 . 0 
NA 
NA 
1.9 
1.2 
NA 
0.9 
3.0 
NA 
1.8 
1.1 
0.8 
NA 
2.0 
3.0 
1.5 
1 . 0 
NA 
NA 
NA 
1.6 
1.6 
1.3 
1.3 
1.8 
1.7 
1.6 
1.8 
0.7 
1.7 
2.3 
1 . 0 

NA 
NA 
NA 
0.6 
NA 
NA 
NA 
NA 
NA 
NA 
0.8 
NA 
0.8 
0.6 
NA 
NA 
0.7 
NA 
NA 
NA 
NA 
1.4 
0.8 
1.2 
1.8 
0.8 
NA 
NA 
NA 
0.6 
1 . 1 
1.4 
1 . 0 
0.6 
NA 
NA 
2.3 
1.1 
NA 
0.9 
3.0 
NA 
1.9 
1.1 
0.8 
NA 
2.0 
2.5 
1.4 
1 . 1 
NA 
NA 
NA 
1.7 
1.6 
1.2 
I . 3 
1.8 
1.6 
1.2 
1.9 
1 . 0 
1.7 
2.6 
1 .I 

NA 
NA 
NA 
0.6 
NA 
NA 
NA 
NA 
NA 
NA 
0.8 
NA 
0.7 
0.6 
NA 
NA 
0.7 
NA 
NA 
NA 
NA 
1.1 
0.7 
1.4 
1.7 
0.7 
NA 
NA 
NA 
0.7 
1 .I 
1.6 
0.8 
0.6 
NA 
NA 
2.4 
1.1 
NA 
0.9 
2.7 
NA 
1.7 
1.1 
0.7 
NA 
1.5 
1.9 
1.6 
1 . 0 
NA 
NA 
NA 
1.7 
1.9 
1.3 
1.4 
1.8 
2.1 
1 . 1 
1.7 
1.2 
1.8 
2.6 
1.1 

NA 
NA 
NA 
0.6 
NA 
NA 
NA 
0.6 
NA 
NA 
0.7 
NA 
0.6 
0.5 
NA 
NA 
0.7 
NA 
NA 
NA 
0.7 
1 . 0 
0.8 
1.5 
1.1 
0.7 
NA 
NA 
NA 
0.7 
1 . 0 
2.3 
0.8 
0.8 
NA 
NA 
2.2 
1 . 1 
NA 
0.8 
2.4 
NA 
1.4 
1 . 0 
0.9 
NA 
1.5 
1.6 
1.4 
1.7 
NA 
NA 
NA 
1.5 
2.2 
1.3 
1.5 
1.6 
1.9 
1.2 
1.8 
1.2 
1.7 
2.9 
1 . 0 

NA NA 
NA 
NA 
0.6 
NA 
NA 
NA 
0.5 
NA 
0.5 
0.7 
NA 
0.6 
0.5 
NA 
NA 
0.7 
NA 
NA 
NA 
0.7 
0.8 
0.7 
1.5 
0.6 
0.7 
NA 
NA 
NA 
0.7 
0.9 
2.1 
0.8 
0.8 
NA 
NA 
2.0 
0.9 
NA 
0.6 
1.9 
NA 
1.4 
1 . 1 
0.8 
NA 
1.3 
1.4 
1.3 
1.5 
NA 
NA 
NA 
1.6 
1.6 
1.4 
1.6 
1.3 
1.5 
1 . 0 
1.3 
1.2 
1.4 
2.7 
1 . 0 

NA 
NA 
0.6 
NA 
NA 
NA 
0.5 
NA 
0.4 
0.5 
0.8 
0.6 
0.4 
NA 
NA 
0.5 
NA 
NA 
NA 
0.6 
0.8 
0.9 
1.7 
0.7 
0.7 
NA 
NA 
NA 
0.6 
0.9 
1.9 
0.8 
0.8 
NA 
NA 
1.5 
0.8 
NA 
0.6 
1.4 
NA 
1 . 1 
0.9 
0.7 
NA 
1.2 
1.4 
1.5 
I . 5 
NA 
NA 
NA 
1.4 
1.6 
1.4 
1.6 
I . 4 
I . 3 
1 . 0 
1.2 
1.1 
1.4 
2.2 
0.9 

NA 
NA 
NA 
0.8 
NA 
NA 
NA 
0.6 
NA 
0.5 
0.6 
0.9 
0.6 
0.5 
NA 
NA 
0.6 
0.9 
NA 
NA 
0.8 
0.8 
1 . 1 
1.6 
0.7 
0.8 
NA 
NA 
NA 
0.6 
0.9 
1 J 
0.9 
1 . 0 
NA 
NA 
1.3 
0.8 
NA 
0.6 
I . 4 
NA 
1.2 
1 . 0 
0.8 
NA 
1 . 0 
1.3 
1.3 
I . 9 
NA 
NA 
NA 
1.4 
1 . 1 
1.3 
1.5 
1.7 
I . 0 
1 . 1 
1.3 
1.2 
1.3 
2.3 
0.9 

0.6 
0.8 
NA 
0.9 
0.7 
0.6 
0.5 
0.6 
0.9 
0.5 
0.5 
0.8 
0.6 
0.5 
NA 
NA 
0.6 
0.8 
NA 
NA 
0.9 
0.8 
0.9 
1.4 
0.8 
0.7 
1 . 0 
NA 
NA 
0.6 
0.9 
1 . 0 
0.9 
0.8 
NA 
NA 
1 . 0 
0.9 
NA 
0.6 
1.2 
NA 
1.1 
1.2 
0.6 
NA 
1 . 0 
1.9 
1.2 
1 .I 
NA 
NA 
0.9 
1.4 
0.8 
1.2 
1.4 
1.6 
1 . 0 
1 . 0 
1.2 
1.2 
1.2 
2.5 
1 . 1 

0.6 
0.9 
NA 
0.9 
0.7 
0.6 
0.4 
0.6 
1 . 0 
0.5 
0.6 
0.9 
0.7 
0.5 
1 . 0 
NA 
0.5 
0.7 
NA 
NA 
1 . 0 
0.8 
0.8 
1.3 
0.8 
0.6 
1.6 
NA 
NA 
0.5 
0.9 
1 . 0 
0.9 
0.9 
0.9 
NA 
0.9 
0.9 
1.1 
0.6 
1.1 
NA 
1 . 1 
1 .I 
0.6 
NA 
0.9 
2.2 
1.2 
1.2 
NA 
1.1 
0.9 
1.2 
0.9 
I . 1 
1.3 
1.8 
1 . 0 
1 . 0 
1.5 
1.4 
I . 3 
2.6 
1.5 
2.7 

0.6 
0.8 
NA 
0.9 
0.7 
0.7 
0.5 
0.7 
0.9 
0.6 
0.7 
0.9 
0.7 
0.6 
1 . 0 
0.9 
0.7 
0.8 
NA 
NA 
0.9 
0.7 
0.7 
0.9 
0.8 
0.6 
1.6 
NA 
0.9 
0.5 
0.9 
1 . 0 
1 . 0 
0.8 
0.9 
1 . 1 
0.8 
0.9 
1.4 
0.6 
1 . 0 
0.7 
1 . 0 
1.3 
0.7 
NA 
0.9 
1.9 
1 . 0 
1.2 
1.2 
1 . 1 
1 . 0 
1.3 
0.9 
1 .I 
1.3 
1.6 
1 . 0 
1.1 
I . 4 
1.4 
1.3 
2.5 
I . 8 
2.1 

0.6 
0.7 
0.6 
0.6 
0.6 
0.8 
0.4 
0.6 
0.8 
0.6 
0.6 
0.7 
0.7 
0.6 
0.7 
0.9 
0.6 
0.8 
0.6 
NA 
0.8 
0.8 
0.6 
0.9 
0.9 
0.5 
1.5 
NA 
I . 1 
0.6 
0.9 
1 . 0 
0.9 
0.7 
0.9 
1.1 
0.9 
1 . 0 
1 . 1 
0.8 
1 . 0 
0.7 
1.2 
1.3 
0.6 
1.3 
0.9 
2.0 
0.9 
0.9 
1.2 
1.1 
1 . 0 
1.1 
1 . 1 
1 . 1 
1 . 1 
1.3 
1.2 
1.1 
1.3 
1.6 
1.4 
2.4 
1.9 
2.0 

0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.8 
0.6 
0.7 
0.7 
0.0 
0.7 
0.7 
0.7 
0.6 
0.7 
0.7 
NA 
0.7 
0.8 
0.7 
0.9 
0.8 
0.8 
1.4 
NA 
1 . 0 
0.9 
0.9 
1 . 0 
0.9 
0.8 
0.9 
1 . 0 
0.9 
I . 0 
1 . 0 
0.9 
1 . 0 
0.6 
1 . 1 
1 . 1 
0.9 
1.2 
0.9 
1.5 
I . 0 
1.2 
1.2 
1.2 
1 I 
1 .I 
1 .I 
1.2 
1 . 1 
1.4 
1.2 
1.3 
1.4 
1.6 
1.6 
1.6 
1.9 
2.0 

0.5 
0.6 
0.8 
0.6 
0.6 
0.6 
0.8 
0.8 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.9 
0.9 
0.9 
0.9 
0.9 
0.9 
0.9 
0.9 
0.9 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.1 
1.1 
1.1 
1.1 
1.1 
1 .I 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.3 
1.3 
1.3 
1.4 
1.5 
1.6 
1.6 
2.1 OysterCreek ........ 25.0 650 262.97 3.3 2.9 3.5 3.4 3.4 3.5 3.3 2.9 - - ~ 

Want age as of 1993 was used to measure vintage . 
9933 dollars per kilowan of capacity . 
Notes:Theda!ainthecolumn IabeledTotal Costs, 1990-1933'areaveragesoverthatlimeperiod.Thedataintheotherwlumnsare4-yearmoving averagesforeach plant relative 

to Industry-wide +year moving averagss . An entry of 'NA' Indicates not applicable because the p l a t  was not operational in that year or because data were not available . Data have 
been deflaled with the Gross Domestic Product Implicit Price Deflator . The sample consists of all plants with capacity over 400 megawatls in operalion by the end of 1993 . 

Sources: Federal Energy Regulatory Commission, FERC Form 1 ;Annual Report of Mejor Eledric utilities, ticensees and Olhers'; Energy Information Administration, Form EIA-412, 
'Annual Repon 01 Public Etecitic Ulilties: and predecessor surwy forms; and U t i l i  Data Institute . 
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Age of Plant 

All Plants 

1974-1 976 1977-1 980 1981-1984 1985-1 989 1990-1993 

0-3 years ................ 
3-6 years ................ 
6-8 years ................ 
8-9 years ................ 
10-1 2 years .............. 
12-1 4 years .............. 
14-1 7 years .............. 
17-20 years .............. 
20-23 years .............. 
>23 years ................ 

16.37 
26.94 
35.38 
40.90 
NA 
NA 
NA 
NA 
NA 
NA 

24.38 
39.23 
35.20 
42.65 
48.07 
78.91 
NA 
NA 
NA 
NA 

44.71 
54.67 
64.57 
59.95 
56.89 
75.60 

100.84 
136.22 

NA 
NA 

71.61 
80.41 
73.15 
85.21 
87.22 
78.95 
89.87 

109.49 
150.46 

NA 

73.1 0 
84.81 
88.12 
87.02 
81.48 
89.02 
97.51 

100.1 6 
104.26 
132.54 

................ All plants 25.40 39.57 66.10 86.68 95.69 
NA = not available. 
Notes: Data have been deflated with the Gross Domestic Product Implicit Price Deflator. The sample consists of all plants with 

capacity over 400 megawatts in operation by the end of 1993. 
Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utilities, Licensees and 

Others"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor survey 
forms; and Utility Data Institute. 
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Age of Plant 

All plants ................ 14.63 26.13 49.08 38.12 25.97 

1 977-1 980 1981-1984 1985-1989 1990-1993 1 974-1 976 

NA = not available. 
Notes: Data have been deflated with the Gross Domestic Product Implicit Price Deflator. The sample consists of all plants with 

capacity over 400 megawatts in operation by the end of 1993. 
Sources: Federal Energy Regulatory Commission, FERC Form 1 , "Annual Report of Major Electric Utilities, Licensees and 

Others"; Energy Information Administration, Form EIA-412, "Annual R~por t  of Public Electric Utilities," and predecessor survey 
forms; and Utility Data Institute. 
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Flgure 5. Operating and Malntenance Costs, 1974-1993, by Reactor Age and Type 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l l i  

Reactor Age (Years) 

Notes: Data have been deflated with the Gross Domestic Product Implicit Price Deflator. The sample consists of all plants with 
capacity over 400 megawatts in operation by the end of 1993. 

Sources: Federal Energy Regulatory Commission, FERC Form 1, “Annual Report of Major Electric Utilities, Licensees and 
Others”; Energy Information Administration, Form EIA-412, “Annual Report of Public Electric Utilities,” and predecessor survey 
forms; and Utiliiy Data Institute. 

age was held constant, capital additions costs increased 
until the mid-1980s and then fell (Figure 8)?3 Addi- 
tionally, at any point in time, it would appear that 
capital additions costs fell until the plant was about 10 
years old and then increased (Figure 8). Interestingly, 
the detailed statistical analysis also found a varied rela- 
tionship between capital additions costs, age, and time. 

NRC Regulatory Requirements 
One of the key factors influencing operating costs is 
changes over time in regulatory activity. There are two 
aspeds of NRC regulatory actions. The first is the 
number and kind of NRC regulatory requirements. 
Unfortunately, there is no direct measure of the effects 

=Note that the smoothing algorithm tended to overstate the decreases in capital additions costs over the first 10 years of the planYs 
life. 
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Figure 6. Real Capital Additions Costs, 1974-1993, by Reactor Age and Type 

- 100 

Boiling-Water Reactors 

40 

c) 
0)  

? 20 

O ~ I I r I I I r I I I I I I I r r r I I I ~ r ~  
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

Reactor Age (Years) 

Notes: Data have been deflated with the Gross Domestic Product Implicit Price Deflator. The sample consists of all plants with 
capacity over 400 megawatts in operation by the end of 1993. 

Sources: Federal Energy Regulatory Commission, FERC Form 1, “Annual Report of Major Electric Utilities, Licensees and 
Others”; Energy Information Administration, Form EIA-412, “Annual Report of Public Electric Utilities,” and predecessor survey 
forms; and Utility Data Institute. 

of these regulatory actions, and consequently another 
measure must be used to approximate the effects of 
increased NRC regulatory actions. This.analysis u’sed 
two measures to approximate the regulatory effects. 
The first was the cumulative number of NRC regula- 
tory actions. These regulatory actions include formal 

changes in the Code of Federal Regulations, regulatory 
bulletins, regulatory guides, and all generic letters.% 
As Figure 9 shows, this measure of regulatory activity 
was increasing at roughly the same absolute rate over 
the entire period. For the second measure of NRC 
regulatory activity, time itself was used.% 

%ese points are discussed in more detail in Chapter 3. 
%I the original 1988 study and the 1991 update, time itself was the only measure that was used. That is, the statistical analysis 

controlled for all measurable factors, and the cost escalation that remained was attributed to regulation. Because of the problems with 
using a time trend, the present study will also use the cumulative number of NRC regulatory actions to approximate the effects of NRC 
regulatory actions. See Energy Mormation Administration, An Analysis ofNuclear Poroer Plant Operating Costs, DOE/EIA-0511 (Washington, 
DC, 19881, and An Analysis of Nuclear Paoer Plant Operating Costs: A 2992 Update, DOE/EIA-0547, (Washington, DC, 1991). 
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Figure 7. Surface Plot of Real Operating and Maintenance Costs, Plant Age, and Year of Obsenfatlon 

0 

Plant Age (Years) 1 

Notes: Data have been deflated with the Gross Domestic Product Implicit Price Deflator. The sample consists of all plants with 
capacity over 400 megawatts in operation by the end of 1993. The mathematical algorithm used to smooth the data and generate 
the surface plot will extrapolate the plot outside the range of the data. 

Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utilities, Licensees and 
Others"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor survey 
forms; and Utility Data Institute. 

Additionally, any measure of NRC regulatory activity 
is highly correlated with industry experience, which 
was also increasing (Figure 91.3' As discussed in detail 
in Chapter 3, it was not possible to obtain separate 
estimates of the industry learning and NRC regulatory 
effects. Thus, the best that could be done was to 
estimate the joint effect of thcse factors. 

The second aspect of regulatory actions is the enforce- 
ment of existing regulations. Currently, the NRC issues 
a written Notice of Violation when a plant operator is 
not in compliance with a given regulation. Civil penal- 

ties are then considered for a plant operator who has 
significant or repetitive violations of NRC regulations. 
Finally, the NRC can issue a "cease and desist" order 
and even close a plant if the plant3 operator does not 
respond to civil penalties and the plant constitutes "a 
significant threat to public health and safety." The 
objective of NRC's enforcement is to provide incentives 
to insure compliance with regulations. 

These fines are generally less than $lOO,OOO, which is 
very small relative to the total operating costs of a large 
utility. However, these fines often receive considerable 

36That is, if industry experience and NRC regulatory actions were perfectly correlated, all the plants inFigure 9 would fall on the trend 
line. Since all the plants are very close to the trend line, the two series are highly, but not perfectly, correlated. 
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Figure 8. Surface Plot of Real Capital Additions Costs, Plant Age, and Year of Observatlon 

4 

Y- 
O 

5 s 
Y 

Notes: Data have been deflated with the Gross Domestic Product Implicit Price Deflator. The sample consists of all plants with 
capacity over 400 megawatts in operation by the end of 1993. The mathematical algorithm used to smooth the data and generate 
the surface plot will extrapolate the plot outside the range of the data. 

Sources: Federal Energy Regulatory Commission, FERC Form 1 , "Annual Report of Major Electric Utilaies, Licensees and 
Others"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor survey 
forms; and Utility Data Institute. 

attention in the local media, and, therefore, the possible 
adverse publicity could be more of an incentive to take 
corrective actions than the dollar amount of the fine. 

In this analysis, enforcement is measured by the dollar 
amount of each NRC fine. Figure 10 shows the total 
amount of NRC fines levied each year. These data 
suggest that this measure of NRC enforcement efforts 
increased until 1988 and then began to fall?7 Table 7 
shows tabulations of real O&M and capital additions 
costs against the cumulative dollar amount of NRC 
fines. This information suggests that plants receiving 
more fines have higher O&M costs. More importantly, 

the statistical analysis that controlled for all other 
factors, including plant size, also found that the greater 
the amount of the NRC fine, the greater the increase in 
OMG costs. Since such increases in cost probably reflect 
the expenses involved in taking corrective actions, the 
NRC's enforcement program is having its desired effect. 

Economic and State Regulatory Incentives 
To Improve Performance 
The third factor considered in this report is economic 
and State regulatory incentives to improve perform- 
ance. Nuclear power plants were designed to operate in 

m e r e  are at least two reasons for this fall. First, if compliance was increasing over time, fewer plants will be in violation with the NRC 
regulations, and, therefore, fewer fines will be levied. Second, the fall could reflect reduced or redirected enforcement efforts. 
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Figure 9. Correlation Between Industry Experience and NRC Regulatory Activity 
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Note: The sample consists of all plants with capacity over 400 megawatts in operation by the end of 1993. 
Sources: U S .  Nuclear Regulatory Commission, Licensed Operating Reactors Status Summary, NUREG-0020 (Washington, DC, 

various issues), and Nuclear Documents System (NUDOCS). 

baseload-i.e, to operate continually-and, therefore, 
when the plant was out of service, replacement power 
would have to be obtained fTom another source. Over 
the entire 1974-1993 period, a typical nuclear power 
plant was out of service for about 100 days per year. 
Therefore, annual replacement power costs for a typical 
reactor would be roughly $25 million per year?8 
Replacement power costs are therefore substantial. 

Increases in the price of replacement power provide 
an incentive to improve performance, and one way of 

improving performance is to increase O&M expendi- 
tures. One would, therefore, expect a positive conela- 
tion between the price of replacement power and real 
o&M costs. 

Additionally, over the 19741993 period, all the power 
plants owned by investor-owned utilities were subject 
to cost-based regulation. Under this form of regulation, 
the utility can recover all prudently expended costs. It 
is well known that under such a regulatory scheme, the 
potential €or cost disallowance is a major incentive to 

%As a rough rule of thumb, replacement power costs are $29,000 per day. See James G. Hewlett, 'The Operating Cost and Longevity 
of Nuclear Power Plants: Evidence from the USA," Energy Policy guly 1992), pp. 608622. 
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Figure 10. NRC Fines by Year, 1975-1991 

' 7 -  1 -  1 - 1  I - - I  I I I I I I I I I I 1: 
1975 1977 1979 1981 1983 1905 1987 1989 1991 

Note: The sample consists of all plants with capacity over 400 megawatts in operation by the end of 1993. 
Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utilities, Licensees and 

Others"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor survey 
forms; and Uti l i i  Data Institute. 

minimize c0sts.3~ The greater the probability of cost 
disallowance, the greater the incentive to minimize 
costs. In this study, the ratings of the PUG from an 
investor's viewpointby Regulatory Research Associates 
(RRA), a major security research firm, were used to 
measure the probability of cost disallowances. PUCs 

with favorable ratings by this research firm tended to 
perrnit utilities to recover most of their costs, while 
ones with unfavorabIe ratings tended to disallow more 
of the c ~ s t s . ~  Additionally, over most of the time 
period, the commissions focused on replacement power 
costs (as opposed to O&M costs). One would, therefore, 

%e, for example, P. Joskow and R Schmalansee, "Incentive Regulation of Elechic Utilities," Yde Jouml  of Regulation (Spring 1987), 
pp. 1-49; and A. Kahn, The Economics ofRegulation: Principks and Practice (New York, NY: John Wiley and Sons, 1971). Additionally, as 
will be noted in the next chapter, many nuclear power plants are subject to some type of incentive program. Such programs offer 
additional incentives to minLmize costs. 

'%I fact, the amount of disallowances is a factor used by RRA in rating the Puts. RRA had three basic ratings-Above Average, 
Average, and Below Avera-nd within each class, they had 3 subcategories. These rating were transposed into 5 values. The highest 
subclass in the Above Average category received a value of 1, and the lowest subclass in the Below Average category received a value 
of 5. 
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expect that the probability of disallowances of replace- 
ment power costs would be greater in States with 
stringent regulatory commissions, and this increased 
probability increases the incentives to improve per- 
formance by increasing O&M costs. 

Table 8 shows tabulations of real O&M costs by year, 
the price of replacement power, and the stringency of 
the regulatory commission:" A surface plot of real 
O M  costs, the price of replacement power, and time 
isshownin Figure 11. A similar plot of real O&M 

Cumulative Fines* 

Table 7. Operating and Malntenance Costs and Capital Additions Costs by Cumulative Amount of NRC Flnes, 
1975-1992 

Capital Additions Capital Additions 
O&M Costsb Costsb Cumulative Finesa O&M Costsb Costsb 

0-20 37.01 23.64 
20.1 -40 56.54 31.80 
40.1 -60 60.1 4 32.94 
60.1 -80 68.75 28.31 
80.1 -1 00 83.95 20.39 
100.1-150 71.75 32.1 9 
150.1 -200 76.95 27.00 
200.1 -250 85.49 33.1 9 
250.1 -300 85.89 35.54 
300.1 -400 91.52 40.89 

400.1 -500 72.1 0 30.58 
500.1-600 75.87 22.89 
600.1 -700 102.64 41.95 
700.1-800 103.98 31.59 
800.1 -900 102.62 37.25 

900.1-1,000 94.23 68.64 
1,000.1-1 ,1 00 1 10.56 44.23 

' 1,100.1-1,400 96.71 43.26 
>1,400 106.53 50.78 

Overall average 68.66 31.94 

Table 8. Operating and Maintenance Costs by Price of Replacement Power and Regulatory Stringency, 
1975-1984 and 1985-1992 
(1993 Dollars per Kilowatt of Capacity) 

Price of 
Replacement 

Pow& 

Regulatory Stringency 
Lenient Average Stringent 

1975-1 984 1985-1 992 1975-1 984 1985-1 992 1975-1 984 1985-1992 

<0.30 . . . . . . . . . . 29.65 84.38 66.1 2 86.35 45.33 89.27 
0.30-0.40 . , , . . . . 35.24 80.40 60.80 96.92 43.83 91.42 
0.41-0.50 . . . . , . . 39.1 0 79.81 63.98 83.69 36.32 88.24 
>0.50 . .. . . . . . . . 48.21 90.96 55.97 1 16.06 51.40 100.78 
Overall average . . 38.65 84.42 59.83 97.60 44.32 92.52 
aReplacement power prices are in 1993 dollars per kilowatt of capacity per day. 
Notes: Data have been deflated with the Gross Domestic Product Implicit Price Deflator. 
Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utilities, Licensees and 

Others"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor survey 
forms: Utility Data Institute; US. Nuclear Regulatory Commission, Replacement Power Costs for Nuclear Elecfric Generating Units, 
NUREG/CR-4012 (Washington, DC, August 1987); and Regulatory Research Associates, Utility Focus (Jersey City, NJ, various 
issues). 

"Here, the price of replacement power is measured in dollars per kilowatt of capacity per day. See Appendix A for details. 
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Figure 11. Surface Plot of Real Operating and Maintenance Costs, Time, and Replacement Power Costs 

.a 

Notes: Data have been deflated with the Gross Domestic Product Implicit Price Deflator. The sample consists of all plants with 
capacity over 400 megawatts in operation by the end of 1993. The mathematical algoriihrn used to smooth the data and generate 
the surface plot will extrapolate the plot outside the range of the data. 

Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utilities, Licensees and 
Others"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor survey 
forms; and Utility Data Institute. 

costs, the stringency of the PUC, and time is shown in 
Figure 12. This information suggests that the relation- 
ship among O&M costs, the price of replacement 
power, and the stringency of the PUC is not constant 
over time. In fact, this result was also obtained in the 
statistical analysis. 

Summary 
The discussion just presented suggests that there are 
four influences affecting costs that work in opposite 
directions. First, plant aging effects will cause costs to 
increase. Second, since utility and industry experience 
with this technology was increasing over time, learning 
effects will cause costs to fall. Third, the measure of 

NRC regulatory activity used here was increasing over 
the entire period. This would cause costs to increase. 
However, the NRC regulatory cost reduction initiatives 
mentioned in Chapter 2 could cause a decrease in the 
effect of this measure of regulatory actions on costs. 
Finally, replacement power costs increased until the 
mid-1980s and then began to fall (Figure 13). By itself, 
this would cause operating costs to increase and then 
to fall. 

To summarize, the factors analyzed here tended to 
move in opposite directions. Thus, the reason for the 
moderation in costs depends upon the relative size of 
these influences-the subject of the next chapter in this 
report. 
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_. 

Figure 12. Surface Plot of Real Operating and Maintenance Costs, Time, and Regulatory Stringency 

1975 

Notes: Data have been deflated with the Gross Domestic Product Implicit Price Deflator. The sample consists of all plants with 
capacity over 400 megawatts in operation by the end of 1993. See text for the definition of regulatory stringency. The mathematical 
algorithm used to smooth the data and generate the surface plot will extrapolate the plot outside the range of the data. 

Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report. of Major Electric Utilities, Licensees and 
Others"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor survey 
forms; and Utility Data Institute. 
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Figure 13. Real Prices of Replacement Power, 1975-1992 
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(Washington, DC, August 1987). 
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3. Analysis of Nuclear Power Plant Operating Costs 

This chapter examines the factors influencing O&M and 
capital additions costs. Over the past few years, utilities 
and State (and Federal) regulatory commissions have 
been examining the economics of the continued opera- 
tion of many nuclear power plants. The decision to 
retire a nuclear power plant requires forecasts of O&M 
and capital additions costs over a long time period. As 
was noted in Chapter 2, the annual growth rates in 
O&M costs and the level of capital additions costs have 
fallen over the past few years. Utilities and State 
regulators look at industry-wide trends when preparing 
plant-level projections.u To determine if the trends 
will continue, an understanding of why these changes 
in costs have occurred is needed. This, of course, 
requires knowledge of the factors influencing costs. 

O&M costs have escalated to the point where the long- 
run economic viability of many nuclear power plants is 
being challenged; therefore, industry and NRC initia- 
tives to control costs are crucial. Again, to determine 
whether these factors actually caused the moderation in 
cost growth, one must know why costs have escalated 
in the past. If these factors did not cause the modera- 
tion in cost growth, then at some point costs may 
escalate again. 

The organization of this chapter is as follows. The next 
section summarizes the methodology and describe the 
data, respectively. The remaining two sections present 
the results of the statistical analysis of O&M and capital 
additions costs. 

Method Used To Analyze 
Plant Operating Costs 

Nuclear operating costs were analyzed using multiple 
regression analysis. This commonly used statistical tool 
permits an examination of the variations in the depend- 
ent variable associated with changes in explanatory 

variables. The resulting regression coefficients and their 
associated statistics are direct measures of the effect of 
varying one independent variable while holding all 
other variables constant For example, suppose that unit 
size (measured in kilowatts of installed capacity) is a 
factor influencing costs (expressed in dollars per 
kilowatt of capacity) and, therefore, is to be included in 
the regression analysis. If the resulting regression 
coefficient associated with unit size is 2, a l-kilowatt 
change in plant size will be associated with a $2 
variation in costs per kilowatt, holding all other factors 
constant.& 

The standard error is a measure of the uncertainty in 
the associated regression coefficient. Suppose that the 
standard error associated with the unit size regression 
coefficient was 0.5. Then (roughly speaking) there is a 
95-percent chance that the underlying coefficient is 
between 1 and 3Pd If the regression coefficient is at 
least roughly twice its standard error, then the 
coefficient is said to be statistically different from zero. 
If a regression coefficient is, in fact, statistically 
different from zero, the associated factor of interest had 
a measurable impact on costs. Finally, the R-squared 
value gives an overall indication of how well the 
variation in the dependent variable is "explained" by 
the regression equation. 

It is important to note that regression analysis can be 
used to demonstrate a statistical relationship between 
the dependent and independent variables. However, 
statements about cause and effect must be based on the 
conceptual model that underlies the selection of the 
explanatory variables. 

The Model 
The model used in the present report is derived in 
Appendix A.G According to this model, the following 
four factors will influence operating costs: 

"See the testimony of Francis J. Murray, Commissioner, New York State Energy Office, and Charles Komanoff, Komanoff Energy 
Associates, before the New York State Assembly, Environmental Conservation Committee, Monday, September 26,1994. This testimony 
dealt with the retirement of Indian Point 3, a 20-year-old reactor in New York State. 

43Note that this description is literally valid only for linear regression. 
(Crhat is, the probability that the confidence interval 1 to 3 brackets the population regression coeffident is 95 percent. 
''Note that this model is slightly different from the ones used the in 1988 and 1991 reports. The differences and estimates of the old 

model with more data are presented in Appendix A. 
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1. NRC regulatory activity and industry experience 
2. Plant aging and utility/operator experience 
3. Economic and State regulatory incentives to im- 

prove performance 
4. The prices of inputs used to generate electricity 

from a nuclear power plant. 

Although each of these factors will be discussed in 
detail below, one general comment about the model 
will be made here. The basic premise of this model is 
that nuclear power plant operations are influenced by 
engineering, regulatory, and economic considerations. 
These economic considerations suggest that there are 
tradeoffs between O&M expenditures, fuel, capital, and 
replacement power costs. For example, as was dis- 
cussed in Chapter 2, the higher the price of replacement 
power, the greater would be the incentive to reduce the 
quantity of replacement power by improving plant 
performance. This can be accomplished by increasing 
real O&M expenditures. If the price of replacement 
power and O&M expenditures are positively correlated, 
then utilities are apparently trading off higher O&M 
costs for lower replacement power costs. 

There are three reasons why it is important to recognize 
the possibility of such tradeoffs. First, as was just noted, 
statements about cause and effect must be based on a 
conceptual model, and if this conceptual model is 
wrong, inferences drawn from the statistical analysis 
are likely to be wrong. Second, by necessity, the NRC 
regulatory effects will be treated as a residual that 
remains after accounting for all other factors. If the 
model is not correctly specified, these residual effects 
could include the omitted factors. Third, the existence 
of such tradeoffs has implications about the control of 
O&M costs. If the industry initiatives to control costs 
result in decreased O&M costs at the expense of 
performance, then total production costs (including 
replacement power) may not decrease. If this were to 
occur, the cost containment programs could be counter- 
productive. This issue can only be addressed if such 
tradeoffs are explicitly captured in the model. 

The Sample 
There were 69 commercial plants in the database. The 
data covered the 1975-1992 period. The total numbers 

of observations used in the O&M and capital additions 
analyses were 854 and 750, respectively.& About 50 
percent of the 46 plants that were operational by 1984 
entered commercial operation after 1975. Additionally, 
over the 1985-1992 period, 23 additional plants entered 
commercial operation. Consequently, each plant does 
not have the same number of time-series observations. 

Because data on 69 plants over about 17 years were 
used, there are factors that vary over time and therefore 
will influence variations in costs over time. Additional- 
ly, other variables are constant over time and will just 
influence variations in costs across plants at a given 
point in time. One difficulty in using such data is to 
disentangle the effects of the two types of variables. 

Consider, for example, the effects of age on O&M costs. 
As was noted in Chapter 2, older plants tend to have 
higher O&M costs. This apparent correlation between 
age and costs could be due to the classic aging effects- 
i.e., as plants increase in age, O&M costs will increase 
because of "wear and tear." There are also design 
differences in the different vintages of plants in the 
database that could possibly produce differences in 
O&M costs. If, as a result of such differences in design, 
the first plants that entered commercial operation had 
higher O&M costs, then older plants will tend to have 
high costs independent of aging effects. Such vintaging 
effects, as opposed to aging effects, could cause plant 
age and costs to be correlatedP7 

To disentangle the effects of the time-invariant factors 
from the time-varying ones, the data were transformed 
into deviations from the plant-specific means. This 
removed the effects of all time-invariant factors (such as 
plant vintage) that just affected the level, as opposed to 
the change, in costs.@ By transforming the data into 
deviations from the plant-specific means, just the 
factors causing costs to change over time are examined. 

Because the data were transformed from levels to 
changes over time, care must be taken in interpreting a 
number of coefficients. First, the only way that plant 
size can be increased is to add another unit at the same 
site. In the database used here, one additional unit was 
added at the same site in about 30 percent of the cases. 
Typically, thatoccurredin the first few years of the 

'mere are two reasons why the number of observations used in the O&M cost analysis is greater than the number used in the capital 
additions cost analysis. First, about 5 percent of the capital additions costs are negative. Since the natural logarithm of the capital additions 
cost is used, the observations with negative costs had to be excluded. Second, there are no capital additions costs for the first year the 
plant is operating. 

"Since the age distribution of the plants is not consistent across regions, the same could be said for any time-invariant regional factor. 
%s point is discussed in detail in Appendix A. In short, the so-called "fixed effects" model was estimated. In this model, the data 

are kept in level form and a series of 69 plant-specific dummy variables are included. With respect to the coefficient, this is equivalent 
to transforming the data into deviations from the plant-specific mean. 
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plant's operation. Except for such onetime increases, 
plant size does not vary over time. Thus, it is difficult 
to interpret the regression results presented in the text 
with respect to plant size. Estimates of the size effect 
using other estimating methods are presented in 
Appendix A. Second, there is little variation in the 
changes over time in the prices of O&M labor and 
materials. That is, although there is variability in their 
levels, these prices tend to change at roughly the same 
rate. Because of this lack of variability, the effects of 
changes in the prices of O W  labor and materials are 
sensitive to the model specification. 

Analysis of Operating and 
Maintenance Costs 

The results of the regression analysis on O&M costs are 
shown in Table 9. A linear equation was estimated with 
total nominal O&M costs as the dependent variable. 
These nominal O&M costs are the product of the 
staffing levels (and the quantities of O&M materials) 
and their respective labor wages (prices of O&M 
materials). The wage rates and prices of the O&M 
materials were also included as variables in the mul- 
tiple regressions. Since prices are held constant, any 
resulting changes in the dependent variable caused by 
the other variables reflect variations in staffing levels 
(and O&M materials). In this sense, the effects of the 
factors discussed below represent "real" changes in 
COStSP9 

Additionally, some simple elasticities for the factors of 
interest are shown in Table 10. The elasticities indicate 
the relative size of the impact of the factor in question 
on real O&M costs. The effects of the three major 
factors-NRC regulatory activity and industry learning, 
plant aging, and economic incentives to improve 
performan-re discussed in turn. 

NRC Regulatory Activity 
After the NRC was established in 1975, there were 
substantial increases in regulatory activity. Prior to 
1980, major changes in the regulations affecting plant 
designs occurred. These changes mainly affected 
construction costs and post-operational capital expendi- 
tures; their impacts on O&M costs were generally 
thought to be minor. However, in the 1980s, a large 
number of regulatory initiatives were imposed that 
affected the number of workers at nuclear power plants 
and, as a result, influenced O&M costs. 

Part of the increased number of regulatory initiatives 
was the result of the March 1979 accident at Three Mile 
Island. This accident was due to both hardware failure 
(the pressurizer and a crucial gauge) and human error. 
In response to this accident, the NRC imposed addition- 
al regulatory requirements that affected the plant 
design and plant operations. The major TMI-related 
regulatory changes affecting plant operations and thus 
O&M costs dealt with increased training requirements 
for the reactor operatorsm Moreover, as information 
about the technology accumulated, many additional 
requirements affecting plant operations were imposed. 
For example, after the loss of all feedwater at the Davis 
Besse plant in 1985, the NRC revised its procedures for 
evaluating the operational safety performance of 
nuclear reactor operators. An increase occurred in the 
number of inspections, in addition to the more tradi- 
tional types of tests of the equipment and procedures. 
These factors affected maintenance and quality control 
activities. Moreover, the Systematic Assessment of 
Licensee Performance (SAW) program of the NRC 
indirectly placed additional requirements on utilities to 
improve performance by increasing O&M costs? 

Although these regulatory factors are important, their 
measurement is difficult. First, direct measures of the 
NRC regulatory effects do not exist. Second, the regula- 
tory changes were not discrete, but rather were gradu- 
ally changing over time. Therefore, another variable 
that approximated the effects of increased regulatory 

''A number of other models were also estimated (see Appendix A for details). Note that the changes in real costs being examined in 
this chapter reflect changes in quantities. This is consistent with the standard economic definition of real costs. The data analyzed in 
Chapter 2 were deflated with the GDP Implicit Price Deflator and therefore, inflation-adjusted costs were examined. That notlon of "real" 
is slightly different from the one used in economics and in this chapter. 

?See M. Myers, L Fuller, and H. Bowers, NonFuel O p a t i o n  and Mnintenance Costs fw Large Sfeam Ektr i c  Pozps Plants-1982, 
ORNL/TM-8324 (Oak Ridge, TN: Oak Ridge National Laboratory, September 1982). 

5'This program resulted in quantitative measures of the safety-related performance of nuclear power plants. 
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Variable 

PlantAge .............................................. 

Time Period and Measure of Regulatory Effects 

1975-1992 Data 1975-1987 Data 

Curnulative Industry Residual Cumulative 
NRC Actions’ Learning’ Costs’ NRC Actions’ 

-285.1 14 1,140.86 108.777 802.559 
(1,492.22) (1,319.65) ( I  ,797.07) (1,613.69) 

5,222.67 1,749.03 34,268.5 Price of Replacement Power ................................ 2,922.1 
(8,936.16) (8,954.17) (9,194.18) (9,325.88)’ 

Price of Replacement Power x Stringency of Public Utility Commission . 4,560.91 4,237.39 4,957.71 581.055 
(2,735.76)’ (2,739.44)’ (2,793.71)’ (2,765.57) 

Price of Replacement Power x Use of Fuel Adjustment Clause Dummy . -4,221.28 -6,105.82 -4,100.72 -1 7,369.8 
(8,651.46) (8,624.23) (8,931.69) (8,150.07) 

Price of Replacement Power x Use of Fuel Adjustment Clause Dummy ....................................... 1,310.35 1,059.37 3,163.95 x Stringency of PUC 760.371 (3,264.25) (3,260.22) (3,354.5) (3,124.1 4) 
723.1 38 -201.178 -675.193 O&M Worker Wage Rate.. ................................. 348.649 

(1,003.87) (993.147) (1,145.43) (1,142.49) 

Price of O&M Materials ................................... -1 15.481 -196.095 -2.65597 -146.483 
(220.688) (219.56) (278.209) (205.039) 

Fuel Price .............................................. 144,967 114,061 150,239 124,504 
(44,339.7)‘ (45,162.2)’ (48,663.7)‘ (49,457.5)’ 

Acquisition Price of Capital Good. ....................... ..... -1.636.99 -1,571.32 -2,073.53 -1,940.08 
(5‘10.754)’ (572.788)’ (626.873)’ (688.253)’ 

34,508.4 -23,001.5 48,408.8 
(39,552.7) (40,809.4) (51,798.6) (42,934.3) 

Cost of Capital .......................................... 23,571.4 

1,076.5 .................... Change in Acquisition Price of Capital Good 2,496.52 2,000.54 2,920.01 
(1,283.67)‘ (1,287.39) (1,526.92)’ (1,080.9) 

NA 34.3333 .- (14.8046)’ 
................................... NRC Regulatory Activity 39.6544 NA 

(1 9.6862)’ __ 
Industry Learning ........................................ NA _ _  30.3829 NA _ _  NA .. (14.2108)’ 

130.642 128.042 138.251 Average NRC Fines to Year 1-1 .............................. 129.069 
(24.649)’ (24.8001)’ (25.1633)’ (30.2713)’ 

Incentive Rate of Return Binary Variable ....................... 5,091.22 5,673.04 5,030.86 2,329.24 
(2,694.28)’ (2,690.57)‘ (2,725.77)‘ (2,119.54) 

Plant Size ...................................... ....... 19.9328 17.7093 16.7313 16.7881 
(4.47107)’ (4.18798)’ (5.06876)’ (4.12145)’ 

Experience at Other Plants Owned by the Same Utility ............. :156.99 243.052 271.852 -103.748 
(144.898) (146.081) (1 47.68) (203.1 55) 

Retrofit Binary Variable ................................... 8,650.86 9,106.12 9,195.91 5,042.91 
(3,472.93)’ (3,473.68)’ (3,517.63)’ (4,950.57) 

0.4644 0.46438 0.507863 
(0.02864)’ (0.0291 1 )’ (0.02976)’ (0.03495)’ 

O&M Costs in Year t-I .................................... 0.464712 

Constant ........................................... ... 64,846.1 NA NA -- (32,443.7)‘ 
NA _- -- 

See notes at end of table. 
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Table 9. Results of the Operating and Maintenance Cost Analysis (Contlnued) 

Variable ' 

Time Period and Measure of Regulatory Effects 

1975-1992 Data 1975-1987 Data 

Cumulative Industry Residual Cumulative 
NRC Actions. Learning' Costs' NRC Actions' 
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... 

1975-1992 Data 1975.1987 Data 

Factor 

NRC Regulatory Actions ................................... 
NRC Enforcement Actions .................................. 

Price of Replacement Power ................................ 

Stringency of State Regulatory Commission ..................... 
Use of Fuel Adjustment Clause .............................. 

PlantAge .............................................. 

Price of O&M Labor ...................................... 

Price of Capital .......................................... 

Priceof Fuel ............................................ 

Coiaffident Elasticity Coeffident Elasticity 

313.6544 
(19.6862)' 
129.069 
(24.649)' 
13,094.p 

(6,257.97)' 
1,7878 

(688.323)' 

(1,838.26) 
-285.1 14 

(1,492.22) 
348.649 

(1,003.87) 

(570.754)' 
124,504 

-835' 

-1,636.99 

(44,339.7)' 

0.07 

0.07 

-0.01 

-0.04 

0.23 

0.04 

-0.04 

0.15 

0.50 34.3333 0.44 
(1 4.8046)' 

0.04 138.251 0.04 
(30.2713)' 
30,707.4' 
(7153.24)' 
812.86p 
(799.71) 

(1,532.61)' 
802.559 

(1,613.69) 
-0.93 NA -1.12 

-0.40 -1,940.08 -0.61 

-3,405.59 

_- 

(688.253)' 
0.09 150,239 0.15 

(49,457.5)' 
~ ~~ 

'Coefficient and standard errors computed at means. 
Notes: Standard errors are shown in parentheses. An asterisk r) indicates that the coefficient is significant at a 0.95 level of confidence, using 

Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utilities, Licensees and Others'; Energy 
a one-tailed test. All elasticities were estimated as means. See Appendix A for estimates using other models. 

Information Administration, Form EIA-412, "Annual Report of Public Electric Utilitios," and predecessor survey forms; and Utility Data Institute. 

activity had to be used. In this analysis, the number of 
changes in "regulations" was employed.5* 

The NRC has two types of regulatory vehicles that can 
be used to effect changes in the operations (including 
maintenance) of nuclear power plants. One vehicle is 
formal changes to regulations, as found in the Code of 
Federal Regulations (CFR). These changes must be 
approved by a majority of the Commissioners after 
considering public comments. Table 11 shows tabula- 
tions of the number of changes in the relevant parts of 
the CFR, and the number of associated Regulatory 
Guides. (Regulatory Guides explain the details of a 
given change in the CFR.) Most of the formal changes 
in the CFR occurred in the late 1970s to early 1980s 

(Table 11). Some, but not all, of this growth in NRC 
regulations was in response of the March 1979 accident 
at Three Mile I~land.5~ 

Second, the NRC can also influence maintenance 
activities by issuing regulatory bulletins, generic letters, 
and information notices. These letters and notices 
transmit safety-related information of concern to the 
NRC. Unlike the changes in the CFR, utilities are not 
legally required to respond to the safety concerns found 
in these letters and notices" (In fact, many of these 
bulletins are not approved by the Commission and are 
not subject to any public comment.) However, most 
utilities tend to follow the suggestions found in these 
notices and letters. These less formal regulatory actions 

'?In other analyses of nuclear power plant construction costs, variables such as cumulative size of the nuclear industry and a simple 
time trend variable were employed. See Energy Information Administration, An Anulysis of Nuclear Power Plant Construction Costs, 
DOE/EIA-0485 (Washington, DC, 1986); R Cantor and J. Hewlett, 'The Economics of Nuclear Power. Further Evidence on Learning, 
Economies of Scale, and Regulatory Effm,'' Resources und Energy, Vol. 10 (1988), pp. 315-335; and Energy Information Administration, 
An Analysis of Nudem P&er Plunt Operuting Costs, DOE/EIA-0511 (Washington, DC, 1988). Compounding this measurement error problem 
is the fact that any measure of NRC regulatory activity will be highly correlated with industry experience since both were increasing over 
time. Thus, even if the NRC regulatory actions could be measured, because of multicollinearity, the regulatory and industry learning 
effects could not be disentangled. Note that similar measures were used in analyses of other regulated industries. Additionally, as will 
be discussed below, time itself was used. 

%ee for example, Energy Information Administration, An Analysis of Nudear Power Construction Costs, DOE/EIA-0411 (Washington, 
DC, May 1988). 

%ee U.S. Nuclear Regulatory Commission, Annual Report to Congress, NUREG-1145, Vol. 10 (Washington, DC, 1990). 
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Table 11. Measures of NRC Regulatory Activity 

Year 
New Regulatory New Regulatory New information 

Changes to CFRa Guides Bulletins Noticesb Total 

grew at a roughly constant rate throughout the 1980s 
(Table 11):' 

The results in Tables 9 and 10 show that there is a 
strong correlation between the cumulative number of 
NRC regulatory actions and real O&M costs. A l-per- 
cent increase in NRC regulatory actions was associated 
with a O.5percent increase in real O&M costs. Thus,. 
this measure of the regulatory effects is substantial. 

There was no absolute or relative decrease after 1987 in 
the measure of regulatory activity used here. However, 
the NRC's initiatives to control costs could possibly be 
reflected in a decrease in the effect of a given change in 
regulatory activity (i.e., the regression coefficient assoa- 
ated with the NRC regulatory activity variable)?6 To 
examinethis issue, the model was reestimated with 

data ending in 1987. As can be seen from Tables 9 and 
10, the estimated regulatory effects actually increased 
when the post-1987 data were used. However, this 
increase was not statistically significantq Thus, there 
is no evidence that .the effects of increases in NRC 
regulatory activity, as measured by the cumulative 
number of NRC actions, decreased after 1986. 

The Resldual Escalatlon In Real Operatlng 
and Maintenance Costs 

The model can also be used to estimate the yearly 
changes in costs after controlling for all observable 
factors except NRC regulatory activity and industry 
learning. This residual escalation in real O M  costs will 
be the result of NRC regulatory activity, industry 
learning, and all other relevant but unmeasurable 

55Additionally, in response to the March 1979 accident at Three Mile Island, the Institute of Nudear Power Operations (INPO) was 
founded. This organization provides information and research support to improve the safety and performance of U.S. nuclear power 
plants. Some have argued that the NRC has delegated some of their safety-related regulatory responsibilities to INPO. More importantly, 
the information provided by INPO is not available to the public. If, in fact, INPO is acting as a regulatory body, it is impossible to 
measure any resulting impacts. 

I t  is also possible that in the late 1980s and early 199Os, an increasing number of these actions wexe not related to O M  costs. 
57A version of the model was estimated that included a binary variable equaling 1 if the year of the observation was after 1986. This 

binary variable was interacted with the regulatory variable. The resulting interaction term measures the change in the NRC regulatory 
effect and was statistically insignificant. 



factors not considered in the model?' The cost control 
initiatives described above are intended to lower costs 
while maintaining the same level of safety. Thus, if 
these initiatives are having their desired outcomes, the 
residual escalation in costs should decrease. That is, 
their effect should be independent of aging and prices. 

The "residual" escalation in real O&M costs-i.e., the 
increw in costs after accounting for all other measur- 
able factors-is plotted in Figure 14.59 This second 
indirect measure of NRC regulatory activity and 
industry learning (i.e., time) suggests that the escalation 
in regulation-induced costs was lower in the 1970s than 

Figure 14. Residual Escalation in Real Operating and Maintenance Costs, 1975-1992 
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Note: These data show the increase in costs after controlling for all factors other than regulation and learning, computed from 
the regression results shown in Table 9. 

Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utilities, Licensees and 
Others"; Energy Information Administration, Form EIA-412, 'Annual Report of Public Electric Utilities," and predecessor survey 
forms; and Utility Data Institute. 

% n e  could estimate the model in a given year without any measure of NRC regulatory activity and based upon these estimates 
compute the predicted amount of escalation. The difference between the p ~ d c t e d  and actual amount of escalation for that year would 
be due to all omitted factors, including NRC regulatory activity. Statistically, this was accomplished by replacing the NRC regulatory 
varlable with a series of yearly dummy variables. 

?I3ese data were directly computed from the regression results in column 3 of Table 9. In particular, the reference year was 1992, and 
therefore the constant term was the amount of residual escalation for that year. The residual escalation for the other years was computed 
by subtracting the constant term from the relevant coefficient shown in Table 9. 
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in the 1980s. Over the decade of the 1980s, after control- 
ling-for all other factors other than regulation and 
learning, real O&M costs were increasing by $4 million 
to $5 million per year. This escalation in O&M costs is 
substantial. 

0.2 - 

0 

More importantly, in the late 1980s and early 199Os, 
when real O&M costs began to level off, the residual 
escalation in O&M costs increased at roughly the same 
absolute rate. This observation has two implications. 
First, if the NRC's cost control programs are having an 
effect that is independent of the other variables in the 
regression, it is being masked by other, unmeasurable 

Residual Cost Escalation 

I I I I I I I I I I I 1 I I I I 1 

factors. Second, if this "residual" escalation in' O&M 
costs is capturing the regulatory effects, the leveling off 
in O&M costs was due to factors other than regulation. 

An index of the cumulative number of NRC actions 
and the residual escalation in O&M costs is shown in 
Figure 15. The time paths of the residual escalation in 
O&M costs and the increases in NRC regulatory actions 
increased at a roughly constant percentage rate over the 
entire 1975-1992 period. This observation suggests that 

-both "measures" of regulation are capturing the same 
underlying cost drivers. 

Figure 15. indices of Residual Cost Escalation and Cumulative NRC Regulatory Activity, 1975.1992 

Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utilities, Licensees and 
Others"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor survey 
forms; and Utility Data Institute. 

Energy Information Administration/ An Analysis of Nuclear Power Plant Operating Coats: A 1995 Update 35 



industry Learning Effects 
Two influences other than regulation, which are highly 
correlated with time, are related to changes in produc- 
tivity. First, the residual escalation in the costs could be 
due in part to the general decline in utility industry 
productivity occurring over the 1970s and 1 9 8 0 ~ . ~  
Second, if significant "learning-by-doing effects" were 
present because of increased industry experience, then 
this might have compensated for the productivity- 
induced cost increases. If the productivity effects were 
on balance negative (i.e., caused costs to fall), then the 
regulatoory effects will be overstated. 

Because any measures of NRC regulatory activity and 
industry learning were highly correlated, separate 
measures of the two effects could not be obtained (see 
Figure 9 in Chapter 2). A third specification of the 
model, which included only the cumulative number of 
industry reactor operation years as a measure of 
industry experience, was estimated. As Table 9 shows, 
the industry learning coefficient is positive and statis- 
tically significant. A 1-percent increase in experience 
caused a 0.3-percent increase in costs. In terms of 
elasticities, these effects are slightly smaller than the 
regulatory impacts. 

A recent analysis of nuclear power plant performance 
found that plant operators only benefit from increased 
experience with older plants and older plants of the 
same design. That is, the analysis found a positive 
correlation between the number of reactor operation 
years of experience with older plants and performance. 
The authors of that study provided these measures of 
learning, which were used in the present analysis. Their 
results were similar to the ones presented in Table 9:' 

There are two explanations for these results. First, since 
the other coefficients are similar to the ones in the 
specification that just included a regulatory variable, 
the industry experience variable could be capturing 
both the learning and the regulatory effects. The 
positive coefficient suggests that the regulatory effects 
are greater than the learning effects. Second, others 
have recently argued that the learning effects may be 

positive.g That is, increased industry experience could 
possibly lead to the increased accumulation of scientific 
information about the technology. This increased 
information could, in turn, result in design changes, 
new operating procedures, increased maintenance 
requirements, and increased regulatory requirements. 
All of these factors could actually cause costs to in- 
crease. The positive industry learning Coefficient is 
consistent with this hypothesis. 

NRC Enforcement Efforts 

Since the NRC has no prescriptive regulations on how 
a utility must maintain a nuclear power plant, it does 
not directly regulate a utility's maintenance of a nuclear 
power plant.a Instead, the NRC establishes a series of 
guidelines affecting the general operation (including 
maintenance) of the power plant, and a utility has a 
great deal of flexibility in meeting these guidelines. 

Given the NRCs method of regulating the operations 
of U.S. nuclear power plants, enforcement issues are 
important. The average amount of the NRC fines will 
be used to measure the effects of their enforcement 
program. The results of the regression analysis shown 
in Table 9 indicate that plants receiving higher average 
fines will cause real O&M costs to increase. However, 
from Table 10, the effects of the NRC's enforcement 
program are relatively small. A 1-percent increase in 
the average fines will only lead to a 0.03-percent 
increase in real O&M costs. Thus, the effects of increas- 
es in NRC regulatory actions are much greater than the 
effects of increases in the enforcement efforts. 

Plant Aging and Utility Learning Effects 
Before presenting the results of the aging analysis, three 
points need to be discussed. First, the aging effects 
could be reflected in O&M costs and/or plant perform- 
ance. There is a direct relationship between O&M costs 
and performancethe higher the O&M costs, the better 
the performance of a nuclear power plant.a Thus, if 
utilities increase maintenance expenditures as plants 
age, then one might not observe an age-related deteri- 
oration in performance. Conversely, if utilities do not 

%ee, for example, Energy Information Administration, An Analysis of Nuclear Power Plant Construction Costs, DOE/EIA-O485 
(Washington, DC, 1986). 

6*See R Lester and M. McCabe, 'The Effect of Industry Structure on Learning by Using in Nuclear Power Plant Operation," RAND 
Journal of Economics (Autumn 19931, pp. 418-439. 

V. Gilinsky, "Nuclear Safety Regulation: Lessons from the United States," Energy Policy (August 19921, pp. 704-712; and G. 
McKerron, "Why Do Nuclear Costs Keep Rising," Energy Policy (July 1992), pp. 641-653. 

%is is to be contrasted with the Federal Aviation Administration's regulation of the maintenance of commercial aircraft. See US. 
Nuclear Regulatory Commission Sfntus of Maintenance in the US Nuclear P m  Industry, NUREG-1212 (Washington, DC, June 19861, and 
"Monitoring the Effectiveness of Maintenance at  Nuclear Power Plants," Federal Register, Vol. 56, No. 132 (July 10,1991). 

%Energy Information Administration, An Annlysis of Nuclear Power Plant Operating Costs: A 1991 Update,DOE/EIA-0547(Washington, 
DC, 19911, for more details. 
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do so, then one should observe a deterioration in 
performance as plants age. The empirical evidence on 
the effects of age on nuclear power plant performance 
is mixed. However, the bulk of the evidence, including 
the most recent and complete study, seems to suggest 
that performance falls as plants age. Additionally, all 
the studies of the performance of coal-fired power 
plants found evidence of agingG If it is, in fact, the case 
that performance does fall as plants age, then one 
might not observe any relationship between aging and 
o&M costs. 

Second, as was noted above, only commercial (as 
opposed to demonstration) power plants were included 
in the sample of plants used here.& The first nuclear 
power plant considered to be commercial was Connecti- 
cut Yankee, which entered commercial operation in 
1967. The first major "wave" of commercial nuclear 
power plants entered commercial operation in the early 
1970s. Thus, the 1992 ages of the oldest and average 
plant in the sample were 25 years and 14 years. Because 
the nuclear technology is still relatively young, a 
sample of relatively young plants was used. Conse- 
quently, inferences about the aging effects of older 
plants based on a sample of relatively young ones may 
be misleading. 

Third, recent analyses of nuclear power plant perform: 
ance have noted the importance of distinguishing 
between operator-specific, u tility-specific, and industry- 
wide learning?' The same is done here. Since plant age 
and operator/utility experience are almost identical, the 
age coefficient could be either positive or negative, 
depending on whether the positive plant aging effect 
outweighs the nega tive opera tor/utility-specific learn- 
ing effect. 

Additionally, industry observers have noted that some 
utilities can deal with the NRC more easily than others. 
It is possible that as a utility's experience increases, it 
cancomplywitha given set of NRC regulations at 

lower cost. Thus, as experience increases, costs could 
fall because of increased knowledge about the technolo- 
gy and about the NRC 

The results of this analysis suggest that measurable 
positive aging effects do not exist, since the age coeffi- 
cient is always statistically insignificant (Table 9). There 
are two possible explanations for this result. First, the 
utilities might have made the rational decision to let 
performance deteriorate as plants age, in which case 
O&M costs would be invariant to age. Second, the age 
coefficient measures the combined effect of plant aging 
and operator-specific (and utility-specific) learning. The 
negative learning effects could possibly have offset any 
positive aging effects. Note that by the end of 1992, the 
average age of all plants used here was about 14 years, 
or roughly about 40 percent of the 40-year design life. 
According to the conventional wisdom, most of the 
learning occurs early in a plant's life. Given that the 
average plant is rather young, it very well could be the 
case that the learning effects offset any aging effects.@ 

Approximately 35 percent of all U.S. nuclear power 
plants are owned by a utility that also operates other 
nuclear plants. However, there is also little evidence 
that utilitiesbenefit from experience of other plants that 
they own. That is, the "experience of other plants 
owned by the same utility" coefficient is statistically 
insignificant It is also interesting to note that a similar 
result was obtained when the experience with other 
older plants and older plants with the same design was 
used. Additionally, of the 12 utilities that own more 
than one plant, the largest is Commonwealth Edison, 
which owns 6 nuclear plants (13 units) and is the 
largest nuclear utility in the United States. Separate 
learning effects were estimated for Commonwealth 
Edison and the other utilities owning more than one 
plant. In this case, there was still no evidence that 
increased experience with other plants caused costs to 
fall. 

R Lester and M. McCabe, 'The Effect of Industry Structure on Learning by Using in Nuclear Power Plant Operation,'' RAND 
JourmZ of Economics (Autumn 19931, pp. 418438; M. Gielecki and J. Hewlett, "Commercial Nuclear Electric Power in the United States: 
Problems and Prospects," Monthly Energy Revim, DOE/EIA-0035(94/08) (Washington, DC, August 1994); and James G. Hewlett, "The 
Operating Cost and Longevity of Nuclear Power Plants: Evidence from the USA," Energy PoZiy (July 1992), pp. 608622. 

%e only two plants in operation over the 197.5 to 1989 period that were excluded were Big Rock Point and Yankee Rowe, with 
capadties of 65 and 17.5 megawatts, respectively. Additionally, Shippenport was excluded because it was owned and operated by the U.S. 
Department of Energy. 

%ester and McCabe argued that the impact of flows of information within a plant, between various plants owned by one utility, and 
between utilities will be different. See, R. Lester and M. McCabe, 'The Effect of Industry Structure onLearning by Using in Nuclear Power 
Plant Operation," RAND Journal of Economics (Autumn 19931, pp. 418438. 

@As noted above, there is a substantial amount of multicollinearity between age and any of the re~tory/industrylearningvariables. 
To determine whether the insignificant aging effect was the result of multicollinearity, a version of the model that excluded age was 
estimated. All the resulting coefficients were similar to the ones when age was included. This result suggests that the negative aging effect 
was not the result of multicollinearity. 
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Economic and State Regulatory Effects 

This analysis explicitly recognizes that there are both 
costs and benefits associated with improved plant 
performance. One of the major benefits of improved 
performance is the reduction in the need for replace- 
ment power when the plant is out of service. Thus, 
increases in the price of replacement power provide an 
incentive to reduce the use of replacement power by 
improving plant performance. Such increases can be 
accomplished by improving the plant's maintenance 
(i.e., by increasing O&M costs). Thus, increases in the 
price of replacement power could result in increased 
O&M ~0sts.6~ 

The owners of most U.S. nuclear plants are subject to 
State rate-of-return regulation; therefore, most of the 
operating costs, including fuel, replacement power, and 
O&M, are recovered on a dollar-fordollar basis. Given 
that rate-of-return regulation has this element of "cost- 
plus contracting," utilities may not have an incentive to 
minimize costs. Stated differently, given that most of 
the costs can be recovered on a dollar-fordollar basis, 
the market price of an input may not be the true price 
observed by the utility. (For example, in the limit, if the 
utility can recover all the fuel costs, the utility might 
perceive fuel to be a free good with a zero price.) 

There are two facets of rate-of-return regulation that 
will induce cost-minimizing behavior. First, Kahn and 
others have noted that when prices are increasing, 
regulatory lag-the time difference between when a 
rate increase is warranted and when it is granted-will 
induce utilities to minimize costs?" Over most of the 
time period, the State commissions focused on the 
recovery of fuel and replacement power costs. In some 
States these costs can be recovered with a one-month 
lag by means of a Fuel Adjustment Clause (FAC). In 
other States, the utility must file a formal and lengthy 
rate request. When prices are increasing, the longer the 
regulatory lag, the greater would be the incentive to 
improve performance by increasing maintenance 
expenditures. In the present analysis, a variable was 

used that took on the value of 1 if the plant was located 
in a State with an FAC and 0 otherwise.'l 

Second, these costs are scrutinized by the State regula- 
tory authorities and will be disallowed when they are 
viewed to be excessive. The greater the regulatory 
scrutiny as measured by RRA's rating of the PUCs, the 
less will be the certainty of cost recovery. The increased 
probability of cost disallowance will increase the 
incentive to reduce replacement power costs by increas- 
ing O&M expenditures. 

The price of replacement power, the stringency of the 
regulatory commission, and the use of an FAC possibly 
could jointly affect real O&M costs. For example, the 
combination of low replacement power costs, very 
lenient regulatory commissions, and the rapid recovery 
of fuel costs could jointly cause real O W  costs to be 
lower. To capture these joint effects, two variable-the 
product of the price of replacement power with the use 
of an FAC and the stringency of the PUC-along with 
a third one, the product of all three factors, were also 
included. 

The results of the regression analysis shown in Table 10 
suggest that m average both the price of replacement 
power and the stringency of the regulatory commission 
independently were positively correlated with real 
O&M costs.n That is, both increases in the price of 
replacement power and the probability that replacement 
power costs will be disallowed increased the incentives 
to improve performance by increasing O&M costs. 
However, there is no measurable difference in the real 
O&M costs for plants located in States with an FAC 
relative to ones located in States without an FAC. These 
results, therefore, suggest that over the entire 1975-1992 
period, the certainty as opposed to the speed of cost 
recovery affected the incentives to minimize costs. 

The joint effects of changes in the price of replacement 
power and the stringency of the State public service 
commission on real O W  costs are shown graphically 
in Figures 16 and 17. Figure 16 shows the relationship 

Issues dealing with expected future prices are discussed in Appendix A. 
'@See P. Joskow and R Schmalansee, "Incentive Regulation of Electric Utilities," Yale Journal of Regulation (Spring 19853, pp. 1-49; and 

A. Kahn, The Economics of Regulation: Principles and Practice (New York, NY: John Wiley and Sons, 1971). 
"In the 1988 report, to measure the speed of recovery (Le., the first State regulatory factor), a variable was used that took on the value 

of zero if the plant was located in a State with an FAC and the number of days between when the rate request was formally filed and 
when it was formally settled. However, in that analysis, this variable was never statistically significant. There were two reasons for this 
result. First, with a few exceptions, there was only a modest amount of variiition in the measure of regulatory lag used here. Second, the 
correct definition of regulatory lag is the difference between when a price increase was warranted and when it was allowed. The date 
when the rate case was formally submitted to the commission was used as a proxy for the date when the rate increase was warranted. 
This proxy was no doubt a poor one. See Energy Information Administration, An Analysis of Nuclear P m  Plant Operating Costs, 
DOE/EIA-0511 Washington, DC, 1988). 

T h e  elasticities and coef5dents were computed at the means of the respective variables. As will be noted below, the price of 
replacement power in not statistically significant when the State PUC is also very lenient. 
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Figure 16. Effects of Replacement Power Prices in Three State Regulatory Environments 
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Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utilities, Licensees and 

Others"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor survey 
forms; and Utility Data Institute. U.S. Nuclear Regulatory Commission, Replacement Power Costs for Nuclear Electric Generating 
Units, NUREG/CR-4012 (Washington, DC, August 1987). 

between the price of replacement power and real O & U  
costs as a function of the stringency of the PUC. 
Similarly, Figure 17 shows the relationship between the 
stringency of the PUC and O&M costs as a function of 
the price of replacement power. These relationships 
were computed directly from the regression results 
reported in Table 9. 

A small increase in the price of replacement power 
would not have a statistically significant effect on real 
O&M costs if the plant was located in a State with a 
very lenient regulatory commission (Figure 16). The 
average rating of all PUCs with nuclear plants was 

about 25. If the plant was located in such a State, 
increases in the price of replacement power would 
cause real O&M costs to increase. Moreover, from 
Figure 17, at any given replacement power price, a 
small increase in the stringency of the PUC would 
cause real O&M costs to increase. 

These results suggest that increases in the penalty for 
poor plant performance, as measured by the price of 
replacement power, does represent an increased incen- 
tive to improve plant performance by increasing O&M 
costs. However, this is not true if the plant is located in 
a State with a relatively lenient PUC. Thus, if the 
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Figure 17. Effects of State Regulatory Envimnment With Three Replacement Power Prices 
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forms; and Utility Data institute. US. Nuclear Regulatory Commission, Replacement Power Costs for Nudear EIeCtric GeneraLing 
Units, NUREGICR-4012 (Washington, DC, August 1987). 

probability of full cost recovery is very high, increases 
in the price of replacement power do not offer much of 
an incentive to improve performance, simply k a u s e  
the costs can be passed through to consumers. 

As a result of the disincentives inherent in cost-based 
regulation, many nuclear power plants are now subject 
to incentive rateof-return programs that reward utili- 
ties for good performance and penalize them for poor 

performancen Such programs represented an incentive 
to improve performance by improving the plant3 
maintenance. Initially, both the actual dollar amount of 
the reward and a simple variable taking on the value of 
1 if the plant was subject to an incentive rate-of-return 
program were used in the analysis. Both specifications 
yielded similar results. In the results presented here, a 
vhable taking on the value of 1 if the plant was 
subject to an incentive rate-of-rem program was used. 

US. Nuclear Regulatory Commission, Incentive Rcgulafimr of Nuclan P4wr Plants by State Pubk Ufi7ity Commissions, NUREG/CR- 
5509 (Washington, DC, 19901, and subsequent updates. 
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The results of the regression analysis suggest that 
plants located in States with incentive rate-of-return 
programs have real O&M costs that are roughly $5 
million higher than those for identical plants located in 
States with no incentive program (Table 9). Thus, these 
incentive programs do appear to represent an addition- 
al incentive to improve performance by increasing real 
O&M costs. 

Changes In the Effects After 1986 
There were some changes in the relationship between 
economic and State regulatory incentives to improve 
performance and O&M costs over the 1987-1992 period. 
Over the 1975-1987 period, changes in the price of 
replacement power had a larger effect on real O&M 
costs when compared with the same effect estimated 
over the 1975-1992 period (Table 10). More important, 
on average over the 1975-1987 period the stringency of 
the PUC did not affect real O&M costs. Finally, on 
average, over the 1975-1987 period, the real O&M costs 
of plants located in States with an FAC were less than 
the costs of plants located in States without one?4 This 
result suggested that, over the 1975-1987 period, the 
speed of recovery mattered. That is, utilities that could 
recovery their replacement power costs immediately by 
means of an FAC had less incentive to operate their 
plants efficiently and, therefore, had lower real O&M 
costs. Thus, over this time period, the time needed to 
recover the costs appeared to be a more important 
incentive than the certainty of cost recovery. 

One possible explanation for these changes is related to 
the fall in replacement power costs (see Chapter 2). 
Regulatory lag is an incentive to minimize costs only 
when prices are increasing. Over the 1987-1992 period, 
when prices are falling, regulatory lag offers little 
incentive to minimize costs. Under such conditions, 
regulatory scrutiny would play a more important role. 
Thus, it was not surprising to find that regulatory 
scrutiny played a more important role after 1986. 

Prices of the Other Factors Used 
To Produce Electricity 
The other set of economic variables included in the 
analysis were the wage rates of individuals working at 
nuclear power plants, the prices of O&M materials, the 
price of fuel, and the price of capital additions. These 
variables capture the substitution possibilities between 
employees at nuclear power plants, O&M materials, 

capital additions, and fuel. For example, the effects of 
O&M employee wage rates on O&M costs depend on 
the sensitivity of the quantity of labor demanded to 
changes in labor wage rates, which in turn depend on 
the ease of substituting labor for fuel, capital, and so 
on. If the quantity of labor demanded were very 
sensitive to changes in wage rates (i.e., if demand were 
elastic), then increases in wages could lead to greater 
than proportionate decreases in employment and thus 
to lower nominal O&M costs. 

The regression analysis found that increases in O&M 
worker wage rates had a very small, positive effect on 
nominal O&M costs. This effect was, however, not 
statistically significant. There are three possible explana- 
tions for this result. First, slaffing levels could in fact be 
fairly sensitive to wage rates. Second, plant-specific 
wage rates exclusive of fringe benefits were used here. 
There are variations across utilities in the tradeoff 
between wages and fringe benefits. That is, some 
utilities have relatively high wages and low fringe 
benefits, while just the opposite is true for other 
utilities. However, such tradeoffs tend to be relatively 
constant over time. If there are random variations over 
time in the relative size of fringe benefits, the estimates 
of the labor cost effects presented here would be too 
low. 

Third, as noted above, the method used to estimate the 
O&M cost model essentially transformed the data from 
levels to changes over time. There was substantial 
regional variation in the levels of the prices of O&M 
labor and materials, but the prices tended to increase at 
about the same rate. Thus, there was very little regional 
variation in the changes in these prices, as opposed to 
their levels. The lack of statistical significance could 
simply be due to lack of variation in the changes in 
prices. 

Finally, as discussed in Appendix A, a number of 
variants of the basic model were estimated. There was 
a wide variation in the O&M worker wage rate elastia- 
ties derived from the different variants of the basic 
model, and the ones presented in Table 10 are at the 
upper end of the range of estimates. Again, this wide 
variation was probably due to the lack of regional 
variability in the changes in O&M labor and material 
prices. 

The analysis also found that the price of capital and 
real O&M costs were negatively correlated. In this 

'Vhese changes are statistically different from zero. The F-statistic used to test the hypothesis that all these changes are different from 
zero is 2.87. One can therefore reject the null hypothesis that there are no changes in the relationship between real O&M costs and the 
economic and State regulatory incentives to improve performance. 
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analysis, the power plant (i.e., the containment, reactor 
vessel, the 40,000 or so pumps and valves, the 20 or so 
miles of pipes, the turbines, and so on) is viewed as the 
stock of capital. One would expect that decreases in the 
price of capital would cause an increase in the quantity 
of the capital service demanded. One way of increasing 
the quantity of capital services demanded is by improv- 
ing plant performance. This can be accomplished by 
increasing maintenance  expenditure^.'^ 

The price of fuel and real O&M costs are positively 
correlated. An increase in the price of fuel would cause 
a decrease in the quantity of fuel demanded. If fuel and 
capital are substitutes, the increase in the price of fuel 
would cause a decrease in the quantity of fuel demand- 
ed and an increase in demand for capital services. One 
way to increase the level of capital services is to im- 
prove maintenance by increasing real O&M costs. 

In summary, the analysis suggests that utilities were 
trading O&M expenditures for fuel and capital costs. 
The absolute sizes of these tradeoffs appear to have 
gone down after the utilities began to initiate their cost 
control programs in the late 1980s. This is because the 
elasticities shown in Table 10 were greater when the 
model was estimated with data ending in 1987. How- 
ever, these changes were not statistically significant.16 

Analysis of Capital Additions Costs 
The results of the regression analysis on capital addi- 
tions costs are shown in Table 12. The same basic 
model was used. However, in the case of the capital 
additions analysis, the dependent variable was the 
natural logarithm of capital additions costs per kilowatt 
of capacity deflated by the GDP implicit price deflator. 
The reasons for this particular choice and alternative 
specifications are discussed in Appendix A. 

The results of the analysis of capital additions costs are 
very different from those for the O&M costs. First, there 
was no measurable correlation between real capital 
additions costs and the economic factors discussed 
above. Some recent case studies found that roughly 50 
percent of the capital additions costs were regulation- 

induced, and the bulk of the remaining 50 percent were 
simply repairs to plant components." Since only a 
very small percent of the capital additions were done to 
improve performance, it is not surprising that these 
economic factors were not statistically significant. 

The other two factors of importanceplant age and 
NRC regulations/industry learning-also influenced 
real capital additions costs. However, the directions of 
the effects were different when compared with the 
O&M cost analysis. 

Plant Aging Effects 
As noted above, the O&M cost analysis did not provide 
any evidence that O&M costs increased as plants aged. 
Additionally, the bulk of the statistical analyses of the 
performance of nuclear and coal-fired power plants 
suggested that performance also falls as plants age. 
Utilities have the choice of increasing maintenance to 
mitigate the effects of plant aging, in which case O&M 
costs should increase as plants age. If this maintenance 
was effective, performance should not deteriorate as 
plants age. Consequently, the results of the present 
analysis of O&M costs and other analyses of perform- 
ance suggest that utilities did not increase O&M 
expenditures to mitigate the effects of plant aging, but 
instead let performance fall. 

Capital additions costs and performance are negatively 
correlated. That is, plants with high levels of perform- 
ance are seldom taken out of service to undertake 
repairs/replacements of plant components and there- 
fore would have lower capital additions costs. Most of 
the empirical studies suggest that age and performance 
are negatively correlated. As expected, the analysis of 
capital additions costs (Table 12) suggests that capital 
additions costs increase as plants age. The finding of 
the present analysis of capital additions costs is, there- 
fore, consistent with the results of the O&M cost 
analyses and the bulk of the studies of performance of 
nuclear and coal-fired power plants. 

Additionally, the effects of plant aging on capital 
additions costs are not inconsequential. The results of 
the capital additions cost analysis using the time and 

nOver time, the cost of replacement capacity was increasing. As long as electricity demand was increasing there would be an increased 
incentive to increase the longevity of the existing plants by increasing maintenance. Since short-run marginal replacement power costs 
were used, these data wiU not reflect increases in the cost of replacement capacity. Such influences therefore are probably being captured 
in regulatory effects. 

"Again, the F-statistic used to test the null hypothesis that these changes were jointly equal to zero was 1.32. Thus, the null hypothesis 

"See Sandy Cohen and Associates, Analysis of the Role of Regulation in the Escalation of Nuclear Power Capital Additions Costs, 
cannot be rejected. 

ORNL/SYE%/88-Sc557/1 (Oak Ridge, TN: Oak Ridge National Laboratory, July 1989). 
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industry learning specifications suggest that a 1-year 
increase in the age of the average plant caused an 
increase in real capital additions costs of $2 to $4 per 
kW?* Such increases are roughly 10 percent of the 
average capital additions costs computed over the 
entire 1975-1992 time period. In terms of elasticities, a 
small (l-percent) change in the age of the average plant 
caused costs increase of about 1.2 to 1.4 percent. 

NRC Regulatory and Industry Learning 
Effects 
The O&M cost analysis found that the effects of NRC 
regulations, industry learning, and any other unmeasur- 
able factor correlated with time jointly caused real 
O W  costs to increase. However, these factors caused 
real capital additions costs to fall. The change in capital 
additions costs, after controlling for all other measur- 
able factors other than regulation and industry learning, 
are shown in Figure 18?9 Before 1981, the regulatory 
and learning (and other) effects tended to offset each 
other, causing real capital additions costs to remain 
roughly constant. After 1981, perhaps as the result of 
the completion of TMI-related retrofits, after controlling 
for all other factors, real capital additions costs feLm 

, I  

After controlling for age, after 1981, real capital addi- 
tions cost fell. It was not surprising to find that increas- 
es in NRC regulatory actions and real capital additions 
costs were negatively correlated (Table 12, column 1). 
Because of the growth of the industry in the 1970s and 
1980s, any measure of industry learning would be 
highly correlated with the growth in NRC regulatory 
activity. Consequently, the best that could be done was 
to measure the joint effect of both these factors. Since 
real capital additions costs and the number of NRC 
regulatory activities were negatively correlated, the 
learning (and other) effects tended to more than offset 
the regulatory effects. 

Since the industry learning effects tended to be large, it 
was not surprising to find that industry experience and 
real capital additions costs were negatively correlated 

(Table 12, column 3). Other analyses found evidence of 
substantial learning-related reductions in the cost of 
major retrofit/repairs.S* The results of this statistical 
analysis are, therefore, consistent with the observations 
of other industry analysts. 

i h e  results of the analysis just described assumed that 
the plant aging and industry experience effects are 
independent of each other. However, the industry 
focused much of its efforts on reducing the costs of 
aging-related repairs and retrofits. This observation 
suggests that the aging and learning effects may 
depend upon each other. Consequently, the basic 
capital additions model was changed so that the joint 
effects of aging and learning could be analyzed. This 
was done by replacing the experience variable with the 
product of age and industry experience. Additionally, 
there is evidence that the aging and learning effects 
may not be constant over time (Figure 8 in Chapter 2). 
Consequently, the model was also changed to allow for 
different joint effects of age and learning in the 1975 
1986 and 1986-1992 periods, and for different aging 
effects for plants with ages less than and greater than 
6 years.82 

The results of this analysis are shown Table 13 and 
Figure 19. (Again, the relationships shown in Figure 19 
were computed directly from the regression results 
reported in Table 13.) Three observations are warrant- 
ed.. First, it is interesting to note that aging effects are 
observed only for plants with ages greater than 6 years. 
Second, the regression analysis suggests that plant age 
and industry learning jointly caused real capital addi- 
tions costs to fall after 1986 (Table 13). Third, as experi- 
ence increases (Figure 19), the effect of plant aging (i.e., 
the slopes of the three lines) falls. In 1982, a l-year 
increase in the age of an older plant (i.e., more than 6 
years old) caused capital additions costs to increase by 
about $3 per kW. However, by 1992, the increase in 
capital additions costs caused by a l-year increase in 
age fell to roughly $2 per kW, a reduction of about 33 
percent. Thus, industry experience is, indeed, mitigating 
the effects of plant aging. 

Table 12 shows that the estimated aging effect depends on the particular measure of NRC regulatory activity. Since there does appear 
to be a substantial amount of learning, the specification that used industry learning is probably more reliable than the one that used the 
number of NRC regulations. Additionally, the relationship between any regulatory measure and costs will not be constant over time. This 
is because two effects that work in opposite directions are being measured. Thus, the one that uses time is probably the most reliable. 

79Again, the data shown in Figure 18 were directly derived from the regression results shown in Table 12. They were computed in a 
manner similar to the one used to compute the estimates shown in Figure 14. 

%ere is collinearity between age and any of the regulatory variables. Consequently, the model was estimated after constraining the 
aging effect to a greater than zero. When this was done, the regulatory variable was always negative. As expected, the standard error 
fell substantially. 
"See US. Congress, Office of Technology Assessment, Aging Nuclear Power Plants: Managing Plant Life and Decommissioning; OTA-E575 

(Washington, Dc, 1993). 
"Note that the dependent variable in this analysis was changed to costs in 1982 dollars per kilowatt of capacity. 
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Table 12. Results of the Capital Additions Cost Analysis 

I Coefficient 

Variable I NllC Regulations” I Industry Learning’ 

PlantAge .............................................. 
Price of Replacement Power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Price of Replacement Power x Stringency of Public Utility Commission . 

O&M Worker Wage Rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Price of 0&M Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Acquisition Price of Capital Goad . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Costof Capital .......................................... 
Priceof Fuel ............................................ 

NRC Regulatory Activity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
lndusby Learning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Cumulative NRC Fines to Year t-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Use of Incentive Rate of Return Program . . . . . . . . . . . . . . . . . . . . . . . 
Experience at Other Plants Owned by the Same Utility . . . . . . . . . . . . . 

Natural Logarithm of Plant Size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Steam Generator Binary Variable . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Constant .............................................. 

0.360374 
(0.071 42)’ 
0.587918 
(0.57099) 
0.045535 
(0.13494) 
-0.01935 
(0.0774) 
-0.02976 
(0.01842) 
0.047417 
(0.08509) 

-0.32099 
(1 .I 5797) 
0.399877 
(3.40665) 
-0.00343 

(0.00074)’ 
NA 

0.519819 

0.369591 

0.004695 
(0.00505) 
0.813763 
(0.44187)’ 
1.60996 

(0.30407)’ 
NA 

_- 

(0.23443)’ 

(0.17754)’ 

__ 

0.247824 
(0.04278)’ 
0.474863 
(0.56662) 
0.041678 
(0.1 3431) 
0.011028 
(0.07605) 
-0.02348 
(0.01 837) 
0.094773 
(0.08397) 

(1.14821) 
-0.03647 

0.481846 
(3.38682) 

NA 

-0.00304 

0.481609 
(0.22875)’ 
0.235771 
(0.17819) 
0.003469 

0.365923 
(0.3678) 

1.62945 
(0.30237)’ 

NA 

-- 

(0.00058)’ 

(0.00499) 

I 

0.1 76339 
(0.08943)’ 
0.52051 
(0.57459) 
0.064993 
(0.13635) 
-0.02717 
(0.08429) 
-0.00654 
(0.02072) 
0.018069 
(0.09627) 

(1 .I 5495) 
-0.31265 

-1 .I 005 
(3.3655) 

NA 

NA 

0.720689 
(0.23203)’ 
0.06137 
(0.18294) 
0.008879 

-0.00403 
(0.49454) 
1.531 91 

(0.30432)’ 

(4.05498) 

-- 
.- 

(0.00499) 

-0.1 7092 

See notes at end of table. 
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Variable 

Year of Observation: 
1975 .................................. 
1976 .................................. 
1977 .................................. 
1979 .................................. 
1980 .................................. 
1981 .................................. 
1982 .................................. 
1983 .................................. 
1984...... ............................ 
1985 .................................. 
1986 .................................. 
1987 .................................. 
1988 .................................. 
1989 .................................. 
1990 .................................. 
1991 .................................. 

Coeffident 

NRC Regulations industry Learning Residual Escalation 

Adiusted R-Squared . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

2.53327 

2.50568 
(1.50111) 
2.70792 

2.27085 
(1.3102)' 
2.22609 

(1.22506)' 
2.51871 

(1 .12541 )' 
2.58897 

(1.04481)' 
2.35466 

(0.95618)' 
2.20024 

(0.85981)' 
1.92619 

(0.76241 )' 
1.87216 

(0.68376)' 
1.771 92 

(0.59659)' 
1.73776 

(0.51 149)' 
1.1 0007 

(0.42917)' 
0.683093 
(0.35286)' 
0.173408 

0.32 

(1.57463) 

(1.39663)' 

(0.23648) 

'These are the estimates from the model that used the parb'cular measure of NRC regulatory activity and industry learning effects. 
Notes: Standard errors are shown in parentheses. An asterisk (') indicates that the coefficient is significant at a 0.95 level of confidence, using 

Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utilities, Licensees and Others'; Energy 
a one-tailed test. The dependent van'able was the natural logaithrn of capital additions costs in 1982 dollars per kilowatt of plant capacity. 

Information Administration, Form EIA-412, 'Annual Report of Public Electric Utilities,' and predecessor survey forms; and Utility Data Institute. 
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Figure 18. Residual Escalation in Capital Additions Costs, 1975-1992 
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Sources: Federal Energy Regulatory Commission, FERC Form 1,  “Annual Report of Major Electric Utilities, Licensees and 
Others”; Energy Information Administration, Form EIA-412, “Annual Report of Public Electric Utilities,” and predecessor survey 
forms; and Utility Data Institute. 
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Table 13. Estimates of the Joint Effects of Plant Aging and Industry Learning 

Variable I Coefficient Standard Error 
Plant Age 0 to 6 Years .......................................... -0.193154 1.31 824 
Plant Age Greater Than 6 Years ................................... 3.25636 1.07444* 

Price of Replacement Power x Stringency of Public Utility Commission ....... 2.54843 3.5345 

O&M Worker Wage Rate ......................................... -1.7651 2.02477 

Acquisition Price of Capital Good ................................... 0.967387 2.1 8953 
Costof Capital ................................................ -6.469 28.5838 
Fuel Price .................................................... 97.6812 95.3374 
Industry Learning from 1975 to 1986 x Plant Age ....................... 
Industry Learning from 1986 to 1992 x Plant Age ....................... 
Cumulative NRC Fines to Year t-1 .................................. 14.7845 5.71446* 
Use of Incentive Rate of Return .................................... 10.0379 4.48405' 
Experience at Other Plants Owned by the Same Utility ................... 0.128524 
Plant Size .................................................... -6.9481 9.13379 
Steam Generator Binary Variable ................................... 71 S712 7.46788' 
Constant .................................................... NA 
Adjusted R-Squared ............................................ 0.34 

...................................... Price of Replacement Power 8.08574 14.5646 

.......................................... 0.4821 28 Price of O&M Materials 0.01 9983 

-0.0006181 6 
-0.001 04809 

0.000922 
0.000422' 

0.034266 

-- 
-- 

~ ~ ~ ~~ 

NA = not applicable. 
Note: An asterisk r) indicates that the coefficient is significant at the 0.95 level of confidence using a one-tailed test. 
Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utiliiies, Licensees and 

Others"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor survey 
forms; and Utility Data Institute. 
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Figure 19. Effects of Industry Experience and Plant Aging on Real Capital Additions Costs 
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Note: This graph shows the effects of plant age on the capital additions costs of a hypothetical nuclear power plant as a function 
of three levels of industry experience. 

Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utilities, Licensees and 
3thers"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor survey 
forms; and Utility Data Institute. 
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4. Conclusions 

This study found that capital additions costs peaked in 
1984 and have fallen substantially since then. That is, 
real capital additions costs escalated from about $11 per 
kW of plant capacity to $62 per kW over the 1974-1984 
period, then fell after 1986, to about $29 per kW in 
1993. Additionally, the annual growth rate of real O&M 
costs fell substantially. Between 1974 and 1984, real 
O&M costs escalated at a rate of about 11 percent per 
year. However, over the 1985-1989 period, the annual 
growth rate fell to about 5 percent per year. Since then, 
real O&M costs have increased at an annual rate of less 
than 1 percent. 

The objective of this analysis was to determine the 
factors causing the moderation in cost growth. To do 
this, the effects of the factors of importance (explained 
in detail in Chapter 3) on O&M and capital additions 
costs over the 1975-1987 and 1987-1992 periods were 
estimated. This was done by using the model to "pre 
dict" what costs would have been if all factors except 
the one under consideration had remained at their 1975 
le~els.8~ The results of this analysis are shown in 
Tables 14 and 15. 

Over the 1975-1987 period, the average annual absolute 
increase in real O&M costs was about $5.10 per kW 
(Table 14). However, over the 1987-1992 period, the 
average annual increase fell by about 50 percent to 
about $2.40 per kW. Over the entire period, the joint 
effect of NRC regulation and industry learning was the 
most important factor influenangreal O&M costs. Since 
this factor caused a larger increase in costs in the 
second than in the first period (1987-1992 vs. 1975- 
1987), it did not cause a reduction in the increase in real 
o&M costs. 

Instead, the analysis found that changes in the econom- 
ic and State regulatory incentives to improve perform- 
ance were the most important set of factors mitigating 
O W  costs. Over the bulk of the 1975-1987 period, 
replacement power prices increased, causing real O&M 
costs to increase by about $3.10 per kW per year. 
However, over the 1987-1992 period, relative replace- 
ment power prices fell, and the reduction caused real 
O&M costs to fall by about $3.40 per year.M In short, 
changing incentives to improve plant performance 
rather than regulatory considerations-caused the 
moderation in the growth of O&M costs. 

As discussed in Chapter 3, real capital additions costs 
were influenced by plant aging and the combined 
effects of NRC regulatory activity and industry learn- 
ing. Over the 1975-1992 period, these factors produced 
large changes in capital additions costs that tended to 
offset each other. Plant aging caused real capital 
additions costs to increase by about $4.10 per kW per 
year, while NRC regulatory activity and industry 
learning caused costs to fall by $2.60 per year. 

Over the 1975-1987 period, NRC regulatory actions and 
industry learning jointly had a relatively small effect on 
real capital additions costs, and as a result of the aging 
effects, capital additions costs increased. Over the 1987- 
1992 period, however, NRC regulatory actions and 
industry learning jointly caused costs to fall by about 
$4.30 per kW per year. This decrease in costs more than 
offset the agerelated cost increases of about $2.70 per 
kW per year, and as a result, real capital additions costs 
fell. Thus, very strong learning effects, which more than 
offset the aging effect, caused capital additions costs to 
fall. 

%e procedure used to compute the predicted costs is explained in AppendLx A. The mean values shown in this chapter and those 
presented in Chapter 2 are not the same, because the means computed in this chapter used the exact sample that was employed in the 
statistical analysis. Because of missing data for some of the explanatory variables, this sample was not the same as the one used for the 
analysis in Chapter 2. Additionally, the capital additions analysis used the natural logarithm of costs. Thus, 50 or so observations with 
negative capital additions costs were excluded. Finally, as explained in Appendix A, the procedures used to compute the means in this 
chapter and in Chapter 2 were different. The average O&M costs used in the two chapters are within 5 percent of each other. However, 
because of the exclusion of negative capital additions costs, the decrease in capital additions costs from 1987 to 1992 (shown in Table 15) 
was less than that reported in Chapter 2. 

%ver the 19751992 period, the number of plants that were subject to FAG fell slightly, and the PUCs became slightly more stringent. 
However, the cost increases caused by these changes were minor. 
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Table 14. Factors Causing the Escalation in Real Operating and Malntenance Costs 
(Annual Absolute Change in Real O&M Costs per Kilowatt of Plant Capacity, 1993 Dollars) 

Factor 

I Time Period 

1975-1 98'7 1987-1992 

Factor 

1975-1 992 
-0.39 
1.07 
7.83 
1.40 

-3.05 
-0.88 
-1.66 

Time Period 

1975-1 987 1987-1 992 1975-1 992 

Total ................................. 5.06 2.40 4.32 

Notes: The most important factor in the "Other and Unexplained" component was plant size, which increased by roughly 20 
percent in the 1975 to 1987 period. Because an indirect measure of tho NRC regulatory effect was used, this factor could also be 
capturing the effects of any relevant but unmeasurable factor highly correlated with time. 

Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utilities, Licensees and 
Others"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor survey 
forms; and Utility Data Institute. 

There are still a number of unresolved questions that 
are crucial to any assessment and control of O&M and 
capital additions costs. First, this analysis was unable to 
disentangle the regulatory effects from those related to 
learning and other management-related factors. To do 
this, detailed case studies are needed. Such case studies 
would analyze the historical accounts of a plant's costs, 
focusing on the causes of each cost increase. The 
information shown in Tables 14 and 15 highlights the 
importance of such case studies. 

Second, part of the cost escalation was due to the desire 
to improve plant performance and safety. Over the 
1983-1990 period, the average capacity factor of U.S. 
nuclear power plants increased from about 54 percent 
to 70 percent. Since 1990, the average capacity factor for 
U.S. nuclear power plants has remained constant. It 

would be useful to know how much of the increase in 
performance of U.S. nuclear power plants was due to 
increased maintenance expenditures, and whether the 
leveling off of nuclear power plant performance and 
O&M costs after 1990 are related. Such an analysis 
could yield insights into future trends in nuclear power 
plant performance. 

Third, this analysis found that the factors affecting 
08rM and capital additions costs (plant aging, industry 
learning, and regulation) were changing over time. 
Thus, it would be useful to revisit the issue of the 
factors influencing nuclear operating costs in 4 or 5 
years. Since the average plant will be about 20 years 
old by then, more insights about the aging effects could 
be gained. 
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Appendix A 
Derivation of the Model 

One objective of this appendix is to derive the model 
that was estimated in the body of the report. This is an 
economics-based cost-minimizing model that explicitly 
recognizes the tradeoffs between capacity utilization 
and maintenance costs. One of the basic questions that 
this update addresses is the reason for the moderation 
in growth in nuclear power plant operating costs. If, in 
fact, the moderation in costs represents a tradeoff 
between maintenance and plant performance, then it is 
not clear whether the reduction in O&M costs will 
result in lower total production costs. To examine this 
type of issue, an economic, as opposed to engineering, 
model is needed. 

In most studies of production technologies, a fixed 
relationship between the stock of capital and the flow 
of capital services is assumed, in the sense that the flow 
of capital services can be changed only by altering the 
stock of capital. In this model, however, the firm can 
alter the capital services derived from a fixed stock of 
capital in response to changes in relative factor prices 
by changing its level of maintenance and, therefore, 
utilization. 

Additionally, nuclear power plants are designed to be 
operated in "baseload" (i.e., they were designed to 
operate continuously). Thus, when a plant is out of 
service, replacement power must be obtained else- 
where. At least until the mid-l98Os, increases in re- 
placement power prices caused the cost of nuclear plant 
outages to increase substantially. Such increases in 
outage costs, therefore, represented an incentive to 
improve performance (i.e., capital utilization) by 
increasing maintenance expenditures. By estimating a 
model where capital utilization is endogenous, the role 
of such economic factors in causing the escalation in 
O&M costs can be examined. 

and Econometric Issues 

The formal derivation of the model is as follows. Let K 
be the stock of capital and T the capital services derived 
from the capital stock. Thus, the utilization rate of the 
stock of capital would be U = T/K. The rate of deprecia- 
tion of the capital stock, y, is a function of the level of 
maintenance, M ,  and the level of utilization, U. Thus, 
y = y(M,u), "/M<Ot  ^lU>O# yMu<o 

yu measures how the capital stock depreciates as it is 

implies that the aging effects can be mitigated by 
increased maintenance. R is the quantity of replacement 
power obtained elsewhere when the plant is out of 
service. Finally, N is the net investment in the plant, 
and Z is the vector of other inputs. (The most important 
other input is fuel.) 

utilized (i.e., the so-called "aging effects P I  1. 85 yMU < 0 

The utility will minimize the present value of the costs: 

(1) se"[PNN + P M M  + PRR + P z z ]  
OD 

. 
0 

PN, PM, PR, and Pz are the prices of investment goods, 
maintenance, replacement power, and the vector of 
other inputs, respectively. 

The discounted costs [equation (111 will be minimized 
subject to the following two constraints: 

(2) k = N + y(M,U) K 
and 

(3) Q = R + Y(T,z)  . 
The first constraint, equation (21, simply states that the 
change in the capital stock equals the amount of new 
investment plus the depreciation of the old stock.% 

qhroughout this appendix, yM = 3, yMu - - -, gr and so on. 
aM aMau 

86Note that l? is the change over time in K. It is also the quantity of capital additions. These capital additions consist of the replacement 
of fully depreciated plant components, yK, and plant improvements that increase performance and/or safety, N. Additionally, in the 
estimation of the model, operating labor input (i.e., the individuals that operate the plant) is ignored. In most plants there are no more 
than 40 to 50 plant operators, while the typical staffing level is about 1,000. Thus, the remaining 950 or so employees perform some type 
of maintenance (in a very broad sense of word) activities. Finally, this derivation follows M. Kim, "The Structure of Technology with 
Endogenous Capital Utilization," Infernational Economic Rm'm, VoL 29 (19881, pp. 111-129; and L. Epstein and M. Denny, "Endogenous 
Capital Utilization in a Short-Run Production Model," Journal of Economefrics, Vol. 10 (1980), pp. 189-207. 
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The second constraint states that a fixed level of output, 
(2, must either be produced from the plant, Y, or 
obtained elsewhere, R. The production of electricity 
from the plant is 

Y = Y(T,Z) 

or 

Y = Y(KU,Z) . 
Thus, the formal constrained minimization problem is 
to minimize equation (l), subject to equations (2) and 
(3): 

OD 

8 = le-"[P,N + PMM + P,R + PzZl 
0 

+ h,[k - N - y(M,U)KI 

+ h,[o - R - Y(KU,Z)] . 
The resulting Euler-Lagrange first-order conditions 
are? 

These first-order conditions have some interesting 
interpretations. First, equation (4c) states that the 
shadow price of the plant's output, h,, equals the 
discounted price of replacement power, PR' The expres- 
sion h, YT K in equation (4e) shows the benefits of 
increasing output, Y, achieved by increasing the effec- 
tive utilization of the stock of capital, U, one unit.= 
Clearly, increases in PR would increase the benefits of 
increasing the planfs output by increasing the capital 
stock utilization. The cost of increasing the plant% 

ae Again, eN = - , and so on. 
aN 

87 

ay 
au %Note that - = YT K . 

output by increasing the capital stock utilization is 
h, yu (MU) K. (That is, increased utilization will lead to 
increased depreciation.) Equation (4e) states that the 
utilization of the capital stock will be set such that the 
costs and benefits will be equal at the margin. 

Equation (4a) states that h, equals the discounted price 
of the investment good, Pw From equation (4b), the 
benefits of increased maintenance are the decreased 
depreciation of the capital stock, or h, yM K. According 
to equation (4b), at the margin, these benefits will equal 
the discounted costs of improved maintenance, PIM. 

Equations (4a) - (4h) are a set of eight equations in 
eight unknowns that can be solved for the optimal 
quantities of the maintenance and capital inputs-M* 
and K*, respecgvely-as a function of prices, the rate of 
interest, and Q. That is: 

6) M * = F (PN, PM8 P,, PR, p N 8  r, 

(5b) K* = F(PN,p,,pz,PR,p,,r,(z) - 
To explicitly represent safety regulation, the following 
constraint could be added: 

S--S(KU,Z) = 0 4 

This equation states that the "safetf' output would be 
a function of the aged capital stock and the other input, 
Z. The constraint states thatthe utility must produce a 
minimum level of safety, S, that would appear as an 
independent variable in equations (5a) and (5b). In 
effect, plant safety and plant output are treated as a 
joint good. 

The comparative statistics with respect to equation (5b) 
are straightforward, and therefore the discussion will be 
linuted to the maintenance input Most importantly, the 
price of replacement power is effectively the shadow 
price of the planYs output. Thus, as was noted above, 
the greater the price of replacement power, the greater 
would be the benefits of improving utilization (plant 
output) by increasing maintenance, and an increase in 
PR would cause an increase in the demand for the 
maintenance input. 

Additionally, the greater the price of maintenance 
input, the less of it will be demanded. If the other 
input, Z, and capital are substitutes, an increase ( d e  
crease) in Pz would increase (decrease) the demand for 
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the capital services. Everything else being equal, capital 
services, T, can be increased by increasing the capital 
utilization rate by improving maintenance. Thus, if 
capital and Z are substitutes, an increase (decrease) in 
Pz would cause an increase (decrease) in the demand 
for the maintenance input. 

Finally, following Kim and Jorgensen, the user cost of 
the capital services, PN (y* + r) - PN, can be derived from 
equations (4a)-(4h).s9 Increases in the user cost of c a p  
ita1 services would cause a reduction in the quantity of 
the capital services demanded by reducing the level of 
maintenance. Thus, an increase in the user cost of the 
capital services would cause a decrease in the demand 
for the maintenance input. Since depreciation, y*, is 
endogenous, the three exogenous components of the 
user cost of the capital services will be included as 
exogenous variables. Increases in PN and rand decreas- 
es in PN would cause the user cost of the capital 
services to increase and the demand for maintenance 
input to 

Thus, the expected signs associated with the exogenous 
variables of interest in equation (5a) are: 

Equations (4a)-(4h) imply that the optimality conditions 
hold at every period f. Thus, the model as specified 
suggests that utilities can instantaneously adjust the 
optimal level of maintenance to changes in any of the 
exogenous variables shown in equation (5). At any 
point in time, however, the actual and optimal level of 
M* may be different. After postulating a simple lagged 
adjustment mechanism, the following can be der ivd  

A very simple stock adjustment process leads to a 
relatively simple distributed lag specification; more 
complex stock adjustment processes will result in more 
complex lag structures. 

An alternative to this continuous time model is one that 
uses discrete time periods. Such a model was devel- 
oped in the original 1988 study and was extended in a 
recent paper by Hewlett and McCabe?' In these 
models, plant output "today" is a function of mainte- 
nance in year f (i.e., 'today") and in years f-1 and f-2. 
The result of the constrained minimization is input 
demand functions that contain input prices in year t 
and expected prices in years f + l  and f+2. That is, 
increased maintenance in year f will lead to improved 
performance in years f + l  and t+2. Thus, maintenance in 
year t will be a function of price in year f and expected 
prices in years f + l  and f+2. The original report shows 
that the model estimated in the body of this report is 
the same as a dynamic discrete time period model with 
myopic expectations. Additionally, Hewlett and 
McCabe presented some evidence to support the 
assumption of myopic expectations. Thus, the implicit 
assumption used in the present analysis is that utilities 
are myopic. Again, there is some evidence to support 
this assumption, and it does simplify the analysis 
considerably. 

Specification of the Model 
There are a number of issues dealing with the specifica- 
tion of equations (6a) and (6b) that were not discussed 
in the text. First, equation (6b) deals with the capital 
stock. The capital additions data are changes in the 
stock of capital or equation 6b in first difference form. 
Therefore, in the capital additions equation, all the 
prices and the rate of interest were expressed in first 
difference form. There are also some issues dealing 
with the functional form of equations (6a) and (6b). 
Since these issues are related to issues dealing with the 
multicollinearity between age and the NRC regulatory 
variables, they are discussed below. 

89M. Kim, 'The Structure of Technology with Endogenous CapitalUtilization," Infenrational EwnomicRevim, VoL 29 (19881, pp. 111-129; 
and D. Jorgenson, "Capital Theory and Investment Behavior," Ametican Economic Reoieco (January 1963), pp. 247-259. 

9%e mathematical derivation of these comparative statistics is extremely difficult; since this is an empirical paper, they were not 
derived. However, numerical techniques were used to solve equations (4) - (4h). Then, the exogenous variables of interest were increased 
by a very small amount, and the change in M was computed. The changes were consistent with this discussion. 

' h e  Energy M o m t i o n  Administration, An Analysis of Nudear Poraer Plant Operaring Cosfs, DoE/ELA-o511 (Washington, DC, 19881, 
and James G. Hewlett and Mark J. McCabe, "Economic Regulation of Nuclear Power Plants," paper delivered at the 1995 meeting of the 
American Economic Assodation (Washington, DC, January 8,1995). 
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Thus, the specifications of the O&M and capital addi- 
tions cost equations are:= 

= ‘o +%‘ml,i,t +%‘mm,i,t +‘3’N,i,t “rri,t 

+‘5*F,i,t -t ‘6*R,i,f +‘7’R,i,t 

+‘SPR,i,tREGi,t +‘gPR,i,t 

+ulOOEXSPi,, +allIRORi,, +a12AGEi , 
+ u13 CREG, + u14 SIZEi, , 
+ ‘15(Pn,i,t - ‘njJ-1) + ‘16 OMi,t-l + ‘i,: 

+qj 

Ln(CAKWi,t) = ‘0 +‘lpml,i,f +(12Pmm,i,t +‘3’N,i,f 

+ ‘4‘i,t + ‘SPF,i,t + ‘6’R,i,t 

+ a,PR,i,t REGi,, + u80EXSPi , 
+ agIRORi,, + aloAGEi , 
+ all CREG, + al,log(SIZEi > 
+‘13(Pn,i,t -‘n,i,t-I) +%,t +Vi  * 

where: 
OMi,, = O&M expenditures for plant i in year t 
OMi,,I = O&M expenditures for plant i in year t-1 

Ln(CAKWi,J = natural logarithm of real capital 
additions costs per kilowatt of capacity for plant i in 
year t 
Pmlj,, = price of the O&M labor input as measured 
by the wage rate of onsite employees at plant i in 
year t 
~ m m j , ,  = price of the O&M material input as meas- 
ured by the cost of ready mix concrete in the area 
surrounding plant i in year t 
PNj,, = price of the capital input as measured by the 
wage rate of skilled construction workers in the 
area surrounding plant i in year t 

rj,, = cost of capital as measured by the return on 
equity for the owner of plant i in year t 
PRu = price of replacement power for plant i in 
year t 
FACi,, = 1 if the owner of plant i in year t was 
subject to a fuel adjustment clause, and 0 otherwise 

REG,;, = stringency of the State regulatory commis- 
sion with jurisdiction over plant i in year t 

IROR,,, = 1 if plant i was subject to an incentive rate 
of return program in year t 

OEDi , ,  = number of reactor operation years of 
other plants owned by the owner of plant i in year t 

AGE,, = age of plant i in year t 

CREG, = cumulative NRC actions in year t 
SIZE, = size of plant i in year t 

year t. 
qi = two random error terms for plant i in 

Note that the dependent variable in equation (7a) is 
O&M expenditures instead of the quantity of the O&M 
input. Roughly 75 percent of O&M expenditures are 
labor related, and the other 25 percent are for materials 
such as concrete for small construction projects, oil and 
lubricants, etc.% Thus, the best measure of the 
quantity of the O&M input would probably be staffing 
level measured in person-hours. Since such data are not 
available, expenditures were used as the dependent 
variable. Since O&M input prices are included as 
independent variables, the use of O&M expenditures 
should not present any problemsP4 Therefore, the 
estimates represent real changes (i.e., changes in 
quantities). 

As discussed below, a proxy variable for the price of 
the capital good was used. Consequently, nominal 
capital additions expenditures were not used as the 
dependent variable. The alternative was to deflate the 
nominal expenditures. Unfortunately, there is no index 

”Note that a static version of the capital additions cost equation was used. A version of the capital additions cost equation with a 
lagged dependent variable was estimated. As noted in the text, there are some distortions in the year-to-year changes in the capital 
additions costs, and as a result, the lagged capital additions cost coefficient was actually negative. Since this makes no economlc sense, 
the lagged capital additions cost term was excluded. It should be noted that the inclusion of the lagged dependent variable did not affect 
the results of interest. 

93H. Bowers, L. Fuller, and M. Myers, Cost Estimating Relationskipsfor Nuclear Plant Operation and Maintenance, ORNL/TM-10564 (Oak 
Rid e, TN Oak Ridge National Laboratory, 1988). 

’kitially, an attempt was made to estimate factor share equations using a translog specification. This specification produced poor 
results. To compute factor shares, the cost of replacement power had to be computed. As noted below, the computation of the price of 
replacement power was difficult. The quantity of replacement power was even more difficult to compute. The use of the product of the 
price and quantity of replacement power introduced massive measurement error and probably explains the poor results. 
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of capital additions prices; therefore, by default, nomi- 
nal capital additions deflated with the GDP Implicit 
Price Deflator were used as the measure of the quantity 
of the capital additions input. 

There are, however, problems with the use of both the 
O&M labor wage rates and the GDP Implicit Price 
Index as deflators. First, as was noted in the text, the 
O&M labor wage rate variable does not include any 
overtime or fringe benefits. More importantly, the GDP 
deflator measures the changes in all prices and is not 
regional. Therefore, two other deflators were used. 
Those results are presented later in this appendix. 

Estimation 
Equations (7a) and (7b) were estimated using the so- 
called "fixed effects" model. These estimates were 
essentially derived by using ordinary least squares to 
estimate a version of the model that included a series 
of 69 plant-specific dummy variables?' Thus, fixed 
effects estimates allow for the intercept to vary across 
plants. These estimates are consistent, and if the two 
error terms in equations (7a) and (7b) are uncorrelated 
with any of the independent variables, efficient esti- 
mates can be derived by using Generalized Least 
Squares (GLS). 

Ordinary Least Squares (OLS), Fixed Effects, and GLS 
estimates of equations (7a) and (7b) are shown in 
Tables A1 and A2, respectivelyP6 As these two tables 
show, there are differences between the fixed effects 
and GLS estimates. Not surprisingly, the Hausman 
specification error test suggests that the crosssectional 
error term is correlated with at least one of the explana- 
tory variables, therefore causing the GLS estimates to 
be biased and inconsistent. Thus, the focus will be on 
the fixed effects estimates. 

It must also be noted that the inclusion of a lagged 
dependent variable in the O&M cost equation will 
cause the fixed effects estimates of the lagged O&M 
cost coefficient to be biased downward and the OLS 
estimates to be biased upward if the number of time 

series observations is relatively small. In the present 
analysis, there are roughly 15 time series observations 
per plant. According to Hsiao, for such a sample, the 
bias will be slightly less than 0.1, and, therefore, the 
bias will be relatively small.w All of these observa- 
tions are consistent with the estimates shown in Table 
Al. That is, the OLS estimate of the lagged O M  cost 
coefficient is greater than the fixed effects estimates. 
However, since the bias is rather small, the differences 
are not that greatg8 

Additionally, there is some evidence of cross-sectional 
heteroskedasticity. Fixed effects estimates can be 
derived by including dummy variables for each cross- 
sectional observation in the sample. To correct for the 
heteroskedasticity, each observation was weighted by 
the inverse of plant size. The standard errors increased 
by less than 5 percent. 

The GLS and fixed effects results shown here were 
derived using the PANEL procedure in the econometric 
software package, Time Series Processor ("SP). This 
procedure automatically computes the fixed effects and 
GLS estimates. Unfortunately, although the PANEL 
procedure in TSP is easy to use and is computationally 
very efficient, weighted regressions cannot be estimat- 
ed. Since the biases resulting from heteroskedasticity 
appear to be small, for computational reasons no 
correction for heteroskedasticity was made here. 

To test for autocorrelated residuals over time, an 
average first order autocorrelation coefficient-i.e, 
rho-was computed. In the capital additions equation, 
rho was extremely small, suggesting that first order 
autocorrelation was not present. Since the O&M equa- 
tion has a lagged dependent variable, both rho and the 
Durbin-Watson statistic will be biased. Thus, an aver- 
age Durbin H-statistic was also computed (Table All. 
These Durbin H-statistics suggest that first-order 
autocorrelation was again not present in the O&M 
equationPg 

The fixed effects estimates allow the intercepts to vary 
across the cross-sectional observations. There is also 
every reason to believe that some of the coefficients 

9%sues dealing with the correlation in the error terms over time (i.e., intertemporal autocorrelation) and across plants (cross-sectional 
heteroskedastidty) are discussed below. 

96'rhe GLS estimates are sometimes called "random effects" estimates. To derive these estimates, the variances of the cross-sectional 
and time-series errors terms are computed. These estimates are then used to derive the GLS estimates. Finally, the Hausman specification 
error test is used to determine whether the fixed effects and GLS estimates are equal. If they are not, there is an omitted cross-sectional 
variable that will bias the GLS estimates. For a complete description of these points, see H. Cheng, Analysis of Panel Data (New York, NY: 
Cambridge University Press, 1987). 

97See H. Cheng, Analysis of Panel Data (New York, Ny: Cambridge University Press, 1987), p. 74. 
9&rhere some instrumental variable techniques that can be used to derive consistent estimates of fixed effects models with lagged 

de endent variables. In the present analysis an attempt was made to use these techniques. The results, however, were very poor. 
'See Appendix A in the original report for a discussion of how the average first order autocorrelation statistic was computed. 
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Table Al.  OLS, GLS, and Fixed Effects Estimates of the Olperating and Maintenance Cost Model 

Variable 

Coefficient 

OLS Fixed Effects GLS 

PlantAge .............................................. 

Price of Replacement Power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Price of Replacement Power x Stringency of Public Utility Commission . 

Price of Replacement Power x Use of Fuel Adjustment Clause Dummy . 

Price of Replacement Power x Use of Fuel Adjustment Clause Dummy 
x Stringency of PUC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

O&M Worker Wage Ra te . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Price of 0 & M  Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Fuel Price ............................................. 

Acquisition Price of Capital Good.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Costof Capital .......................................... 

Change in Acquisition Price of Capital Good . . . . . . . . . . . . . . . . . . . . 
NRC Regulatory Activity or industry Learning . . . . . . . . . . . . . . . . . . . . 

Average NRC Fines to Year t-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Incentive Rate of Return Binary Van’able . . . . . . . . . . . . . . . . . . . . . . . 

Plantsize ............................................. 

Experience a t  Other Plants Owned by the Same  Utility . . . . . . . . . . . . . 

Retrofit Binary Variable . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

0 8 M  Costs in Year t-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Constant .............................................. 

R-Squared ............................................. 
Durbin H-Statistic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Hausman M-Statistic . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . 

-223.729 
(1 46.746) 
6,669.6 

(6,409.06) 
2,539.63 
(1,876.8)’ 

(6,654.38) 
-2,928.63 

-334.29 
(2,245.77) 
1,379.75 
(733.657) 
-83.0138 
(1 23.259) 
100,936 

(36,074.1 )’ 
-586.1 16 
(438.483) 

(37,812) 
1,320.32 

(1,321.85) 
12.6483 

39.01 77 
(1 8.0861 )’ 
4,999.46 

13.9188 

-30,118.1 

(4.50473)’ 

(1,763.95)’ 

(1.30079)’ 
-89.4729 
(64.5383) 

3,155.08 
(3,458.13) 
0.715061 
(0.02362)’ 

(7,038.86)’ 

0.90 
NA 
NA 

-1 4,718.7 

-285.1 14 
(1,492.22) 
2,922.1 

(8,936.1 6) 
4,560.91 

(2,735.76)’ 

(8,651.46) 

760.371 
(3,264.25) 
348.649 

(1,003.87) 

(220.688) 
124,504 

-4,221.28 

-1 15.481 

(44,339.7)‘ 
-1,636.99 
(570.754)’ 
23,571.4 

(39,552.7) 
2,496.52 

(1,283.67)‘ 
39.6544 

(1 3.6862)’ 
129.069 

(24.649)’ 
5,091.22 

(2,694.28)’ 
16.7881 

(4.47107)’ 
256.99 

(1 44.898) 
8,650.86 

(3,472.93)’ 
0.46471 2 
(0.02864)’ 

NA -- 
0.84 

115.4 
-0.04 

-72.8152 
(205.359) 
4,227.02 

4,346.35 
(2,187.37)* 

(7,492.69) 

(7,399.45) 

-3,637.18 

-331.616 
(2,637.8) 
1,367.28 
(821.34) 

(1 47.297) 
94,338 

(37,835.2)’ 

(478.502)’ 

(36,956) 
1,823.4 

(1,242.8) 
19.9341 

(5.22144)’ 
60.6868 

6,259.04 

I 7.1 1 28 

-92.5336 

-944.209 

-1 1,506 

(1 9.8877)’ 

(2,156.59)’ 

(1.73588)’ 
-71.0138 
(84.6276) 
5,326.29 

0.61 1025 
(0.0246)’ 

(7,381.45) 

0.88 
NA 
NA 

(3,339.37) 

-17,833.6 

Note: Standard errors are  shown in parentheses. An asterisk y) indicates that the coefficient is significant a t  the 0.95 level of confidence using 
a one-tailed test. 
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Variable 

Cumulative NRC Fines to Year t-1 ............................ 0.55644 0.519819 0.355519 
(0.17472)’ (0.23443)’ (0.19879) 

Coefficient 

OLS Fixed Effects GLS 

0.422314 Use of Incentive Rate of Return .............................. 0.44361 5 0.369591 
(0.1 0846)’ (0.17754)’ (0.13484)’ 

Experience at Other Plants Owned by the Same Utility ............. -0.00084 0.004695 0.00104 
(0.00217) (0.00505) (0.00284) 

Plantsize ............................................. -0.51298 0.813763 -0.4936 
(0.1 0266)’ (0.44187) (0.16368)’ 

New Plant Binary Variable .................................. 0.222257 NA 0.32101 
(0.342) -- (0.341) 

Steam Generator Binary Variable ............................ 1.62802 1.60996 1.661 67 

Constant .............................................. 5.86561 NA 5.62405 

(0.31483)’ (0.30407)’ (0.29968)’ 

(0.75035)’ -_ (1.17591)’ 

Adjusted R-Squared ...................................... 0.14 
First-Order Autocorrelation Coefficient ......................... NA 
Hausman M-Statistic ...................................... NA 

0.26 
0.03 
38.8 

0.05 
NA 
NA 

Note: Standard errors are shown in parentheses. An asterisk (‘) indicates that the coefficient is significant at the 0.95 level of confidence using 
a one-tailed test 

might not be constant across plants, suggesting that 
some type of random coefficient model would be 
appropriate.’00 Any of these random coefficient 
models essentially requires separate estimates of the 
model for each plant. Unfortunately, with only 15 or so 
time series observations, there will be more indepen- 
dent variables than observations, resulting in negative 
degrees of freedom. Thus, at this point, the estimation 

of a random coefficients model is apparently not 
possible. Instead, to determine the sensitivity of the 
results to the restrictions of equal coefficients across 
plants, the age, NRC regulatory activity, fuel price, and 
capital price coefficients were individually allowed to 
vary across plants while holding all others constant. 
This exerase did suggest that many of the coefficients 
varied across p1ants-a point that should not be over- 

‘(%he most obvious coefficient that might vary across plants is age. As any car owner knows, there is random variation in the aging 
of cars with the same make and model. 
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looked when forecasting plant-specific costs. In the 
aggregate, however, the results of interest did not 
change noticeably when each of the other coefficients 
was allowed to vary. 

Multicollinearity and the Functional 
Forms of the NRC Regulatory 

and Plant Aging Variables 
Obviously, there is a substantial amount of collinearity 
between plant age and NRC regulatory activity, be- 
cause both were increasing over time. Multicollinearity 
will result in relatively large standard errors, and as a 
result, the coefficients of two collinear variables will 
often be statistically insignificant. However, this was 
not the case in the analysis presented in the body of 
this report. In this respect, multicollinearity was not a 
problem. 

A linear functional form was used in the O&M cost 
analysis presented in the text. If, in fact, either the 
aging or the regulatory effects were nonlinear, the bias 
caused by the misspecification of one effect could be 
captured by the other collinear variable. That is, be- 
cause of the multicollinearity between age and the NRC 
regulatory variable, the misspecification of the function- 
al form of one variable could cause serious biases in the 
other one. Additionally, the elasticities computed from 
a linear model will depend upon the ratios of the 
independent and dependent variables. Thus, in a linear 
model the elasticities could either be very large or very 
small, depending on the relative values of the indepen- 
dent and dependent variables. Third, when expendi- 
tures are used in an input demand equation, the natural 
logarithm of expenditures is typically used as the 
dependent variable. It is important, therefore, to 
estimate some nonlinear O&M cost models. 

Two basic types of nonlinear specifications were 
examined. The first general type was multiplicative/ 
exponential models. A multiplicative model can be 
estimated easily by taking the natural logarithms of the 
independent and dependent variables. Exponential 
models can be derived by simply taking the natural 
logarithm of the dependent variable. These two are 
typically called the log-log and log-linear specifications, 

respectively. In the log-log specification, the elasticities 
are independent of the values of the independent or 
dependent variables. In the log-linear specification, the 
elasticity will depend only on the value of independent 
variable. 

The second general type of nonlinear specification was 
derived by using piecewise linear variables."' These 
specifications, which allow the slopes to change over 
different intervals of the independent variable, are 
much less restrictive than log-log or log-linear models 
that impose a priori restrictions on the functional form 
of the variable in question. 

Estimates of the linear and log-linear specifications of 
the O&M cost model are shown in Table A3.'02 Esti- 
mates of the O&M cost model with piecewise linear 
(and log-linear) age and regulatory variables are also 
presented in this table. Table A4 presents estimates of 
the model with two log-log specifications. Various 
elasticities are shown in Table A5. 

The first noteworthy result of this analysis was that the 
replacement power price elasticity does not vary 
substantially across specifications (Table A5). This 
elasticity varies from 0.1 to 0.2, depending on the 
specification used. 

The disentanglement of the aging and NRC regulatory 
effects was somewhat sensitive to the functional form 
of the O&M model. The log-log specification produced 
results that are roughly consistent with those presented 
in the body of this report. The estimated aging elasticity 
was somewhat larger that the one presented in the 
body (Le., -0.14 as opposed to -0.08) and was statistical- 
ly significant. Additionally, the elasticities associated 
with the NRC regulatory action variable derived from 
the linear and log-log specifications were very similar 
(Table A5). 

The log-linear specification did result in a very large 
and positive plant aging effect and a statistically 
insignificant regulatory effect (Table A3, specification 
D). This, however, was due to the restrictive assump- 
tion that the regulatory effects were increasing expo- 
nentially over time. The pattern of the yearly dummy 
variables shown in Table 9 in the body of this report 
suggested that after 1980 the regulatory effect was 

lolSee, for example, Victor McGee and Willard Carlton, "Piece-wise Regressions," Iournal offhe American Sfatistical Association, Vol. 65 
(Se tember 19701, pp. 1109-1124. 

"Because panel data were used, the construction of databases used by the software employed in this analysis, 'I", was time 
consuming. The 1992 and 1993 data were collected toward the end of this project. Consequently, much of the preliminary statistical 
analysis, including the sensitivity analyses described in this section of the appendix, was done using data ending in 1991. For comparison, 
estimates of the linear model with data through 1991 were included. 
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Variable 

PlantAge .............................................. 

Specification. 

A I B I C I D E 

Plant Age: 0 to 5 Years . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Plant Age: 6 to 10 Years . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Plant Age: 11 to 15 Years . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Plant Age: 16 to 20 Years . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Plant Age: 21 Years or More . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Price of Replacement Power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Price of Replacement Power x Stringency of Public Utility Commission . 

Price of Replacement Power x Use of Fuel Adjustment Clause . . . . . . . 
Price of Replacement Power x Use of Fuel Adjustment Clause 
x Stringency of Public Utility Commission . . . . . . . . . . . . . . . . . . . . . . . 

O&M Worker Wage Rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Price of O&M Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Fuel Price ............................................ 
Acquisition Price of Capital Good . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Change in Acquisition Price of Capital Good . . . . . . . . . . . . . . . . . . . 

Interest Rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Cumulative Number of NRC Actions . . . . . . . . . . . . . . . . . . . . . . . . . . 
Cumulative Number of NRC Actions: 0 to 300 . . . . . . . . . . . . . . . . . . . 
Cumulative Number of NRC Actions: 301 to 700 . . . . . . . . . . . . . . . . . 
Cumulative Number of NRC Actions: 701 to 1,100 . . . . . . . . . . . . . . . . 
Cumulative Number of NRC Actions: 1,101 or More . . . . . . . . . . . . . . . 

Average NRC Fines to Year t-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Plant Size . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . 
Incentive Rate of Return Binary Vaiable . . . . . . . . . . . . . . . . . . . . . . . 

-554.605 
(1,513.14) 

NA 

NA 

NA 

NA 

NA 

-- 

-- 

-- 

-- 

-- 
5,421.47 
(8,679.65) 

4,854.34 
(2,624.39)’ 

(8,360.18) 
-6,576.62 

1,763.601 
(3,195.24) 

(1,013.77) 

(218.308) 
182,469 

(45,088.1)’ 

(600.977)’ 
2,615.617 
(1,231.16)’ 
26,285.02 
(38,301.1) 
42.43193 
(13.6549)’ 

NA 

NA 

NA 

NA 

-17.9185 

-85.1494 

-1,650.08 

-_ 

-- 
__ 
-_ 

132.2773 
(24.442)’ 
15.13734 
(4.68633)’ 
5,503.742 
(2,573.19)’ 

NA -- 
-829.247 
(1 ,245.77) 

(99.848) 
-71.3305 

1,624.563 
(1,451.64) 

522.1309 
(2,238.3) 

1,383.131 
(3,768.58) 
4,350.907 
(8,731.67) 
4,728.758 
(2,632.38)’ 

(8,433.02) 
-6,462.36 

1,697.883 
(3,205.04) 
4.702629 
(1,015.55) 

(212.68) 
181,338.6 
(46,520.5)’ 

(611.164)’ 
2,720.669 
(1,233.73)’ 
9,737.738 
(40,052.4) 

44.446 
(13.2467)’ 

NA 

NA 

NA 

NA 

128.1646 
(25.107)‘ 
14.9602 

(4.73145)’ 
5,324.1 43 
(2,570.28)’ 

-58.2982 

-1,530.52 

-. 

-_ 

-_ 

-_ 

646.8032 
(1,769.44) 

NA 

NA 

NA 

NA 

NA 

3,687.338 
(8,743.65) 

5,373.19 
(2,649.78)’ 

(8,464.35) 

-- 

__ 
- 

-- 

-- 

-6,298.41 

2,055.662 
(3,242.08) 
-382.806 
(1,075.86) 
75.88964 
(266.679) 
169,407.5 
(47,908.8)’ 

(642.596)’ 

3,127.408 
(1 i270.05)’ 

(46,966.8) 
NA 

-2,060.39 

-10,526.8 

-_ 
-1.40554 
(34.8684) 
47.39689 
(22.7767)’ 
35.79245 
(16.3804)’ 
31.01448 
(16.9001 )’ 
131.6564 

(24.5814)’ 
17.47171 

(5.20665)’ 
5,370.145 
(2,580.57)‘ 

0.088894 
(0.02246)’ 

NA 

NA 

NA 

NA 

NA 

0.366905 
(0.12475)’ 
0.067851 
(0.03761 )’ 

(0.1204) 

-- 
I 

-- 

-- 
-- 

-0.00581 

-0.0192 
(0.04601) 
0.022434 
(0.01456)’ 
0.009321 
(0.00316)’ 
2.453263 
(0.64737)’ 

(0.0086)’ 

0.010154 
(0.0177) 
1.799962 

(0.55831)’ 

-0.0142 

-0.00015 
(0.0002)’ 

NA 

NA 

NA 

NA 

0.000705 

0.000461 
(0.00007)’ 
0.181208 
(0.03707)’ 

__ 
_- 
-_ 

-- 

(0.00034)’ 

0.028821 
(0.02386) 

NA 

NA 

NA 

NA 

NA 

0.222863 
(0.1 1746)’ 
0.065296 

-0.1 0474 
(0.1 1377)’ 

0.01 9073 
(0.04358)’ 

(0.01453)’ 

.- 

-- 

-- 

-- 
-- 

(0.03543)’ 

-0.02918 

-0.005 
(0.00358) 

0.743892 
(0.62913) 

(0.00864)’ 
0.04195 

(0.01708)’ 

(0.62782)’ 
NA 

0.002388 
(0.00046)’ 
0.002212 
(0.00031 )’ 
0.00075 

0.000569 
(0.00023)’ 
0.001013 
(0.00032)’ 
0.00035 

(0.00007)’ 
0.1 53379 

-0.03087 

-1.1 1428 

_- 

(0.00022)’ 

(0.0347)‘ 

Experience at Other Plants Owned by the Same Utility . . . . . . . . . . . . . 
See notes at end of table. 

177.9969 -0.00474 -0.00283 
(169.27) (169.657) (170.552) (0.00243)’ (0.00229) 

188.9335 215.4931 
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A I B Variable 

Constant .............................................. NA -- 

C D E 

R-Squared ............................................. 0.85 

NA -. 
0.85 

NA -_ 
0.85 

NA -- 

0.91 

NA -- 
0.92 

aSpecifications: A =linear; B = linear with piecewise linear age variables; C = linearwith piecewise linear NRC regulatory variables; D = log-linear; 

Note: Standard errors are shown in parentheses. An asterisk (‘) indicates that the coefficient is significant at the 0.95 level of confidence using 
E = log-linear with piecewise linear NRC regulatory variables. 

a one-tailed test. In the log-linear specifications, the dependent variable was the natural logarithm of O&M costs. 

constant over time. A similar result was obtained when 
the yearly dummy variables were included in the log- 
log and log-linear specifications (Figure Al). Moreover, 
the use of piecewise linear and log-linear regulatory 
variables also suggested that, after 1979, real O&M 
costs were increasing at a roughly constant absolute 
rate (Table A3, specifications C and E, and Figure A2). 
That is, the last three piecewise regulatory variables 
suggest that after the 300th regulatory action, which 
occurred in 1979, the relationship between NRC re la- 
tory activity and O&M costs was roughly linear. I& 

In short, all the specifications that imposed relatively 
few a priori restrictions on the functional form of the 
regulatory variables (i.e., the piecewise linear and 
yearly dummy variables) suggest that, after 1979, the 
NRC regulatory effects were roughly constant over 
time. It would, therefore, appear that the large and 
positive aging effect derived from the log-linear model 
was simply due to the very restrictive u prim’ assump 
tion that costs induced by regulatory activity were 
increasing exponentially over time. In fact, when the 
piecewise linear NRC variables were included in the 
log-linear specification, large and positive regulatory 
effects were obtained (Table A3, specification E, and 
Figure A2.) Moreover, the aging coefficient in this 
specification was not statistically significant.loq 

As noted in the text, the levels of the O&M and capital 
input prices vary substantially from one region to 
another. However, there was substantially less variation 

in the changes in these input prices. That is, both input 
piices tended to change at roughly the same absolute 
rate. Thus, it was not surprising to find that the esti- 
mated elasticities for the labor and capital inputs were 
sensitive to the assumed functional form of the model. 

Comparison With Results in 
the 1991 Update 

Tlie results of the aging analysis in the present update 
were different from those in the previous reports. With 
respect to O&M costs, the original study and the 1991 
update found evidence of substantial negative aging 
effects, whereas the present update did not find any 
evidence of any measurable aging effect. Additionally, 
the original study and the first update found that aging 
caused capital additions costs to increase only in 
boiling-water reactors and reactors that used salt water 
as a source of cooling. However, the present analysis 
found aging effects for all power plants. 

There are a number of differences between the original 
study (and the 1991 update) and the present report. The 
most important ones are as follows: 
1. The current model is more fully specified to capture 

substitueon between the O&M and capital additions 
inputs and fuel. 

2. Different measures of the NRC regulatory effects 
are used. 

’ q h e  last three piecewise linear regulatory coefficients shown in Table A3, specification C, suggest that the effects fell slightly over 
time. This was because the NRC regulatory coefficients were falling. However, the reductions were not statistically signjficant. 

”%Ice the measure of NRC regulatory activity was increasing at a roughly constant absolute rate over time, this variable is roughly 
equivalent to a time trend. When the regulatory variable was replaced with time raised to the e power, positive regulatory and statistically 
insignificant aging effects were observed. Thus, the log-linear results seem to be odd. 
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Variable 

PlantAge ................................................................. 

Specification’ 

A B 

Plant Age: 0 to 5 Years . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
PlantAge:6tolOYears ...................................................... 
P1antAge:ll to15Years ..................................................... 
Plant Age: 16 to 20 Years . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
PlantAge:21YearsorMore ................................................... 
Price of Replacement Power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Price of Replacement Power x Stringency of Public Utility Commission . . . . . . . . . . . . . . . . . . . . 
Price of Replacement Power x Use of Fuel Adjustment Clause . . . . . . . . . . . . . . . . . . . . . . . . . . 
Price of Replacement Power x Use of Fuel Adjustment Clause 
x Stringency of Public Utility Commission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
O&MWorkerWage Rate ...................................................... 
PriceofO&M Materials ....................................................... 
Fuel Price ................................................................ 
Acquisition Price of Capital Good , , , . . . . . . . . , . . , . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Change in Acquisition Price of Capital Good . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
InterestRate .............................................................. 
Cumulative Number of NRC Actions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Average NRC Fines to Year 1-1 . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
PlantSlze ................................................................ 
Incentive Rate of Return Binary Variable . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Experience at Other Plants Owned by the Same Utility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Retrofit BinaryVariable ....................................................... 
O&MCostsinYeart-1 ....................................................... 

See notes at end of table. 

-0.14397 
(0.0456)’ 

NA 

NA 

NA 

NA 

NA 

0.078194 

__ 

__ 
-- 

(0.04306)’ 
-0.00346 
(0.02289) 

0.01808 
(0.02769) 

-0.02829 
(0.02405) 

0.4 
(0.1 821)’ 
-0.44508 
(0.1504)’ 
0.030258 
(0.03016) 
0.052249 
(0.14297) 

NA 

0.083437 
(0.05797) 

0.561 243 
(0.07665)’ 
0.014843 
(0.0045)’ 
0.397581 

0.123151 

-- 

(0.0682)’ 

(0.03565)’ 
-0.00557 
(0.00666) 
0.071309 

0.246554 
(0.02585)’ 

(0.04609) 

NA .- 
-0.05984 
(0.05295) 

0.149271 
(0.09542) 

0.602595 
(0.1 4262)’ 

0.563675 
(0.22537)’ 

0.1 77286 
0.667996 

0.143146 
(0.044)’ 

-0.02708 
(0.02295) 

0.004169 
(0.0273) 

-0.00623 
(0.02403) 

(0.1959) 
-0.00662 

-0.08021 
(0.163) 

0.076561 
(0.03108)’ 

(0.1 41 73) 
NA 

0.1 37728 
(0.06133)’ 
0.381 194 

0.0 1 205 1 
(0.00447)’ 
0.601 009 
(0.07641)’ 
0.128531 

-0.00589 

-. 

(0.08356)’ 

(0.03499). 
-0.00897 
(0.00659) 
0.051254 
(0.04541) 
0.232209 
(0.02655)’ 



Variable 

R-Squared 0.91 0.92 ................................................................ 
aSpecifications: A = loglog; B = log-log with piecewise linear age variables. 
Note: Standard mors are shown in parentheses. An asterisk (') indicates that the coefficient is significant at the 0.95 level of confidence using 

a one-tailed test. In the log-log specifications, the dependent variable was tho natural logarithm of O&M costs, and all the independent variables 
except the binary variables were expressed in logarithmic form. 

Speclficatlon' 

A B 

Variable 

3. 

4. 

5. 
6. 

Specification 

Linear Log-Linear Log-Log Deflated Costs 

A different measure of the cost of the capital input 
is used. 
A different measure of the price of the O&M ma- 
terials input is employed. 
A simpler lag structure is used. 
The sample size is about 30 percent greater than 
that used for the 1991 update and 50 percent greater 
than the sample used in the original study. 

To determine which of these changes caused different 
aging effects with respect to O&M costs to be observed, 
the model was reestimated using all the old data and 
the old specification (i.e., the ones used in the original 

study). Then, the model and/or data were changed to 
reflect all the changes discussed above. The exerase 
indicated that the two most important changes were the 
larger sample size and the use of regional prices for the 
O&M materials input. 

These points are shown in Table A6, which shows the 
results of the O&M cost analysis using different model 
specifications, different measures of the price of the 
O&M materials input, and different sample sizes. The 
first column in the table shows the results of the 
analysis using the old model and data estimated from 
1975 to 1984.'05 This essentially replicated the origi- 
nal study. The information in the first column shows 

' q h e  data in the original study began in 1975 and ended in 1984. The 1991 update used data from 1974 to 1987. The capital price data 
were not available before 1974. Because one of the independent variables is the change in the price of the capital good, the present update 
could not use 1974 data. Thus, in this section all the comparisons will be with the original study, since the beginning year in each was 
1975. 
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Figure Al. Resldual Escalation in Real Operating and Malntenance Costs 
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Note: This graph shows the residual escalation in O&M costs derived from four specifications of the model. 
Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utilities, Licensees and 

Others"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor survey 
forms; and Utility Data Institute. 

that there are statistically significant, negative aging 
effects. However, when this model was reestimated 
with data through 1991, aging was no longer statistical- 
ly significant. This observation would seem to suggest 
that the additional data caused the aging results to 
change. 

The use of additional data was not the sole reason for 
the different aging results. First, when the new specifi- 
cation of the model was estimated with old data 
through 1984, the aging coefficient was not statistically 
significant (Table A6, column 3). Second, regardless of 
the specification and the endpoint of the data, when the 
new measure of the price of the O&M material was 

used, the age coefficient was not statistically significant. 
All of these results seem to suggest that the negative 
aging effect may have been an artifact of the time frame 
used in the original study, the specification of the 
model, and the measure of price of O&M materials. 

With respect to the capital additions cost analysis, the 
original report found that the aging effects were limited 
to boiling-water reactors and ones using salt water as 
a source of secondary cooling, whereas the present 
report found aging effects for all reactor types. In the 
original study, the capital additions cost model was 
estimated using ordinary least squares, whereas fixed 
effects estimates were used in the present study. The 

Energy Information Administration/ An Analysis of Nuclear Power Plant Operating Costs: A 1995 Update 63 



Figure A2. Relationship Between Operating and Maintenance Costs and NRC Regulatory Activity 
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Note: This graph shows the relationship between O&M costs and IJRC regulatory activity based on three specifications of the 
model. 

Sources: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utilities, Licensees and 
Others"; Energy Information Administration, Form EIA-412, "Annual Report of Public Electric Utilities," and predecessor survey 
forms; and Utility Data Institute. 

differences in the results can be attributed to the use of source of secondary cooling (fresh versus salt 
different estimating techniques. water).'06 As was the case with the previous two 

studies, the OLS results suggest that the aging effects 
The first two columns in Table A7 show the estimates depend upon reactor type and source of cooling.'07 
of a linear version of the capital additions model where HIowever, the fixed effects estimates show much larger 
the aging effect depends upon reactor type (Le., boiling- aging effects that are invariant to reactor type or source 
water reactor versus pressurized-water reactor) and the of cooling. 

'?he hear  and log-linear specifications produced similar results. The linear speciflcation w a s  used because the dummy variables can 

lWNote that although the aglng effects do depend upon reactor type trnd source of coohg, in neither case are aging effects positive 
be more easily interpreted. 

and statistically significant. 
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Table A6. Comparlson of 1984 and 1994 Speclflcatlons 
I Specification’ 

PlantAge .............................................. 
Price of Replacement Power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Price of Replacement Power x Stringency of Public Utility Commission . 

O&M Worker Wage Rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Price of O&M Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Fuel Price ............................................. 

Acquisition Price of Capital Good. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Cost of Capital . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Change in Acquisition Price of Capital Good . . . . . . . . . . . . . . . . . . . . 
NRC Regulatory Activity or Industry Learning . . . . . . . . . . . . . . . . . . . . 
Average NRC Fines to Year 1-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Incentive Rate of Return Binary Variable . . . . . . . . . . . . . . . . . . . . . . . 
PlantSize ............................................. 

Experience at Other Plants Owned by the Same Utility . . . . . . . . . . . . . 
Retrofit Binary Variable . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
O&M Costs in Year 1-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Constant .............................................. 

R-Squared ............................................. 

-3290.82 
(1,595.34)’ 

12,284.22 
(7,956.02) 

792.1906 

378.6022 
(1,141.42) 

441.1 244 

NA 

(1,963.17) 

(194.17)‘ 

__ 
-1,305.18 
(713.356)’ 

NA 

NA 

302.9473 
(83.5746)’ 

229.807 
(45.8986)’ 
2,072.986 
(1,818.81) 
3.55545 
(4.25883) 

-286.192 
(219.709) 

NA 

1.621 938 
(0.1 1089)’ 

NA 

I 

-- 

-- 

-- 
0.86 

3,140.674 
(1,520.52)’ 

12,269.86 
(8,172.72) 
8,449.342 
(2,162.81)’ 

1,070.516 
(1 ,los.n) 
-132.626 
(202.23) 

NA 

-1,759.91 
(613.183)’ 

NA 

NA 

63.2087 
(39.792)’ 
207.331 7 
(27.3746)’ 
10,920.68 
(2,8 60.43) 
27.14985 
(5.21729)’ 

191.3818 
(1 90.875) 

NA 

0.747255 
(0.06946)’ 

NA 

_- 

-- 

-- 

-- 
0.80 

-1,791.6 
(1,670.43) 

10,136.87 
(7,832.76) 

(1,906.85) 

(1.121.64) 844.271 1 

38.31361 

36,673.66 
(50,103.8) 

(915.062)’ 
28,295.19 
(54,155.7) 
1,942.67 

(1,190.61)’ 
61.0634 

209.6921 

547.0855 
(1.8 14.775) 
8.25981 7 
(4.24304)’ 

(219.8262) 

8,068.763 
(6,019.367) 
0.647228 
(0.04416)’ 

NA 

-1,029.98 

(201.348) 

-3,053.35 

(1 7.3039)’ 

(45.4668)’ 

-167.968 

-- 
0.86 

-293.532 
(1,232.1 9) 

15,937.2 
(8,006.2)’ 

694.8724 

779.3734 
(1 ,138.87) 

4.485762 
(1 97.097) 

NA 

(1,980.79) 

-1.1 37.02 
(715.828) 

NA 

NA 

196.9239 
(80.5561)’ 

__ 
-_ 

212.1022 
(45.8793)’ 
2,614.504 

(1,868.266) 
10.14575 
(3.51201 )’ 
-242.667 
(222.044) 

NA 

1.623241 
(0.1 1204)’ 

NA 

_- 

_- 
0.85 

2,398.603 
(1,253.39)’ 

11,301.4 
(8,095.9) 

8,333.29 
(2,159.63)’ 

1,040.595 
(1,109.88) 

2.945708 
(262.182) 

NA - 
-1,781.93 
(624.41 7)’ 

NA 

NA 

78.27333 
(42.0646)’ 
209.4498 
(27.3089)’ 
10,821.85 
(2,884.08)’ 
25.29671 
(4.66425)’ 

181.7094 
(1 90.3842) 

NA 

0.749337 
(0.06959)’ 

NA 

_- 

-- 

-- 

-- 
0.80 

aSpeafications: A = old specification with 1984 data and old material price data; B =old specification with 1991 data and old material price data; 
C = new specification with 1984 data and old material price data; D = old specification with 1984 data and new material price data; E = old 
specification with 1991 data and new material price data 

Note: Standard errors are shown in parentheses. An asterisk (‘) indicates that the coefficient is significant at the 0.95 level of confidence using 
a one-tailed test, In the old specification, the square of time was used as a measure of regulation, and average O&M costs from year i to year t-1 
were used instead of O&M costs in year t-1. 

These results clearly suggest that some cross-sectional explanatory variable, and this vintaging effect was 
variable is correlated with age. An examination of the allowed to vary by reactor type and source of cooling. 
cross-sectional intercepts suggested that the older The OLS results shown in column 5 of Table A7 
vintage plants had lower capital additions costs.’OS suggest that older vintage plants have lower capital 
Thus, the age of the plant as of 1992 was included as an additions costs and that this negative vintage effect is 

‘qhere are a number of explanations for this result. First, the design of the older vintage plants was much simpler, and therefore, were 
much earlier to repair. Additionally, since the age distribution was not constant across regions, the vintaging variable could also be 
capturing regional factors. 
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Variable 

Note: Standard errors are shown in parentheses. An asterisk r) indicates that the coefficient is significant at the 0.95 level of confidence using 
a one-tailed test. 
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Specification 

Two Age Variables One Age Variable Maximum Age Variables 

Fixed Fixed Fixed 
OLS EiffectS OLS EffeCtS OLS Effects 



less for boiling-water reactors and ones that use salt 
water as a source of cooling. Column 3 shows that 
when these variables are not included, no aging effects 
are observed. However, when these vintaging variables 
are included, the plant age coefficient is positive and 
significant. 

It is also interesting to note that although the OLS and 
fixed effects estimates of the aging effects are positive 
in the specification that includes the vintaging vari- 
ables, the order of magnitude of the estimates is quite 
different. Additionally, the Hausman specification error 
test indicates that the null hypothesis of no specification 
error cannot be rejected, suggesting that there are other 
cross-sectional variables influencing capital additions 
costs that are correlated with age. 

Estimates of Scale Effects 

As noted in the text, the fixed effects estimates of the 
plant size effects are very difficult to interpret. This is 
because the only time the size of the plant changed was 
when an additional unit at the same site was added. 
Additionally, most of the smaller plants had just one 
unit on site, while most of larger ones had two or more 
units. Since there are probably economies from having 
more than one unit on site, the plant size coefficient is 
measuring classic economies of scale and economies 
from having more than one unit. Finally, the Hausman 
specification error test suggests that an unmeasurable 
cross-sectional factor may be correlated with one or 
more of the independent variables. Most of the bias is 
probably being captured in the age coefficient. It is 
possible, however, that the size coefficient may also be 
biased. 

Because of the interest in estimates of the economies of 
size effect, they will still be presented. It is interesting 
to note that the size Coefficient in the GLS and fixed 
effects estimates of the O&M equation (Table Al) are 
very similar. The estimated scale effect, computed from 
the GLS estimate, was about -0.7. That is, a 1-percent 
increase in plant size was associated with a 0.7-percent 
decrease in costs per kilowatt of capacity. The estimated 
scale effect from the GLS estimates of a log-log version 
of the model was about -0.5. 

The fixed effects and GLS estimates of the size coeffi- 
cient in the capital additions equation were quite 

different. Since the size coefficient in the OLS estimate 
did not change when the cross-sectional vintaging 
variables were added, the size coefficient is probably 
not seriously biased (Table An. The estimated scale 
effect computed from the GLS estimates shown in Table 
A2 suggests that a 1-percent increase in plant size was 
associated with a 0.5-percent decrease in real capital 
additions per kilowatt of capacity. 

Data Issues 
One problem common to all analyses of electric power 
generating technologies is the availability of plant- 
specific input price data. Plant-specific fuel price data 
are reported to the Federal Government and are used 
here. The price data for the other inputs were obtained 
from several secondary sources. Postoperational capital 
expenditures tend to be very labor intensive, and, 
therefore, the wage rates of skilled construction labor in 
the area surrounding the plant were used as a proxy 
for the acquisition price of the investment good. These 
data were obtained from the trade publication, Engi- 
neering News Report. 

As noted above, O&M expenditures are 75 percent 
labor-related. The remaining 25 percent are for a variety 
of materials used mainly for small construction projects. 
Plant-specific data on wage rates of the onsite staff 
obtained from the union representing the workers in 75 
percent of the plants in the sample were used. The 
price of ready-mix concrete in the area surrounding the 
plant was used as a proxy for the price of the O&M 
materials input. Again, this data series was obtained 
from Engineering News Report. Although this proxy is 
far from perfect, it is the only regional one available 
over the entire 1975-1992 period. 

There are two sources of data that reflect replacement 
power costs for nuclear power plants. First, the quanti- 
ties and revenues of sales of electricity for resale are 
published annually at the utility level in EIA's Financial 
Statistics of Z'vfajor US. Investor-Owned Electric Utili- 

These data essentially measure the sales and 
amounts of wholesale power that are sold to other 
utilities and, thus, should measure the cost of replace- 
ment power. The only other data source is plant- 
specific estimates of the cost of replacing power from a 
nuclear ower plant that is shut down for a short time 
period? P These data are available for the years 1984, 

'%nergy Information Administration, Financial Sfatistics of Major U.S. Investor-Owned Electric UtiZities, DOE/EIA-o437 (various issues). 
"%S. Nuclear Regulatory Commission, Replacement Power Costs for Nuclear Electricity-Generating Units in the United States, NUREG/CR- 

4012 (Washington, DC, November 1991). 
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1987, and 1990. These estimates, prepared for the NRC, 
are used by them to compute the cost of regulations 
that require a nuclear plant to be taken out of service. 

As was noted in the 1988 report a comparison was 
made of about 10 percent of the published data on the 
price of bulk power sales with unpublished data; in 
most cases, the former was much lower than the latter. 
However, the publicly available data on the price of 
power for resale tended to move over time with fossil 
fuel prices. Additionally, some spot checks of the 
replacement power data found in the NRC publication 
suggested that these estimates are representative of 
marginal replacement power costs for short outages. 
The regional variations in the NRC data were also 
consistent with the price of the dominant fuel in that 
area. 

These comparisons suggest that the NRC data were 
better measures of the level of replacement power costs. 
Variations in the price of power for resale were corre- 
lated with variations in fossil fuel prices and therefore 
reflect changes in replacement power prices over time. 
Consequently, the NRC data were used to measure 
1990 replacement power prices. The percentage change 
in the price of power for resale was used to compute 
the levels for the other years. The means of all the 
variables of importance used in the analysis, along with 
the units, are shown in Table A8. 

Deflation Issues 
Another data issue deals with the deflation of the costs 
and the use of costs per kilowatt versus costs per 
Wlowatthour. In this report, two slightly different 
clefinitions of real costs were used. In Chapter 2, the 
O&M and capital additions cost data were deflated 
using the GDP Implicit Price Deflator. Changes in this 
measure of real costs reflect changes in quantities of the 
O&M input (i.e., O&M labor and materials) plus 
changes in the prices of the inputs relative to changes 
in the overall rate of inflation. In economics, changes in 
real costs only reflect changes in quantities. Thus, the 
measure of real costs used in Chapter 2 is slightly 
different from the one used in economics. 

A s  discussed in Chapter 3, the O&M cost data were 
implicitly deflated with measures of prices of O&M 
materials and O&M employee wage rates. Since the 
procedure used to implicitly deflate the O&M costs in 
Chapter 3 controls for changes in prices, any remaining 
variations are due to changes in quantities. 

To determine whether the results of interest were 
sensitive to the method used to deflate the costs, two 
additional deflators were used. The first, the Handy- 
TMhitman regional index for the wages of skilled 
electrical workers, was used to deflate the O&M costs. 
The capital additions costs were also deflated using the 

Table A8. Means of Variables of Importance Used in the Analysis 

Variable Mean Units 

OBM Costs ........................................................ 64,304.1 4 Thousand dollars 

Real Capital Additions Costs per Kilowatt of Plant Capacity ..................... 14.58 Dollars 

OBM Worker Wage Rate. .............................................. 13.51 525 Dollars 

Price of 0BM Materials ................................................ 
Industry Experience .................................................. 
Cumulative Number of NRC Regulatory Actions .............................. 
Priceof Capital Good ................................................. 
Priceof Fuel ........................................................ 
Average NRC Fines to Year t-1 .......................................... 
Plantsize ......................................................... 
Rating of Public Sem'ce Commission ...................................... 
PlantAge .......................................................... 

42.95597 

615.6567 

817.1 11 1 

15.42253 

0.048478 

19.14713 

1,223.819 

2.51 1228 

9.194894 

Dollars 

Years 

Dollars 

Dollars per kilowatthour 

Thousand dollars 

Megawatts 
-_ 
Years 

Price of Replacement Power ............................................ 0.34325 Dollars per kilowatt 
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Handy-Whitman index for reinforced concrete building 
construction. The tabulations of real O&M and capital 
additions costs using these deflators were similar to 
those shown in Tables 1 and 2 and Figures 1 and 2 in 
the body of the report. 

Additionally, if the labor wage rate variable in the 
O&M equation was measured with substantial amounts 
of error, it is possible that some of the escalation 
attributed to NRC regulatory activity might be due to 
simple inflation. Thus, the O&M cost model was 
reestimated with O&M costs deflated with the Handy- 
Whitman Index for skilled electrical workers. These 
results are shown Tables A5 and A9 and Figure Al. 
The year-to-year changes in the residual escalation in 
costs depicted in Figure A1 tended to be more erratic. 
It was therefore not surprising that the NRC regulatory 
actions coefficient in Table A9 was relatively smaller. 
The O&M labor and material input elasticities were also 
substantially less than the ones presented in the text. 
Again, this was due to the lack of variability in the 
changes in these wages and prices. 

There are also two reasons why the data in Chapter 2 
are expressed in costs per kilowatt of installed capacity 
(as opposed to costs per unit of plant output). First, in 
the short run, staffing levels and O&M materials are 
invariant with the level of output. Thus, the O&M costs 
per kilowatthour of output for plants that were out of 
service for long time periods would approach infinity, 
and as a result, any traditional measure of the central 
tendency (i.e., mean, median, or mode) would be very 
difficult to interpret?" Second, to the extent that 
staffing levels, etc., are invariant with the level of 
output, changes in real O&M costs per kilowatthour of 
output could be due to unrelated factors that just 
influence plant performance. Additionally, in the long 
run, increases in staffing levels, etc. (the numerator) 
result in improved plant performance (the 
denominator). Thus, changes in O&M costs per 
kilowatthour of output actually reflect changes in labor 
productivity. In short, changes in real O&M costs per 
kilowatt of installed capacity reflect changes in 
quantities of the O&M inputs, whereas changes in real 
O&M costs per kilowatthour measure changes in 
productivity. 

Methods Used To Predict Costs 
The procedure used to "predict" what O&M costs 
would have been was straightforward. The regression 
results presented in Table 9, along with the yearly 
arithmetic means computed for a l l  the plants in the 
sample, were used to "predicf' total costs. Then, the 
mean net capacity was used to compute costs per 
kilowatt. (This mean will be different from the ones 
shown in Chapter 2, where costs per kilowatt were 
computed at the plant level.) Then, the arithmetic mean 
was computed. 

The prediction of what capital additions costs would 
have been was more involved. First, because the 
relationships between age and costs and between 
learning and costs were not linear, there was the 
potential for serious aggregation bias. Thus, five 
subsamples of plants with roughly equal vintages were 
derived. Then, the regression results presented in Table 
19 and the yearly means were used to "predict', costs 
for each subsample. Finally, costs for the entire sample 
were computed by taking weighted averages of the 
costs for each subsample. The numbers of plants in 
each subsample were used as weights. 

The yearly means used in Chapter 4 are slightly differ- 
ent from the ones presented in Chapter 2. First, the 
means computed in Chapter 4 were computed using 
the same data employed in the regression analysis. 
Because of some missing data for some of the explana- 
tory variables, there will be some minor differences 
between the O&M cost samples used in Chapters 2 and 
3. Additionally, the tabulations of capital additions 
costs shown in Chapter 2 included the 50 or so observa- 
tions with negative capital additions. These observa- 
tions were not used in the statistical analysis presented 
in Chapter 3. Moreover, to compute the yearly means 
per kilowatt of plant capacity used in Chapter 4, the 
mean total nominal O&M costs were divided by the 
mean net capacity. This figure was then deflated. 
Alternatively, in Chapter 2, real costs per kilowatt of 
gross capacity were computed at the plant level. The 
means shown in Chapter 2 were then computed. 

"'Most analyses using costs per kilowatthour compute an average by dividing total O&M expenditures for the industry by total 
generation for the industry. This is equivalent to a generation-weighted mean. Because the weights wiU change over time, it is very 
difficult to interpret changes over time in the generation-weighted mean. 
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Variable 

FuelPrice ................................................................ 

Acquisition Price of Capital Good. ............................................... 
Change in Acquisition Price of Capital Good ....................................... 

Estimate 

Interest Rate .............................................................. 46,948.18 
(46,795.6) 

Cumulative Number of NRC Actions ............................................. 28.70321 
(16.4825)’ 

Average NRC Fines to Year t-1 ................................................. 123.0866 
(29.4724)’ 

PlantSize ................................................................ 23.231 86 
(5.79041 )’ 

Incentive Rate of Return Binary Van’able .......................................... 8,622.833 
(3,130.98)’ 

Experience at Other Plants Owned by the Same Utility ................................ 39.33929 
205.3875 

Retrofit Binary Variable 16,168.77 
(4,178.41)’ 

O&MCostsinYeart-1 ....................................................... 0.402223 
(0.02982)’ 

Constant ................................................................. NA 

....................................................... 

R-Squared ................................................................ 0.77 

Note: Standard errors are shown in parentheses. An asterisk y) indicates that the coefficient is significant at the 0.95 level of confidence using 
a one-tailed test. 
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