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PREFACE 

This appendix is a compendium of topical reports prepared for the Hanford 
Nuclear Energy Center. 

• Status Report--Conceptual Fuel Cycle Studies for the Hanford Nuclear 
Energy Center, BNWL-B-437, November 1975. 

'. Selection of Heat Disposal Methods for a Hanford Nuclear Energy Center, 
BNWL-2003, June 1976. 

• Station Service Power Supply for a Hanford Nuclear Energy Center (HNEC), 
BNWL-2076, December 1976. 

~ .. Impact of a Hanford Nuclear Energy Center on Ground Level Fog and 
Humidity, BNWL-2058, March 1977. 

• A Review of Potential Technology for the Seismic Characterization of 
Nuclear Energy Centers, BNWL-2396, July 1977. 

• Reliability of Generation at a Hanford Nuclear Energy Center (HNEC), 
PNL-2474, December 1977. 

<~ Meteorological Evaluation of Multiple Reactor Contamination Probabilities 
for a Hanford Nuclear Energy Center, PNL-2452, March 1978. 

• Electric Power Transmission for a Hanford Nuclear Energy Center (HNEC), 
BNWL-B-426-REV, July 1978, Revision. 

{-~ The Impact of a Hanford Nuclear Energy Center on Cloudiness and 
Insolation, PNL-2638, July 1978. 

• A Licensing Review for an HNEC, BNWL-2077, September 1978. 

Earlier versions of reports on the HNEC concept, electrical transmission, 
and heat sink management are not included. One report, BNWL-B-437, contains 
an earlier scenario of an HNEC buildup. The scenario has been updated for 

the final conceptual study report (PNL-2640), but the earlier report was not 
reissued. 
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STATUS REPORT--CONCEPTUAL FUEL CYCLE STUDIES 
FOR THE HANFORD NUCLEAR ENERGY CENTER 

E. T. Merrill and R. M. Fleischman 

1.0 INTRODUCTION 

BNWL-8-437 

Nuclear Energy Center (NEC) concepts have been studied throughout the 
world since the mid 1960s. Many of the early studies focused on nuclear 
energy center and agro-industria1 comp1exes.(1-6) In the U. S. most of 

the recent studies are directed at evaluating the potential advantages and 
disadvantages of clustering nuclear power plants and/or supporting nuclear 
fuel cycle facilities on single sites. (7-10) The principal driving forces 

for these concepts include perceived improvements in power plant construct

tion schedules and special nuclear material safeguards. 

In the Project Independence program(8) Hanford was studied as a nuclear 

energy center, and a preliminary evaluation was made of fuel cycle options 
that might exist at a NEC. This study examines the fuel cycle in greater 
detail, focusing on the logistics of utilizing plutonium, in the context 
of a Hanford Nuclear Energy Center (HNEC). 

It is generally recognized that the energy center concept may be 
attractive because it could provide for complete retention and productive 
use of plutonium within the energy center prior to the time that p1utGnium 
bearing fuels must be shipped offsite to fast breeder reactors located 
outside the energy center. The apparent advantages of onsite plutonium 
use lie in the elimination of shipments of recovered plutonium and of 
fresh LWR (light water reactor) mixed oxide fuel outside the energy center. 
This report summarizes the current status of studies to determine the 
logistics of onsite plutonium recycle and the timing involved in intro

ducing the associated reprocessing and fabrication fuel cycle facilities. 

Evaluating scenarios of plutonium use for the HNEC is an iterative 
process that must ultimately relate both to economic ince~tives and the 
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realities of Federal licensing and regulations. The current studies have 
evaluated the material logistics associated with various plutonium use 
scenarios at the HNEC to the point that reprocessing capabilities for 

LMFBR fuels are required. Substantial further studies will be required 
to evaluate the effect of LMFBR (liquid metal fast breeder reactor) plu
tonium on continued plutonium recycle in LWRs and to ultimately assess the 
economic impacts of onsite plutonium use. 

2.0 STUDY GUIDELINES AND ASSUMPTIONS 

The study of an evolving energy center at the Hanford site is 

obviously a speculative endeavor that involves not only projections of 
nuclear reactor growth patterns but also the consequent growth of support
ing fuel cycle components such as fuel fabricating and reprocessing plants. 
In order to bound the current study, certain guidelines were established at 
the onset. These are summarized below to clarify the assumptions implicit 
in the results given in this report. 

The conceptual HNEC fuel cycle logistics studies reported here are 

based on the LWR-LMFBR plutonium park concept. This concept is generally 
considered attractive because it would allow retention and productive use 
of plutonium within the energy center, thus localizing the safeguards 
associated with plutonium transportation and storage. For the reference 
HNEC, fuel reprocessing and mixed oxide fuel fabrication plants were 
assumed to be colocated at the Hanford site to eliminate offsite shipments 
of unfabricated plutonium. Moreover, plutonium use in LWRs was restricted 
to the HNEC, and offsite shipment of fresh LMFBR fuel was minimized by the 
preferential location of LMFBRs at HNEC. 

The conceptual HNEC was developed in the context of regional growth. 
The selected HNEC growth scenario was keyed to the growth of nuclear power 
in the Western Systems Coordinating Council (WSCC), which was in turn 

keyed to a projected growth of nuclear generating capacity in the U.S. of 
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900 GWe in Year 2000 and 1750 GWe in Year 2010. The WSCC, shown in 
Figure 1, essentially covers the eleven westernmost states in the contin
ental U. S. Under the assumed growth conditions, the WSCC capacity was 
estimated to be ~133 GWe in Year 2000 and 260 GWe in Year 2010. Plants 
located at HNEC prior to 1985 were those already planned for location at 
the Hanford Site. Beyond 1985 all LWRs and LMFBRs constructed in the 

Pacific Northwest were assumed to be located at HNEC. It was further 
assumed that the Hanford site could support a construction rate that would 
result in completion of a maximum of two reactors in a given year, and 
that a total of 40 reactors would comprise the completed energy center. 
The first commercial LMFBR was assumed to be located at the HNEC in 1993. 
Thereafter LMFBRs in the WSCC were preferentially located at HNEC until 
the growth rate of LMFBRs exceeded the assumed maximum construction rate 
of two reactors per year. 

Spent fuel accumulations were based on the premise that there is no 
spent fuel now on hand and that beginning in 1975 all fuel discharged 
from commercial LWRs and LMFBRs located in the WSCC would be shipped to 

the HNEC for reprocessing. HTGR fuel was assumed to be reprocessed at an 
independent facility. 

ERDA is currently funding the design of a pilot reprocessing plant 
for LMFBR fuels; however, the location, size, and startup date for this 

plant were not finaiized at the time of this study. To estimate spent 
fuel accumulations and plutonium availability, it was assumed that all 
FFTF (Fast Flux Test Faciiity) and CRBR (Clinch River Breeder Reactor) 
fuels would be reprocessed at the pilot LMFBR separations plant, but that 
plutonium and fuel fabrication requirements for FFTF and CRBR would be 
supplied from the HNEC. 

The startup of a spent fuel reprocessing plant at the HNEC was 
scheduled when it was projected that spent fuel sufficient for two years 
of operation at full plant capacity would be backlogged at the beginning 
of commercial operation. The initial plant was scheduled to have a 
1500 MT/year capacity and capability for reprocessing LWR fuel only. 
These requirements reflect what is considered a commercially viable plant 

3 
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capacity and startup schedule. The need for fuel reprocessing capability 

will eventually expand beyond the initial plant capacity. However, the 
current fuel cycle logistics was constrained to use of plutonium recovered 
from the first HNEC reprocessing plant. The introduction of LMFBR and 
additional LWR reprocessing capability is left to continuing studies. 

Plutonium use was parameterized for these studies to determine the 

impact of various plutonium loadings in LWRs on plutonium storage and 
mixed oxide fuel fabrication requirements at the HNEC. Plutonium loadings 
in LWRs were varied from maximum recycle to recycle amounts used as a 
basis for preparing the Generic Environmental Statement for Mixed Oxide 
Fuel (GESMO). (11) Within the constraints of a given plutonium LWR recycle 
scheme, the recovered plutonium was distributed to 1) commercial LMFBRs 
and CRBR, 2) contingency storage, 3) to LWRs, and 4) to excess storage. 

For each plutonium use scenario, fuel cycle logistics calculations were 
carried out on a yearly basis until the plutonium inventory fell below the 
contingency storage requirements, thereby signaling the need for a second 
reprocessing plant. 

3.0 SUMMARY AND RECOMMENDATIONS 

The current fuel cycle studies indicate that for the assumed growth 
of nuclear power, there will be sufficient LWR spent fuel accumulated 
from reactors in the Western Systems Coordinating Council (WSCC) by 1988 
to start operating a 1500 tonne per year separations plant at the HNEC. 
This plant will reprocess LWR spent fuel, provide plutonium for LWR recycle, 
and recover sufficient plutonium for fabrication of LMFBR fuel through 
approximately 1998. The addition of LMFBR reprocessing capability would 
be desirable in 1999 and absolutely required in 2000 to provide adequate 
supplies of plutonium for use as fuel in the expanding LMFBR growth com
ponent in the WSCC. Preliminary indications are that this plant should 
be "dual-purpose" since there is initially insufficient LMFBR spent fuel 
to justify an economic size "single-purpose il plant, and excess L.WR fuel 
will be available to make up the initial reprocessing load. 

5 
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The end of year plutonium inventories at HNEC for selected plutonium 

use scenarios are summarized in Figure 2. It was assumed that to minimize 
the effects of unscheduled reprocessing plant outages, a minimum fissile 
plutonium inventory equal to one-half of the next year's fuel fabrication 
requirements must be stored at all times in a facility separate from the 

reprocessing plant. This amounts to 4 to 8 metric tons in the 1988 to 
1998 time frame. These contingency storage requirements would be increased 

in subsequent years concurrent with the addition of a second reprocessing 

plant. If full onsite use of plutonium in excess of the contingency in

ventory is desired, at least seven of the LWRs built at HNEC after 1985 
must be capable of operation on all mixed oxide fuel. It is apparent from 

Figure 2 that plutonium storage requirements increase for cases in which 

plutonium is used in less than maximum amount in LWRs located at the HNEC. 

Figure 3 shows the fabrication plant capacity requirements for each 

plutonium utilization case. For all cases the fabrication load tends to 
peak at one point and then generally declines to basic LMFBR requirements 

in 1997-1999. Fabrication requirements will undoubtedly increase again 

beyond 2000 to fuel increasing numbers of LMFBRs. Severe fluctuations in 
mixed oxide fabrication requirements would present business difficulties 

to a captive commercial plant at the HNEC. Resolution of fuel cycle 

logistics with a levelized fabrication load was beyond the scope of this 
yea rs prog ram. 

The current studies will be continued to determine the pr'ocessinq sched

ules and plutonium utilization scenarios associated with the operation of 

the second reprocessing plant. The fuel cycle logistics analysis will be 

expanded to examine ways to levelize the mixed oxide fuel fabrication load. 

That is, to the extent possible, plutonium use in LWRs will be adjusted such 

that fabrication requirements as a function of time are either level or 

generally increasing. The output from studies of BWR (boiling water reactor) 
and PWR (pressurized water reactor) plutonium burners being performed by 
other contractors will be used as a refinement on the current results. 

Information from ongoing studies regarding Li~FBR performance and associated 

6 
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fabrication and reprocessing components will be reflected in this refine
ment of the reference plutonium park concept. 

A preliminary assessment of the impacts of onsite plutoniLim utiliza
tion on U30S and separative work requirements will be included in con

tinuing studies. Fuel cycle costs for the various plutonium utilization 

scenarios will be calculated based upon reference costs for fuel cycle 
sel'vices. To the extent possible, the sensitivity of fuel cycle costs 

comparisons to key economic parameters will be determined. 

4.0 GROWTH OF NUCLEAR POWER GENERATION AND FUEL CYCLE SERVICES AT HNEC 

4.1 NUCLEAR GROWTH PROJECTIONS IN WSCC 

The growth of the conceptual Hanford Nuclear Energy Center is keyed 
to the growth of nuclear generating capacity in the Western Systems 
Coordinating Council which is shown in Figure 1. Our analysis of nuclear 

growth in this region is shown in Figure 4. For this analysis the nuclear 
growth scenario was broken into three components: those units that are 
planned, specified and scheduled (present to ~19S5); reactors that are 
planned, unspecified, and only tentatively scheduled (~1985-1994); and 

reactors that are unplanned and unscheduled but are required to meet the 
electrical load where economic advantages exist over fossil fuel piants 

(~1995-2010). The bases for determining the selected nuclear growth pattern 
are discussed separately in sections below. 

4.1.1 Planned, Scheduled, and Specified Reactors 

The projected load growth through ~1994 is based on the WSCC reply 
to Federal Power Commission (FPC) docket R-362 dated April 1, 1975, in 
which specific data are provided through 1984.(12) Some reactor startup 

dates have been modified, based upon a report from the Subcommittee on 

Load and Resources to the Pacific Northwest Utilities Conference Committee 
dated March 28, 1975. (13) The resultant startup schedule by utility, plant 

name, reactor type and vendor is given in Table 1. 

9 
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TABLE l. Planned and Specified Nuclear Capacity in WSCC 

Principal Reactor Ca~acit~, MWe 
Soonsor Name Type Vendor Startu~ Date Unit Cumu1 ad ve 

PG&E Humboldt Bay BWR GE 68 
So. Cal. Ed. San Onofre 1 PWR W 430 498 

SMUD Rancho Seco PWR B&W 4/75 913 
PSC of Colo. Fort St. Varain HTGR GGA 6/75 330 
Port. GE Trojan PWR W 12/75 1130 2871 

PG&E Diablo Canyon 1 PWR W 5/76 1100 3971 

PG&E Diablo Canyon 2 PWR W 3/77 1100 5071 

\~PPSS WNP2 BWR GE 10/79 1100 6171 

Az. PSC Palo Verde 1 PWR CE 5/81 1270 
So. Cal. Ed. San Onofre 2 PWR CE 7/81 1140 8581 

Port GE Pebble Springs PWR B&W 7/82 1260 
WPPSS WNP 3 PWR CE 9/82 1240 
WPPSS WNP 1 PWR B&W 10/82 i 250 
So. Cal. Ed. San Onofre 3 PWR CE 10/82 1140 
Az. PSC Palo Verde 2 PWR CE 11/82 1270 14741 

Puget PUL Skagi t 1 BWR GE 2/83 1288 
SMUD Rancho Seco 2 PWR 7/83 1100 
LADW&P San Joaquin PWR 8/83 l300 18429 

WPPSS WNP5 PWR CE 3/84 1240 
WPPSS WNP4 PWR B&W 4/84 1250 
Az. PSC Palo Verde 3 PWR CE 5/84 1270 
PG&E PG&E Unit A P~JR 7/84 11 00 23289 

Puget P&L Skagit 2 8WR GE 2/85 1288 
Port. GE Pebble Springs 2 PWR B&W 7/85 1260 
So. Cal. Ed Vidal HTGR GGA ?/88 1540 

11 
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4.1.2 Planned but Unspecified Reactors 

The WSCC has planned total additions of 91 GWe in the period 1985-
1994, with 62.1% of the additions scheduled to be nuclear. (12) For the 

purpose of this study the units have been scheduled as follows: 

Light Water Reactors - In 1985 Skagit 2, Pebble Springs 2, plus an 

additional 1250 MWe PWR are assumed to come on iine. In 1986 through 1994, 
one 1250 MWe BWR and three 1250 MWe PWRs are assumed to come on line each 

year. 

High Temperature Gas Cooled Reactors (HTGRs) - Of the non-breeder 

nuclear market, 15% are assumed to be HTGRs starting with the first large 
commercial HTGR (Vidal) in 1988. Under these assumptions, HTGRs come on 

line at the rate of ~900 MWe!yr or four 1500 MWe plants in the seven-year 
period beginning in 1988. 

Liquid Metal Fast Breeder Reactors (LMFBRs) - The first commercial 

LMFBR is assumed to start up in 1993. The resultant startup scheduled 

from 1985 through 1994 is given in Table 2. 

4.1.3 Unplanned and Unspecified Reactors 

Table 3 shows the projected growth of nuclear power in the WSCC for 

the period 1995-2010. During this time the WSCC nuclear growth was pro
rated from the projected ~rowth of nuclear generating capacity in the U. S. 
Although U. S. nuclear power growth through the turn of the century has 
been intensively studied, very little published information exists regarding 

growth beyond that point. 

1995-2000 - The national growth for the six-year period 1995-2000 

was taken as the average of the "moderate-high" and "moderate-low" Office 
of Planning and Analysis (OP&A) projections. (14) Under these assumptions, 

the Year 2000 cumulative nuclear generating capacity in the U. S. is 900 

GWe, or a total growth of 356.5 GWe in the 5-year period. Projected U. S. 

12 
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TABLE 2. Nuclear Capacity (MWe) Planned but 
Unspecified in WSCC 1985-1994 

BWR PIoiR HTGR LMFBR Total 
Year Add Cumulative Add Cumulative Add Cumulative Add Cumulative Cumulative 

1985 1288(a) 3 744 2510(b) 23 013 330 27 087 
1986 1250 3 994 3750 26 763 330 32 087 
1987 1250 6 244 3750 30 513 

1540(c) 
330 37 087 

1988 1250 7 494 3750 34 263 870 43 627 
1989 1250 8 744 3750 38 013 870 48 627 

1990 1250 9 994 3750 41 763 1500 3 370 55 127 
1991 1250 11 244 3750 45 513 3 370 60 127 
1992 1250 12 494 3750 49 253 1500 4 870 66 627 
1993 1250 13 676 3750 53 013 4 870 1500 1500 73 059 
1994 1250 14 926 3750 56 763 1500 6 370 1500 79 559 

a. Skagit 2 

b. Includes Pebble Springs 2 

c. Vidal 

TABLE 3. Assumed Nuclear Capacity in WSCC (MWe) 1995-201 a 

BWR PWR HTGR LMFBR Total 
Year Add Cumulative Add Cumulative Add Cumulative Add Cumulative Cumulative 

1995 1250 16176 3750 60513 1500 7870 1500 3000 87559 
1996 1250 17426 5000 65513 7870 1500 4500 95309 
1997 1250 18676 3750 69263 1500 9370 1500 6000 103309 
1998 1250 19926 5000 74263 10870 1500 7500 112559 
1999 1250 21176 5000 79263 1500 10870 3000 10500 121809 
2000 1250 22426 5000 84263 1500 12370 3000 13500 132559 

2001 1250 23676 5000 89263 12370 4500 18000 143309 
2002 1250 24926 5000 94263 1500 13870 4500 22500 155559 
2003 1250 26176 5000 99263 13870 6000 28500 167809 
2004 1250 27426 2500 101763 1500 15370 7500 36000 180559 
2005 1250 28676 2500 104263 15370 9000 45000 193309 
2006 1250 29926 1250 105513 15370 10500 55500 206309 
2007 29926 105513 1500 16870 12000 67500 219809 
2008 29926 105083 16870 13500 S'IOOO 232879 
2009 29926 105083 15870 13500 94500 246379 
2010 29926 105083 16870 13500 108000 259879 

13 
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and WSCC nuclear growth rates between 1985 and 1994 were used as a basis 

for calculating the WSCC nuclear power growth from 1995-2000 as follows: 

WSCC Projected Nuclear Growth (1985-1994) = 56.5 GWe ~ 15% 
US Projected Nuclear Growth (1985-1994) 374 GWe 

15% x U. S. Projected Growth = .15 x 356.5 GWe = 53.5 GWe in WSCC 
(1995-2000) (1995-2000) 

This culminates in about 133 GWe nuclear capacity in the WSCC in the 

Year 2000. Consistent with the OP&A assumption that the LMFBR will repre

sent 10% of the generating capacity in the Year 2000, nine 1500 MWe plants 

were assumed to come into operation by Year 2000. One plant is brought 

into operation each year in 1995 through 1998 and two each year in 1999 

and 2000. 

HTGRs continue to account for ~15% of the nonbreeder nuclear market. 

The remaining ~35 GWe are assumed to be 1250 MWe LWR plants, 6 BWRs and 

22 PWRs. 

2001-2010 - In the absence of definitive studies, the total nuclear 

generating capacity in the U. S. was assumed to be 1750 GWe in the Year 
2010, (15) a total growth of 850 GWe in the 10-year period. This has been 

represented by a national growth rate that rises from 71 GWe per year in 

2001 to 90 GWe per year in 2010. As before, the WSCC growth was assumed 
to account for 15% of the total U. S. nuclear generating capacity. 

During this period, construction on LWRs is declining as the LMFBR 

begins to significantly penetrate the nuclear market. The rate of LMFBR 

introduction in the WSCC is assumed to expand from the 2 per year rate in 

the Year 2000 to 9 per year in 2008, at which point they have saptured the 

total nuclear market. However, the scenarios for plutonium logistics must 

be extended to determine whether there is sufficient plutonium to sustain 

this growth rate. 

HTGRs are assumed to continue to capture 15% of the non-LMFBR nuclear 

market (~4.5 GWe), and the balance of the growth is accounted for by 

twenty-three 1250 ~We LWRs, six BWRs and seventeen PWRs, that are all on 

line by 2006. In Tables 2 and 3 the column representing the cumulative 

14 
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nuclear capacity reflects the retirement of Humboldt Bay after 30 years of 
operation. All other plants are assumed to operate 40 years. 

4.2 HNEC DEVELOPMENT SCENARIO 

4.2.1 Reactor Growth 

The HNEC reactor growth scenario used for the purposes of this study 
is given in Table 4 and also shown in Figure 5. In general it was assumed 
that the Hanford site can not s~pport a construction rate leading to the 

completion of more than two reactors in a given year and that all LWRs and 
LMFBRs built in the Pacific Northwest after i985 would be located in the 

HNEC. The Subcommittee on Load and Resources of Pacific Northwest Utilities 
provided the following list of operating dates for Pacific Northwest com
mercial nuclear power plants through 1994.(13) 

Plant Date 

A July 1987 

B July 1988 

C July 1989 

0 July 1990 
E January 1991 
F Janual~y 1992 

G July 1992 
H July 1993 
I January 1994 
J July 1994 

For this study, plant H was assumed to be the first commercial LMFBR and 
the balance LWRs. 

The second commercial LMFBR was assumed to come on line in 1995. In 

the Period 1996 through 1999 one LWR and one LMFBR were assumed to come 
on line each year. For startup dates beyond 1999 only LMFBRs were intro
duced, and the full 40 reactor park was assumed to be completed in 2008. 

With this growth scenario, 16 LWRs and 24 LMFBRs, representing a total of 
55,850 MWe, form the complete power reactor development at HNEC. 

15 
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TABLE 4. Assumed Reactor P1ant Aaditions at HNEC (MWe) 

LWR LMFSR TOTAL 
CY Incremental Cumulative Incremental Cumulative Il1cremental Cumulative 

1979 1100(a) 1100 1100 11 00 

1982 1250(b) 2350 1250 2350 

1984 1250(c) 3600 1250 3600 

1987 1250 4850 1250 4850 

1988 1250 6100 1250 6100 

1989 1250 7350 1250 7350 

1990 1250 8600 1250 8600 

1991 1250 9850 1250 9850 

1992 2500 12350 2500 12350 

1993 12350 1500 1500 1500 13850 

1994 2500 14850 1500 2500 16350 

1995 14850 1500 3000 1500 17850 

1996 1250 16100 1500 4500 2750 20600 

1997 1250 17350 1500 6000 2750 23350 

1998 1250 18600 1500 7500 2750 26100 

1999 1250 19850 1500 9000 2750 28850 

2000 3000 12000 3000 31850 

2001 3000 15000 3000 34850 

2002 3000 18000 3000 37850 

2003 30ClO 21000 3000 40850 

2004 3000 24000 3000 43850 

2005 3000 27000 3000 46850 

2006 3000 30000 3000 49850 

2007 3000 33000 3000 52850 

2008 3000 36000 3000 55850 

2009 36000 55850 

2010 36000 55850 

a. WNP2 

b. WNPl 

c. l~NP4 
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4.2.2 Spent Fuel Reprocessing Capabilities 

The introduction of reprocessing capabilities to the HNEC is subject 

to several assumptions which, if altered, could have some bearing on the 

results of the current conceptual study: 

-An initial LWR reprocessing plant will be built only when it 

is projected that spent fuel sufficient for two years of 

operation at full plant capacity will be backlogged at the 

beginning of commercial operation. 

-The LWR reprocessing plant will serve all LWRs in the WSCC 

with no spent LWR fuel shipped out of the region. 

-The initial LWR reprocessing plant will have a 1500 MT/year 

capacity. 

-The LWR reprocessing plant will not reprocess LMFBR fuel. 

-HTGR fuel will not be reprocessed at HNEC. 

The need for additional fuels reprocessing capability will eventually 

expand beyond the initial plant capacity for two reasons: 1) the rate of 

discharge of spent LWR fuel will exceed the capacity of the first plant, 

and 2) the plutonium requirements for the expanding LMFBR component in the 

WSCC will not be met unless the LMFBR fuel is reprocessed. As the various 
plutonium use scenarios are discussed, the need for additional reprocessing 

capabilities will become apparent, and the timing and minimum requirements 

of a second plant will be discussed. However, the detailed plutonium 

utilization scenarios associated with a second reprocessirg plant are 

left for future studies. 

4.2.3 Mixed Oxide Fuel Fabrication 

A mixed oxide fuel fabrication plant similar to the one proposed by 

Westinghouse(16) will be required for utilization of the plutonium recovered 

at the reprocessing plant. To support both the LMFBR and LWR plutonium uti

lization programs, it must be designed for a wide range of pellet dimensions 

and enrichments. The size of the fabrication plant is a variable for this 

study since the requirements for fabrication capability depend on the sce

nario for plutonium use in the LWRs located at the HNEC. 
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The fabrication plant is assumed to start up 3 to 6 months after the 
reprocessing plant and will initially fabricate recycled plutonium fuels 

for LWRs in addition to fuel required for FFTF and/or CRBR. The plant load 
will gradually shift toward commercial LMFBR fuel fabrication. 

5.0 FUEL CYCLE LOGISTICS 

5. 1 SPENT FUEL ACCUMULATIONS IN WSCC 

The discussions regarding spent fuel accumulations and plutonium 

utilization are based on the premise that no spent LWR or LMFBR fuel will 

be shipped out of the WSCC. Substantial shipments out of the area could 
significantly affect the timing for introducing reprocessing capability 
and the schedule for plutonium use in LWRs unless compensating shipments 
are brought in from outside the WSCC. Logistics of HTGR fuel accumulation 
and reprocessing have not been considered in these studies. 

In estimating spent fuel accumulation it has been assumed that no 
spent fuel is now on hand and that all fuel discharged in 1975 and later 

years will be stored at the reactor or at Hanford for reprocessing at HNEC. 

5.1.1 LWR Spent Fuel 

LWR spent fuel discharge rates are based upon manufacturer's estimates 
as given in Fuel Trac(17) for the specified units or units of similar de

sign. The quantities have been modified to represent average annual dis
charge rates (e.g., San Onofre discharges 19 tonnes on a l6-month cycle 
and is reported as 14 tonnes per year). Furthermore, to account for the 
lower capacity factors in the initial years of operation, the first dis
charge has been assumed to be 24 months after startup for PWRs and 32 
months after startup for BWRs. The amount of plutonium contained in each 
discharge batch has been estimated based on ALTHAEA(lu) calculations of 

LWR discharge isotopics. 

Table 5 shows the spent fuel and contained plutonium discharge in the 
WSCC in detail for the period 1975 through 1994. Spent fuel accumulations 
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through 1987 provide a sufficient inventory for introduction of reproc

essing capability in 1987. The data in Table 5 are based on a capacity 

factor of 80%, whereas an average of 71% would be consistent with the OP&A 

projection. (14) Spent fuel accumulations are summarized again more briefly 

in Table 6 to demonstrate that a reduction to 71% average capacity factor 

effects a delay of less than 1 year in the desired startup date of the 

initial reprocessing plant. 

Table 7 presents the fuel inventories and plutonium recovered from a 

1500-tonne-per-year separations plant that begins operation in 1988. In 

1994 the current spent fuel discharges of 1499 tonnes meet the full capac

ity of the plant. Using the same initial inventory criterion while main

taining a minimum of one year inventory for the first plant, sufficient 

backlogged spent fuel (4990 tonnes) will have accumulated by the beginning 

of 2002 to justify startup of a second 1500-tonne separations plant during 

2001 . 

5.1.2 LMFBR Spent Fuel 

A rough estimate of the spent fuel discharged from LMFBRs in the WSCC 

is given in Table 8. If the same criterion were used to schedule the 

startup of a 1500-tonne/year LMFBR reprocessing plant, operation would 

begin in 2006 or 2007. However, depending on the scheduling of plutonium 

use in LWRs, the first LMFBR spent fuel should be processed in 1999 or 

2000 to provide sufficient plutonium to fuel LMFBRs. A second LWR separa

tions plant would extend these dates only about one year. Thus it seems 

prudent that the second plant should be a "dual-purpose" plant (i .e., an 

LMFBR plant capable of reprocessing LWR fuels) scheduled for startup in 

1999- 2000.* 

Fuel inventories and discharge rates would justify a dual-purpose 

plant of 1500 to 2000 tonnes/year capacity. The initial process load 

would be 90% LWR, but by 2010 the load could shiFt to essentially all LMFBR 

* Investigations of the technical feasibility of the "dual-purpose" concept 
are beyond the scope of these studies. This conclusion merely implies 
that from the standpoint of logistics and load it would appear to be an 
attractive arrangement. 
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TABLE 5. Spent Fuel and Contained Plutonium in WSCC 

(80% Pl ant Capacity Factors) 
Spent Fuel, Tonnes Fi ssile Pu, Kg 

Year Reactor Batch Cumulative Batch Cumulative 

1975 Humboldt Bay 3 12 
San Onofre 1 14 17 92 104 

1976 Humboldt Bay 3 12 
San Onofre 1 14 34 92 208 

1977 Humboldt Bay 3 12 
San Onofre 14 92 
Rancho Seco 23 94 
Trojan 29 103 116 522 

1978 Humboldt Bay 3 12 
San Onofre 14 92 
Rancho Seco 23 120 
Trojan 29 150 
Diablo Canyon 29 201 116 1912 

1979 Humboldt Bay 3 12 
San Onofre 14 92 
Rancho Seco 23 142 
Trojan 29 177 
Diablo Canyon 29 328 116 1701 

1980 Humboldt Bay 3 12 
San Onofre 14 92 
Rancho Seco 23 143 
Trojan 29 178 
Diablo Canyon 1 29 177 
Diablo Canyon 2 29 455 150 2453 

1981 Humboldt Bay 3 12 
San Onofre 14 92 
Rancho Seco 23 143 
Trojan 29 178 
Diablo Canyon 1 29 178 
Diablo Canyon 2 29 582 177 3233 

1982 Humboldt Bay 3 12 
San Onofre 14 92 
Rancho Seco 23 143 
Trojan 29 178 
Diablo Canyon 29 178 
Diablo Canyon 2 29 178 
WPPSS #2 37 746 114 4128 

1983 Humboldt Bay 3 12 
San Onofre 14 92 
Rancho Seco 23 143 
Trojan 29 178 
Diablo Canyon 1 29 173 
Diablo Canyon 2 29 178 
WPPSS 2 41 168 
Palo Verde 1 32 130 
San Onofre 2 29 975 116 5323 
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TABLE 5. (contd) 

Spent Fuel, Tonnes Fissile Pu. Kg 
Year Reactor Batch Cumulative Batch Cumulative 

1984 Humbo 1 dt Bay 3 12 
San Onofre 14 92 
Rancho Seco 23 143 
TrOjan 29 178 
Diablo Canyon 1 29 178 
Diablo Canyon 2 29 178 
WPPSS 2 37 163 
Palo Verde 1 32 168 
San Onofre 2 29 150 
Pebble Springs 1 32 130 
WPPSS 3 32 130 
WPPSS 1 32 130 
San Onofre 3 29 116 
Palo Verde 2 32 1357 130 7221 

1985 Humbo 1 dt Bay 3 12 
San Onofre 14 92 
Rancho Seco 23 143 
Trojan 29 178 
Diablo Canyon 1 29 178 
Diablo Canyon 2 29 178 
WPPSS 2 37 190 
Palo Verde 1 32 199 
San Onofre 2 29 177 
Pebble Springs 32 166 
WPPSS 3 32 166 
WPPSS 1 32 166 
San Onofre 3 29 150 
Palo Verde 2 32 168 
Skagit 1 43 134 
Rancho Seco 2 29 116 
San Joaquin 33 1844 133 9767 

1986 Humboldt Bay- 127 781 
Diablo Canyon 2 

WPPSS 2 37 192 1351 
Palo Verde 1 32 200 
San Onofre 2 29 178 
Pebble Springs 32 196 
WPPSS 3 32 196 
WPPSS 1 32 196 
San Onofre 3 29 177 
Palo Verde 2 32 199 
Skagit 1 48 197 
Rancho SeCD 2 29 150 
San Joaquin 33 172 
WPPSS 5 32 130 
WPPSS 4 32 130 
Palo Verde 3 32 130 
PG&E Unit A 29 2461 116 13107 

ill 3340 
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TABLE 5. (contd) 

S2ent Fuel, Tonnes Fissile Pu, Kg 
Year Feactor t3atch Cumulative Batch Cumulative 

1987 Humboldt-San 
Onofre 2 225 1351 

Pebble Springs 32 197 
WPPSS 3 32 197 2320 
WPPSS 1 32 197 
San Onofre 3 29 178 
Palo Verde 2 32 200 
Skagit 1 43 191 
Rancho Seco 2 29 177 
San Joaquin 33 203 
WPPSS 5 32 166 
WPPSS 4 32 166 
Palo Verde 3 32 166 
Unit A 29 150 
Skagit 2 43 134 
Pebble Springs 2 32 130 
1250 MW for 1985 32 ---.llQ 

719 3180 3933 17040 

1988 Humboldt Bay - 332 2320 
Palo Verde 2 

Skagit 1 43 222 
Rancho Seco 2 29 178 
San Joaquin 33 205 
WPPSS 5 32 196 
WPPSS 4 32 196 
Palo Verde 3 32 199 
Unit A 29 in 
Skagit 2 48 197 
Pebble Springs 2 32 166 
1250 MW for 1985 32 166 
5000 MW for 1986 138 494 

862 4042 "4716 21756 

1989 Humboldt bay -
Palo Verde 2 382 2320 

Skagit 1 43 225 
Rancho Seco 2 29 178 
San Joaquin 33 205 
WPPSS 5 32 197 
WPPSS 4 32 197 
Palo Verde 3 32 200 
Unit A 29 178 
Skagit 2 43 191 
Pebble Springs 2 32 196 
1250 MW for 1985 32 196 
5000 MW for 1986 142 661 
5000 MW for 1987 138 494 

999 5041 5458 27214 
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TABLE 5. (contd) 

S~ent Fuel, Tonnes Fissile Pu, Kg 
Year Reactor Batch Cumulative Batch Cumulative 

1990 Humboldt Bay - 612 3700 
Unit A 

Skagit 2 43 222 
Pebble Springs 2 32 197 
1250 MW for 1985 32 197 
5000 MW for 1986 138 742 
5000 MW for 1987 142 661 
5000 MW for 1988 138 494 

1137 6178 62TI 33427 

1991 All ordered units 687 4120 
1250 MW for 1985 32 197 
5000 r~w for 1986 138 774 
5000 MW for 1987 138 742 
5000 MW for 1988 142 661 
5000 MW for 1989 138 494 

T2i5 7453 6988 40415 

1992 All ordered units 687 4120 
1250 MW for 1985 32 137 
5000 MW for 1986 138 776 
5000 MW for 1987 138 774 
5000 MW for 1988 138 742 
5000 MW for 1989 142 661 
5000 MW for 1990 138 494 

i413 8866 7764 48179 

1993 1551 10417 8540 56719 

1994 1689 12106 9316 66035 

TABLE 6. Spent Fuel and Contained Plutonium in WSCC 

(Assuming 71% Average Plant Capacity Factor) 

Seent Fuel, Tonnes Fissile Plutonium, Kg 
Year Batch Cumulative Batch Cumulative 

1985 432 1636 2340 8670 
1986 548 2184 2960 11630 
1987 638 2822 3490 15120 
1988 765 3587 4190 19310 
1989 887 4474 4840 24150 
1990 1009 5483 5520 29670 
1991 1132 6614 6200 35870 
1992 1254 7869 6890 42760 
1993 1377 9245 7580 50340 
1994 1499 10744 8270 58610 
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TABLE 7. Spent Fuel and Recovered Plutonium Inventories 
1988 Reprocessing Plant Startup 

Seent Fuel. Ton~es Fissile Plutonium, 
Beginning 

BNWL-B-437 

Kg 

Year Inventor,:t Discharge ReErocessed Recovered* Cumulative 

1988 
1989 

1990 
1991 
1992 
1993 
1994 

1995 
1996 
1997 
1998 
1999 

2000 
2001 
2002 

2822 
2837 

2599 
2108 
1740 
1494 
1371 

1370 
1492 
1736 
2103 
2620 

3260 
4050 
4990 

765 
887 

1009 
1132 
1254 
1377 
1499 

1622 
1744 
1867 
2017 
2140 

2290 
2440 
2590 

750 3400 3400 
1125 6600 10000 

1500 8000 18000 
1500 8100 26100 
1500 8200 34300 
1500 8300 42600 
1500 8300 50900 

1500 8500 58400 
1500 8600 67000 
1500 8700 75700 
1500 8700 84400 
1500 8700 93100 

1500 8700 101800 
1500 8700 110500 
1500 8700 119200 

*Note: Lowest exposure fuels with three or more years' cooling reprocessed 
in the first year. Thereafter fuels reprocessed in order of dis
charge. Assumes mixed oxide fuel if any is stored. Spent fuel, 
from reactors that begin operation after the full capacity of the 
first 1500 tonne reprocessing plant is committed are given lower 
priority. 

TABLE 8. Spent LMFBR Fuel in WSCC 
Year Discharge, tonnes Cumulative. tonnes 

94 23 
5 23 46 
6 46 92 
7 69 161 I 

8 92 253 
9 115 368 

2000 161 529 
1 207 736 
2 276 1012 
3 345 1357 
4 437 1794 
5 552 2346 
6 690 3036 
7 851 3887 
8 1035 4922 
9 1242 6164 

2010 1445 7609 
1 1656 9255 
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spent fuel. With a dual-purpose plant, the mix of LWR and LMFBR spent 
fuel reprocessed could conceivably be selected to either maximize the rate 
of plutonium recovery for recycle in LWRs or minimize plutonium recovery 
while still meeting LMFBR fuel requirements. 

5.2 POLICIES AND ASSUMPTIONS AFFECTING PLUTONIUM USE AT HNEC 

Three plutonium utilization scenarios have been developed for LWRs 
located at the HNEC: 1) plutonium recycled in GESMO(ll) amounts (35% of 

fissile feed is plutonium); 2) plutonium recycled in 1.43 times GESMO 
amounts (50% of fissile feed is plutonium); and 3) maximum recycle amounts 

(up to 100% of fissile feed is plutonium). Investigations of these 
scenarios required the establishment of policies and assumptions to simu
late operations within HNEC as they relate to the WSCC. The selected 

assumptions and policies are summarized below to clarify the conditions 

under which the conclusions of the current conceptual studies are valid. 

5.2.1 Plutonium Logistics and Contingencies 

-The inventory of stored plutonium must be equal to or greater 

than one-half of the next year's fuel fabrication requirements. 

-First core plutonium requirements are delivered to the fabri
cation plant 2 years before reactor startup. 

-First reload requirements are delivered to the fabrication 
plant at the time of reactor startup and additional reloads 
at one-year intervals thereafter. 

-Plutonium delivered to the fabrication plant destined for 

reloads in BWRs at HNEC in any given year can be reprocessed 

and available for reuse 6 years later. 

-Plutonium delivered to the fabrication plant destined for use 

in reloads in PWRs at HNEC can be reprocessed and available 
for reuse 5 years later. 
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- Plutonium recovered in any year plus the inventory from the 

preceding year is used as follows: 

First: 

Second: 

Third: 

to sa ti sfy commerci a 1 U~FBR and CRBR needs 

to storage for one-ha~f of next year's needs 

any remaining plutonium may be used in LWRs 

to reduce their uranium and separative work 

requirements. 

- By 1985 FFTF will have a backlog of fabricated fuel to last 

until 2000; thus no additional plutonium will be required.* 

BNWL-B-437 

- By 1985 CRBR will have fabricated fuel on hand to meet reload 

requirements through 1988 and will require 400 kg of fissile 

plutonium from HNEC per year beginning in 1989. The fabrica

tion requirement is ~2.2 tonnes of mixed oxide fuel per year. 

5.2.2 Reprocessing Capabilities 

-A l500-tonne/year reprocessing plant designed specifically 

for LWR spent fuel begins operation in 1988. 

- Mixed oxide spent fuel is stored and processed only as re

quired to increase the plutonium recovered to meet the 

LMFBR, FFTF, CRBR and inventory requirements. 

-The pilot LMFBR reprocessing plant will be of sufficient 
capacity to reprocess only CRBR and FFTF spent fuel. 

5.2.3 Reactor Performance 

- All LWRs at HNEC after 1985 are the CE_80(19) design since 

at the time of this study this is the only reactor concept 
for which data were available on all plutonium operation. (20) 

- Table 9 shows the plutonium required or allowed in each 

reactor type at HNEC. 

* This FFTF fuel fabrication schedule is one possibly being considered. 
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TABLE 9. Plutonium Required or Allowed in 

Each Reactor Type at HNEC 

Fissile Plutonium, kg Mixed Oxide, tonnes 
Reactor First Core Reload First Core Reload 

LMFBR 2500 11 00 18 8 

WNP2 
GESMO 240 10 
Maximum 340 13 

WNPl & WNP4 
Maximum 180 7.4 

CE-80(a) 

a. 

b. 

c. 

d. 

5.3 

GESMO 440 250 24 
1.43 x GESMO 650 385 34 
All Pu 1900 11 00 (b) 103 

930(c) 
960(d) 

Information in Reference 20 is based on 84.4% capacity factor, and 
these reload cores are scaled to 71%. 

First reload. 

Second reload. 

Third and later reloads. 

PLUTONIUM UTILIZATION SCENARIOS AT HNEC 

10 
14 
28 

In Figure 1, page 4, the end-af-year fissile plutonium inventories 

are represented for various plutonium utilization scenarios at HNEC. Of 

interest are the impacts of the various LWR plutonium use schemes on 

plutonium inventories in the 1900 through 2000 time frame. In the sections 

below, the three cases for plutonium use in LWRs are discussed separately. 
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5.3.1 Plutonium Recycle in GESMO Amounts 

The first case assumes that the LWRs at HNEC recycle plutonium in the 
amount used as a basis for preparing the Generic Environmental Statement 
for Mixed Oxide Fuel (GESMO).(ll) Using this scheme, a maximum of 35% of 

the fissile feed is plutonium. 

In Table 10 the logistics of plutonium recovery and distribution are 
described for this case. In 1988, the first year of separations plant 

operation, 3400 kg of fissile plutonium are recovered from irradiated LWR 

U02 fuel; and 1540 kg of fissile plutonium are allocated to the mixed oxide 
fabrication plant for LWR fuel to be charged in 1989. The remaining 1860 

kg are allocated to storage, an excess of 765 kg over the contingency 

storage requirement of 1095 kg. Irradiated LWR mixed oxide fuel is accumu

lated, beginning with the first recycle discharge of 45 tonnes in 1993, 

until reprocessing of this fuel is required in 1999 to meet increasing 
plutonium demands. By the end of 1999, however, the minimum inventory 

requirements of 8900 kg can no longer be met. Minimum plutonium require
ments for Year 2000 can be met if the first reprocessing plant operates 

TABLE 10. Plutonium Use at HNEC in GESMO Amounts 

Recovered Fissile Pu Distribution, Kg M.D. Spent LWR Fuel 

Year 
Recovered From Used In () Storage 
~_ MO ~ LWR a Inventory 

S1ent Fuel, tonnes Contained Pu, Kg 
Dischar3e b)Reprocessed Inventcry Batch Inventory 

1988 3400 
1989 6600 
1990 8000 

1991 8100 
2 8200 
3 8300 
4 8300 
5 8500 

1996 8600 
7 8700 
8 8700 
9 4900 

2000 7920 
8840 
1820 

400 
400 

2900 
400 

4000 
4000 
5100 

6200 
9800 

10900 
15600 
17800 

1540 1360 (1095) (c) 
1790 6270 ( 1440) 
2480 11390 ( 2375) 

1850 14740 ( 1815) 
3230 19310 (3175) 
2350 21260 (3645) 
3290 22270 (4195) 
3290 22380 (4870) 

3540 21240 ( 6i95) 
3790 16350 ( 7250) 
3600 10550 (7800) 

8690 (8900) 
630 (11800) 

45 
65 
95 

95 
115 
115 
125 655 
135 135 

45 
110 
205 

300 
4151 

530 
0 
0 

580 
980 

1220 

1290 
1510 
1570 
1690 
1820 

580 
1560 
2780 

4070 
5580 
7150 

o 
o 

a. See detail in Table 11. Delivered to fabrication plant for the following year's fuel requirements. 

b. Discharged and cooled ready for reprocessing. 

c. Minimum inventory based upon one-haif of the following year's fabrication requirements. 
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without unanticipated down time; however, the second reprocessing plant 
should be scheduled for startup in Year 2000 and must be opera ti ng by 

year end to meet Year 2001 plutonium requirements. 

In Table 11 the distribution of fissile plutonium to LWRs located at 

the HNEC is given for each year beginning in 1988. For this case all six-

teen LWRs located at HNEC wi 11 have participated in plutonium recycle to 

some degree by the time plutonium begins to run short in 1999. 

TABLE 11. Individual Reactor Pu Use for GESMO Recycle Case 

Year Fissile Plutonium Used in Each Reactor (br startu~ date) at IiNEC, Kg 

10/79 10/82 4/84 7/87 7/88 7/89 7/90 1/91 1/92 7/92 1/94 7/94 96 97 98 

1988 240 180 180 250 250 440 
9 240 180 180 250 250 250 440 

1990 240 180 180 250 250 250 250 440 440 
1 240 180 180 250 250 250 250 250 
2 240 180 180 250 250 250 250 250 250 250 440 440 
3 240 180 180 250 250 250 250 250 250 250 
4 240 180 180 250 250 250 250 250 250 250 250 250 440 
5 240 180 180 250 250 250 250 250 250 250 250 250 440 
6 240 180 180 250 250 250 250 250 250 250 250 250 250 440 
7 240 180 laO 250 2::0 250 250 250 250 250 250 250 250 250 
a 240 180 18G 250 250 250 250 250 250 250 250 250 250 250 250 

a. Year of delivery to the mixed oxide fabrication plant. First co~e plutoniu~ requirements 
are delivered to the fabrication plant two years before reactor s~a~tup. Flrst reload 
requirements are delivered at the time of reactor startup and addltl0nal reloads at one
year intervals thereafter. 

About half the 2001 plutonium requirements could be met without the 
second separations plant if plutonium were not recycled in 1996, 1997, or 
1998. Under these conditions the 1996 inventory would be nearly 25 tonnes 

of fissile plutonium. Construction progress on the second separations 

plant in relation to construction progress on the LMFBRs would have to 

be monitored in order to decide whether LWR plutonium recycle would be 
advisable in the 1996-1998 time frame. 
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5.3.2 Plutonium Recycle in 1.43 x GESMO Amounts 

The second case assumes that the LWRs at HNEC recycle plutonium in 
1.43 times GESMO amounts. Using this recycle scheme, a maximum of 50% 
of the fissile feed is plutonium. However, the first recycle load for 
reactors previously operating on uranium fuel is limited to GESMO amounts. 

In Tables 12 and 13 the logistics of plutonium recovery and distri
bution are given for this case in the same format as was used in the 
previous section. By the end of 1999 the plutonium inventory of 3780 kg 
falls about 5 tonnes short of the required inventory despite mixed oxide 
fuel reprocessing in 1998 and 1999. The second separations plant should 

be scheduled for startup in 1999 and must be operating by mid Year 2000 
to meet plutonium fabrication requirements. If plutonium were not re

cycled in 1997, plutonium required through the Year 2000 could be provided 

without additional reprocessing capability. For this case, fifteen of the 
sixteen LWRs located at HNEC will have participated in plutonium recycle 
by the time allocation of plutonium to LWRs is discontinued in 1997. 

5.3.3 Plutonium Recycle in Maximum Amounts 

The final case assumes that plutonium will be recycled in maximum 
amounts in LWRs at HNEC. For reactors previously operating on uranium 
fuels, the first transition batch is assumed to contain a maximum of 35% 
plutonium as fissile makeup, and the next batch is assumed to contain a 
maximum of 65% plutonium as fissile makeup. 

In Tables 14 and 15 the logistics of plutonium recovery and distribu
tion are given for this case in the same format as in previous sections. 
By the end of 1999 the current inventory of 7145 kg is short of the required 
8900 kg contingency storage. Startup of the second reprocessing plant is 
desirable by late 1999 and required by the end of Year 2000. It is inter
esting to note that despite the higher plutonium use rate, the shortage of 

plutonium in Year 2000 is less than that for the 1.43 x GESMO case. This 
occurs because the plutonium is used early, and most of it is again avail

able for use before the end of Year 2000. In this case only seven all
plutonium reactors are required to maintain nearly optimum plutonium 

inventories through 1998. 
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TABLE 12. Plutonium Use at HNEC in 1.43 x GESMO Amounts 

Recovered Fissile Pu Distribution, Kg M.O. S~ent LWR Fuel 
Recovered From Used In Storage Srent Fuel, tonnes Conta i ned Pu, Kg 

Year !:!.9.L MO FBR LWR(a) Inventory Discharge o)Re~rocessed Inventory Batch Inventory ----
1988 3400 1750 1650 (1385) (c) 
1989 6600 400 2370 5480 ( 1970) 
1990 8000 400 3540 9540 (2763) 

1991 8100 2900 2625 12115 (2548) 
2 8200 400 4695 15220 (3698) 
3 8300 4000 3395 16125 (4408) 49 49 620 620 
4 8300 4000 4815 1 S610 (4958) 91 140 1210 1830 
5 8500 5100 4815 14195 (5700) 126 266 1730 3560 

1996 8600 6200 5200 11395 (7318) 126 392 1840 5400 
7 8700 9800 4835 5460 ( 5450) 154 546 2210 7610 
8 5530 7610 10900 0 7700 (7800) 154 546 154 2290 2290 
9 6830 4800 15600 0 3780 (8900) 168 322 0 2510 0 

2000 7620 2690 17800 J -3760 (11800 ) 182 182 0 2690 0 

a. See detail in Table 13. Delivered to fabrication plant for the following year's fuel requirements. 
b. Discharged and cooled ready for reprocessi~g. 

c. Minimum inventory based on one-hal F of following year's fabrication requirement. 

TABLE 13. Ind~vidual Reactor Pu Use for l.43 x GESMO Case 

Year(a) Fissile Plutonium used in each reactor (bt startue date) at HNEC, Kg 

10/79 lOj82 ~E,,-~ 7/87 7/28 J/39 7/90 1/91 liE 7/'21. 1/94 7/94 96 97 98 -- --
1988 240 180 180 250 250 650 

9 340 188 180 385 385 250 650 
1990 340 180 180 385 385 335 385 650 650 

1 340 180 180 385 385 335 385 385 
2 340 180 180 385 385 385 385 385 385 385 650 650 
3 340 180 180 385 385 385 385 385 335 385 
4 340 180 180 385 385 385 385 385 J85 385 385 :)85 650 
5 340 180 180 325 335 385 385 385 385 385 33'S 385 650 
6 340 180 180 385 385 385 385 385 385 325 385 385 385 650 
7 240 180 180 385 385 385 385 385 385 385 385 385 385 385 

a. Year of delivery to the mixed oxide fabrication plant. rirst core pl~tonium requir~ments 
are delivered to the fabrication plant two years before reactor startup. First reload 
requirements are delivered at the time of reactor startup and additional reloads at one-
year intervals thereafter. 
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TABLE 14. Plutonium Use at HNEC in Maximum Amounts 

Recovered Fissile Pu Distribution, Kg M.D. S~ent LWR Fuel 
P,ecovered From Used In 3torage SgQnt ~ue', tonnes 

Year U" i~O FBR L',;R ("a) I ('Ivento"'y Jlsc~arael JReorocessed Inventory 
~- --

1988 3400 1900 1500 (1825) (c) 
9 5600 400 3250 4450 (3900) 

1990 8000 400 7400 4650 (4255) 

1991 8100 2900 5610 4240 (4035) 
2 8200 400 7570 4370 (4270) 28 28 
3 8300 4000 4540 4130 (4100) 56 84 
4 8300 4000 4200 . 4230 14220 ) 157 241 
5 8500 5100 3340 4290 3928) 191 432 

1996 8600 6200 1655 5035 (4900) 224 555 
7 7300 2970 9800 5505 (5400) 224 241 639 
8 5290 6960 10900 7855 (7800 ) 143 415 357 
9 5750 9140 15500 7145 (8900) 139 505 0 

2000 7970 2380 17800 -305 ( 11800) 125 126 0 

a. See detail in Table 15. Delivered to fabrication plant for the fo1 10wlng year's fuel 
requi rements. 

b. Discharged and cooled ready for reprocessing. 

c. Minimum inventory based on one-half of the following year's fabrication requirements. 

BNHL-B-437 

Cor.talneo Pu, Rg 
~atcn Inventory 

280 280 
570 990 

2020 2970 
3080 5050 

3880 9930 
4040 11000 
2590 6530 
2510 0 
2380 0 

TABLE 15. Individual Reactor Pu Use for Maximum Plutonium Use Case 

Year(a) Fissile Plutonium Used in Each Reactor (by Startup Date) at HNEC. Kg 
10/79 10/8~ 4/84 7/87 7/88 7/89 7/90 1/91 1/92 7/92 

1988 1900 
9 240 180 180 250 250 250 1900 

1990 340 180 180 600 600 600 1100 1900 1900 
1 340 180 180 960 960 960 930 1100 
2 340 180 180 960 960 960 960 930 1100 11 00 
3 340 600 600 600 600 600 600 600 
4 600 600 600 600 600 600 600 
5 600 600 600 385 385 385 385 
6 385 385 385 250 250 

a. Year of delivery to the mixed oxide fabrication plant. First core pl~tonium 
requirements are delivered to the fabrication plant two years before reactor 
startup. First reload requirements are delivered at the time of reactor startup 
startup and additional reloads at one-year irotervais thereaft2r. 
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5.3.4 Fabrication Plant Capacity 

The fabrication plant capacity requirements for each plutonium 

utilization case are summarized by year in Table 16 and shown graphically 

in Figure 3, page 8. For all cases the fabrication load tends to peak 

at one point and then generally decline to basic LMFBR requirements in 

1997-1999. Fabrication requirements will undoubtedly increase again be

yond 2000 to fuel increasing numbers of LMFBRs. 

Severe fluctuations in mixed oxide fuel fabrication requirements 

would present business difficulties for a captive commercial plant, and 

consequently the plutonium utilization scenarios analyzed here would not 

likely be implemented in practice. Attempts to levelize the fabrication 

load using realistic time-dependent fabrication capacities would likely 

dictate plutonium recycle schemes with variable LWR plutonium loadings. 

However, investigation of Such scenarios was not within the scope of the 

current studies. 

TABLE 16. ~·1i xed Ox i de Fabrication Requirements for Pu 
Utilization Scenarios at HNEC, tonnes 

GESr~O Amounts 1. 43 x GESI~O Maximum Reci:cle 
Year LWR FBR LWR FBR U';R FBR -
1988 69 79 103 

89 79 2 90 ") 158 2 L 

90 113 2 142 2 316 2 

1991 75 20 98 20 168 20 
92 143 2 194 2 224 2 
93 95 28 126 28 139 28 
94 139 28 188 23 126 28 
95 139 36 183 36 110 36 

1996 149 44 202 44 62 44 
97 159 70 179 70 70 
98 145 78 78 78 
99 112 112 ll2 

2000 128 1"("\ ~o 128 
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SELECTION OF HEAT DISPOSAL METHODS FOR 

A HANFORD NUCLEAR ENERGY CENTER 

J. R. Young, L. D. Kannberg, j. V. Ramsdell 

W. H. Rickard and D. G. Watson 

SUMMARY 

The possibility of a Hanford Nuclear Energy Center (HNEC) is currently 

being studied to develop an improved understanding of nuclear energy centers, 

their advantages and disadvantages, and to identify the research and develop

ment necessary to evaluate the nuclear energy center concept. Two cases are 

considered: one contains 20 nuclear power plants and one contains 40 nuclear 

power plants. These power plants would be built in clusters of four reactors 

dispersed throughout the 600 square mile Hanford Reservation in central 

Washington. Supporting fuel cycle facilities are also included. 

Five general heat rejection systems are available for transferring the 

waste heat from an HNEC to the environment: (1) once-through cooling ~ith 

Columbia River water, (2) cooling ponds, (3) wet cooling towers, (4) wet-dry 

cooling towers, and (5) dry cooling towers. These heat rejection systems 

can be considered relative to a balance of three factors: economics, environ

mental effects, and resource utilization. 

Establishing an appropriate balance among these three factors is compli

cated by an absence of criteria and by existing or proposed regulations for
bidding heat releases to water bodies. Further complications arise from an 

inadequate knowledge of atmospheric effects of large heat releases. Using 

data available, heat rejection methods have been selected to illustrate a 

methodology \~hich miqht be used in the design of nuclear energy centers. 

Basically, this approach involves balancing environmental imoacts to the 

atmosphere and to the Columbia River with conservation of resources and 
costs. 



The most important environmental effects identified to date for HNEC 

cooling systems are alteration of the Columbia River aquatic life and crea

tion of more ground fog and higher relative humidity as a result of moisture 

releases into the atmosphere. It should be noted that little capability 

exists for predicting changes in meteorological events such as icing, rain, 

and wind. At present only general estimates of the increases of ground fog 

and humidity increases can be made. Better methods for predicting the 
meteorological effects of wet cooling tower operation are necessary to 

assure that excessive adverse effects do not occur. The environmental 

effects for once-through cooling are mostly aquatic; \·,hile for dry-cooled 

systems they are almost entirely sustained in the atmosphere. The other 
three systems are combinations of both. 

In general, the electricity generation costs for these systems are 

lowest for once-through cooling, 4% higher for ponds and wet cooling towers, 

and 10 to 15% higher for dry systems. The costs for wet-dry systems are from 

5 to 15% higher in accordance with the portion of the heat transferred by the 

dry portion of the system. 

Results of studies to date have indicated that the "optimum" heat dis

posal method for an HNEC is a combination of once-through cooling and wet 

tower cooling. The maximum number of reactors with once-through cooling 
depends partially on future decisions affecting the minimum river flow, but 

it appears to be about six reactors for a 20-reactor HNEC and ten reactors 
for a 40-reactor HNEC based on a Columbia River low flow rate of 54,000 cfs. 

The remainder of the cooling would be accomplished by tall mechanical draft 

towers to avoid a Significant increase in ground fog formation during the 

winter months or relative humidity increases in the summer. Although tall 

mechanical draft towers have not been designed and constructed in the United 

States, they have been in Europe. Current natural draft towers can be 

adapted to a mechanical draft operation during summer low humidity conditions 

at Hanford. 

The impacts due to ground fog formation and humidity increases are 

essentially independent of the locations of tall cooling towers on the Hanford 
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Reservation. Consequently, locations would probably be based on other 
factors such as aesthetic impacts, proximity to water supply, and economic 
costs. 

Once-through cooling probably wi11 not be permissible during the late 
summer in some years because the river temperature at Hanford will be 68° or 
above and these temperatures are detrimental to salmon. Scheduling the annual 
refueling outages for the once-through cooled reactors during that time 
should avoid economic penalties. The number of reactors with once-through 
cooling is also a function of the amount of generating capacity which can be 
shutdown and of the number of outage personnel available. 

Addition of heat to the Columbia River from November to June should be 
beneficial to the growth rate of young salmon and as a result the probability 
of survival and return for spawning. A comprehensive study is necessary to 
quantify the benefits and adverse effects of heat additions to the Columbia 
River during each month of the year and for the expected ranges of river flow 
rates and temperature. 

This aquatic analysis was based on data representative of recent opera
tion of the Columbia River with a minimum permissible release rate of 36,000 
cfs at Priest Rapids dam. This minimum flow was established when nine pro
duction reactors were operating with once-through cooling at Hanford and the 
36,000 cfs flow probably is no longer optimum for current or future condi
tions. The optimum flow rate for the Hanford reach of the river should be 
determined for an HNEC case. This optimum flow rate might include increases 
in both the minimum permissible flow rate and in the minimum daily average 
flow rate. 

Finally, construction of an HNEC would create a long-term commitment of 
land and material sources to power generation. However, once-through and 
wet cooling tower systems would not require more resources than would be 
used in power plants at other sites which probably would have similar cool
ing systems. 
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INTRODUCTION 

Selection of the best method for disposal of the waste heat from a 
large power generation center requires a comprehensive comparison of the 

costs and environmental effects. The objective is to identify the heat 
dissipation method with the minimum total economic and environmental cost. 

A 20 reactor HNEC will dissipate about 50,000 MWt of waste heat; a 40 
reactor HNEC would release about 100,000 MWt. This is a much larger discharge 
of heat than has occurred from other concentrated industrial facilities and 

consequently a special analysis is required to determine the permissibility 
of such a large heat disposal and the best methods of disposal. It is pos

sible that some methods of disposal will not be permissible because of exces
sive environmental effects or that the optimum disposal method may include 

a combination of several methods. 

This document presents a preliminary analysis of the HNEC heat disposal 

problem to determine the best methods for disposal and any obvious limitations 

on the amount of heat that can be released. The analysis is based, in part, 

on information presented in the interim conceptual study (Harty, 1975), 
the heat sink management analysis (Laity, 1975), and the meteorological 
analysis (Ramsdell, 1976). The information in those documents is repeated 

here only as needed to assure understanding. 
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THE HEAT SINK PROBLEM 

Release of large quantities of heat from a power center can have severe 

effects on the environment. Normally, large quantities of waste heat are 
released to nearby water bodies or directly to the atmosphere by use of cooling 

ponds or wet cooling towers. Cooling water withdrawals and releases to water 
bodies can severely affect aquatic life through mechanical abrasion in pumps 
and heat exchange systems or changes in water temperatures or chemical com
position. Construction of large cooling ponds can heavily impact terres-

trial life by reduction of habitat. Transfer of the heat to the atmosphere 
either from ponds or from cooling towers may increase fog or modify nearby 
habitats as a result of icing in the winter. Release of blowdown streams 
containing high concentrations of dissolved salts, biocides, and corrosion 
inhibitors also may adversely affect aquatic life in nearby water bodies. 

Releases of heat from an HNEC must comply with the provisions of Public 
Law 92-500 which requires by 1983 (1) the application of the best available 
technology economically achievable and (2) the elimination of discharges 
when technologically and economically achievable. However, in the case of 
thermal discharges, a release is permissible v!henever it can be demonstrated 
that the release will ensure the protection and propagation of a balanced, 
indigenous population of shellfish, fish, and wildlife in and on that body 
of water. 

The overall purpose of a heat sink evaluation is to identify the heat 
disposition methods with the best balance among economics, environmental 
impacts, and resource utilization. The general approach in this evaluation 
was to define the combination of cooling systems with the lowest total 
economic, environmental costs and resources utilization. The specific 
criteria were: (1) The economic costs should be as low as possible; 
(2) There should be an acceptable level of environmental effects (and 
preferably no significant adverse effects); and (3) Resource utilization 

should be as low as practicable, particularly for scarce resources. 



In general, there are 24 environmental interaction parameters to consider 
to determine the best design for the heat dissipation facilities for a power 
system. Each of these parameters must be evaluated for each of the alterna
tive heat dissipation methods, and then the sum of the effects of all param
eters for each method must be compared to the sums for the other alternatives 
to determine the most desirable alternative. 

Numerous methods have been developed for reducing the environmental effects 
of heat dissipation systems. However, action to reduce an adverse effect usu
ally increases economic costs and may create new environmental problems. 
Selection of the best design ~or the best dissipation system requires a 
subjective balance between the economic, 9nvironmental costs, and resource 
utilization. 
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APPROACH TO THE ANALYSIS 

The heat dissipation methods tentatively selected for the HNEC were 
determined by use of the standard environ~ental assessment cost-benefit 
analysis procedures generally used during preparation of environmental 
reports and statements. The general procedure as adapted to this analysis 
is presented schematically in Figure 1. 

I 

DEFINE STUDY OBJECTIVE 
DEFt NE ALTERNATI VE 

HEAT DISSIPATION CASES 

I I 
DESCRI BE APPROPRIATE DESCRI BE ALTERNATIVE 

HANFORD CHARACTER I STI CS HEAT DISSIPATION CASES 

I I 
I DENT! FY POTENTIA L COMPARE ALTERNATIVE 

H EA T 0 ISS I P ,1\ T ION /\Ii ETH ODS HEAT DISSIPATION CASES 

I I 
DEFI NE LI MI TATI ONS ON DEFI NE BEST 

HEAT 01 SSI PATION METHODS HEAT 01 SS I PATI ON METHOD 

I 
FIGURE 1: HNEC Heat Sink Analysis Procedure 
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First, the objective of the analysis was defined as: Determine the 
best disposal method for the waste heat from either 20 or 40 power plants 
built at Hanford as described in BNWL-B-458 (Harty, 1975). Then, a detailed 
description was prepared of the Hanford Reservation physical characteristics, 

in addition to a genera; description of the physical and social characteris
tics of the surrounding territory. Emphasis was placed on those character

istics expected to be significantly affected by the waste heat disposal 
problem. The physical characteristics of the Hanford Reservation indicated 
five possible methods for heat disposal: 

1. Once-through cooling with Columbia River water, 
2. Cooling ponds, 
3. Mechanical draft wet cooling towers, 
4. Mechanical draft wet-dry cooling towers, and 
5. Dry cooling towers. 

Twenty alternative heat dissipation cases were selected for the initial 

alternative analysis. These cases defined the extreme cases for the five 
possible heat dissipation methods (e.g., all wet cooling towers, all dry 
towers, etc.) and also the combinations of heat dissipation methods that 
represented minimum impact conditions (minimum economic costs, minimum fog 
formation for wet systems, etc.). They were then described and analyzed 
to determine the economic and environmental costs. Comparison of the cases 
then defined the best heat dissipation methods. 

Although dry cooling has not been demonstrated on a large scale, it was 
assumed that it would be a reliable method soon enough to be used for most 
of the HNEC power plants. Natural draft wet cooling towers are uneconomical 
for Hanford in comparison to mechanical draft towers because of the large 
increase in condenser cooling water temperature that would be necessary 
during the summer low-humidity, high-temperature meteorological conditions. 

The environmental limitations on the use of each of the five cooling methcds 
then were estimated. An example of such a limitation is the maximum permis
sible heat releases to the Columbia River in accordance with the applicable 
water quality standards. 
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An important part of this preliminary heat sink evaluation was to 

identify the available technology necessary for the evaluation and the need 

for new technology. Because of limitations in the ability to predict meteo

rological and aquatic biology effects, the esti~ations of environmental 

effects may change as additional data and analytical capability become 

available. 
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DESCRIPTION OF HA.NFORD 

Extensive descriptions of the Hanford Reservation have been documented 

as a result of the EKDA facility operations (ERDA, 1975) and preparation of 

environmental reports for the Washington Public Power Supply System power 

reactors (USAEC, 1972). A summary of these characteristics was presented 

in the interim conceptual report for the Hi'lEC (Harty, 1975). 

The pertinent site characteristics for a heat sink evaluation are the 

hydrology, ecology, and meteorology. Hydrology is important because of the 

need for large quantities of water either as a heat sink or as a source of 

water evaporated during transfer of heat to the atmosphere. The ecology is 

important because use of water and land can have significant effects on life 

forms and on human recreational activities. Meteorology is important because 

release of large quantities of heat and moisture may affect human activities 

through creation of fog, increased humidity, and precipitation. These char

acteristics for the Hanford Reserva!ion are summarized below. 

HYDROLOGY 

The only reliable source of the large quantities of water needed for 

wet cooling systems for large power plants is the Columbia River. Insuffi

cient ground water is available, and all water in the Yakima River is allo

cated for other purposes during the low flow summer months. 

The Columbia River in and near the Hanford Reservation is the last 

free-flowing stretch \vithin the United States; the remainder is made up of 

a series of impoundments behind the 11 hydroelectric dams in the river. 
Average, maximum, and minimum flows are about 120,000, 690,000, and 36,000 cfs, 
respectively. Since 1960, the minimum average seven-day running mean flow 

rate has exceeded 54,000 cfs at all times. Peak flow rates occur in late 

soring and early surrrrner. During late summe:, fall and It/inter daily fluctua

tions in discharge may range from 36,000 to 160,000 cfs due to flOiv regula

tion by the upstream Priest Rapids Cam. This variation in flow can cause 
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changes in elevation of 10 feet near the upstream part of the Hanford Reserva
tion and 5 feet in the lower reaches. Current velocities vary from less than 
3 to over 10 fps. 

The flow rate of the Columbia River during low flow periods is determined 

primarily by the amount of water released from upstream dams. These dams 
have over 30,000,000 acre-feet of storage capacity corresponding to an aver
age flow of 60,000 cfs during the low-flow period from August to March of 
each year. 

Monthly average river temperatures range from 1.5 to 20.2°C, with maxi

mums occurring in August and September, the minimums in February. The 
naturally occurring temperature changes in the river between Priest Rapids 
and Richland range from -0.8°C in the winter to +0.8°C in the summer. River 
bottom substrates are typically sand, rock, and gravel. Cobbles and boul

ders are present in many areas and fine silt and sand are found in the slack 
waters. Water quality of the river is good with dissolved oxygen usually 
greater than 10 ppm, pH 6.5 to 8.5 and dissolved solids of 154 ppm or less 
(ERDA, 1975). 

Less than ten percent of the Columbia River ~low at Hanford is used 

for downstream consumption. In addition, the major use, irrigation, occurs 
primarily during the summer high flow period when the river flow is gen
erally much higher than 50,000 cfs. As a result, consumption of up to 

~ 

2,000 cfs at Hanford should be possible without interference with downstream 
consumption. 

Cooling'facilities must be operated at Hanford such that there is no 
significant effect on radionuclides currently present in the ground or in 
the waste storage tanks and burial grounds. Generally, this means that 
(1) there cannot be a significant rise in the water table evaluation under

neath the ERDA production areas and burial sites, and (2) the flow rate 
toward the Columbia River of the groundwater containing tritium cannot be 

increased. Creation of a barrier to flow of groundwater containing tritium 
into the river would probably be considered favorable. 
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Since there is no Hanford generated tritium in groundwater north of the 

Columbia River, effects of water releases on that groundwater are of less 

concern. However, liquefaction and subsidence of soils always must be con

sidered in siting large structures. 

AQUATIC ECOLOGY 

The effects on the aquatic environment that potentially may arise from 

the establishment of cooling systems for an HNEC are mainly those associated 
with the withdrawal of Columbia River water for power station c~ndenser 

cooling and processing, and the discharge of station effluents to the river. 

These include loss of fish and other aquatic organisms from the following: 

• I~pingement on the water intake screens causing physical damage from 

the impact or subsequent screen cleaning operations. 

• Passage through the station cooling system. Impacts may range 

from the death or injury of aquatic organisms due to thermal, 

chemical and mechanical stress in once-through cooling systems 

to the removal of river plants and animals in the make-up water 

Qf closed-cycle cooling systems. 

• Discharge of toxic chemicals and heat to the river that may alter 

metabolic rates, reproductive cycles, behavior, disease resistance 
and food base, or cause mortaiities as a result of rapid changes in 
temperature, i.e., heat and cold shock. 

The creation of new surface waters (cooling ponds) may be conducive to the 

growth of nuisance algae and fish disease organisms. Benefits may alsc be 

obtained, however, through the development of new areas for sport fishing 

or the production of human and animal food through aquaculture. 

Many of the physical, chemical and biological characteristics of the 

Columbia River are summarized in the document WASH-1538 (ERDA, 1975). The 

primary ~iological systems of concern are the phytoplankton, zooplankters, 
benthic organisms, and fish. (Appendix A 1 ists the scientific names for the 

species of interest.) 
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The phytoplankton originates in the impoundments behind the upstream 
dams and from the attached algae on the river bottom. Diatoms are the 
dominant algal group. Biomass of net phytoplankton range from a maximum 
of about 2.0 9 dry wt/m3 in May to less than 0.1 g dry wt/m3 in winter. 

Cladocerans and copepods are the dominant zooplankters. Numbers of 

zooplankters in the main river channel average 600/m3 with maximums of 
12,QOO/m3 in summer to less than 301m3 in winter (Page, 1976). Both 
phytoplankton and zooplankton are nearly uniformly distributed throughout 
the river cross-section. 

The principal benthic organisms include insect larvae, sponge, molluscs, 
flatworms, leeches, crayfish and oligochaetes (ERDA, 1975). Sponge, caddis
fly larvae and chironomid larvae make up the bulk of the benthic organisms 
(Page, 1976). Greatest abundance is in the near shore areas. Maximum 

biomass ranges from 16 to 38 g/m2 in the most productive riffle areas 
(USAEC, 1972). 

There are over 40 species of fish in the Hanford section of the Columbia 

River (ERDA, 1975). About half of these are of no recognized direct value 
to man. Sturgeon, whitefish, catfish, perch, bass, sunfish and crappie 

are permanent residents of the area and provide recreational fishing; 
anadromous salmon, steelhead trout and shad are economically important to 
both commercial and sport fisheries. 

The latter group use the local reach of the river as a spawning and 
rearing area and as a migration route to and from upstream spawning grounds. 
The extent to which the local section of river is used by adult anadro~ous 
upstream migrants is given in Table 1, showing the passage of fish over Priest 
Rapids immediately upstream from the Hanford Reservation. Although chinook 
salmon and steel head trout move up the Columbia during all months of the 
year, the greatest numbers are present during the period frcm April through 
November. 

The Hanford Section of the Columbia is one of the last main-stream river 
areas used for spawning by fall chinook salmon. The major sections of the 
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TABLE 1: Adult Anadromous Fish Passage, Priest Rapids Dam - 1965-1975 
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river used for spawning are shown in Figure 2. Most of the spawning takes 

place near the river islands in depths of approximately 3 to 12 feet in 

rapidly flowing water. Spawning begins about the middle of October and is 
concluded by the middle of November. Egg incubation and larval fish emer
gence from the redds (nests) in the river bottom takes place from February 

through April. The numbers of fall chinook salmon redds and estimates of the 

local spawning population are given in Table 2. Although there is considerable 
variability in the Hanford chinook spawning population, it represents a siqnif

icant part of the adult fall chinook in the river, 15% of the escaoement over 

Bonneville Dam and about 30% of the fall chinook reaching the middle Columbia 

River (Watson, 1970). 

Average annual steel head trout spawning population estimates near Han

ford for the years 1962-1971 are about 10,000 fish (Watson, 1973) and the 
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TABLE 2: Fall Chinook Spawning - Hanford 
NUlllber of llcdds (nests)· 

River Kllollletcr 

Estimated 
Year 560-570 586-592 597 600-60n 618 633 Other lata I No. Salmon 

1947 0 15 25 10 0 75 115 240 1680 

1948 120 330 30 219 0 25 53 7135 5500 

1949 45 50 6 195 0 I 33 330 2310 

1950 24 43 38 151 3 46 .11 316 2210 

1951 5 10 45 lSI 5 95 3 314 2200 

1952 73 10) 40 221 3 78 23 539 3170 

1953 7 5 16 38 0 83 0 149 1040 

1954 4 5 8 127 0 6 7 157 1100 

1955 0 12 0 47 0 4 I 64 450 
1956 0 3 7 59 0 17 6 92 640 

1 ~j' 21 173 55 440 43 132 2 872 6100 
m 1958 49 249 133 520 192 251l U3 14U5 10400 

1%9 I 0 36 101 32 III 0 2111 1970 

1960 0 31 22 99 38 105 0 295 2070 

1961 a 27 43 201 23 610 4 939 6570 

1962 6 1% 66 456 I 635 2 1261 8830 

19(jJ 0 283 127 506 14 370 3 1303 9120 

19li4 5 163 111 510 37 624 27 1477 10JOO 

1%5 4 262 211 5BO 54 [,59 II 17B9 12500 

19fi6 10 279 267 1206 37 1300 2 3101 21700 

1%7 20 3110 273 1192 17 1340 29 3267 22900 

196B 117 595 188 1069 52 1520 39 3560 24900 

1969 265 820 427 1446 50 1500 0 4508 31600 

19/0 107 615 302 1180 72 1528 9 38lJ 26700 

19/1 182 560 416 1071 10 1361 0 3600 25200 

1972 138 24/ 147 259 4 131 0 876 6130 

19/3 137 458 179 1273 62 856 0 2965 2()UOO 

1974 164 156 49 2)U 5 173 3 728 5100 

1975 95 458 291 752 91 995 I 2683 111780 



spawning areas are thought to be generally similar to those used by the fall 

chinook salmon. Steelhead support a fairly intensive sport fishery between 

Ringold and Richland. 

The juvenile chinook salmon pass through the Hanford section of the 

Columbia from March through July (Mains and Smith, 1964), although there 

is some evidence that the young of populations spawning upstream of Priest 

Rapids may continue through August (Park, 1969). There is a tendency for 

the young salmon to migrate downstream near shore and near the surface of 

the river (Mains and Smith, 1964). In addition to the salmon produced in 

the river, young are released to the river from the Washington Department 

of Fisheries artificial spawning channel at Priest Rapids Dam and from the 

rearing facility at Ringold. Steel head young are also reared and released 

to the river at Ringold by the Washington Department of Game. 

Food of the young salmon migrating through the Hanford section of the 

river consists almost entirely of aquatic insects (96~ of diet), most of 

which originate from the river benthos (Becker, 1970). 

TERRESTRIAL ECOLOGY 

The effects on the terrestrial environment that potentially would result 

from establishment of cooling systems for nuclear power stations at Hanford 

are mainly those associated with occupancy of land by cooling system facil
ities. This land occupancy would reduce the total habitat for terrestrial 
life. The net reduction in inhabitants would depend on the type of land 

occupied and the alteration of surrounding lands as a result of moisture 
releases from the cooling facilities. Releases of moisture could increase 
total populations by creation of additional habitat and watering sites 

which wo~ld more than compensate for the loss of land occupied by the cooling 

facilities. However, the new populations would consist of different species 
than the original inhabitants. 

Natural Vegetation 

The natural vegetation of the Hanford ~eservation is classified as 

shrub-steppe (Daubenmire, 1970). The shrub component is characteristically 
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dominated by big sagebrush and the understory is composed of many herbaceous 

species, especially grasses, the most common of which are bluebunch \'Jheat

grass, Sandberg bluegrass, and cheatgrass. 

The undisturbed vegetation mosaic can be subdivided into three major 

vegetation types on the basis of shrub species in the overstory and the 

dominant herbaceous species in the understory. The big sagebrush/bluebunch 

wheatgrass vegetation type is confined to the Rattlesnake Hills and is en

tirely located within the boundaries of the Arid Lands Ecology Reserve (ALE). 

The big sagebrush/antelope bitterbrush/cheatgrass vegetation type occupies 

a triangular shaped area extending from the 100 F reactor area to the Horn 

Rapids bend of the Yakima River (Figure 3). The vegetation type occupying 

the remainder of the Hanford Reservation is classified as the big sagebrush/ 

cheatgrass. 

The three vegetation types of most concern to the construction and 

operation of the facilities associated with an HNEC are the big sagebrush

antelope bitterbrush/cheatgrass and big sagebrush/cheatgrass types, and the 

riparian plant communities associated with the Columbia River shoreline and 

islands. Although these latter communities occupy small acreages as com

pared to other communities, they are especially important to vJildlife 

populations of mule deer, Chinese ring-necked pheasants, California quail, 
and to nesting populations of the Canada goose. 

Special Biological Habitats 

Many kinds of special habitats are recognized. One of these is an 
extensive area of sand dunes located north and east of the Washington Public 

Power Supply System's Hanford 1, 2, and 4 power stations. Typical of others 

are a geoiogical formation of knob and kettle topography located near the 

N-Reactor (Figure 3); a series of tall, steep-walled bluffs along the eastern 
shore of the Columbia River known as "White Bluffs"; ar:d a series of basaltic 

cliffs associated with Gable Mountain and Gable Butte, centraily located in 

the reservation area. 

White Bluffs: The cliff faces of these bluffs provide ancestral nest

ing sites for thousands of cliff swallows. These birds are present for a 
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few weeks in summer, raise their young, then migrate to neotropical regions 

with the onset of autumn weather. The birds forage on adult flying insects 

that are produced in the aquatic environment of the Columbia River. Cracks 

in the bluff face provide nesting locations for starlings and feral rock 

doves. The cliff faces are erodible and provide only a few ledges deep 

enough to provide nest sites for prairie falcons. If nuclear facilities are 

not built above these cliffs, there is no reason to expect that the construc

tion and operation of nuclear energy facilities at Hanford vlould deleteriously 

affect the bird populations dependent upon the White Bluffs as nesting habitat. 

However, construction of facilities above the cliffs could result in water 

releases to the ground and destruction of the nesting sites by landslides. 

Gable Mountain and Gable Butte: The basalt cliffs are remote and 

inaccessible and provide ledges which are used for nesting by the prairie 

falcon (at least one active nest is known frcm Gable Butte), red-tailed 

hawk, and great horned owl. The talus slopes provide habitat for rock 

wrens and canyon wrens. There is no reason to expect that the construction 

and operation of a nuclear energy facility at Hanford would deleteriously 

affect the breeding bird population dependent upon Gable Mountain and Gable 
Butte as nesting habitat. 

Man-made Habitats: Deciduous trees planted for shade and/or fruit years 

ago have survived without human attention for periods as long as 35 years. 

Today, these trees provide nest sites for certain birds that otherwise could 

not be associated with the treeless vegetation of the Hanford Reservation, i.e., 
Swainson1s hawk, red-tailed hawk, sparrow hawk, great-horned owl, raven, magpie, 

great blue heron, and black-crowned night heron. Many of the trees now sup

porting nests are senescent. Because these trees do not establish young trees 

from seeds, it is only a matter of time until they disappear from the Reserva

tion. With the demise of trees, birds will have to seek nest sites elsewhere. 

The planting of trees around nuclear energy facilities can be expected to 

enhance the nesting potential of tree-nesting avifauna. 

Aqueous effluents from chemical processing facilities and irrigation 

canals have created ponds of various ages on t!le Ha~ford Reservation. Other 
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ponds located east of the Columbia River have been created from seepage and 
waste waters from irrigation canals on the Wahluke slope. These ponds are 
less than ten years old and are expected to persist for an indefinite period 
of time. The vegetation associated with pond and shoreline environments 
provide habitat attractive to a wide spectrum of birds (Fitzner and Rickard, 
1975). The biological problems and benefits associated with open ponds can 
be expected if these are contemplated for HNEC facilities. 

Another kind of man-made habitat present on the Hanford Reservation is 
abandoned agricultural fields. For the most part, these are located near the 
Columbia River adjacent to the former townsites of Hanford and White Bluffs. 
After 30 years of abandonment, these fields support self-sustaining swards 
of annual plants, especially cheatgrass. These annual swards have resisted 
natural invasion by native perennial species for more than 30 years. 

Sand Dunes: Sand dunes occupy several thousand acres of land on the 
western shore of the Columbia River in Benton County. For the most part, the 
dunes are not occupied by plants; however, a few species can become established 
on the nutrient-deficient and wind-mobile dune sands (Langham, 1970). The 
dune area is almost inaccessible to conventional vehicles and provides a 
sanctuary area for mule deer during the spring fawning season (Hedlund 
et al., 1975). 

River Islands: The islands in the Columbia River located between the 
northern boundary of the Hanford Reservation and the City of Richland provide 
nesting habitat for a small population of resident Canada geese. The nesting 
history of this population has been studied (Hanson and Eberhardt, 1971). The 
islands provide critical habitat necessary for the sustainment of the Canada 
goose population. 

Knob and Kettles: Unusual topography occurs on the western bank of the 
Columbia River near the N-Reactor. The origin of knob and kettle topography 
is believed to be a result of glacio-fluvial action. A description of the 
vegetation and animal populations of this area has been recorded (Rickard, 
1975, and Hedlund et al., 1975). 
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Rock Outcrop: Rock outcrop plant communities are particularly well devel
oped along the crest of the Rattlesnake Hills located within the Arid Lands 

Ecology (ALE) Reserve. The communities occupy relatively little acreage but 

support plants that are not found elsewhere on the Hanford Reservation. Two 

species found in the Rattlesnake Hills are on the Smithsonian list of endangered 

species, Ba1samorhiza rosea and Eriogonum thymoides. Because most of the 

habitat supporting these plants is protected from intrusion by the ALE 

Reserve, the construction and operation of HNEC facilities would not be 

expected to deleteriously affect the status of these communities. 

Gravel Bars: Gravel bars are characteristically found along fast-flowing 

streams and rivers. The coarse rooting substrate provided by gravel and cobbles 
in addition to inundation by seasonal flooding makes gravel bars difficult 

habitats for plant colonization. Nevertheless, some specialized plant species 
can invade water-washed gravel bars and maintain populations for years. 

Gravel bars along the Columbia River support many types of herbaceous plants. 

However, there have been no ecologically descriptive studies made of these 

communities. 

Primary Productivity 

Shrub-steppe plant communities are more productive than desert plant 

communities but less so than certain grass and forest communities (Rodin 

and Bazilovitch, 1975). Studies conducted on the Arid Lands Ecology Reserve 

in stands of the sagebrush-bluebunch wheatgrass in conjunction with the 
United States' contribution to the International Biological Program Grass

land Biome project show that best annual production is less than 100 g/m 21 
year. 

Wildlife Populations 

Mule Deer 

The mule deer is the only big game mammal on the Hanford Reservation. 

Although these animals roam over the entire Reservation, the major ~opu-

1ation concentration is along the Columbia River. The deer population here 

is at least one hundred animals (Hedlund, 1975). Critical fawning areas are 
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the islands in the Columbia River and the remote portions of the sand dunes. 

Fawn tagging has been conducted for seven consecutive years. Animals tagged 

on the Hanford Reservation have been killed by hunters 70 miles from their 

initial capture points (Hedlund, 1975). 

The construction of HNEC facilities can affect the daily and seasonal 

patterns of movement of mule deer on the Hanford Reservation. Tall, chain

link fences are effective barriers to mule deer movements as are wide, deep 

concrete-walled irrigation canals. Some deer mortality can be expected from 

increased automobile traffic. 

Although hunting has not been permitted on the Hanford Reservation, 

animals produced there provide game for hunters on bordering lands. The 

main human value of the mule deer here on the Reservation is the esthetic 

appeal of sighting these animals wild in their natural habitat. 

Canada Goose 
Nesting populations of Canada geese have been studied for many years 

(Hanson and Eberhardt, 1971). Over the years of study, the number of nests 

has declined (Figure 4). The decline is at~ributed to predation, changing 

vegetation structure on the islands, and human interferenc2 created by 

opening the lower section of the Hanford Reservation to public recreation. 

Migrant flocks of Canada geese have historically used the Columbia 

River as a resting stop during spring and fall migration. These geese 
make foraging flights to nearby agricultural fields and rangelands that 
support newly germinated stands of cheatgrass. Department of Interior 

Wildlife refuges located in Franklin and Walla Walla Counties also attract 

migrant Canada geese as well as other waterfowl species. 

Upland Game Birds 

Chukar partridges are important game birds in steppe vegetation of 

eastern Washington. These birds were introduced to North America from 

Eurasia to provide bird hunting for sportsmen. ihey are especially iJlenti

ful in the Rattlesnake Hills and Saddle Mountains, although there are also 

a few coveys in the Gable Mountain and Gable Butte areas. 
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Reservation Islands 1953-1975 

California quail and Chinese ring-necked pheasants are mostly confined 
to the deciduous shrub vegetation associated with the shoreline of the 
Columbia River. Like the chukar partridge, the pheasant is an introduced 
species. The California quail was introduced to Washington from its native 
range in California. 

The sagegrouse is scarce on the Hanford Reservation. A few birds are 
found on the ALE Reserve where they are protected from hunting. 

The mourning dove is a common, summer resident of the Hanford Reser
vation, nesting wherever water and weed seeds are available. Birds pro
duced on the Reservation leave in the fall and migrate south. Hunters 
harvest large numbers of doves during this migration period. 
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Small Game Mammals 
The important small game mammals of the Hanford Reservation are cotton

tail rabbits and black-tailed hares. Hares are distributed throughout the 
steppe vegetation areas ~hile cottontails are found in local concentrations 

where food and cover are available. 

Black-tailed hares were studied as biological indicators of radio

iodine in the environment (Hanson, 1962) and as a biological agent for the 
dispersal of radionuclides in waste management areas (O'Farrell and Gilbert, 
1975). 

Predatory Mammals 
The most important mammalian predators on the Hanford Reservation are 

the coyote and badger. Little is known about the population dynamics of 
either; however, recent studies using radiotracking techniques show that 
coyotes can wander many miles. 

Bobcats are present on the Reservation but in low numbers. Other 

predators are the raccoon, skunk, mink, and weasel. These animals are 
mostly confined to riparian habitats associated with the Columbia River. 

Other Marrrnals 
Muskrats and beaver are present in the Columbia River. Muskrats occur 

in ponds and ditches elsewhere on the Reservation (Rickard et al., 1975). 
The most abundant small mammals are rodents, especially the Great Basin 
pocket mouse, deer mouse, and the Townsend ground squirrel. The population 
dynamics of the pocket mouse has received the most study (O'Farrell et al., 
1975) . 

Consumer Productivity 

Shrub-steppe vegetation historically did not support large herbivores 
such as bison and antelope. Instead, smail mammals like the Great Basin 

pocket mouse and the Townsend ground squirrel are the abu~~ant vertebrate 
herbivores. Population dynamics of pocket mice have been intensively 
studied (O'Farrell et al., 1975; Schreiber, 1974). 
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The most direct use of steppe vegetation as a food source to man is 
cattle grazing. Cattle grazing studies on the ALE Reserve show that one 
acre of sagebrush-bluebunch wheatgrass pasture can produce only about 20 
pounds of cattle liveweight per year without damaging future community 
production. 

Wildlife as a Recreational Resource 

Tagging studies of mule deer show that mule deer produced as fawns on 
the Hanford Reservation are killed by hunters when they leave the reserva
tion (Hedlund, 1975). Several hundred Canada geese are produced each year 
from the nesting populations and some of these are killed as they leave the 
protection of the reservation (Hanson and Eberhardt, 1970). Chukar par
tridges regularly nest and produce young on the ALE Reserve. Some of these 
are probably killed on the Washington State Department's Rattlesnake Hills 
Wildlife Area and private lands adjoining the reserve. 

Coyotes are a permanent constituent of the wildlife resource of the 
Hanford Reservation and young are reared on the Reservation. Some of these 
animals probably leave the Reservation where they are available for predator 
hunting or they may also be regarded as pests by livestock raisers. 

The Hanford Reservation serves as a nesting refuge for birds that are 
diminished throughout the western states as their ancestral habitats are 
usurped by man-imposed land uses. These birds - burrowing owl, long-billed 
curlew, great horned owl, Swainson's hawk, red-tailed hawk, and prarie 
falcon - all contribute to enjoyment of people who like to watch birds. 

Food Webs 

Diagrammatic representations of food webs in typical terrestrial and 
waste pond habitats are shown in Figures 5 and 6. 
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METEOROLOGY 

Any evaluation of the impact of heat sink management alternatives on 
the environment must consider the climate of the region under consideration. 
Thus it is appropriate to describe the climate of the Hanford area in some 
detail . 

General Climate 

The basic reference on Hanford climate is the Climatography of the 
Hanford Area (Stone, Jenne, and Thorp, 1972). Temperature and precipi
tation data in this work indicate that the Hanford area borders between a 
steppe (BS) and desert (BW) climate using the Koppen classification scheme 
(Petterssen, 1958). This classification is confirmed by the vegetation 
types which occupy most of the Hanford Reservation. 

Meteorological observations have been made at numerous locations in 
the Hanford vicinity, but the only extensive records for a single location 
are those for the Hanford Meterological Station (HMS). The HMS is located 
on a plateau at about 750 ft above mean sea level and 300 ft above the 
Columbia River, which flows through the Reservation from the northwest 
to the southeast. There are several significant topographic features within 
20 miles of the HMS which affect aspects of the Hanford climatology. 

Prior to the establishment of the HMS in December 1944, meteorological 
measurements were made by U.S. Weather Bureau cooperative observers between 
1912 and 1943, and by the U.S. weather Bureau in Richland for a short period 
at the end of 1943 and beginning of 1944. 

The climatological data from these sources are summarized in Table 3. 
This summary gives both monthly and annual statistics for a l~rge number of 
climatological variables and includes extreme values as well as mean values. 
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In addition to the month-to-month variation in the climatological 

statistics presented in Table 3, there are distinct daily cycles which are 
superimposed on the seasonal variation. These daily cycles are most ev~

dent in temperature, humidity, and wind speed. The daily temperature cycle 

at Hanford ranges from about 13°F in December to 30°F in July and August. 

The daily cycle of relative humidity is inversely related to the tem

perature cycle; that is, when the temperature decreases, the humidity 

increases. Conversely, when the temperature increases, the relative humidity 

decreases. The daily relative humidity variation at Hanford is about 25% 

throughout most of the year. However, it decreases to about 15% in December 

and January. 

The daily wind speed cycle has a mlnl~~m during the morning hours and 

a maximum near sunset. It is most prcnounced during the su~~er and almost 

imperceptible during the months of Oecem~2r and January. Figures 7 and 8 

show these daily cycles for the months of January and July respectively. 
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The most frequent restriction to visibility in 

fog which occurs on an average of 38 days per year. 

the visibility is restricted to less than 1/2 mile. 

the Hanford area is 

On 24 of these days 

Fog is highly seasonal, 
although it has occurred in every month. More than 95% of the occurrences 
are from November through February. If the months of October and March 

are included this percentage i~creases to more than 99.5%. 

Hanford fogs are generally associated with low wind speed conditions. 

More than 70% of the hours of fog occur when the wind speed is less than 

3.5 mph, and the average wind speed during fog is 2.5 mph. Table 4 gives 

detailed statistics on the hours and duration of both total and dense fog 

by months. It should be noted that January 1976 set a record for most hours 

of fog in a single month, 257. During that month fog was observed on a total 

of 20 days, including the last 16 days of the month. 
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TABLE 4 : Total Dura ti ort and Maximum Persistence of Fog 
Tabulated in Hours for the Period 1945-1970 

ALL FOG AVG TOTAL "'AX TOTAL MIN TOTAL AVG DURATI ON PER 
!.'.AX. PERSISTE'~E(3) NIZ 0-6 MIL£S} DURATIOO DURA TI O'j YEAR DURAri C;N YE.\q ~AY OF OCCURRE/:CE YEAR 

JAN 6a.3 193.4 1J65 0 19d9 7.2 5a.l 1955 
FEa 36.4 206.2 1<;63 0 1%7 6.2 53..0 1%3 
~IAR 4.4 2'0.6 1951 0 1968+ 3.1 12.2 19d9 
APR 0.3 2.8 1950 a 1970+ L4 2.a 195C 
I.'A Y 0.3 2.7 1958 0 1970+ L2 2.7 1958 
l[;::E I 0.5 1'l<13 0 1970+ 0.5 0.5 19d8 
JL'LY I 0.7 1966 0 1970+ 0.7 0.7 1%6 
AUG I La 1959 a 1970+ LO 0.7 1959 
SE?T 0.3 5.5 1957 0 1970+ 2.0 2.6 1957 
OCT 7.6 63.6 1 %2 a 1970+ 3.9 39.0 1 %2 
NrN 55.4 148.0 1952 1.0 1960 6.8 65.4 1963 
DEC 105.4 193.8 19d 7 6.5 1968 8.7 12.3 1947 

Y 273.4 462.S(l} 1964-65 147.7(2) 1948-49 7.0 12.3 1947-48 

DE-'m FOG. 
IVIZ 114 :':1 DR LESS) 

~A(l 2'0.4 52.4 1955 a 1949 3.4 15.0 1953 
FE3 12.7 86.7 1963 0 1967+ 3.3 11:.7 1963 
I.''\R L3 7.8 19<19 a 1968+ " ~, 5.0 1 %1 
AP~ 0.1 L3 1955 a 1970+ L3 a 
~'.~ Y 0.1 1.6 1958 0 1970+ L6 L6 1958 
L;;[ 0 0 a a 0 
JL:.Y a 'J 0 a a 
AJG t 1.0 1959 0 1970+ LO a.7 1959 
SEPT 0.1 3.2 1'07 0 1970+ 3.2 U 1957 
CCT ' , 35.2 1962 0 1970+ 3.1 1.5.3 1~2 J •• 

1'I)V 21.1 71.4 1952 0 19~ 4.1 2'!6 :%3 
u: ..... 42.0 119.3 19<17 1.3 19Ee 5.4 47.0 1957 

y 10L4 2Ol.3 111 IS6H3 47.3(2) 19<18-49 ~2 4i.C 1~7-58 

• TOTAL DURATI CN DENOTES TOTAL ~UM8ER OF HOURS AND TTh'THS OF HOURS IN WHICH FCC IS 03SERVE'J • 

DENOTES LESS THAN a.CS HOUR 

tIl DENOTES THE GREATEST NU,\\8ER OF HOURS IN A SEASON 

(2) DENOTES -:-HE liAST m,'·.~SE.~ OF HC~RS IN A SEASCtl 

ill IMX1MU:.' PERSISTE."lCE Cf DE:lSE FIX IS SASED eN THE PERIOD 1953-70 

The climatological data for the HMS are generally assumed to be repre

sentative of the entire region although local variations in the climate 
are known to exist. Important variations are those associated with the 
Columbia River and the major topographic features which form the sides of 

the basin. Differences between the northern and southern portions of the 

Hanford reservation are primarily small differences in temperature, humidity 

and wind. 
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Diffusion Climatology 

The major impact of an HNEC on the atmosphere will come as a result of 
the release of waste heat. The extent of the impact will be further related 
to the ability of the atmosphere to disperse the heat. The primary factors 
which govern the dispersion or diffusion of the waste heat are atmospheric 
stability and the wind. The stronger the wind or less stable the atmosphere 
the more rapid the dispersion of the heat. 

Results of numerous atmospheric diffusion experiments at Hanford indi
cate that four categories adequately describe atmospheric stability varia
tions for the purpose of the diffusion modeling. Figure 9 shows wind roses 
for Hanford for each of these stability categories and for all categories 
combined. These wind roses clearly show that the prevailing wind direction 
at Hanford is from the west-northwest and northwest. 

If the Hanford area were the Great Plains with no significant topo
graphic features, the major impact of an HNEC would be expected to occur to 
the east-southeast and southeast. However, the influence of the topographic 
features in the Hanford area make this a very tenuous assumption. Air flow 
measurements made over the Reservation in the past few years indicate there 
are frequent local circulation patterns which are not adequately described 
by the wind direction at the HMS. Evidence of these local circulations is 
seen in Figure 10 which shews wind roses at several locations on and sur
rounding the Hanford Reservation. In some cases these circulations would 
act to increase the rate at which the waste heat is dispersed, and in other 
cases they would have the opposite effect. Figures 11 and 12 further demon
strate the differences in wind which can be observed at two places in rela
tively close promimity. The physical separation between the FFTF and the 
WNP-2 sites is about 2 miles, with the FFTF to the west of WNP-2. The large 
frequency of winds from south-southwest through west at the FFTF can be 
attributed to local circulations related to Rattlesnake Mountain or the 
west edge of the Hanford Reservation which de not affect WNP-2. 
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A detailed evaluation of the transport and diffusion of thermal efflu

ents from a HNEC would be a complex and relatively expensive process as a 

result of the local circulations referred to above. Therefore a relatively 

simple dispersion model which uses HMS wind and stability data and assumes 

straight line transport has been used to examine the impact of various HNEC 
heat sink management alternatives on fog and humidity. The results of this 

evaluation are discussed later. 
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THE HEAT SINK ALTERNATIVES 

Study of the physical characteristics of the Hanford Project reveals 

that there are five possible methods for releasing large quantities of waste 

heat to the environment: 

1. Once-through cooling using Columbia River water, 

2. Cooling ponds, 

3. Wet cooling towers, 

4. Dry cooling towers, and 

5. Wet-dry cooling towers. 

Definite physical and administrative limits exist for some of these 

cooling methods (e.g., maximum permissible heat releases to the Columbia 

River) and may exist for all methods if there are stringent atmospheric 

limitations. Consequently, the first step in analyzing these alternatives 

is to determine the limitations on each cooling method. The second step 

then is to select and describe the several alternative cases for the HNEC 

cooling systems. These case descriptions then become the bases for the 

fina; comparison of the alternatives to determine the best cooling methods. 

PHYSICAL LIMITATIONS ON COOLING METHODS 

Operation of twenty power reactors would require release of about 

50,000 MWt to the environment. The three general choices for release of 

that heat are: to the Columbia Ri'!er, to the atmosphere by use of cooling 
ponds, or to the atmosphere by use of cooling towers. 

The amount of heat that can be released for each of these methods is 

limited by administrative restrictions on the heat releases to the Columbia 

River, the availability of cooling pond land, or by the effects on the 

atmosphere. This section examines each of these modes to determine the 

obvious limitations on the amount of heat that can be disposed of by use 
of these methods. 
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Heat Releases to the Columbia River 

The maximum permissible heat release to the Columbia River near Hanford 
as established by the Washington State Water Quality Standards is defined 

. by the formula: 

Lt = +~~5 

where Lt is the permissible average daily temperature rise and T is the 
river temperature after all heat additions. No heat releases are permitted 
that would increase the river temperature above 68°F (20°C). In addition, 
heat releases must comply with the provisions of Public Law 92-500 which 

require that no releases be made after 1983 or releases be made such that 
they assure a balanced, indigenous population of shellfish, fish, and 
wildlife. 

During the winter months when maximum generation is desirable, the 
average daily river flow at Hanford varies from 36,000 to over 100,000 cfs. 
From 1960 to 1974, the minimum seven-day running mean flow rate varied from 

54,000 to 103,000 cfs and averaged 70,000 cfs. The minimum flow occurred 
only in August or September. At minimum river temperature when about a 5°F . 
Lt is permissible and the river flow often is close to the minimum, the 
maximum permissible heat release would be about 24,000 MWt at 70,000 cfs. 
This corresponds to 12,000 MWe (10 reactors). At 54,000 cfs flo~/, the per
missible heat release is about 19,000 MWe, corresponding to eight reactors. 

The minimum required flow at 36,000 cfs in the Hanford reach was estab
lished when nine production reactors were operating at Hanford with once
through cooling. Since only one production reactor now is operating, this 
minimum required flow should be reevaluated with consideration of the future 
construction of an HNEC, current knowledge of effects of. heat releases on 
the Columbia River aquatic ecology, and the effects of the additional storage 
reservoirs and hydroelectric capability in comparison to the time when the 
minimum flow requirement was established. Establishment of different 
minimum and average flows would affect the nu~ber of power plants that could 
have once-through cooling. 
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During August and September, the river temperatures are higher (>50°F) 

so that the maximum permissible heat release generally is less. As an 

example, in August, when the minimum flow rate is expected to be about 70,000 

cfs and the river temperature is at 65°F, the permissible ~t is about 2.2°F, 

corresponding to a maximum permissible heat release of 10,000 MWt or a gen

eration of 5,000 MWe (d reactors). In actuality, the number of reactors 

that could be operated in the summer in compliance with these standards 

probably would be lower than shown here because of river heating by other 

industries and by nature. 

The amount of heat that can be released to the Columbia River without 

a significant effect on the aquatic life is not known. Historical data 

indicate that as much as an annual average of 23,000 MWt has entered the 

river from all causes between Priest Rapids and the City of Richland 
without evidence of a significant effect on the aquatic life (Jaske and 

Synoground, 1970). This occurred in 1965 when most of the Hanford produc

tion reactors were operating. 

Therefore, it appears that up to ten reactors could operate with onCe

through ccoling during the winter months, but many of these reactors would 

have to be shut down during the August to October period when the river 

temperatures are high. During some years when the river temperatures 

reach 68°F (20°C), all reactors would have to be shut down during the high 

temperature period. 

Heat Releases to Cooling Ponds 

The possible heat releases from cooling ponds is determined primarily 

by the land area available for ponds. At Hanford about 2.5 acres of pond 

are needed per MWe of generating capacity in order to have condenser inlet 
temoeratures near the temperatures of the Columbia River during the period 

from August to February (Jaske, 1971). A smaller pond area per MWe would 

result in higher condenser inlet temperatures, a lower power plant thermal 

efficiency, a higher power plant capital cost, and a higher annual fuel 
cost. 
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A survey of available cooling pond sites identified the ponds that 

probably could be built without major effects on the Hanford Reservation 

water table or major expenditures such as pond lining (Table 5). (Construc

tion of slurry trenches or in~ercept ditches might be necessary in some 

cases to prev~nt detrimental water table effects.) 

In addition, several ponds might be built with liners to prevent water 

table effects (Figure 13 and Table 6). Most of these lined ponds are south 

of the 200 Areas and are not close to the selected HNEC power plant sites, 

but they might be operated as a single system connected by canals to provide 

a large circular flow of cooling water. 

These data indicate that the maximum capacity for cooling ponds would 

be about 16,000 MWe (13 reactors, maximum). 

Heat Releases from Cooling TOIvers 

Heat releases at cooling towers generally are limited by the maximum 

permissible atmospheric effects due to heat and moisture releases. The 

normal amount of '{/c.~er loss by evaporation is about 30 cfs for a 1250 r~We 

power plant or about 1200 cfs for 40 Hanford reactors. Although this is a 

large amount of water, it represents only one percent of the annual average 

flow of the Columbia River. Removal of that amount from the river probably 

would have an insignificant impact on the river as long as it is removed by 

use of intake pump structures designed for minimum impact. 

Analysis of fog and humidity effects indicates that the atmospheric 

effects for cooling towers at Hanford will not limit the total heat releases 
from over 20 reactor plants if the types for the towers are correctly 

selected. However, there may be a noticeable increase in fog on the Hanford 

Reservation. This is discussed in greater detail later in the atmospheric 

analysis for the several alternatives. 

At Hanford, cooling towers must have mechanical draft. During high 

temperature, low humidity, summer conditions, natural draft towers do not 
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TABLE 5: Unlined HNEC Cooling Ponds 

Pond 
Pond Elevation Pond Area Capacity 
Site (ft ) (acres) (MWe) 

~.J a h 1 u k eWe s t 540 5,000 2,000 
I,~ a h 1 u k e E a s t 440 2,800 1 ,100 

White Bluffs 420 4,800 2,000 

100 F 420 5,900 2,400 

Riverland 460 2,500 1 ,000 

TOTAL 21,000 8,500 

TABLE 6: Lined HNEC Cooling Ponds 

PC) ild ?ond Pond Area Capac ity " .... _ 1 i.e Elevation (acres) (MWe) 

Gable Mountain 480 6,500 2,600 

NP 440 3,000 1 ,200 

300 Area 440 1 ,800 700 

300 Area Northwest 440 2,000 800 

Horn Rapids 500 2,300 900 

Cold Creek 520 2,200 900 

\'/ye-I'Jes t 540 2,200 900 

TOTAL 20,000 8,000 
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generate sufficient air flow for satisfactory operation without a large 

increase in the condenser cooling water temperature. 

SELECTION OF THE COOLING METHOD CASES 

Twenty cases were compared to determine the best heat disposal methods 

for an HNEC. These cases covered various combinations of the available 

cooling methods and reactor sites, plus both 20 and 40 reactor HNECs. 

Selection of the cases for analysis was based on several general rules con

cerning the economic and environmental costs of cooling systems: 

1. Once-through systems have the lowest economic costs. 

2. Unlined cooling ponds and wet towers have intermediate economic 
costs. 

3. Dry towers and lined cooling ponds have the highest economic 
costs. 

4. Once-through cooling has the largest effects on aquatic ecology. 

5. Pond cooling has the largest effects on terrestrial ecology. 

6. Cooling pond operation results i~ maximum fog formation. 

7. Increasing the elevation of the moisture release reduces the 
occurrence of ground rog. 

Eleven cases then were selected for the analysis of the 20 reactor HNEC 

(Table 7)~ Figure 14 shows the HNEC plant sites. Eight of these cases were 
designed to describe extreme cases for specific environmental or economic 

effects as follows: 

Cases 

Case XI 

to IV Maximum moisture releases to the atmosphere 

Highest construction and operating costs 

Maximum release of dry heat 

Zero water use 

Cases VI & VII M~xi~Jm land use 

*In all cases it was assumed that the th~ee planned reactors at the WPPSS 
site will have short wet towers. A fourth reactor at that site would have 
either a short viet tower or a G ry tower. 
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TABLE 7: HNEC Heat Sink Alternatives Analysis Cases - 20 Reactors 

Case 
Case rIo" Characteris tics Number Reactors at S~ecified Sites 

Closed Cooling 
Wet-Dry Once-thru Cycle Uelper Tower 

Wet Towers Or,Y T ()\~ers Towers Cooling Ponds Towers Ueight* 

Wet Tower 4 @ 1,2,3,4,&5 75 

II ~Iet Tower 4 @ 1,5, 11 , 13& 14 75 

I II Wet To~/er 4 @ 1,2,3,4&5 75*, 500 

IV Wet To\"/er 4 @ 1,5,11,13& 14 75*, 500 

V Wd-D.,y TO\~er 3 @ 1 1 @ 1 4 @ 2,3,4,5 75 
VI Partial Once-thru 4 (d 1 • 3 @ 3 1@3,8;4@5 3@8.4@4 75*, 500 

.p. 
U1 

'J r I Partial Once-thru 4 @ 1 1@4,8,4@5,10 3@4,B 75 

V I I I Pdrtial Once-thru 4 @ 1,3; 2@4 2@4;4@5,6 75 k ,500 

IX Helper 4 @ 1 4@4,5,6 t 8 75 k , 500 

X Full Once-lhru 4 @ 1 4@4,5,8,10 75 

Xl Dry Tower 4 @ 1 4@2,3,4,5 75 

-------_. 
* site 1 are 75 ft. in height. Only wet tovlers at 
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Case IX & X Maximum water use 

Cases II & IV High elevations for moisture releases 

The helper case IX was defined as once-through cooling with a tall wet 

cooling tower of the same design as is used for closed cycle wet towers. 

These towers would transfer 72% of the waste heat to the atmosphere. They 

could be bypassed during winter conditions as necessary to obtain optimum 

river temperatures. 

Case V was added to cover the possibility that use of only wet cooling 

towers would cause an excessive fog formation. For that case, use of 50% 

dry cooling was assumed to illustrate the costs and effects of wet-dry 

towers. The other cases are typical combinations of cooling systems. 

In addition to the 11 cases for the 20 reactor HNEC, nine were also 

developed for the 40 reactor HNEC (Table 8). These cases are essentially 

the same as the cases for the 20 reactor HNEC. 

No cases were included for lined cooling ponds in the southern portion 

of the project because of excessive economic and environmental costs in compar

ison to wet cooling towers. The economic cost would be much higher than for 

the wet towers because of the requirement of essentially zero leakage to 

prevent detrimental effects on the water table. The environmental effects- are 

also expected to be larger than for wet towers because of (1) more 1an~ 

use, (2) more water evaporation in the summer causing a larger increase in 
relative humidity in Richland, and (3) increases of ground fog in the winter 
in Richland because the source of moisture is at ground level. 

DESCRIPTION OF HEAT SINK ALTERNATIVES 

Selection of Cost and Environmental Interaction Parameters 

There are 24 general cost and environmental interaction factors that 

should be considered in a cost-benefit comparison (Table 9). Each of these 

is studied to determine if a significant impact may result and if a 
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TABLE 8: IINEC Heat Sink J\lternatives Analysis Cases - 40 Reactors 

Case 
Case flu, Chardcteristics Number Reactors at Spec ifi ed Sites 
---~-'---

Coo 11 ng 
Wet-lJry Once-thru Helper Tower 

Wet Towers ~moJers Towey's Coolinq Towers Height* ---
X II Wet TOloJel' 4@1-10 75 

X III Wet T OIoJer 4@1.3.5,6.7.B. 75 
11,12,13.14 

XIV \~et Tower 4@1-10 75*, 500 

XV ~Jet Tower 4@I,3,5,6.7.8. 75*, 500 
11.12,13,14 

~ 
OJ 

XVI Wet-Dry TO~ler 3 (d I 1 @ 1 4@3.5,6.7.B, 75 
11,12,13.14 

XVII Partial Once-thru 4@I,4,8.10 8@",5,B 75*, 500 

XV III IIclper " @ 4@6;B@4,5,8,l0 75*, 500 

XIX Fu 11 Once-lhru 4 La 4@6;8Cd4.5.8,10 75 

XX Dry Tower 4 @ 1 4@3.5,6,7,B, 75 
11,12.13.14 

-,--------,----,---
k 

On ly ~Iet towers ill site 1 are 75 ft in height. 



TABLE 9: General Evaluation 

HNEC Cooling System Environmental Interaction Parameters 

Parameter 

Capi ta 1 Cos ts 

Operating Costs 

Fuel Costs 

Human Displacement 

Land Use 

Agricultural Effects 

Water Use 

Wa ter Qua 1 Hy 

Noise 

Odors 

Er:!ployment 

Taxes 

Social At:itudes 

Navigation 

Aquatic Biology 
Terrestrial 8;010gy 

~~eteoro 1 09Y 

Radi ati on Doses 
Fuel Shipments 

Waste Disposal 

Esthetics 

R.ecreati on 

Histor"ical 

,!'rchaeo log i ca 1 

Sian Hi cant? 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

Yes 
Yes 

No 

No 

No 

No 

Yes 

No 
Yes 

Yes 
Yes 

No 
~lo 

Yes 
Yes 

Yes 
No 

Pcss;jly 
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Reason 

Large cost differences between 
alternatives 

Large cost differences between 
alternatives 

Large cost differences between 
alternatives 

No permanent residents at sites 

Reduction of recreational and 
'fiildlife u~" 

Potential changes ~n i.ieteorolcgy 

Large water JS2S necessary 

Releases of c~e~~cals in blow-
do',m s 'Creams 

No noise effects expected off 
project 

No generation of odors expected 

Probably triJial difference in 
opera~ing ana construction 
e~plovment in c:~~arison to total 
1 abor- force . 

Secondary effect. Differences in 
taxes expected to be small 

Societal reacticn to changes in 
meteorology 

No effect on navigation expected 

Effects of r~ver water use 
Effects of land use 
Effects of heat and water releases 
No difference between alternatives 
Insignificant difference between 
alternatives 

S2.me as '/later qua 1 i ty 

Cooling tower pi~mes 

loss of recreat;:na1 1ands 

~~o ilii~ortant historical s~te5 

~ddi:icr;ai ~n~~,r'-:a1:icn may be 
cb~ai~ed f~J~ :~s:c~ery G~ 
excavltian of arc~aeJ1ogical 
5~tes 



detailed evaluation should be made. If a detailed evaluation appears 
desirable, each factor is evaluated in depth for each of the alternatives 

for the system being considered. 

A general evaluation of each of the 24 parameters is presented in 

Table 9. Included are the reasons why these parameters are considered sig
nificant or insignificant for a comparison of HNEC cooling system alterna
tives. This general evaluation showed that 15 of these parameters should 
be considered in greater detail during the evaluations. However, three of 

these are duplicates and one cannot be evaluated at this time, thereby 
reducing the total to 11. The four that can be eliminated are as follows: 

Waste Disposal - The only waste disposal of importance is chemical 
releases in blowdown streams. This can be evaluated 
as water quality and aquatic biology effects. 

Esthetics - The esthetic effects are primarily due to cooling 
tower plumes and can be evaluated as part of the 
general social attitude parameter. 

Recreation - The only recreational effect probably is loss of 
lands on the Wahluke Slope for recreation. This is 
part of the land use evaluation. 

Archaeological - There is no way to tell ahead of time if new archaeo
logical sites will be discovered or if construction 
of power plants will result in excavation of known 
sites. More than 100 sites have been identifled to 
date. 

The 11 environmental effect parameters that were evaluated in the cool
ing system comparison are: 

Capital Costs 
Operating Costs 

Fuel Costs 
Land Use 
Water Use 
Water Quality 

Aquatic Biology 
Terrestrial Biology 
Meteorology 

Agricultural Effects 
Social Attitudes 
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Development of Specific Interaction Parameters 

Capita 1 Cos ts 

The base reactor plant capital costs for this analysis were based on 

the estimated costs in the environ~ental statements for five four-unit 
nuclear power plants currently under construction or proposed by private 
utilities (Barton, Hartsville, North Anna, Shearon Harris, and Vogt1e). 
The construction costs for the five example four-unit nuclear power plants 

are given in Table 10. 

TABLE 10: Typical Four-Unit Nuclear Power P 1 ant Ca pita 1 Costs 

North Shearon 
Barton Hartsville hnna Harris Voot1e 

Tota 1 PO' .. er (~'..Ie) <1835 4980 3854 3600 4636 

Construction C3S: 
($ x105) 3059 2150 1Q33 1058 2196 

(S/kW) 633 432 268 294 474 

Startup Dates 

L:ni t 1 9/83 12/80 12/74 10/79 4/80 

lini t 2 9/84 5/81 7 ,~~ 
/ I ::: 10/80 4/81 

U!'1it 3 9/85 12/81 3/77 10/81 4/82 

Unit 4 9/86 6/82 3/78 3/82 4/83 

Cooling System Natural Natural 13.0C:) Natural draft Natural 
draft draft acre tc'"ers c ius dn.ft 
towers towers lake 4000 acre lake to\>lers 

Correlation of the construction costs for these plants shows an 
average cost escalation of ten percent per year and a construction cost of 
about $290/kW for startup of the first unit late in 1975. (The Shearon 
Harris costs were not included in the correlation because they appear to be 
anomalously low -- see Figure 15.) The resultant total capital cost for a 
5,000 MWe cluster starting operation of the first reactor on January 1, 1976, 
I-/Ould be about $1.5 billion. 

Although construction costs for nuclear power plants have escalated 

rapidly since the original estimates, and future costs will probably escalate 

at a similar rate, use of these costs is not expected to affect the 
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conclusions of this document. The relationship between the economic and 

environmental costs should remain the same because the environmental values 
presumably will escalate at the same rate as for the economic costs. 

Although the power plants correlated on Figure 15 have somewhat differ

ent types of cooling systems, the general correlation of that figure still 

appears valid. Four of the five have natural draft towers and the cost of 

the North Anna lake is similar to the cost of cooling towers for that plant. 

The capital cost data for the four-unit stations (S290/kWe) is for natural 

draft towers. Since a mechanical draft tower costs about $2/kWe less than 

a natural draft tower, the capital cost for a HNEC reactor plant using short 

mechanical draft towers is estimated to be S288/kWe. Similarly, based on 
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information in the liter~ture and the construction conditions at Hanford, 

the capital costs for other cooling modes were estimated to be: 

Once-through 

Unlined cooling ponds 

Helper cooling towers 

Lined cooling ponds 

Unlined helper cooling ponds 

Lined helper cooling ponds 

Dry cooling towers 

$275/ kl,le 

285/ k\~e 

300/kWe 

3l6/kWe 

295/kWe 

326/kWe 

330/kl.-Je 

These unit capital costs include the effects of differences in the 

therma 1 pov/er 1 eve 1 of the reactors because of differences in the condenser 

cooling water temperatures. The assumed thermal efficiencies and reactor 

thermal power levels are shown in Table 11. 

TABLE 11: Power Plant Efficiencies 

1250 MWe 
Net Thermal Reactor Thenna 1 

Cooling Mode Efficiency (%) Power Level (~lWt ) 

Once-through 33 3,790 

Ponds 32.5 3,850 
I .. Jet Towers 32 3,900 
Dry Towers 30 4,170 

In those cases where ta 11 fan-assisted mechanical draft cooling tm'i'ers 

are used, a separate tower system is assumed to be constructed for each 

reactor. The additional shell cost is expected to add about 20 percent to 
the tower construction cost, resulting in a total plant capital cost of 

$290/ k~Je. 

Operations and Maintenance Costs 

The operation and maintenance (O&M) costs for a power plant can be 

considered to have two components: (1) the cooling system costs and (2) all 

other costs. All other costs can be treated as a constant when cooling 

system alternatives are compared. 
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The cooling system O&M costs vary between alternatives primarily 

because of differences in equipment and maintenance costs. Typical power 

requirements and costs assumed for the various alternatives are given in 

Table 12. 

Cooling System 

Once-through 

Mechanical Draft Tower 
('Net) 

Mechanical Draft Tower 
(dry) 

Ponds 

TABLE 12: Typical O&M Costs 

Power Requirement (MW) 

5.0 

15. 1 

27.8 

6.8 

O&M Cost (Mills/kWh) 

2.0 (Base) 

2. 1 

2.3 

2.1 

The difference in power requirements for the various alternatives was 

considered during determination of the net thermal efficiencies, the power 

plant thermal power levels, and the gross electricity generations. 

Fuel Costs and Plant Factors 

The fuel cost was assumed to be 1.32 mi11s/kWht (i .e., typical CY 1976 

costs). The plant factor was assumed to be 70 percent of all alternatives. 

HNEC Land Areas 

A survey of five nuclear power plant clusters containing four reactors 
(Barton, Hartsville, North Anna, Shearon Harris, and Vogt1e) revealed that 
the main plant systems, including cooiing towers, occupy about 300 acres. 

The total site areas varied from 1,000 to 19,000 acres, most of which was 

unoccupied or occupied by cooling ponds. Use of once-through cooling (on 

lakes) appears to require about the same amount of land as use of cooling 

towers. However, this conclusion probably results more from the use of 

available land areas than from an attempt to use a minimum amount of land. 

Because large low-cost land areas are available at Hanford, all four

reactor plant sites are assumed to occupy one square mile (except for cooling 

pond cases), regardless of the type of cooling system used. This allows 
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ample room for all facilities (reactors, cooling towers, substations, etc.) at 
optimum locations for economic and operational reasons. Because of the low 

land costs at Hanford, attempts to define the exact land areas required for 

specific cooling systems would be futile because differences in construction 

costs as the land areas are minimized probably would be much larger than the 

change in land values. 

Material Use 

The primary materials used in cooling systems are concrete and steel. 

Much smaller quantities of other materials are generally used. A survey of 

the literature and discussions with utilities and cooling tower vendors indi

cates that typical quantities of materials for the various types of cooling 

systems are as shown in Table 13. 

TABLE 13: Cooling System Materials 

Cooling System 

Once-through 

Unlined cooling ponds 

Short mechanical draft 
coo 1 i ng to\vers 

Tall mechanical draft 
cooling towers 

Dry cooling towers 

Water Utilization 

r~ateria1 per 1,250 MWe 

Concrete 
(cubic yards) 

13,000 

14,500 

36,000 

40,000 

37,000 

Reactor 

Steel 
(tons) 

3,300 

3,700 

4,000 

4,000 

10,000 

All water used in the cooling systems is obtained from the Columbia 

River and then evaporated or returned to the river. The quantity depends 

on the time of year and the final optimization of the plant designs. Based 

on current industrial practices and Hanford meteorological conditions, the 

water utilization per reactor is as shown in Table 14. 

55 



TABLE 14: Water Use for Various Cooling Systems 

Evaporation 
Cooling Intake from Rate* Di scha rge to 
S,Zstem River (cfs) (cfs) River (cfs} 

Once-through 1 ,500 ** 1 ,500 
Helper towers 1 ,500 22 1 .478 
Cooling ponds 60 45 15 
Wet towers 40 30 10 
Dry _ towers a a a 

*Fu 11 pO\ver operation. 
**Not determined. Evaporation will occur downstream of the reactor plant. 

The amount will depend on the number of reactors with once-through cool
ing and whether a surface or submerged discharge is used, but it is 
expected to be smaller than for closed cycle systems. 

Chemical Releases 

The two types of chemical releases from cooling systems are the drift 
from wet cooling towers and the biocides and corrosion inhibitors in the 

blowdown stream from closed cycle cooling systems. The amount of chemicals 
in the drift from the wet tower for one reactor is estimated to be about 
five tons per year or an average of up to 200 lb per acre per year deposited 
on nearby lands. The chemicals in the blowdown streams for one reactor are 
estimated in Table 15. 

TABLE 15: Chemical Releases from Wet Towers and Cooling Ponds 

Chemical Quantitv (tons/year) 

Wet Towers Cooling Ponds 

Total dissolved solids* 700 6,300 

Copper 7 10 

Free available chlorine 3.5 5 
Tota 1 phosphorus 7 10 

* ?rimarily derived from dissolved solids in makeup water from the river. 
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Aquatic Ecological Effects 

The possible impacts of power stations on the economically important 

fish population, both resident and migratory, and their supporting food 

base obviously will be influenced by a number of design features, including 

the condenser cooling methods (once-through or closed cycle), location of 

the water intake and discharge structures, and the chemical characteristics 

of the liquid effluents discharged to the river. For these reasons the 

analysis of potential impacts on aquatic organisms will be based on assumed 

sets of power plant conditions and are subject to change or refinement 

with further plant development. 

Once-through Cooling. Because of the large volume of water withdrawn 

and discharged by once-through units and the increased temperatures of 

their effluents, they could have a significant impact on the river biota. 

These power stations probably will be upstream from some of the major salmon 

spawning areas and on the opposite side of the river (Figures 2 and 14). 

Careful design of the thermal discharge system will be required to (1) mini

mize the exposure of the salmon spawning areas to the plant effluents 

and (2) reduce the possibility of creating a thermal block to the upstream 

movement of anadromous fish. The movement of chinook salmon and steel head 

trout and possibly other salmon is along the north shore in the Hanford 

reach of the river; and there is a clear avoidance response by these fish 

to heated effluent discharged along the shore, but not to the main center

channel outfalls. Shoreline zones receiving heated water also produced 
mortalities to juvenile salmon drifted slowly through these areas (Becker 

and Coutant, 1970). Passage of young salmon through the mid-channel thermal 

discharges produced no mortalities. 

The most critical period for possible thermal effects on the local 

race of salmon is during the first three weeks in October at the start of 

spawning and continuing for about one month thereafter. River temperatures 

at this time average about 60c F (range 56 to 65°F) (Watson, 1970). An 

increase above these temperatures may produce a delay in spawning and 

possible mortality in the adult population and reduce the survival of the 
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spawn. The recommended optimum temperatures for certain stages of the 

salmon life cycle are as follows (EPA, et al., 1971): 

Migration routes 

Spawning route 

Rearing areas 

45-60°F (7.2 to 15.6~C) 

45-55°F (7.2 to 12.8°C) 

50-60°F (10 to l5.6°C) 

Temperatures of the Columbia historically have exceeded the desired 

temperature ranges, particularly for migration and spawning. In laboratory 
studies chinook salmon eggs were spawned in October at a base river tempera

ture of 56°F and incubated at 2°F increments above the river ambient. These 

tests showed increased embryonic and larval mortalities at temperatures 

greater than 4°F above that of the river as shown in Table 16 and Figure 16 

(Nakatani, 1969). Thermal additions to salmon eggs that started incubation 

in late November and December, when river temperatures were 54 to 48°F, 

resulted in a much lower increase in mortality. The fish hatched from these 

spawns had a much better growth rate when maintained at up to 12°F above 

ambient river temperatures. Warming the river during the winter may be 

beneficial to embryonic and early larval development. 

In the past, the salmon spawning areas downstream from the proposed 

once-through cooled power plants received the heated effluents from up to 

nine plutonium production reactors with no observed changes in the local 
salmon population or other river biota attributable to that discharge 

(Watson, 1970). The temperatures of these effluents were in "excess of 
185°F" (Derouin, 1972). The volume of effluent discharge from these reactors 
is classified, but did include 1256 cfs discharge at an average 6t of about 
34°F from the Washington Public Power Supply System (WPPSS) steam plant at 

lOO-N Area. The fact that these past heated discharges have produced no 

measurable changes in the river ecosystem lends support to the feasibility 

of establishing a limited number of once-through cooled plants along the 

Columbia in the interest of a balanced environmental i~pact. 

Recent research on the ecological effects of the WPPSS Hanford-i~ steam 

plant provides a basis for estimating possible changes that may be expected 

for once-through cooling. Some of the observed biological effects are: 
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TABLE 16: Mortality and Growth of Young Chinook Salmon Reared 
Under Elevated River Temperatures 

Date Spawned 10/30/66 11/14/66 11 /23/66 
Date Terminated 4/24/67 5/9/67 5/18/67 
Initial Base Temp. 

of 56 54 53 

Temperature % r~or- Mean % Mer- r·1ean % Mor- Mean 
Lot Condition tality wt,g tal ity wt,g tali ty wt.g 

1 Control (a) 4.6 0.95 10 0.63 5.5 0.64 
2 + 2°F 3.6 1.40 11 0.96 9.3 0.97 
3 + 4°F 11 1. 92 16 1. 53 12 1.37 
4 + 6°F 28 2.72 19 2.55 9.4 1. 96 
5 + 8°F 60 4.28 17 4.17 6.9 2.61 
6 + 10°F 97 43 5.52 10 3.82 
7 + 12°F lOa 93 5.65 37 5.28 

(a)oSimilar to temperature at Priest Rapids Dam 
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FIGURE 16: Salmon Embryonic and Larval Mortalities 
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1. Passage of phytop1ankson through the cooling system reduced 
primary productivity within the system. No decrease in primary 
productivity downstream of the plant discharge could be measured. 

2. About half of the zooplankton were killed in passage through 
the cooling system. 

3. Benthic organism production in areas receiving warm effluents 
was increased and remained active longer into the winter. 

4. There was no fish survival after passage through the cooling 
system. 

Particular care must be given to the design of the water intakes to 

reduce fish loss from impingement and entrainment. Studies of the shoreline 

water intake at the WPPSS steam plant (Page, et a1., 1975; Gray, et a1, 1975) 

show that up to 18 percent of the juvenile salmon produced between the intake 

and Priest Rapids Dam are lost through impingement; and up to 9 percent are 

killed by passage through the cooling system. If proportionally similar 

losses, based entirely on water intake volume, are projected for six once

through cooled plants, most of the salmon production between Priest Rapids 

and the power plants would be destroyed. This could be as much as 35 per

cent of the total salmon production in the Hanford section of the river. 

Resource loss of this magnitude could not be accepted without good justi

fication. The intake structures for once-through systems should remove 

water only from the central portion of the river or other locations with 

low juvenile salmon populations. 

If six reactors have once-through cooling, approximately 10 percent of 

the zooplankton and drift organisms passing the plant intakes would be 

destroyed or lost to the river. No significant changes in phytoplankton 
production are expected and there may be some very localized enhancement of 

benthic productivity in the winter. 

Operation of more than ten reactors with once-through cooling probably 

is unacceptable from an ecological standpoint. At minimum river flows over 

half the entire river would be diverted through the power plant cooling 

systems. This would 1) expose over half the entire populations of planktonic 
and drift organisms and some larval fish to the chemical and mechanical 

stress of passage through plant cao1ing systems, and subject the entrained 

organisms to a temperat~re rise of 25°F or greater; 2) possibly overheat 
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the river water locally by recycling the effluents from one cluster of plants 
through the cluster immediately downstream; and 3) create near-shore increases 

in temperature that may impede fish migration. 

Wet Cooling Towers. Total water intake and blowdown for 40 cooling 

towers is 1600 and 400 cfs, respectively; and the 6t of the blowdown is 

12°F. Less than five percent of the minimum river flow would be used for 
cooling. 

No measurable aquatic impacts are envisioned for this case. Off-shore 
water intake and blowdown discharges should be considered to reduce impinge

ment-entrainment of river organisms in the cooling water system and to 

reduce exposure of the shoreline areas to undiluted blowdown discharge. The 

provisions of Public Law 92-500 probably can be met without blowdown treat

ment. The cases with less than 40 towers would have proportionately smaller 

impacts. 

Cooling Ponds. With proper management ponds could be beneficial for 

recreational fishing or aquaculture. Very intensive aquaculture of fish 

produces annual yields up to 1,500 tons/acre (Bardach, 1968). Less intensive 

management (no supplemental feeding; some fertilization) more appropriate to 

the cooling pond size and use would produce about 100 to 200 lb/acre/yr. 

Care would be necessary to prevent the introduction of radionuclides into 
the cooling ponds if sport fish or aquaculture is intended. 

The creation of cooling ponds may provide new habitat for nuisance 
algae and fish disease organisms. Prediction of the degree of these 
undesirable effects is difficult. Much depends upon the kinds of biota 
that are established in these ponds and the intensity of management. They 
are not viewed at this time as sources of uncontrollable problems. The 
necessary cooling ponds for 12 reactors will create about 40,000 acres of 
new surface water. 

The makeup and b10wdown water for the worst case of 12 reactors using 

ponds is only 720 and 180 cfs, respectively. No measurable effects on the 

river aquatic life would be expected from use of that water. 
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Aquatic Effects of Specific HNEC Cases. For cases I through V, XI, 
XII through XVI and XX (wet towers, wet-dry towers, dry towers), the 

expected impacts from the withdrawal of river water and the discharge of 
tower blowdown will be slight and probably imperceptable. 

Case VI (once-through, wet towers, cooling ponds) may have an adverse 

effect on the river organisms, particularly the salmon and trout, during the 
late summer and early fall (August through October). Approximately 25 per

cent of the minimum river flow of 36,000 cfs would be heated to a temperature 
of 25°F above ambient. At this minimum river flow the temperature of the 
river would be raised approximately 6°F after complete mixing with the 
heated condenser discharge. For a fifteen-year minimum seven-day average 
river discharge of 54,500 cfs, the river temperature would be increased 
about 4°F above ambient. Since river temperatures at this time of year 
normally approach the upper thermal tolerance limits of salmon and trout, 
the addition of heat would be expected to have an adverse effect on these 
fishes. Chinook salmon eggs and larvae exposed in October to 4°F above a 
starting incubation temperature of 56°F in laboratory studies shows an 
increased mortality (Figure 12). The Columbia River thermal maximum of 68°F 
should not be exceeded by the discharge of heated effluents if the anadromous 
salmonoids in the river are to be protected; and as indicated in the pre
viously cited laboratory study on chinook salmon, this temperature may 
seasonally be too high for the well-being of these fish. 

Case VIr (once-through, wet towers, cooling ponds) will withd~aw 42 
percent of the minimum river flew of 36,000 cfs and about 28 percent of the 
15-year, seven-day minimum. The discharge from this complex will raise the 
river temperature approximately 7°F after complete mixing. Both the higher 
volume of river water withdrawal and the increase in river temperature due 

to the effluent discharge would be seasonally of environmental concern. The 
assumed cooling modes for these cases are acceptable only during periods of 
high river flow and low ambient river temperature. 

In cases VIII, IX, X, XVII, XVIII, and XIX (once-through, wet towers, 
helper towers), 70 to 150 percent of the minimum river flow and 40 to 100 
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percent of the l5-year, seven-day minimum flow will be withdrawn. Effluent 
discharges will increase river temperatures from 7°F to 25°F. Both the high 
volume of water withdrawn and the large increase in river temperatures make 

these cases ecologically unacceptable. 

Terrestrial Ecological ImDacts 
Construction of power plants results in occupancy of land by structures, 

construction of barriers such as fences and canals, and construction of 
transmission lines. This alteration of habitat interferes with wildlife 
movement and causes other ecological impacts. 

Impacts of Structures Upon Wildlife. Aerial obstructions can be hazard
ous to birds, particularly if towers and wires are located on prominent 
points along major bird migration routes. Wires and towers are especially 
hazardous during weather conditions that impair visibility. Mortality is 
caused by collision with the obstruction. Sometimes, raptorial birds that 

habitually prefer to perch on the tallest structures are electrocuted by 
short circuiting electrical transmission lines. 

Ground obstructions that interfere with the normal movement of animals 

are fences, canals, and ditches. Chain-link fences six or mare feet tall 

provide effective barriers to mule deer but do not affect small mammals. 
Medium sized mammals often crass fences by burrowing. 

Canals with concrete walls are efficient barriers to almost all land 
animals. Canals could seriously affect the local movement of mule deer by 
confining the popUlation between the canal and the Columbia River. Mule 
deer are good swimmers and they often swim the Columbia River; however, 
they would not be able to climb steeply-sloped walls of a concrete-lined 
cana 1. 

Open ditches with steep walls a foot or more in depth and a foot or 
more wide can obstruct the movement of Great Basin pocket mice and cause 
mortality. Such ditches are destructive to other animals, such as lizards, 
snakes, and shrews. 
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Habitat Changes Associated with the Development of 

Pronounced changes in plant communities occur when arid 

with water to form lakes and ponds. Waste ponds on the 

had well-developed shoreline plant communities after 20 

zones consist of aquatic emergent species: cattail and 

Cooling 

land is 

Hanford 

yea rs. 

reeds. 

La kes. 

inundated 

Reservation 

Vegetation 

Permanently 

moist soils support rank growths of grasses, especially reed canary grass, 

barnyard grass, rabbitfoot grass, and forbes, especially Russian knapweed, 

goldenrod, and cudweed. The most aggressive tree species is the peach leaf 

vii 11 ow. 

Aquatic emergent vegetation provides nesting sites and cover for the 

red-vJinged and yellov:-headed blackbird, pied-billed grebe, American coot, 

and ruddy duck. Seeds of aquatic emergent plants provide food for many 

species of migratory waterfowl and shorebirds. Willow trees provide nest 

sites for the black-billed magpie, Swainson's hawk, red-tailed hawk, sparrow 

hawk, great horned owl, northern oriole, and common flicker. Many species 

of songbirds forage upon insects and seeds associated with shoreline vege

tati8n (Fitzner and Rickard, 1974). 

It is clear that the development of ponds and associated vegetational 

changes would be beneficial to avifauna and also for certain populations 

of mammals, especially muskrat, mink, meadow mouse, raccoon, skunk, and 

mule deer. 

The animals that would be most deleteriously affected are the species 

that are adapted to the dry soils and shrub-steppe plant communities. The 

ancestral range of the Great Basin pocket mouse, grasshopper mouse, black
tailed hare, side-blotched lizard, gopher snake, burrowing owl, and long

billed curlew would be usurped. These kinds of animals would not find the 

ponds and adjacent habitats acceptable and would have to compete for space 

with established populations in the adjacent unmodified shrub-stepoe habi

tats or perish. 

Maximal populations of Great Basin pocket mice in shrub-steope vege

tation were estimated at about 120 per hectare (2.2 acres) (O'Farrell, e! 
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al., 1975). It can be estimated that usurpation of 40,000 acres of steppe 

vegetation could result in the demise of habitat supporting two million 
pocket mice. However, there would still be much habitat available to sus

tain a large population of mice. 

Other animals that would need to find nesting habitat elsewhere are 

the long-billed curlew and the burrowing owl. The problems of animals 

adapted to shrub-steppe habitats are not limited to the construction of a 

nuclear energy center at Hanford, but are compounded by changing land use 

patterns, especially conversion of steppe vegetation to farm land. New 

farms destroy vast acreages of suitable steppe habitat each year. 

The total loss of ancestral shrub-steppe habitat acreage is recognized 

as a distinct possibility unless measures are taken to preserve representa

t~ve acres. To protect and provide a place to study the ecological structure 

and function of re~resentative shrub-steppe ecosystems, a 75,000 acre tract 

of land representative of several different kinds of shrub-steppe eco

systems has been established along the western boundary of the Hanford 

Reservation and is known as the Arid Lands Ecology (ALE) Reserve. The 

reserve is managed for ERDA by Battelle-Northwest. All vegetation types 

expected to be affected by the construction of HNEC facilities are repre

sented on the reserve, except for Columbia River riparian communities and 
certain speciaJ _biolQg.ical .. habitats,..SJ.Jch -.assand_.dune.s and . .r:iverine bluffs. 

Habitat Changes Expected from Fenced Exclusion Areas. Tall chain
link fences are expected to interfere with the normal movement patterns of 

mule deer. Other mammals can cope with chain-link fences as barriers by 

burrowing beneath the bottom wire. Chain-link fences would not provide 
a barrier to reptiles or birds. 

Site Occupation by Buildings, Parking Lots, Etc. The land occupied 

by buildings, parking lots, etc. is not available as wildlife habitat and 

will be lost to biological productivity for an indefinite time period. 
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Summarized Effects of Terrestriai Changes. A summary of the effects 

of HNEC facilities on the terrestrial ecology is as follows as given in 

Table 17. 

TABLE 17: Summary of Costs and Benefits Related to Terrestrial Ecology 

BENEFITS 

Ponds and Lakes 

Improved habitat for waterfowl and 
avifauna adapted to tree communities. 
I~proved habitat for beaver. muskrat. 
mink. raccoon. and skunk. 

None 

None 

None 

Chain-Link Fe~ces 

Open Ditches 

Aerial Obstructions 
(Wi r~s & To· .. ers) 

Reduction of habitat acreage for 
typical shrub-steppe plants and 
animals. 

Disrupt nonnal travels of mule 
deer. 

Disrupt nonnal travels of s"-all 
mammals and reptiles. 

Interference with ~igrating birds. 

Earth Excavation =nd Construc:ion 

None 

Meteorological Impacts 

Temporary noise and dust. reduction 
of habitat acreage for typical shrub
steppe plan:s and animals. 

The major heat releases and atmo3pheric effects of energy centers are 

associated directly with pO\<Jer generation. Atl10spheric effects of heat 
rejection from nuclear energy centers (NRC, 1976) have been postulated on 
the basis of theory, models, analogy and speculation. Unfortunately some 

of the more spectacular effects are primarily the result of the last two 

processes. Typical effects include: increases in humidity, cloudiness and 

fog, ground shadowing, enhancement of precipitation and modification of 

precipitation patterns, triggering of more severe weather types such as 

thunderstorms, and the concentration of vorticity resulting in the formula

tion of large dust devils. 
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The specific atmospheric effects which might be associated with a 

particular energy center are generally related to the form of heat rejection, 

the flux density and area of heat rejection, and the climate of the energy 

center site. For example, fog and humidity increases are associated with 

low-level wet cooling systems, and the more specular effects are postulated 

for closely spaced cooling systems with a high energy flux. 

Rational evaluation of the significance of any effect of heat rejection 

requires that the extent and timing of the effect can be estimated quanti

tatively, and that significance be defined in meaningful terms. Each of 

the effects postulated in the Nuclear Energy Center Site Survey (NRC, 1976) 

report has been considered in a cursory manner to screen out improbable 

impacts and those which cannot be adequately evaluated at this time. 

Concentration of vorticity has been related to high density of the 

rejected heat and relatively large areas. This was a major concern for the 

energy centers considered in the Nuclear Energy Center Site Survey where the 

flux density was about 0.5 kW/m2. The flux density for the HNEC would be 

between 0.1 and 0.3 kW/m2. In addition, there are no simpl~ methods for 

quantifying the frequency, magnitude or effect of vortices which might be 

generated. As a result, detailed consideration of vorticity concentration 

has been postponed until better tools are developed. 

Theory and numerical models exist which can provide insight into modi

fication of precipitation patterns and the triggering of storms. As further 
research is comcleted, results will be applied to the HNEC. However, 

recently publicized problems in the National Hail Research Experiment 
(Science, 1976) raise questions abo'ut the reliability of quantitative 
estimates in this area. 

The only atmospheric effects amenable to evaluation at this time are 

associated with the addition of moisture to atmosphere. In this case the 

evaluation is only semi-quantitative. Thus, the effect of cooling systems 

on fog and humidity are the atmospheric impacts used in selection of an 

overall HNEC heat sink management plan. 
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Specific criteria have been identified to determine the significance 

of changes in the meteorological conditions. These include: a statistically 

significant change in a meteorological variable, substantial adverse economic 

impact of a postulated change, initiation of an adverse ecological change, 

and adverse public reaction. These general criteria provide guidance on 

the detail required in specification of a postulated impact. 

In most cooling system evaluations fog is considered either qualita

tively or in terms of additional hours of fog. The impact of an additional 

hour of fog is indeterminate. If the visibility during that hour is six 

miles, the impact may be-negligible or, at most, psychological. If, on 

the other hand, the visibility is one-eighth mile or less, the impact can 

be evaluated in economic terms by considering its effect on transportation 

and other activities which require greater visibility. In terms of the 

impact on the public, the use of hours of a given visibility rather than 

hours of fog is much more meaningful. 

Since the impact of fogging had to be estimated in terms of hours of 

specified visibility, a multiple-source diffusion model was developed in 

which moisture releases from a variety of cooling systems could be simulated. 

The large numbers of possible cooling systems and reactor cluster locations 

were also considered in the model development; i.e., the model had to be 
economical as well as flexible. The model and its use are described in 

detail (Ramsdell, 1976). The model is currently equipped to treat moisture 

releases from the following cooling systems in a rudimentary fashion: 

• once-through 

• once-through with helper ponds 

• once-through with helper towers 

• cooling ponds 
• mechanical draft cooling towers 

• natural draft cooling tower~ 

• wet-dry cooling towers 
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Comparison of the results with the results of other less sophisticated 

models and actual fog observations indicates that the model is conservative. 

That is, it tends to predict a greater impact than would be realistically 

expected if a more detailed treatment had been undertaken. 

More than 50 different cases, ranging from a single four reactor cluster 

near the south side of the reservation to a full 40 reactor energy center, 

have been examined to evaluate the effects of energy center size, cluster 

locations and cooling system mix on fog and humidity. As expected, the 

initial test cases indicated that the most frequently impacted areas out

side the energy center would be the Tri-City area of Richland, Kennewick, 

and Pasco and the region east of the Columbia River and north of Pas~o. 

A partial compilation of the results of the tests conducted to evaluate 

the impact of various heat sink management options on fog is presented in 

Tables 18 and 19. The range of r.ours of impact in Table 18 for both the 

20 and 40 reactor energy centers reflects differences primarily caused by 

changes in cooling system mixes; differences due to cluster location are 

secondary. The greatest impact was predicted for those cases with extensive 

Jse of cooling ponds and once-through cooling with helper ponds. Lesser 

impact was predicted for mechanical draft cooling towers and once-through 

cooling with mechanical draft helper cooling towers, and the least impact 
was predicted for tall cooling towers and unassisted once-through cooling. 

It should be noted that where the predicted increase of total hours of fog 

is less than 40 hours, the predicted increase of hours of visibility less 
than one-half mile exceeds the increase of total hours of fog. 

Three cases with wet-dry mechanical draft cooling towers were examined 

for both the 20 and 40 reactor energy centers. All but four reactors were 

assumed to use the wet-dry cooling systems. In these cases the fraction 

of wet cooling varied from 75% to 25%. The results are given in Table 19 

along with the single four-unit cluster (0% wet) and full mechanical draft 

cooling tower (100% wet) results. These results indicate the fogging 

imoact of wet-dry coolinq system heat rejection at Hanfora increases 

aoproximately linearly with the wet fraction for both the 20 and 40 reactor 

centers. 
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TABLE 18: Increased Hours of Fog and Visibility Less than One-Half Mile 
in the Tri-Cities due to an HNEC Using Evaporative Cooling 

Case 

4 Reactor Cluster with 
Mechanical Draft Cooling 
Towers 

20 Reactor Energy Center 

40 Reactor Energy Center 

Increase in 
Fog 

15 

34-250 

90-288 

Increase in 
Visibility 

<1/2 mi. 

28 

39-162 

71-184 

TABLE 19: Additional Hours of Fog in the Tri-Cities for Energy Centers 
Using Wet-Dry Mechanical Draft Cooling Towers* 

* 

~~et Cool i ng 
Frac ti on 

0% 

25% 

7 '-C/ 
:) 10 

1 OO~~ 

A 11 Fog 

15 

37 

37 

74 

98 

20 Reactor 
Center 

Visibil ity 
<1/2 mi. 

28 

40 

52 

61 

75 

40 Reactor 
Center 

Vi sibil ity 
A 11 Fog <1/2 mi. 

1 5 28 

63 55 

117 86 

164 113 

210 139 

One four reactor cluster is assumed to use conventional mechanical draft 
cooling towers in each case. 

70 



The statistical significance of the postulated increase in total hours 

of fog and hours of less than one-half mile visibility can be assessed 

relatively easily using techniques for comparison of mean values. The 

results of this computation are given in Table 20 as a function of the years 

of observation following completion of the energy center. An assumed log 

normal distribution and Hanford fog and visibility statistics were used. 

The minimum significant increases in the table decrease with increasing 

observation period, and approach limiting values which are a function of 

the pre-center climatological fog and visibility records. 

TABLE 20: Minimum Statistically Significant Increase in Hours of Fog and 
Visibility Less than One-Half Mile at the 95% Significance 
Level for Hanford 

Years of 
Observation 

2 

il 

5 

16 

36 

Change in Hours 
of Foa 

101 .5 

82.9 

68.3 
, 45.9 

35.4 

26.8 

Change in Hours 
of Visibil ity 
«1/2 mi.) 

58.2 

39.8 

32.6 

21.7 
17. 1 

12.6 

Since the life of a reactor is generally assumed to be 30 to 40 years, 

minimum detectable increases will be assumed to be the values given for 36 
years of observation. Comparison of these values with predicted impacts 

given in Tables 13 and 19 shows that the use of evaporative cooling systems 

may lead to statistically significant impacts on fog and visibility. 

The frequency of occurrence of five visibility categories has been 

estimated for the various cooling system combinations as an initial step 

in evaluation of the economic impact of moisture releases Table 21 ~ives 

these estimates for current conditions and three cases in which exclusive 

use of mechanical draft cooling towers was assumed. The visibility cate
gories are directly related to activities which are imoortant to public 

71 



TABLE 21: Predicted Impact of Development of Nuclear Energy Center 
Using Mechanical Draft Cooling Towers on Fog and Visibility 
in the Tri-Cities 

Number of 
Reactors 

o 
4 

20 

40 

Total Hours 
of Fog· 

278 

293 

376 

488 

<3 

196 

223 

297 

396 

Hours of Visibility 
Less Than Stated Distances 

(miles) 

<1 . 

132 

162 

221 

300 

<1/2 

101 

129 

176 

240 

<1/8 

36 

45 

56 

72 

<1/16 

8 

12 

1 6 

22 

convenience as well as to changes which can be evaluated in economic terms. 

An example of the relationship between these categories and the transporta

tion industry is given below. 

Reduction of prevailing visibility to less than three miles changes 

the rules governing airplane flight from visual rules to instrument rules. 

This has the effect of closing airports to most private pilots, those who 

are not qualified to conduct instrument flight. In addition to being incon

venient to affected pilots this has a calculable economic effect on local 

airport and flight service operators. Further reduction of visibility in 

the Tri-Cities to less than one mile effectively closes the Richland air
port to all traffic, including the local commuter airline, Execuair. When 
visibility becomes less than one-half mile, all air traffic to and from 
local airports is halted. Surface transportation is impacted as the visi
bility falls below one-eighth of a mile. Finally when the visibility falls 

below one-sixteenth mile, surface traffic may be seriously impeded. The 

impact of reduced visibility on surface traffic can range from delays to 

an increase in traffic accidents. 

These results were obtained using simple atmospheric models in an 

attempt to optimize heat sink management in a conceptual HNEC. The models 

are conservative in that they are biased toward overprediction of the 

impact of cooling system effluents on humidity and fog. Thus the models 
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are screening tools to be used to identify subjects for further, more' 

realistic examination. Within this context the following conclusions 

have been reached: 

1) The evaluation of any atmospheric impact postulated for heat 
dissipation must be conducted in quantitative terms which can 
be used to determine the significance of the impact. 

2) Of the potential atmospheric impacts of large heat releases 
from energy centers, the one most amenable to quantitative 
evaluation in meaningful terms at this time is the increase 
in fog. 

3) A postulated increase in frequency of fog can be translated 
into terms of visibility and both can be evaluated statisti
cally. 

4) The translation of a increase in fog to visibility terms 
permits economic evaluation of the impact. 

S) The predicted impact of the HNEC on fog and visibility is 
statistically significant whether the energy center consists 
of 20 or 40 units. 

Those heat sink management options Ivhich cause predicted i~pacts near 

!he low end of the ranges given in Table 18 are least likely to produce 

significant impact when examined in more detail. These systems are pri

marily tall cooling towers, whether natural or mechanical draft, and unassis

ted once-through systems. Comparison of the predictions in Table 19 with 

the results in Table 20 indicate that extensive use of wet-dry or dry, low 

mechanical draft cooling towers may reduce the probability of fogging 

impact to a level consistent with the lower ends of the impact ranges 
given in Table 18. It should be noted that the single four-reactor cluster 

is identified as having a potential for reduced visibility during fog, 
although the impact on total hours of fog is not significant. 

Comparison of Alternatives 

The environmental interaction parameters of interest to the comparison 

of the heat sink alternatives and the evaluation of those parameters are 

summarized in Table 22 for the 20 reactor HNEC and in Table 23 for the 1+0 

reactor HNEC. 
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TABLE 22: Summary Comparison of 20 Reactor Heat Sink Alternatives 

Ca,e I. II III. IV V VI VII VIII IX X XI ----
Case Oeseri pt ion Short Wet Tall Wet Wet Dry Six Ten Ten lIelper Sixteen Dry 

Towers Tower, Towers Onee-throuyh Once-through Once-through Towers Once-throuqh TowlTs 
and Ponds dnd Ponds and Towers 

Net Allnual Generation (IOu kWh; 1.533 1.533 1.533 1. 533 1. 5]] 1.533 1.533 1.533 1.533 
Capital Cost ($ x 10

6
) 7,200 7,240 7,730 7,080 7,010 7,050 7,390 6,930 8,100 

Annual fuel Cost ($ x 106) 632 632 650 624 620 624 611l 618 670 
Annual O&M Cost ($ x 106) 322 322 337 317 314 314 322 310 3~ 7 
Electricity Cost (Illills/~Wh) 13.3 13.3 14.0 13. I 13.0 n.o 13.4 12.8 14.6 
ReSUIH'ce Util iZdtiOn 

l. d nd (Ac I'f'S ) 3,200 3,200 3,200 21,700 21,700 3,200 3,200 3,200 3,200 
Material 

ConCl'ete (yards) 720,000 BOO,OOO 730,nOO 432,000 361,000 490,000 B80,OOO 352,000 737,000 
Steel (tons) 80,000 BO,OOO \]6,000 74.000 71 .000 73.000 120.000 69.000 182.000 

'..J Water 
-f:;. Wi thdrawa Is (c (5) 800 flOO 400 9.700 15,520 15.400 24.200 24.200 120 

[vdpuration (efs) 600 600 300 SOO· 400· 300· 500· 120· 90 
lJischar'lf! to Riv('r (e fs) 200 200 100 9.200 15,130 15,100 23,700 24,080 30 

ChL11tical lIeleases (tons/yr) 

To Air (and then to land) 100 100 50 35 20 50 20 20 15 
To Welter TOS 14.000 14.000 7.000 49.000 41,000 7.000 3,000 3.000 0 

Tutdl Cu 140 140 70 120 110 70 30 30 0 
el 2 70 70 40 60 50 40 20 20 0 
P 140 140 70 120 110 70 30 30 0 

_._---------- ----
·Uoes not illL lude evajJor·at ion from river. 
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(Continued) 
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TABLE 23: SUlllmary Comparison of 40 Reactor Heat Sink Al ternatives 

- Cd '::l.t~ 
-----~-~--

_~~Xl!L}!l!._ _ !lY-, _X'! ___ XVI XVII XVI I I XIX XX --- --"--_. -+------ ------~ ---~- --------
Ld"e n"su'illl iOIl ,hart, Wet T d 11, We t Wel-Dr'y Pdrtidl lIelper Full Dry 

Towers TO>le,'s Towe"s Once-throu'lh Once-throu4h Tower 

Nel AIIIIUdl Gelleration (ld' 110111) 3.066 3.066 3.06fi 3.066 3.066 3.066 3.066 

(dpitdl Cost ($ x 10
6

) 14,400 14,500 15,500 13 ,900 14,800 13,800 16,400 

AIIIIUJ I Fuel Cost ($ x 1(6 ) 1,264 1,21>4 1, ]04 1,238 1,232 1,232 1,344 

Alllllldl O&M Cost ($ x 10
6

) 644 644 674 622 644 616 699 

El"Ll,'ic i ly Cost (lIIi 1 is/kWh) 13.3 l.l. 3 14.0 12.9 13 .4 12.8 14.J 

Ht',olll'l:e Ilt iii za t ion 

l dud (Aues) 6,400 6,'100 6,400 6,400 6,400 6,400 6,400 

Mdt e,' id 1 

COllcrete (ydrJs) 1,440,000 1,600,fI00 1,4bO,00O BIIH,OOO 1,760,000 612,000 1,4UO,000 

'>leel (10".,) 160,000 1611,OOO 2J 1 ,000 143, ;>00 240,000 134,8UO 382,000 

\jj t e,' 

'--.j 
Wi thdrdWd Is (ets) 1,600 1,60t) 900 36,600 54,200 54,200 120 

(J) I VJpor'd I i 011 (c fs) 1,200 1,700 (,00 SOOt 1,000· 120· 90 

iJi-oChd"'lf' 10 Hiver (cf") 400 400 ]00 36,lOtl 5),200 54,OUO 30 

( 1it!lJlic 1.11 Relpdses (tons/yr) 

10 Ai,' ( "lid ttll'n to land) 200 ZOO 100 BO 200 20 Ie, 

To W,II,e,' [[)S 2U ,000 28,000 14,000 11,000 3,000 3,UOO 0 

Toldl Cu 300 300 150 110 30 30 0 

C1 2 140 HO 70 50 20 20 0 

P 300 )00 1 SO 110 30 30 0 

- - --- - - --'--. -

*i)0e'.l 110 t im:lude evapordtion from the river. 



TABLE 23: (Continued) 

____ ~a se ____________________ ~I!_L!!JL_ _211: !_l1.____ x v I 
Aqlld tit B io I oyy (ffec ts t- ---- Ins igni ficdflt Efree ts ---;, 

XIX 

Maj~r ddlllaqe to dquatlc life because of large 
port ion of ,-iver pumped through condensors 
and large increase in average river t.empera
tllre <lUI' i ng high I' i vel' tempera ture cOlld it ions_ 

XX 

No 
Effects 

Te.-.-estrial Iliolugy Effects 

M~teol-ology Effects 

Insignificant [ffects ----.) 

Coul iny System Plumes 

Increased Ground Fog in the 
r!'i-Cities (/tours & percent 
incre.se wi th --1/2 mile 
vis ibi Ii ty) 

I nueJ sed /tUIII i d it yin the 
Tr-i-Cit ies 

Prer. ipi tdt ion near Itanford 
PI-oj ec t 

A'lricul tllral Effects 

,:oc ieta 1 Effects 

Ten large low
level plume 

sys telilS 

111 hI's. 
(99't.) 

Nine ldr'l~ high
level & one large 
1 ow- 1 eve I plume 

sys tL11lS 

55 hI'S 
(491.) 

Probably dn insignifIcant effect. 
At high temperatures (-·85"F) the 
relative humidity will be increased 
up to 6t for less than 50 hours 
per year. 

Ten low
level 
plume 
sys teillS 

55 hI'S 
(49%) 

Four larye 
plume systems. 
More fog on 
Columbia Iliver. 

18 hI'S. 
( 16%) 

Probably an insignif-
icant effect_ At hi'lh 
tl'llperature (·85 a F) the 
relative hwnidlty will be 
increased u~ to 3% for less 
thd n 50 hou rs per yea l". 

May be a siliall increase ill the fall, willter and spriny. Probably 
inc ,'ea se in the sUOIner mon ths. 

Six large 
plume 
systems. 

42 hI's. 
(36%) 

Same ilS for 
Case XII. 

One large 
I ow-l evel 

plume system. 
More fog on 
Co 1 umbia River. 

Ne'lligible 
I nc rea se 

Negl igible 
Change 

insignificant NegligiblE 
Change 

Probably a negligible effect. There mdY be a decredse in solar rddiation in the 
spring. 

Negliyible 
Change 

Aesthetic effects of foy plumes. Increase in inconvenience and accidents because 
driving conditions and increased shutdown of dirports. 

of foggy 

One large 
low-level 
plume system. 

No 
Cha nge 

No 
Change 

No 
Change 

None 



Several simplifying assumptions were used during the preparation of 

these tables. The primary ones are as follows: 

1. All economic costs are for 1975 dollars or completion of the 
construction in 1975. 

2. The economic costs for a specific type of heat sink are inde
pendent of the plant location (with the restriction that once
through and helper systems must be located on the banks of the 
Columbia River). 

3. The Hanford Reservation will continue under U.S. Government or 
industrial control and there can be no displacement of persons 
with homesites on those lands. 

4. The rate of return on capital is 15%. 
5. Helper cooling towers would be the same size as closed-cycle 

cooling towers and would transfer 72~~ of the waste heat to the 
atmosphere. 

6. The intake and discharge structures on the Columbia River are 
located and designed to produce minimum impact on the aquatic 
1 i fe . 

. A.nalysis of the information developed concerning the alternatives leads 
to several important conclusions concerning the economic and environmental 

effects: 

1. The differences in economic costs for systems using once-through, 
pond or wet tower cooling are relatively small (less than 5%). 
However, these cost differences are real because of inherent 
differences in design. Dry cooling towers cause 10 to 15% higher 
power costs than for wet cooling systems. 

2. The differences in material usage generally are insignificant 
for cooling tower systems except for the increase in steel 
consumption for dry cooling systems. 

3. Closed cycle cooling systems have an insignificant aquatic 
eco logy effec t. 

4. Once-through cooling systems probably will have a major effect 
on the aquatic life if over 10 reactors have such cooling systems 
and the average river flow rate is below 54,000 cfs. 

5. Because of the previous land disturbance and large amount of 
desert land available, the environmental effects of land use are 
insignificant except that creation of ponds could improve aquatic 
habitat. Project ALE will continue to provide an undisturbed 
large desert research area. 
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6. Cooling ponds and short wet cooling towers could cause a noticeable 
increase in ground fog formation at nearby cities and highways and 
on the Hanford Reservation. 

7. Tall wet cooling towers (500 feet tall) probably would not cause 
a noticeable change in ground fog fonnation at nearby cities and 
highways for construction of up to 20 reactors. 

Based on the above information, it is concluded that the best heat sink 

~anagement system for an HNEC is a mixture of once-through and tall wet tower 

sys~e~s containing up to 10 once-through systems. Tall cooling towers appear 

r.ore desirable than cooling ponds or short cooling towers because of equal 

economic costs and a much smaller impact due to ground fog formation. Selec

tion of the number of once-through systems \"ill depend on future decisions 

concerning the minimum flow rates in the Columbia River during the fall and 

winter periods. The suggested construction of up to 10 once-through syste~s 

is based on the assumption that the minimum flow rate will not decrease 
below the recent fifteen-year minimum, seven-day running average of 54,000 

cfs and that enough reactors will be built in the Pacific Northwest so that 

most, if not all, of the reactors with once-through cooling can be shut 

down for their annual refueling outage during the high river temperature 

~onths of August, September, and October. With proper construction and 

oDeration of the once-through cooling systems to insure there is minimal 

effect on spawning salmon, addition of heat to the river during the colder' 

winter months may be beneficial to the salmon population by increasing the 

growth rate of the young salmon. 

Because of uncertainties in both the meteorological and aquatic biology 

analyses, a cautious approach should be used in scheduling the construction 
of the HNEC reactors. One strategy might be to defer construction of the 

once-through cooled reactors until after enough reactors with cooling towers 

are constructed so that the once-through reactors could be shut down during 

August to October without causing an electricity or outage personnel short

age. Similarly, the wet cooling towers could be designed such that dry 

cooling heat exchangers could be added if excessive fog formation occurs. 
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In the meantime, two important research studies should be made. Addi
tional aquatic ecology studies should determine the benefits and costs that 
would result from heating the Columbia River during the various seasons of 
the year. It is possible that by proper heat additions, the total aquatic 
ecology could be improved. These studies should include a more accurate 
determination of the hydro-thermal regions near the intakes and discharges 
for once-through cooling. 

Meteorological research should develop improved methods for estimating 
the effect of cooling tower operation on fog formation and other meteorolog
ical events near an HNEC. Until better analytical methods are available, it 
may be difficult to select the best cooling systems and convince the surround
ing populations that the HNEC is not causing significant adverse effects. 
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TERRESTRIAL ECOLOGY SPECIES 

IMPORTANT VASCULAR PLANTS OF THE SAGEBRUSH-BITTERBRUSH/CHEATGRASS COMMUNITY 

Common Name 

Big sagebrush 
T7Antelope bitterbrush 

Nauseosus rabbitbrush 
Yellow rabbitbrush 
Spiny hopsage 
Snow eriogonum 
Prickly pear cactus 

,Sandberg bluegrass 
TNeedle-and-thread grass 
Thickspike wheatgrass 
Indian ricegrass 

Pale evening prirlrose 
Carey balsamroot 
Longleaf phlox 
Scurf pea 
Yarrow 
Sego lily 
Cl uster 1 il y 
Turpentine parsley 
Sand dock 

*Spri ng draba 
*Jagged chickweed 
Tansy mustard 

*Tumb 1 e\'Jeed 
*Tumble mustard 

t*Cneatgrass 
Sixweek's fescue 
Microsteris 
Phacelia 
Polemonium 
Plectritis 
Bursage 

*Alien species 
~Important livestock forage 
~7Irnportant wildlife forage 

SHRUBS 

PERENNIAL GRASSES 

PERENNIAL FORBS 

ANNUALS 

A .1 

Scientific Na~e 

Artemisia tridentata 
Purshia tridentata 
Chrysothamnus nauseosus 
Chrysothamnus viscidiflorus 
Grayia spinosa 
Eriooonum niveum 
Opuntia poiyacantha 

Pea sandbergii 
Stipa cornata 
Agropyron dasystachyum 
Oryzopsis hymenoides 

Oenothera pallida 
Balsamorhiza careyana 
Phlox lonqifclia 
Psoralea lanceolata 
Achillea millifolium 
Calochortus macrocarous 
Brodiaea douglasii ' 
Cymopterus terebinthinus 
Rumex venosus 

Draba verna 
Holosteurn umbellatum 
Descurainia pinnata 
Sal sola kali 
Sisymbrium-altissirnum 
Brornus tectorul"l 
Fest~ca octoflora 
Microsteris qracilis 
Phacelia linearis 
Polemonium rnicrantha 
Plectritis macrocera 
Franseria acanthicaroa 



BIRDS UTILIZING POND HABITATS 

(Modified from Fitzner and Rickard, 1975) 

ORDER PODICIPEDIFORMES 

Family Podicipedidae 

Horned Grebe 
Eared Grebe 
Western Grebe 
Pied-billed Grebe 

ORDER CICONIIFORMES 

Family Ardeidae 

Great Blue Heron 
Black-crowned Night Heron 
American Bittern 

ORDER ANSERIFORMES 

Family Anatidae 

~~histl ing Swan 
Canada Goose 
Ma 11 ard 
Gadwall 
Pi nta i1 
Green-winged Teal 
Blue-winged Teal 
Cinnamon Teal 
American Wigeon 
Shoveler 
Redhead 
Ring-necked Duck 
Canvasback 
Greater Scaup 
Lesser Scaup 
Common Goldeneye 
Barrows Goldeneye 
Bufflehead 
Old Squaw 
Ruddy Duck 
Hooded Merganser 
Common !'lerganser 

A.2 

Podiceps auritus 
Podiceps caspicus 
Aechmoohorus occidentalis 
Podilymbus podiceos 

Ardea herodias 
Nycticorax nycticorax 
Botaurus lentiginosus 

alar columbianus 
Branta canadensis 
Anas platyrhynchos 
Anas streoera 
Anas acuta 
Anas crecca carolinensis 
Anas discors 
Anas cyanoptera 
Anas americana 
Anas clypeata 
Aythya americana 
Aythya collaris 
Aythya valisineria 
Aythya marila 
Aythya affinis 
Bucephala clangula 
Bucephala islandica 
Bucephala albeola 
Clangula hyemalis 
Oxyura jamaicensis 
Lophodytes cucullatus 
i~ergus merganser 



ORDER GRUIFORMES 

Fami 1y Grui dae 

Sandhi 11 Crane 

Family Ka11idae 

Sora 
American Coot 

ORDER CHARAORIIFORMES 

Family Charadriidae 

Killdeer 

Family Sco1opacidae 

Common Snipe 
Long-billed Curlew 
Spotted Sandpiper 
Greater Ye11ow1egs 
Lesser Ye11ow1egs 
Pectoral Sandpiper 
Least Sandpiper 
Dun 1 in 
Long-billed Dowitcher 
Western Sandpiper 
Sanderling 

Family Recurvirostridae 

American Avocet 

Family Pha1aropodidae 

Wilson's Phalarope 
Northern Phalarope 

Family Laridae 

California Gull 
Ring-billed Gull 
Bonaparte's Gull 

ORDER CORACIIFORMES 

Family Alcedinidae 

Belted Kingfisher 

A.3 

Grus canadensis 

Porzana carolina 
Fulica americana 

Charadrius vociferus 

Caoella aallinaao 
Numenius americanus 
Actitis macu1aria 
Tringa flavipes 
Totanus flavioes 
Calidris melanotos 
Calidris minutilla 
Ero1ia alpina 
Limnodromus scolooaceus 
Ercunetes mauri 
Crocethia alba 

Recurvirostra americana 

Stecanopus trico1or 
Lobipes lobatus 

Larus californicus 
Larus de1awarensis 
Larus ohi1ade1phia 

Megaceryle a1cyon 



ORDER FALCONIFORMES 

Family Accipitridae 

Sharp-shinned Hawk 
Red-tailed Hawk 
Swainson's Hawk 
Golden Eagle 
~~arsh Hawk 

Family Falconidae 

Sparrow Hawk 

ORDER STRIGIFORMES 

Family Strigidae 

Great Horned Owl 
Burrowing Owl 

BIRDS OF PR::Y 

UPLAND GAME BIRDS 

ORDER GALLIFORMES 

Family Phasianidae 

California Quail 
Ring-necked Pheasant 
Chukar 

ORDER COLUMBIFORMES 

Family Columbidae 

Rock Dove 
t~ourn; ng Dove 

A.4 

Accipiter striatus 
Buteo jamaicensis 
Buteo swainsoni 
Aguila chrysaetos 
Circus cyaneus 

Falco sparverius 

Bubo vi rg1 n1 anus 
speotyto cunicularia 

Lophortyx californicus 
Phasianus colchicus 
Alectoris chukar 

Columba livia 
Zenaida macroura 



BIRDS ASSOCIATED WITH TREES AND OTHER RIPARIAN 
VEGETATION AROUND HASTE PONDS 

ORDER PIDIFORr'1ES 

Family Picidae 

Red-shafted Flicker 
Lewis' Woodpecker 
Ha i ry \~oodpec ker 
Downy ~loodpecker 

ORDER PASSERIFORMES 

Family Tyrannidae 

Eastern Kingbird 
Western Kingbird 
Ash-throated Flycatcher 
Say's Phoebe 
Western Wood Peewee 

Family A 1 audi dae 

Horned Lark 

Fami 1y Corvi dae 

Black-billed Magpie 
Common Raven 
Common Crow 

Family Sittidae 

Red-breasted Nuthatch 

Family Trog1odytidae 

Winter Wren 
Long-billed Marsh Wren 
Canon Wren 

Farni ly l'v1imi dae 

~1ocki ngbi rd 
Sage Thrasher 

A.5 

Co1aptes auratus 
Asyndesmus lewis 
Dendrocopos villosus 
Dendrocopos pubescens 

Tyrannus tyrannus 
Tyrannus verticalis 
Myiarchus cinerascens 
Sayornis ~ 
Gontopus sordidu1us 

Eremophila a1pestris 

Pica ~ 
Corvus cor-ax 
Corvus brachyrhynchos 

Sitta canadensis 

Troglodytes troglodytes 
Telmatodytes palustris 
Catherpes mexicanus 

Mimus polyglottos 
Oreoscootes montanus 



ORDER PASSERIFORMES (Cant.) 

Family Turdidae 

Robin 
Varied Thrush 
Hermit Thrush 
Western Bluebird 
Townsend's Solitaire 

Family Sylviidae 

Golden-crowned Kinglet 
Ruby-crowned Kinglet 

Family Motacillidae 

1.~ater Pi pit 

Famil y Lan i i dae 

Loggerhead Shrike 

Family Sturnidae 

Sta rl i ng 

Family Vireonidae 

Hutton's Vireo 
Red-eyed Vireo 
Warbling Vireo 

Family Parul idae 

Orange-crowned Warbler 
Nashville Warbler 
Yellow Warbler 
Yellow-rumped Warbler 
Townsend's Warbler 
MacGillivray's Warbler 
Wilson's Warbler 

Family Pl ocei dae 

House Sparr-ow 

A.6 

Turdus migratorius 
Ixoreus naevius 
Hylocichla guttata 
Sialia mexicana 
Myadestes townsendi 

Regulus satrapa 
Regulus calendula 

Anthus spinal etta 

Lanius ludovicianus 

Sturnus vulgaris 

Vireo huttoni 
Vireo olivaceus 
Vireo gilvus 

Vermivora celata 
Vermivora ruficaDilla 
Dendroica petechia 
Dendroica coronata 
Dendroica townsendi 
Oporornis tolmiei 
\~ilsonia pusi1la 

Passer domesticus 



ORDER PASSERIFORMES (Cant.) 

Family Icteridae 

Western Meadowlark 
Yellow-headed Blackbird 
Red-winged Blackbird 
Northern Oriole 
Brewer's Blackbird 
Brown-headed Cowbird 

Family Thraupidae 

Western Tanager 

Family Fringillidae 

House Finch 
American Goldfinch 
Rufous-sided Towhee 
Savannah Sparrow 
Lark Sparrow 
Sage Spa rrow 
Darkeyed Junco 
Tree Sparrow 
White-crowned Sparrow 
Golden-crowned Sparrow 
SI'Iamp Spa rrow 
Song Sparrow 

Sturnella neglecta 
Xanthocephalus xanthoceohalus 
Agelaius phoeniceus 
Icterus galbula 
Euphagus cyanocephalus 
~~olothrus ater 

Piranga ludoviciana 

Carpodacus mexicanus 
Spinus tristis 
Pipilo erythrcphthalmus 
Passerculus sandwichensis 
Chondestes qrammacus 
A.mphispiza be"lli 
Junco hyemalis 
Spizella arborea 
Zonotrichia leucoohrys 
Zonotrichia atricapilla 
Melospiza georgiana 
Melospiza melodia 

BIRDS THAT FEED ON FLYING INSECTS 

ORDER CAPRIMULGIFORMES 

Family Caprimulgidae 

Common Nighthawk 

ORDER PASSERIFORMES 

Family Hirundinidae 

Barn Swallow 
Cliff Swallm'l 

A.7 

Chordeiles minor 

Hirundo rustica 
Petrochelidon pyrrbonota 



Great Basin Pocket Mouse 
Deer Mouse 
Harvest Mouse 
House Mouse 
Grasshopper Mouse 
Sagebrush Vole 
Cotton ta i 1 
Blacktailed Hare 
Mule Deer 
Townsend Ground Squirrel 
Poc ket Gopher 
Cyote 
Bobcat 
Badger 
Raccoon 
Beaver 
Muskrat 
Mink 
Weasel 
Skunk 

Pacific Rattlesnake 
Gopher Snake 
Side-blotched Lizard 
Fence Lizard 
Horned Lizard 

MAMMALS 

SNAKES AND LIZARDS 

Perognathus parvus 
Peromyscus maniculatus 
Reithrodontomys megalotis 
Mus musculus 
onychomys Leucogaster 
Lag.Jvus curtatus 
Sylvilagus nuttalli 
Lepus californicus 
Odocoileus hemionus 
Spermophilis townsendii 
Thomomys talpoides 
Canis latrans 
Lynx rufus 
Taxidea taxus 
Procyon lator 
Castor canadensis 
Ondatra zibethica 
Mustela vison 
Mustela frenata 
Mephitis mephitis 

Crotalus viridis 
Pituophis melanoleucus 
Uta stansburiana 
Sceloporus araciosus 
Phrynosoma douglasii 

VASCULAR PLANTS OF MOIST HABITATS 

Ca tta i1 
Reed Canary Grass 
Rabbitfoot Grass 
Cudweed 
Bulrush 
Wiregrass 
Peach 1 ea f Wi 11 ow 
Barnyard Grass 
Russian Knapweed 
Wild Onion 

A.8 

Typha 1 atHol ia 
?halaris arundinacea 
Polypogon monspielensis 
Onaphalium maraaritacea 
Scirpus 
El eochari s 
Salix amygdaloides 
Echinochloa crus-galli 
Centurea reoens 
Al1ium sibericum 
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SUMMARY AND CONCLUSIONS 

The main task of this study was to select an "alternate ll station service 
supply system for multiple plants in the HNEC situation. A nuclear energy 
center at Hanford (HNEC) in the year 2000 is envisaged as five groups of 
generating units with three to five units in each group, served by three main 
500 kV switching stations. The bulk power system for the Northwest Power Pool 
is at 500 kV; in addition, a 230 kV system that traverses the area will be 
interconnected with the 500 kV system at Vantage and Grand Coulee to the north 
and at McNary to the south of the Hanford Reservation. The power source for 
the station service circuits can be either the 500 or 230 kV systems or the 

24 kV generator bus to the stepup transformer to the 500 kV system as shown 
in Figure 1. The latter alternative, with a switch to isolate the generator, 

has both functional and economic merit, and was adopted in this study for the 
"normalll power source in all cases examined. It is equally attractive for 
dispersed plants or centralized plants. 

The assumed grouping of plants is such that the problems of selecting an 
l1 alternate" offsite station service supply are similar to those of three and 
four-unit stations now being designed, nine of which were reviewed for this 
study. The novel problem at a center of 20 stations is to estimate coinci
dental peak loads on a system supplying all alternate station service cir
cuits in common under normal and abnormal conditions. NRC's restraints on 
the operation of a generating station when either of its normal or alternate 
station service circuits is not available, and the low historical failure 
rates of equipment in the normal supply circuits act to minimize transferring 
the load to an alternate circuit. The study indicated that with a possible 
connected station load of 1200 to 1500 MW, the probability of the maximum 
load exceeding 360 r~w would be negligible. An analysis of loads under abnor
mal as well as normal conditions found the peak to be less than 360 MW. Load 
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EXAMPLE OF 500 kV - 230 kV 
SYSTEM INTERCONNECTION 

THROUGH AUTOTRANSFORMER 
\ 

VANTAGE 

I \ 
I \ 
I \ 
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I \ 
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I \ LI NES ..... /l.~"\ 
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PARTIAL DIAGRAM SHOWI NG POSS I BLE 
C ONNECTI ON POI NTS BETWEEN GR I D 
AND STATION SERVICE CIRCUITS: 

® NORMAL CI RCUIT 

® ALTERNATE CIRCUIT - CONCEPT A 

@ ALTERNATE CIRCUIT - CONCEPT B 

GABli 
MT 

ASHE 

FIGURE 1. HNEC Transmission Systems and Typical Points of 
Power Supply for "0ffsite ll Station Service Circuit 
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flow and economic data presented in the report are based on this finding. 
The data apply only if the station service for all plants is taken from the 
230 kV system, designated Concept A in our study. In Concept B alternate 
circuit power is drawn from the 500 kV station bus, and the question of 
supply system capacity does not arise. 

Load flow studies of the local transmission system indicated that 230 kV 
system reinforcements necessitated by HNEC station loads would comprise 55 
to 60 miles of line in sections from Vantage to Hanford, and from Hanford to 
Gable Mountain switching stations at a cost of about $8 million. 

In order to demonstrate the engineering solutions to alternative methods 
of providing station service, certain assumptions were made with respect to 
the grouping, spacing, and orientation of the generating plant units, as well 
as their positions relative to the existing and anticipated main transmission 
line routes. In the southern part of the reservation, where development is 
already taking place, the pattern already established was followed to a 
total of five generating units. In the central and northern groupings, it 
was assumed that two-, three- and four-unit stations would resemble those 
of the Catawba, Palo Verde and Alan Barton designs. The relative positions 
of the 500 kV and 230 kV switching stations inv?lved assumptions which affect 
not only the number of underground crossings but also other design features 
necessary to separate the offsite station service circuits. These assump
tions of course influence the comparative cost estimates of Concept A and 
Concept B. Finally, the study assumed that the regulatory position now held 
on this topic by NRC would remain substantially as set forth in guides and 
standards now in effect or proposed. 

Once the study had established those assumptions and base conditions 
with respect to the development of the HNEC and the development of transmis
sion facilities in the vicinity of the Hanford Reservation, we then considered 
various means of providing alternate circuits to serve the station loads of 
20 units. The two most attractive concepts were: 

A. Loop circuits from switching stations on the 230 kV system, serving 
three to five plants each, with 230/6.9 kV or 13.8 kV (6.9 kV ;s used 
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herein as typical of intermediate voltage) transformation at the station 
buses of each generating unit. 

B. Radial circuits from a 500/69 kV transformer, fed from a 1-1/2 breaker 
position on the same 500 kV bus carrying the main generator output, and 
having circuits to 69/6.9 kV transformers at each generating station unit 

(69 kV allows for extensive distance between switchyard and load). 

The technical and operational merits of Concepts A and B were compared. 
No major differences were found with respect to the potential effects of 
the circuit characteristics on generating plant availability or on continu
ity of service to safety related plant loads. Significant differences were 
found in environmental effects, in the degree of uncertainty regarding regu
latory position, and in flexibility for sporadic growth; these differences 
are discussed in the conclusions. 

The estimated capital investment cost for the normal and alternate cir
cuit lines and equipment, and grid reinforcements, for 17 additional gener
ating plants at HNEC is $78 million for Concept A and $79 million for Con
cept B. A greater portion of the investment of Concept B comes early in the 

HNEC development period; the discounted present worth of the required capital 
investment is from 10 to 15% greater than that of Concept A. 

In addition to the specific combinations of Concepts A and B, other 
possible methods or combinations were considered, some involving three off
site circuits instead of two, and one having a separate generating source 
to provide an alternate supply for all plants. A plant design with a bifur
cated main generator bus would provide a good opportunity for having both 
offsite station service supply circuits on the generator bus. This combina
tion appears to be both functionally and economically superior to most other 
designs; however, this design can only be used when the design of the major 
power circuits is already a bifurcated system and very few plants have such 
systems. The other alternatives were not attractive, and any advantage they 
may have would not warrant the added cost. 
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In conclusion, our study indicated that there are acceptable methods of 
providing station service to a 20-unit HNEC. The choice of method would 
depend on the economic, environmental and technical situation at the time 
the design of a new plant is committed, and on the preference of the respon
sible utility. Briefly, our study yielded the following conclusions: 

• Extraordinary engineering difficulties in designing an HNEC·s station 
service systems that will meet all utility and regulatory requirements 
are not anticipated. 

• The choice of the 230 kV system (Concept A) involves the uncertainty of 
whether the NRC would require full capacity in the BPA system for all 
possible connected load. The capacity estimates herein are based 

• 

on expectation of peak loads of only 24-30% of possible connected 
load; this expectation is based on a study of the probabilities of the 
number of operating plants simultaneously transferred to the alternate 
system . 

Either of the two alternate circuit concepts, Concept A or B, studied 
in detail would be acceptable based on safety and operability. 

• The estimated costs of the two alternatives are roughly equal for the 
set of conditions assumed in this study, but Concept A has a 10 to 15% 
advantage in discounted present worth of required investment. Differ
ent geographical arrangements of plants and switching stations would 
affect the estimates, but not to the extent that one concept would 
have a marked economic advantage over the other. 

• The principal advantage of Concept A, in which station service (alter
nate circuit) is taken from the 230 kV system, is that the method is 
flexible enough to accommodate sporadic growth of the number of gener
ating stations planned at Hanford--that is, in the absence of a firm 
program for completion of a three- or four-unit group or for a full
scale HNEC development. This concept is already in use for plants 
planned in the vicinity of the Ashe switching station. 
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• The principal advantages of Concept B, in which the station service 
(alternate circuit) is taken from the 500 kV system, are: (1) it does 
not require any added offsite transmission line construction, thus 
involving no added environmental impact; and (2) the inherent capacity 
in the network is ample for any load combination, thus avoiding any 
uncertainty as to the regulatory agencies' position on required capacity 
in network transmission lines. 

• Other station service supply methods or combinations which would meet 
operational and safety requirements are. possible but at higher cost and 
without substantial added benefits. 
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STATION SERVICE POWER SUPPLY FOR A 
HANFORD NUCLEAR ENERGY CENTER (HNEC) 

I NTRODUCTI ON 

A transmission system to provide station service to plants at an energy 
center is the subject of this report, which follows from a study of transmis
sion of electric power from an energy center at Hanford conducted by Battelle 
Pacific Northwest Laboratories with the assistance of the Bonneville Power 
Administration and reported in BNWL-6-425 Electric Power Transmission for a 
Nuclear Energy Center, (1) September 1975. Both studies were conducted for 

the Energy Research and Development Administration (ERDA). 

The study's main task was to evaluate and select an "alternate ll station 
service supply system for multiple plants in an HNEC situation. Designs have 
been developed in the U.S. for station service power supply systems for four
unit plants. Some of these designs have already been approved by NRC as 
complying with safety regulations, and have been accepted by utilities as 
providing for an adequate level of operating reliability and flexibility. 
Plans "for three units have been approved at Hanford, and a system has been 
developed for a total of five units in one general locality. The study 
reported herein concerns the requirements for station service to a nuclear 
energy center of 20 units with a net capacity of 24 gigawatts (24,000 MW). 

The specific case studied is that of station service supply for the 
150% Case (i.e., a transmission system to accommodate growth of generating 
capacity to 23,000 MW by 1998) in the reference transmission study. (1) The 
anticipated rate of load growth is such that an energy center could have a 
total generating capacity of 24 GW by the year 2000. The scope of the study 
includes the station service transmission system from its offsite origin 
in the bulk power network to the station service buses in the plant. The 
internal redundant systems extending from those buses to the station loads 

would not be expected to differ because of the number of generating units in 
one complex. 



STATION SERVICE REQUIREMENTS 

The discussion of station service requirements relies on the following 
terms and definitions: 

• Offsite Power System: The offsite external commercial power system 
from which station service power can be supplied. 

• Standby Power System: The onsite power sources, usually diesel genera
tors, and their distribution equipment provided to energize devices 
essential to safety and capable of operating independently of the off
site power system. (2) 

• Normal Offsite Circuit: The circuit or circuits from the offsite power 
system that are normally used. 

• Alternate Offsite Circuit: The circuit or circuits from the offsite 
power system that are used only when the normal circuit or circuits 
are out of service. 

A station service supply system is designed to not only meet the station 
loads and the plant safety requirements set by the NRC, but also to comply 

with the utilities· requirements for satisfactory overall performance of the 
plant. Specific requirements vary with the character of the network to 
which the plant is to be connected. 

STATION DEMAND 

Station demand for typical light-water reactor plants has been estimated 
from compilations of connected loads and analysis of the operating sequences 
of plant equipment in various operating modes. These estimates were then 
checked with loads experienced in operating plants. The resulting range of 
station service electrical demands of one 1200-MW nuclear generating unit is 
shown in Figure 2. Station loads for 1200-MW units are usually less than 
75 MW. In later discussion of load diversity, 75 MW is taken as a conserva
tive average load of operating reactors, 40 MW as load under hot standby, 
and 13 MW under cold shutdown. 
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FIGURE 2. Range of Typical Station Service 
Loads for a 1200 MW Generating Plant 

SAFETY REQUIREMENTS OF STATION SERVICE SUPPLY SYSTEM 

Safety requirements specifically demand that two independent offsite 
sources of power be available to each reactor. This offsite power system is 
norma 11y referred to as the II preferred power system. 11 The preferred power 

system is acceptable when two separate paths from the transmission network 
to the standby power distribution system are provided; adequate physical 
and electrical separation between the two paths exists; and the system has 
the capacity and reliability to supply power to all equipment essential to 
the safety of the plant. The two separate paths are designated as the 
"normalll and lI alternate ll offsite circuits throughout this report. 

It is instructive to realize what equipment will be reviewed for safety in 
the preferred power system. It includes the two (or more) identified power 
sources that can be operated independently of the onsite (station generator) 
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or standby power sources (diesel generators). It encompasses the grid, trans
mission lines (overhead or underground), transmission line towers, transfor
mers, switchyard components and control systems, switchyard battery systems, 
the main generator, and disconnect switches, all provided to supply electric 
power to safety-related and other equipment. These components and associated 
systems will be subjected to a safety review. Special integrity checks for 
components will be made and the systems using these components will be sub
jected to a single failure analysis which checks that no single failure such 
as a tower falling, or a line failure, or a single failure in a switchyard 
can simultaneously affect both circuits such that neither can be returned 
to service "within a few seconds. II (3) 

One of the above safety considerations--that of providing adequate 
physical and electrical separation--may affect the design of preferred power 
sources and is especially true where many sites are involved. NRC proposes, 
for instance, that no other line cross these circuits, which would thus force 
underground crossing in addition to other measures not normally included in 
providing offsite station service to non-nuclear generating plants. 

Insofar as the preferred power system is a part of a station service 
supply system, the capacity required merely for its operating flexibility 
would normally be far greater than the demands for safety. That is, overall 
plant demand for normal operation would be expected to exceed the demands of 
station loads essential to safety. However, the whole preferred power system 
will be examined specifically for all of the safety criteria. Those safety 
criteria for offsite electrical power are set by NRC and IEEE and are listed 
in Appendix A. 

In spite of their number, the guides, standards and criteria provide 
only general guidance. The Nuclear Regulatory Commission cases its approval 
on an individual case review. Several examples of designs for preferred 
power sources, in Appendix B, illustrate the variety of schematic design that 
has been proposed. These designs of preferred power sources completed for 

multiple station power units have been ruled acceptable for existing projects. 
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Such criteria as physical and electrical independence, capacity to satisfy 
several conditions, the grid stability of the preferred (offsite) power 
source, the demand that the system function under single failure criteria-
all may require design features not normally considered for operating flexi
bility and operating stability. However, none of these criteria appear to 
be limiting in any way to the concept of multiple station sites. 

Thus, in answer to questions regarding the comparative safety of dis
tributed or concentrated concepts of power generation, concentration of gen
eration at a center would create no unresolvable safety problems relative to 
offsite power. Further, the existence of the large number of units at an 
energy center will no doubt result in greater usable backup capability and 
increased reliability of the preferred power sources. 
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HNEC BASE CONDITIONS 

Tentative sites selected for nuclear plants are shown in circles on the 
map of Figure 3, and general areas suitable for the construction of, or 
expansion of, transmission switching stations are shown as squares. Corri
dors considered suitable for transmission lines are also shown. 

Three WPPSS nuclear plants are in various stages of design and construc- . 
tion in area No.1, with some switching station equipment now installed at 
the Hanford Station and some planned for the Ashe Station.· A transmissJon 
line right-of-way is being established between the Hanford and Ashe Stations. 
The bulk power transmission plant to accommodate up to 24,000 MW at HNEC 
would be expanded from that already in place or planned. 

This report assumes that circled areas 1 through 5 will be developed, 
with three to five generating units per area. The manner in which station 
service transmission lines are brought into the generating plants would 
depend on plant layout. To illustrate the possible methods of providing for 
station service, it is assumed that 

(1) The plants in or around area No.1 would develop consistent with 
the pattern already established by the three plants now planned, 
with a considerable distance separating each unit. 

(2) The plants in areas No.2 through 5 would be two-, three-, or four
unit aggregations similar to those planned for the Catawba, 
Palo Verde or Alan Barton plants, respectively. However, the 
switching stations for the Hanford plants would not be as close 
(around 1500 feet) to the station transformer bays as are the 
Catawba, Palo Verde and Alan Barton plants, but would be greater 
distances as determined by the location of the Ashe and Hanford 
switching stations and the proposed location of the Gable Mountain 
station shown in Figure 3. 

These assumptions potentially affect the choice of station service 
method in that: 
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(1) If one of the offsite circuits originates at the 500 kV switching 

station bus, a greater distance between the bus and the generating 

plant must be traversed by the station service ciruit than with a 

closer orientation, 

(2) If an effort is made to keep a 230 kV switching station in the 

same general area as the 500 kV switching stations t more crossover 

situations may be encountered, and 

(3) With closely spaced units, more underground cable may have to be 

used in station service circuits between units than if the units 

are spaced at greater distances. 

The feasibility of the 230 kV system as an offsite source will depend 
on the location of 230 kV lines in place in 1985. BPA already plans to 

extend them or increase their capacity for reasons other than the HNEC sta

tion service load. The general route of the 230 kV system to bein place in 

1985 is shown in Figure 4 relative to the possible location of generating 

plants. Note that 230 kV lines pass close to all of the sites 1 through 5; 

thus that system is a definite candidate for HNEC station service. The way 

in which the system would have to be strengthened to serve that purpose is 

discussed later (see "Additions for 230 kV Supply"). 
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ALTERNATE CONCEPTS FOR A 20-UNIT CENTER 

Station service designs for existing or planned three- and four-unit 
plants are outlined in Appendix B. The major scenarios considered for HNEC 
are: 

(1) A concept in which the normal circuit originates at the generator 

terminal bus but is capable of being disconnected from the genera
tor by a load-break circuit breaker, and in which the alternate 

circuit originates in the 230 kV portion of the network. The con
cept follows the general pattern established for·two of the three 
planned commercial plants at Hanford and is shown schematically in 
Figure 5 as Concept A. 

vvv 
NV\ 

500 kV 

NORMAL 

230 kV 

'y-------

~ LO~ SERVING 
3-5 UNITS 

VV\I VV\I vvv vvv 

ONE OF 3-5 
UNITS ON 500 kV BUS 

FIGURE 5. 

STATION SERVICE 

Schematic Diagram of Station 
Service Circuits, Concept A 
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(2) A concept in which the normal circuit is as above, but with the 
alternate circuit originating in the 500 kV switchyard on a 
breaker-and-a-half position as shown in Figure 6 as Concept B. 
This concept would eliminate the necessity for routing additional 
230 kV lines through the HNEC. Such an arrangement is similar to, 
but not identical to, that used at the Palo Verde, Alan Barton, 
and Shearon Harris plants. 

Other concepts were explored but were found to be less attractive. They are 
discussed briefly in a later section of the report. 

SOD kV 

NORMAL 

\ 
ONE OF 3 OR 4 

UN ITS ON 500 kV BU S 

500/69 kV 

I 
I .... .,J 

I 
1_-

CIRCUIT FOR 
3 OR 4 UNITS 

FIGURE 6. Schematic Diagram of Station 
Service Circuits, Concept B 
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THE 230 kV SYSTEM 

Utilities differ in their practices regarding normal distribution of 
station loads on the two offsite circuits. Some divide the loads on the two 
sources and automatically switch half the loads in the event of an outage on 
one circuit, while others keep all the load on one circuit and automatically 
switch all the load in the event of an outage on that circuit. This discus
sion assumes that the latter practice is followed (consistent with WPPSS 
plans to date) and that all station loads will be on the "normal" circuit at 
all times, except when it is in trouble or the generator bus to which it is 
attached is taken out of service for inspection, maintenance, or repair. 

Most, if not all, of the nuclear plants now in operation do not have 
load-break switches between the generator terminals and the station service 
tap. If the tap circuit is used normally, the operator has no option but to 
transfer station loads to the alternate offsite circuit (sometimes called the 
startup circuit) when the plant is shut down or starting up. Therefore, there 
is no record of experienced use of the alternate circuit under conditions 
identical to those of Concepts A and B among operating plants. However, 
certain station operators repo~t that: 

(1) Alternate circuits are used only when the plant is shut down or 
starting up. 

(2) Trouble in a normal circuit with its tie-in point in the network 
seldom occurs, and with its tie-in point on the generator bus, 
seldom if ever occurs. 

(3) There has been no occasion to exercise an option to manually 
transfer to the alternate circuit during plant operation. 

Such experience indicates that with a load-break switch there would be 
few occasions to transfer station loads to the alternate circuit; such 
occasions would probably be limited to: (1) switching over in order to 
inspect or maintain equipment in the bus tap zone, and (2) testing of the 
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transfer switchgear and circuits. These operations would normally be 
expected to occur when the generator was shut down, at which time the station 
loads transferred would be only about 13 MW per generating unit. 

In plants of only one to four units both the normal and the alternate 
offsite circuits have usually been designed to accommodate the sum of the 
maximum demands from connected loads on all generating units; however, where 
20 units conceivably could be served from a single alternate source, lesser 
capacity based on load diversity must be considered. 

According to NRC safety regulations, the conditions under which the 
alternate 

(1 ) 

circuit may be used are: 

With the generator operating at full or reduced load or at hot 
standby, but still connected to the system: 

(a) When the normal circuit is out of service, the alternate cir-
cuit could be used for up to 72 hours on only one source of 
offsite power. The load would be that corresponding to nor
mal plant operation, possibly followed by the sequence for 
shutdown. 

(b) When the normal circuit is available but an operating option 
has chosen to use the alternate circuit, the latter could be 
used indefinitely at a load corresponding to normal plant 
operation. 

(2) With the generator in cold shutdown, at which time operating 
options could place station loads on the alternate circuit 
indefinitely. 

Under the regulations that limit the use of the alternate circuit to 
those conditions, the probability of the operating loads of multiple plants 
being transferred to the alternate circuit is less than if the plant opera
tors were free to use either source on a continuing basis regardless of the 
state of the other. We estimated that over the average year an operating 
plant would be on the alternate source because of (1) failure of the normal 
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supply or (2) suspected weakness in the normal supply causing the operator 

to switch over manually, not more than a total of 7 days. A crude way of 
reducing this experience to probabilities is to say that for 7/365 of the 

year, exactly one of the 20 plants is operating on the alternate supply while 

19 of the 20 plants are operating on the normal supply. This condition evalu

ates the corresponding term of the binomial series for the probability of 
that event:(4) 

20 p19(1 - P) = 7/365 ~ 0.02. 

Solving for p20 yields p20 = 0.979805. Six figure accuracy was chosen to 

demonstrate that 0.000001 is the same as an outage of about 32 seconds per 

year. Here, six figure accuracy assumes that loadings of less than 0.000001 

are negligible. Using this data as a basis for further evaluation, the term 

for any three of the 20 plants simultaneously on the alternate circuit and 

the remaining 17 units operating on the normal circuit is: 

(20)(19)(18)p17 (1 - p)3/(1)(2)(3) = 0.000001. 

Similar computation yields the following probabilities. 

One unit switched to the alternate circuit 

Two units switched to the alternate circuit 

Three units switched to the alternate circuit 
Four units switched to the alternate circuit 

0.020000 

0.000194 

0.000001 
negligible 

These probabilities demand that operating continuity of the normal sys
tem supply circuit, aside from planned outages, be greater than 0.99898 for 
each unit. This figure ranges from 0.999495 to 0.997372 when the probability 
for a single unit of the 20 units switched to the alternate supply ranges 

from 3.65 to 18.25 days per year, thus indicating that the above probabilities 

of three or four units being simultaneously transferred to the alternate 

circuit are not sensitive to the basic assumption (probability of 0.02) within 

the 3.65 to 18.25 day range. When time for scheduled maintenance has been 

considered, the remaining operation should be characterized by high relia

bility, and unanticipated outages for each normal circuit unit should be 

negligibly small. 
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If four operating units are used as a design basis (4 x 75 = 300 MW), 
and 20% is added for units in cold shutdown that may be on the alternate 
circuit, then the design basis for power capacity in a common supply system 
would be 360 MW. Here, we have adopted the maximum power requirement for 
station loads as discussed in the section on "Station Demand." The adequacy 
of a 360 MW base is examined in the following paragraphs. 

The probabilities shown above are for calculations based on a worst
case condition in which all 20 units were on line. On the average only about 

16 units will be on line, although maintenance and refueling schedules may 
be such that for limited periods most of the plants in a center would be 
operating. When the units are shut down, internal loads are sufficiently 

low that station service loads of all units could be transferred without 

exceeding 360 MW. 

The interim requirements for reinforcement of the 230 kV supply system, 
calculated on the same basis as the fully developed center and including the 

three units now planned, are: 
1983 

1984 

1996 

2 uni ts 
3 units 

16 units 

150 MW 

225 MW 
360 MW 

A later section presents means by which the 230 kV system would be rein

forced to provide for (1) the growing loads in the area and (2) the super

imposed capacity requirement of an HNEC. 

Station Service Loads Under Abnormal Conditions 

This section presents some of the possible abnormal conditions and the 
responses to them. The discussion assumes that all new generating units 
would be capable of continued operation carrying only local auxiliary loads 

·after full-load rejection. 
One could visualize a system instability that would separate all 500 kV 

incoming lines from one entire switching station and which would either leave 
the generators running on hot standby feeding their own station loads, or 

cause hot standby loads to be transferred to the 230 kV system. 
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In this situation, since all units would be expected to handle the load 
rejection and remain on their normal sources, it is assumed that the station 
loads of not more than half of the operating units would be instantaneously 
transferred to the 230 kV system, i.e., a total load of 4 x 75 = 300 MW, 
and that if effects of the system disturbance were prolonged, all seven 
units that may be affected could be reduced to a hot standby condition before 
all were placed on the 230 kV system (if such transfer were deemed advisable). 
In that case the total load would be 7 x 40 = 280 MW. Upon restoration of 
the system to normal and if hot standby station service loads have been 
transferred to the 230 kV system, the loads are restored to the normal cir
cuits as each generator is brought from hot standby back on line. Under 
these conditions, loads never exceed 280 MW. If the units are allowed to go 
into cold shutdown, the load on the alternate circuit would be: 7 x 13 = 91 MW. 
With preheat of the first unit to be restarted, the load could be 
100 + (6 x 13) = 178 MW. After the first unit is back on line, the 500 kV 

bus is re-energized (if not already done so by reconnection of lines to the 

network) and the units can be restarted from their normal circuits. In such 
a case, load never exceeds 178 MW. 

If a wide-ranging tornado should affect all the 500 and 230 kV lines to 
a plant, the generators (or at least two) could be kept at hot standby for 
up to 72 hours to feed all station loads through their normal circuits; or 
its station loads would have to be connected to the standby diesel generator 
source until the offsite system is restored. 

Under NRC regulations the alternate station service circuit would need 
sufficient capacity for all 20 units under cold shutdown: 20 x 13 = 260 MW. 

All of these contingencies are believed to be of very low probability 
in the Hanford environment, and are judged to have the same probability of 

occurring as that determined for the cases of three to four simultaneously 
operating plant transfers developed above ("Estimate of Potential Station 
Service Load"). 

Based on our analyses of normal and abnormal operating conditions, we 

decided to use overall maximum demand of 360 MW for purposes of system design, 
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corresponding to a diversity factor between 3.33 and 4.17. It would allow for 
the most severe conditions visualized for one group of six or seven units plus 
one unit in another group, running, or four to five units on cold shutdown 
in other groups. 

Since the diversity factor of smaller groups of units, for example the 
four or five units in one loop, would be less than 3.75 and since a diversity 
factor of 1.00 could be accommodated at 230 kV without significant added 
investment in conductors, full capacity has been assumed to be provided in 
conductors and switches in such loops. 

The above discussion assumes no central control. Control cannot be 
exercised over the failures causing automatic transfers of loads to the 
230 kV circuit. However, it can be exercised over (1) operation within the 
72-hour period after one source is lost, (2) optional operation on the 
alternate circuit when the normal one is also available, and, (3) startup 

operations from the hot standby or cold shutdown condition. Dispatching 
control could assure that in the highly improbable event that load limits 
on the 230 kV line are approached, the timing of operational moves could 
prevent overloading. However, at times of widespread emergency, a dispatch
ing office should probably not be burdened with such controls, and it is 
believed that the proposed design basis capacity would eliminate any need 
for control. 

230 kV System Description 

The expected 230 kV system in the 19905 is shown in Figure 7. It will 
consist of: 

1. Substations at Midway, Gable Mountain, Hanford, Ashe, and White Bluffs 

2. Three lines between Midway and Gable Mountain. These are the cur
rent ERDA Hanford Loop lines and the Midway Scootney line. 

3. Two lines between Gable Mountain and Ashe 

4. Two lines between Ashe and White Bluffs 

The principal source to the Hanford Area 230 kV system is the Midway 
SUbstation. Midway is connected to the Priest Rapids powerhouse, Big Eddy, 
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FIGURE 7. HNEC Switching Stations for (230 kV System) 20 Generating Units. 
Source of Station Service Power for Alternate Circuits, Concept A 

Grand Coulee, Vantage and North Bonneville. Power can also be supplied through 

the White Bluffs and Scootney connections from McNary and Ice Harbor dams even 
if the lines to Vantage are out of service. 

The 230 kV system will be connected to the 500 kV system by autotrans
formers at Vantage, Grand Coulee and McNary. 

Additions for 230 kV Suooly 

The additional requirement of a 360-MW station service capacity for the 

HNEC will require reinforcement of the 230 kV system, which could either be 

transformer additions or 230 kV line Additions. Construction of two 230 kV 

lines between Vantage and Hanford and a second 230 kV line between Hanford 

and Gable Mountain provide the best system reinforcement. 
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Operation 

In Concept A a number of 230 kV plant station service transformers 
would be connected to a loop from a 230 kV station. The normal operating 
condition would be with the loop opened in the middle with about half the 
plants served from each end of the loop. With this connection, service to 
only half of the plants on the loop would be lost during a line outage. A 
faulted section could be quickly isolated with disconnect switches, and 
plants could be transferred from one section of the loop to the other. 

Analysis of the Projected 1990 System 

A power flow study has been made which assumes 18 thermal generators 
installed in the Hanford area, with 15 peaking during a summer peak load 
condition. Although the study is shown as August 1989, loads and generation 
represent a more future condition (mid-1990s). 

Initially, it was assumed that there could be 540 MW of station service 
load on the 230 kV system, split equally to three stations (Hanford, Gable 
Mountain and Ashe). Following a meeting with ERDA and PNL, the 230 kV load 
was reduced to 360 MW, with this load occuring at any of the three stations, 
but not simultaneously. 

Results of our analysis of the projected 1990 system are shown in the 
diagrams of Appendix C, and discussed below. 

1. This much generation in the Hanford area results in excessively 
heavy line loadings from White Bluffs to McNary. Even the addition 
of a 230 kV line between these stations does not unload the 115 kV 
lines. Support now planned in the McNary and Franklin area makes 
it possible to open the Badger-Richland and Benton-Franklin lines 
to separate these two areas when overloads occur. Compare load 
flow diagrams A8929 and A8931 (Appendix C). 

2. The Midway bus is not a strong enough source for the amount of load 
supplied even with the lines between White Bluffs and McNary open. 
(See Diagram A8930, Appendix C). 
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3. The Midway source may be strengthened in either of two ways. One 
proposal is to add a 500/230 kV bank at Ashe (Diagram A8929). A 
second proposal is to add additional 230 kV lines from Vantage to 
the loop having the station service load (Diagram A8944). In case 

A8944 , two 230 kV Vantage lines were terminated at Hanford and a 
second 230 kV line was added between Hanford, Gable Mountai.n and 
Ashe. This provides sufficient strength for a line outage with 
360 MW of station service load supplied on the 230 kV system. The 

support from Vantage is favored since it used existing 500/230 kV 

bank capacity at Vantage. It also has better reliability. Figure 8 

shows an example of peak power flow in the Hanford vicinity for 
this method of system reinforcement. 
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FIGURE 8. Hanford Area 230 kV System with 360 M~! Load at ,l1.she 
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4. The Midway-Scootney 230 kV line was also terminated at Gable Moun
tain in this study. This provides additional support not only for 
the station service load but also for the two 230 kV lines to 
White Bluffs. This addition probably will be required before the 
extensive thermal plant development in the Ashe area. It is needed 
when the second 230 kV line to White Bluffs is added. 

The schedule of construction of the added lines necessitated by HNEC 
loads is such that one line from Vantage to Hanford would be in service in 
1994 and one in 1997, and the additional line from Hanford to Fable Mountain 
would be in service in 1997. These plans are based on present planning assump
tions; transmission requirements, of course, could change in the future. 

THE 500 kV SYSTEM 

The 500 kV system projected for the 1990s is shown in the map of 
Figure 3 and the diagram of Figure 9. The 500 kV circuit arrangement pro
posed for an HNEC shown in Figure 4 is taken from the referenced transmis
sion study BNWL-B-426. This diagram shows six or seven units feeding into 
each of the three switching stations, and such an arrangement may be con
sidered typical of an HNEC development, although it is still uncertain how 
many units should feed into one switching station. The required circuit 
breaker interrupting capacities may become too great, or, in the final analy
sis, concentrating that much capacity at one station may be unacceptable. 
A switching station adjacent to each three- or four-unit station may be 
attractive from an economic standpoint. However, this question need not be 
resolved for purposes of exploring station service alternatives. 

The system will evolve to fill the export power needs of the mounting 
generating capacity at HNEC, as well as the growing loads in the eastern 
part of the region. The capacity of the 500 kV system will not be affected 
by HNEC station service requirements under either Concept A or B. In Con
cept B, station service power drawn from the system over the alternate cir
cuit merely subtracts from the overall power exported through a switching 
station. In Concept A, power drawn by the alternate circuit would come from 
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the 230 kV system, which is interconnected with the 500 kV system, but which 

would have little effect on 500 kV system capacity insofar as HNEC loads 
are concerned. Therefore no incremental costs would be incurred on the 

500 kV offsite system by use of Concept B. 

Although emphasis in the load-flow studies discussed under "Analysis 

of the Projected 1990 System" is on the 230 kV system, the case studies 

cover the 500 kV system as well. Incremental costs in the 500 kV system due 

to export power transmission from HNEC were evaluated in the reference 
study. (1) Those results would not be altered by the use of either method of 

providing station service power. 
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COMPARATIVE ANALYSIS OF CONCEPTS A AND B 

The technical and functional characteristics of the alternate circuits 
of the two concepts are compared in Table 1. 
same in both concepts. 

The normal circuits are the 

TABLE 1. Comparison of Technical and Functional 
Characteristics of Concept A and Concept B 

Topic 

Line and equipment 
exposure to 
failure 

Time to restore 
service after a 
fail ure 

With shared circuits, 
probability of one 
or more plants being 
served from the 
alternatie circuit 
at time of fault. 

System stability 

Concept A 

Has longer lines at 
higher voltage (230 
kV vs 69 kV), and 
more underground 
cable at crossings 
with 500 kV lines 

Overhead line failures 
are quickly repaired. 
Underground 230 kV 
cable repair would 
require cable stock on 
hand for quick repair, 
but schedules can go 
beyond 72 hours 
because of the loop 
arrangement 

4-7 generating units are 
on a loop, but the loop 
is normally operated 
open in the middle so 
that only half would be 
affected by an outage. 

See Relative Merit. 

Concept B 

Has more apparatus 
(transformer; and 
circuit breakers) 
t.'1an A 

A failure of the 500/69 
kV transformer could 
seriously affect ~he 
availability of two to 
four generating units if 
rapid repairs or re
placement are not pro
vided. Even though 
the failure rate for such 
transformers is low, the 
loss of 4800 MW of capac
ity on the system in the 
rare event of such fail
ure could De serious. 
Thus, cost estimate for 
Concept B allows for a 
rail-mounted spare trans
former, with capacity 
for four units. to be 
(ept at HNEC for raoid 
transfer to an affected 
station. Spare 69 kV 
cable is also necessary. 
since a failure in the 
radial circuit would 
require a 72-hour repair. 

3-4 generat~ng units are 
on a 500/69 kV trans
former. Transformer 
failure would affect 
all. Line failure would 
affect only one. 

See l<elative ,'lerit. 
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Re 1 ati ve Merit 

Historical failure rate on these types of 
lines and apparatus is low in both concepts 
(Ref. 5.6). ~ith a 72-hour grace period 
before forced shutdo'l«1, generator availa
bility would be affected only if (a) the 
circuit cannot be restored within 72 hours, 
or (b) a plant is operating on the alternate 
circuit, its nonnal circuit having become 
unavailable less than 72 hours previously. 

The exposure difference between concepts, 
per se. would make little difference in 
generating plant availability. 

If provisions for restoring service within 
72 hours are made as indicated, the two 
concepts would be approximately equal in 
their potential effect on generating plant 
availabil ity. 

Any failure on A could affect 2-4 IJnits. 
Only a transformer failure on B would 
affect more than one unit. Slight 
advantage for B. 

The concepts seem equal ~ith respect to 
the stability of its source on the bulk 
power system. 



Table 1 (continued 1) 

TODic 

Generating sources 
on the network 

Exposure to tornado 
or ea rthqua ke 

Electrical separa
tion of the normal 
and alternate 
circuits 

Physical separa
tion of the nor
mal and alternate 
ci rcuits 

Line capacity in the 
network 

Human error (inad
vertent switch trip; 
wrong relay setting) 

Flexibility and 
quality of service 
during HNEC growth 

ConceDt A 

Hydro plants to the 
northeast and south
west will feed 
directly into the 
230 kV system and 
tie into the 500 kV 
system at Vantage 
and McNary. 

The 230 kV 1 ines fol
low same general route 
as 500 kV lines in and 
around HNEC. The 
230 kV switching sta
tions in most cases 
would be in the same 
general areas as the 
sao kV station. 

Since one circuit is 
served from the sao kV 
system and one from 
the 230 kV system, and 
since the closest points 
of interconnection of 
the two systems are at 
Vantage and McNary, A 
has a greater degree of 
electrical separation. 

Required physical separa
tion of offsite lines 
can be maintained. On
site lines would have 
separation at the 
closest points comparable 
to B. Underground cable 
would oe used as required. 

See The 230 kV System. 
Planned capacity is 
judged adequate but 
regulatory position is 
unknown. 

Error could affect more 
than one plant (see 
shared circuits, etc.) 

Overhead loop lines can 
be changed or extended 
with relative ease, and 
with a constantly re
liable service. The 
230 kV line capacity 
would have to be in
creased at an appro
pri ate time to accommo
date the combined HNEC 
loads and f10wthrough 
power. Lines are more 
exposed tc construc
tion interference than 
in Concept B. 

ConceDt B 

Adjacent plants at 
HNEC, growing in number 
and at different loca
tions as the center 
deve;ops, .,i11 feed 
directly into the 
500 kV system and to 
the 230 kV system via 
system autotransformer. 

See Concept A. 

The two circuits' 
points of connection 
with the network are 
separated by 3 cir
cuit breakers, all 
are in the same 
switching structure. 

Separation is of concern 
on 1 y from the 500 kV 
switching station into 
the plant. 

Ample capacity for any 
combination of plant 
loads is inherent in 
the network. 

Error could affect only 
one plant. 

Once 500/69 kV trans
former and switchgear 
are located, Concept B 
is 1 ess f1 ex i b 1 e than A 
to major siting changes. 
Reliability of service 
during grJwth stages is 
comDarab1e to that of 
Concept ,\. 
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Relative Merit 

No difference is detected in the relia
bi1 ity of the network as affected by 
number and location of generating feed 
points. 

Both systems can be served from the north 
or the south. If line sections are lost, 
the switching stations could be served from 
the opposite direction. If structures of 
both systems are equally resistant to the 
the forces, the effects of tornado or 
e~rthquake on generator availability or 
continuity of service to plant equipment 
would be equal. If entire switching ste-
t ions are lost, safety loads wou 1 d be 
transferred to internal generators in each 
case. Concept A may have slight advantage 
in that if only a sao kV or a 230 kV sta
tion is lost, but not both, offsite service 
would still be available for safety (not 
operating) purposes. 

A has greater degree of electrical separa
tion than B, and one circuit would remain 
in service even if three relaying zones 
were involved in a cascading failure. Both 
concepts meet NRC requirements. 

Necessary phySical separation can be 
maintained in either concept - with some 
economiC penalty to A for underground 
crossings. 

Capacity of both concepts is bel ieved to 
be ample as proposed, but there is uncer
tainty as to regulatory requirements for 
Concept A. If capacity in lines of Con
ceDt A has to be sufficient for all pos
sible connected load, there would be a 
severe economic penalty. 

Susceptibility to error is about the same 
for both conceDts. Possible consequences 
are slightly greater for Concept A. 

All interim requirements can be met with 
either concept. The initial installa
tions in both cases must be designed to 
accommodate growth. 



Table 1 (continued 2) 

Topic 

Adaptabil ity for 
sporadic growth 
rather than firm 
schedul ed growth of 
an HNEC. 

Environmental 
impact. 

Concept A 

Isolated plants and 
plant built fran time 
to time in the absence 
of an overall program 
can be served under 
Concept A without large 
front-end investment. 
A few plants can be 
accommodated by the 
230 kV grid with reserve 
capacity so that any re
inforcement chargeable 
to such plants would be 
many years in the 
future. 

Grid reinforcements of 
55 to 60 miles of 
230 kV transmi ss i on 
line in and north of 
the Reservation. with 
added v i sua 1 land-use 
and other impacts from 
such lines. 

ACCESS TO THE GENERATING PLANTS 

Concept B 

The economy of Con-
cept B depends to a con
siderable extent on the 
sharing of 500 kV breaker 
and transformer costs by 
3 to 4 plants. If 
authorization and timing 
are uncertain, the con
cept is at a disadvantage. 

No changes to the off
site grid. Lines at the 
site would be rela
tively unobtrusive at 
69 kV vo 1 tage 1 eve 1. 

Relative Merit 

Under the conditions postulated here, we 
would consider it prudent to continue the 
use of Concept A. 

Concept A wou 1 d have greater envirorvnenta 1 
impact. 

The comparative difficulties of transmission line access to the generat
ing plants under each concept are illustrated in Appendix D. The major ques
tions to be resolved are: How much underground 230 or 69 kV cable would be 

necessary at crossings with SOD kV lines, and how might the overhead and 
underground lines be affected by the configuration of plants in a group? 
The rough maps in Appendix 0 indicate the comparative requirements, and were 
used as a basis for comparative cost estimates. 

Note that the open arrangement of the Ashe group involves less crossings, 
but more overhead line, in the 230 kV loop of Concept A than do the more 
compact arrangements of the two-, three-, and four-unit groups of Gable Moun
tain and Hanford. 

It is assumed that line crossings of the 500 and 230 kV circuits would 
be made with the 230 kV circuit underground if the loss of both lines, 
together with a crucial circuit breaker malfunction were to cut off both the 
normal and the alternate station service supplies to a generating plant. 

In the future there will be numerous crossings of 500 kV and 230 kV lines 
on the Hanford reservation or near it. By the year 2000 there could be from 
25 to 30 such crossings whether or not Concept A were used for HNEC station 
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service. However, most of these crossings are not included in the above 
assumption; that is, loss of the two lines and malfunction of the most cru
cial breaker would not cut off all offsite station service to any generating 
unit. Therefore, the cost estimates to follow later in the report do not 
include the cost of placing these remote crossings underground. 

COMPARATIVE COST ESTIMATES 

Cost estimates are limited to the equipment and lines used solely for 
station service and the cost of 230 kV transmission additions allocated to 
HNEC station service loads (Concept A). The costs are incremental to those 
of the main generator power circuits to which they are attached, and they 
are in 1975 dollars. 

The construction schedule of plants at the various sites throughout the 
HNEC could affect the relative economic merit of one form of station service 
supply over another. Best economy in the construction of generating plants 
at a center is achieved when the startup of successive plants at one general 
site is spaced about one year apart, (7) although some overlap in startups 
might occur in different groups. For purposes of this economic comparison 
the following construction schedule is assumed (Table 2). 

This cost comparison includes (1) capital investment cost at the site, 
(2) costs of reinforcing the BPA system to support the HNEC incremental load 
and (3) consideration of differential operating costs. 

Capital Investment at the Site 

Since cash outlay must precede in-service dates for both transmission 
lines and plant facilities by about 3 years on the average, the series of 
payments would begin in 1984 and continue through 1997. A breakdown of the 
total investment in station service facilities fer 17 units (excluding the 
three now committed) is shown in Table 3. 

Costs of BPA System Reinforcement 

Concept B has no costs in this category since any power flow from the 
network to station service loads is over lines and transformers required 
for outward flow of generated power. 
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TABLE 2. Plants Beginning Commercial Operation 

Gable Mountain Hanford 
Year Ashe Group 1 Group 2 Group 1 Gr~up 2 

1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 
1996 
1997 
1998 
1999 
2000 

1 
1 
1 
1 

1 
1 
1 
1 1 

1 
1 

TABLE 3. Investment in Station Service 
Facilities (millions of dollars) 

1 
1 
1 
1 

Concept A Concept B 

Norma 1 C i rcu it 

Ashe group, 4 added units 
Gable Mt group, 6 units 
Hanford group, 7 units 

Alternate Circuit 

Ashe group 
Gab 1 e Mt group 
Hanford group 
Spare transformer 

TOTAL 

28 

6.2 
9.4 

10.9 

26.5 

9.9 
16.3 
17.4 

43.6 

6.2 
9.4 

10.9 

26.5 

12.2 
16.8 
19.7 
4.0 

52.7 



To determine reinforcement costs for Concept A that should be attributed 
to HNEC loads is complicated by growth of power transfer over the 230 kV lines 
through the area; by temporary excess capacity in portions of the system even 
under the best overall solution to the problem of accommodating growth; and 
by the imposition of an estimated demand of 225 MW on the 230 kV system by 

the three plants already committed. This demand is imposed regardless of 
whether any additional plants are built or whether Concept A or B is used 
for the 17 plants to follow. 

As noted in "Additions for 230 kV Supply," the system reinforcements 
made necessary by a 20-unit HNEC would consist of 55 to 60 miles of 230 kV 
line in three sections. The cost of these lines and their terminal apparatus 

has been estimated at $8.0 million. Part of the line construction would be 
in service 1n 1994 and part in 1997. 

These system additions would not be needed earlier, even though the 
three plants already committed with a possible demand of 225 MW would be in 
operation as early as 1984. Capacity is expected to be available in the 
system during that interim period without any reinforcement specifically 
required for an HNEC. 

The full costs of the system reinforcements are charged to Concept A 
rather than allocated between the three plants already committed and the 
17 plants that would follow in an HNEC program; the rationale is that the 
reinforcements are not needed during the 1985-2000 period for committed 

plants but would be needed for the full-scale HNEC. Since the investment 
requirement comes rather late in the period, it has a relatively minor effect 
in a comparison of discounted present worth of investment costs of the two 
concepts. 

In an overall economic sense, the allocated costs would be added to the 
other capital costs of Concept A; however, in actuality the costs would be 
incurred by BPA rather than by HNEC owners and would be recovered by BPA 
through wheeling or other service charges billed to the owners. The degree 
to which the incremental reinforcement costs are reflected in the charges 
would depend on contractual or rate-making policy and practice. 
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Timing of the Investment Requirements 

Figure 10 illustrates the effect of timing of investment requirements. 
In Concept B the spare transformer must be available at the beginning of the 
period of HNEC expansion. In Concept A the allocated investment in offsite 
transmission system comes late in the period for reasons discussed in the 
preceding section. 

The discounted present worth (at the beginning of the development 
period) of investments in the alternate circuits over the period is given 
in Table 4 for discount rates of 0, 5% and 10%. The "front-end cost" effect 
is greater for Concept B, thus increasing Concept Bls disadvantage as the 
discount rate increases. 
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FIGURE 10. Estimated Cumulative Investment in Alternate 
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30 



TABLE 4. Discounted Present Worth of Alternate 
Circuit Investments (million dollars) 

Discount Rate 
0 50! 10 10% 

Concept A 51. 6 37.3 28.2 
Concept B 52.7 41.0 33.3 
Ratio AlB 0.98 0.91 0.85 

The capital investment estimates show that: 

1. The total investment requirement for 17 new generating units would 
be approximately equal for the two concepts, but the discounted 
present worth of the required investment would be for 10 to 15% 
less for Concept A. 

2. Underground cable sections at crossover points comprise about 16% 
of the onsite investment of Concept A, but only about 8% of that 
of Concept B, which tends to penalize Concept A. The routing of 

230 kV lines and the placement of 230 kV switching stations so as 
to reduce the underground requirements would narrow the difference, 
but not equalize the undergrounding requirements of the two concepts. 

3. The costs of Concept A at Ashe are favorable because (a) part of 
the system would already be in place, and (b) the assumed placement 
of plants is more dispersed and open, thus requiring no additional 
underground transmission cable. 

4. The normal station service supply circuit, which is the same for 
both concepts, involves about half the investment required for the 
alternate circuits. 

Operating Cost 

The only significant difference in operating cost between the compara
tive concepts is in no-load transformer losses. In Concept A the voltage ;s 
transformed from 230 to 6.9 kV in one step; in Concept B from 500 to 69 kV, 
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then from 69 to 6.9 kV. The 500 kV transformer of Concept B would usually 
carry little or no load but would be energized. A comparison of no-load 
losses shows a balance of about 900 kilowatts chargeable to Concept B in a 

fully developed center. When the demand and energy losses are valued on the 
basis of cost to generate in new facilities, the penalty to Concept B would 
rise to $120,000 per year in 1996. This is only about one percent of the 
fixed charges on capital investment in the circuits at that time and may be 
ignored. 

OTHER CONCEPTS 

In addition to Concepts A and B, other combinations of normal and alter
nate circuits from the offsite system were considered. After an exploratory 
examination they were found to be unattractive in the HNEC situation, but 
merit brief discussion. 

1. A system whose normal and alternate circuits originate at the 
500 kV bus. The economics of this concept were disadvantageous; 
$25 million in additional investment would be required without com
pensating benefits in reliability for 17 future units. 

2. A system whose normal circuit originates at the 500 kV bus, as in 
Concept B and alternate on the 230 kV system as in Concept A. 
This concept also proved economically unattractive, averaging 
$25 million in additional investment without compensating benefits. 

3. A concept with a separate generating station to serve as an alter
nate offsite source for multiple plants. (8) This concept would pro
vide maximum independence between the two off site sources. A gas 
turbine was considered for the generating source since it would be 
carrying no load for most of the time, although it wou1d have to be 
prepared to supply load within a few seconds under certain contin
gency conditions. 
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If the separate system were designed to provide the capacity 
being considered for the 230 kV system at Hanford, i.e., 360 MW, 
it could be ruled out for the following reasons. 

• Transmission from the generating station would probably have 
to be at 230 kV, and the investment in lines, circuit breakers 
and transformers would be approximately the same as for the 
alternate BPA 230 kV system with no benefits to offset added 
costs. 

• The fixed charges on the generating plant investment and on 
the standby operating costs ~"ould add about $1 mill ion per 
year per reactor plant (in 1975 dollars), with no substantial 
compensating benefits. In effect, the generating capacity 
would be a duplication. Not being tied in with the SPA system, 
it could not be considered for peaking service (although a 
tie-in would not be ruled out on the basis of safety). 

If such a system were designed to provide for only the critical 
station loads, transmission and distribution at a lower voltage may 
be feasible and the concept might be more attractive in a comparison 
with other schemes. However, providing only such minimum coverage 
and flexibility would run contrary to current practice by most 
util ities. 

4. Use of three offsite circuits instead of two. Some utilities choose 
to use three circuits qual ifying as uoffsite circuits, II even though 
the third is not required by NRC. This concept has the advantage of 
providing for unrestricted plant operation in the event of a pro
longed outage on one of the station service supply circuits, such 
as an outage involving transformer replacement. One architect 
engineer has a standard design using three offsite circuits, two of 
which are tied to the station buses served alternately by two diesel 
generators of the onsite system, and one tied to the third bus for 
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non-critical station loads. The flexibility provided by such a 
system may justify the cost, especially if the offsite circuits are 
tied to a relatively low-voltage system (69 kV). 

Should the utility want a third offsite source for the HNEC 

situation, combinations of the concepts described above or duplica
tions of Concepts A or B would be possible. The 230 kV system would 
have two parallel lines from the principal source (Midway) to the 
vicinity of the site areas, which possibly could be connected so as 
to give added security to dual 230 kV station supply circuits. How
ever, in the HNEC situation the added value of such redundancy did 
not justify the added cost in the opinion of the authors. 

5. One of the two offsite circuits with capacity for only safety loads. 
Such a system would comply with prior NRC requirements but would 
lack operating flexibility, and raise the question of whether an 
immediate forced shutdown (rather than a shutdown after 72 hours) 
would cost the utility enough to pay for added capacity in the 
alternate circuit? The scope of this study does not include 
investigation of this question, but modern practice runs contrary 
to load shedding for loss of either offsite station service circuit, 
and the concept was rejected for that reason. 

6. The following alternative applies only where the main generator bus 
is bifurcated, i.e., connected to two half-capacity transformers 
through two circuit breakers, such as in the plant designs of the 
McGuire, Perkins and Cherokee Stations of the Duke Power Company. 
A schematic drawing of such an arrangement is shown in Appendix B. 
Each of the two station service (offsite) circuits is taken from 
one side of the forked bus. The cost of such a system would be sub
stantially less than those of the stations studied herein having 
conventional bus arrangements, and its lack of exposure is excellent. 

The bifurcation designs provide a sufficient degree of elec
trical separation between the two circuits and presumably meet NRC 
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requirements in that they provide for continuity of service in one 
circuit in the event of failure in one of the three zones and fail
ure of one breaker to open. The number of intermediate zones is not 
as great as in Concept A and B for conventional bus arrangements, 
but since very few plant designs incorporate the bifurcated bus, 
further analysis of the station service possibilities was not 
undertaken. 
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RESULTS OF ANALYSIS 

The principal findings of our analysis are: 

• The "norma lll offsite circuit chosen for both comparative concepts, i.e., 
a circuit tapped from the generator bus at a point that can be isolated 
from the generator by a load-break switch, is confirmed as a preferred 
source of station power from functional, safety, and economic points of 
view. This applies to either dispersed plants or plants concentrated 
at a center. Alternative methods need be considered only for the 
lIa lterna te" offsite ci rcu it. 

• The problems of providing an adequate alternate station service supply 
to an HNEC are similar to those of supplying service to three- and 
four-unit aggregations at other sites, several of which are in the plan
ning stage; the difference is in the estimation of load diversity on a 
common transmission system (not directly connected with the bulk power 
system for" the stations) serving several groups of plants, as would the 
230 kV transmission system of Concept A. 

• The restraints on operation of the generating plant when one of the 
station service circuits is unavailable, plus a policy of always using 
the IInormalll cirGuit when it is available, limit the use of the alter
nate circuit to the extent that a design diversity factor of 3.75 could 
apply to a group of 20 operating plants. A 360 MW capacity in the sys
tem serving the group is estimated to be sufficient for any normal or 
abnormal combination of station service loads . 

• With Concept A the BPA 230 kV system would be reinforced to provide 
sufficient additional capacity for possible station service loads at 
HNEC. Load-flow studies indicate that the best way of reinforcing the 
system is to add two lines between Vantage and Hanford, and one line 
from Hanford to Gable Mountain. These lines would add to the visual 
impact on the environment. With Concept B no changes would be required 
in either the 500 kV or 230 kV offsite transmission system. 
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• Assuming they are properly designed, either of the two concepts studied 
in detail, Concept A drawing from the reinforced 230 kV system and B 
drawing from the 500 kV system at the three major switching stations at 
the center, could meet NRC safety requirements and the ordinary require
ments of operating utilities for reliability and flexibility. 

• A comparison of the two concepts revealed no significant difference 
between them with respect to equipment failure rates, exposure to natu
ral hazards, effect of human error, and degree of physical and elec
trical separation from the circuits of the normal supply system . 

• 

• 

Estimated costs of the two concepts were roughly comparable. The 
IIfront-end ll cost effect was more pronounced for Concept B; thus the dis
counted present worth of Concept A's costs was somewhat lower than that 
of Concept B. In both cases the differences were within the margin of 
accuracy of the estimates. The estimates depend to some extent on the 
geographical arrangement of generating units and switching stations, 
but are not extremely sensitive to those conditions . 

Other methods and combinations of methods of supplying station service 
power to a nuclear center were considered. Although most of them were 
acceptable from a safeguards standpoint, their value to a plant opera
tor did not appear to justify added costs. Where a plant design has a 
bifurcated generator bus, station service co~ld be drawn from each of 
the two buses reliably and economically. 
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APPENDIX A 

List of Acceptance Criteria 
for Electric Power 

Applying to Offsite Circuits 
for Station Service Power 

Extracted from NUREG-75/087 
Standard Review Plan 
USNRC, Office of Nuclear Reactor Regulation 
November 24, 1976 
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TABLE A-l. Acceptance Criteria for Electric Power 

Criteria Title 
1 . 10 CFR Pa rt to 

a. 10 CFR §50.34 

b. 10 CFR §50.36 

c. 10 CFR §50.55a 

2. General Design Criteria (GDC), 
Appendix A to 10 CFR Part 50 

a. GDC-l 

b. GDC-2 

c. GDC-3 

d. GDC-4 

e. GDC-5 

f. GDC-13 

g. GDC-17 

h. GDC-18 

i. GDC-21 

j. GDC-22 

3. Institute of E1 ectrical and 
Electronics Engineers (IEEE) 
Standards: 

a. IEEE Std 279-1971 
(ANSI N42.7-1972) 

b. IEEE Std 308-1971 

Contents of Applications: Technical 
Information 

Technical Specifications 

Codes and Standards 

Quality Standards and Records 

Design Bases for Protection Against 
Natural Phenomena 

Fire Protection 

Environmental and Missile Design Bases 

Sharing of Structures, Systems, and 
Components 

Instrumentation and Control 

Electric Power Systems 

Inspection and Testing of Electrical 
Power Systems 

Protection System Reliability and 
Testabil ity 

Protection System Independence 

Criteria for Protection Systems for 
Nuclear Power Generating Stations 

Criteria for Class IE Electric Systems 
for Nuclear Power Generating Stations 
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TABLE A-l. (Continued) 

Criteria 

c. IEEE Std 352- j 972 
(ANSI N41. 4) 

d. IEEE Std 379-1972 
(ANSI N41.2) 

e. IEEE Std 450-1972' 

4. Regulatory Guides (RG) 

a. RG 1. 6 

b. RB 1. 32 

c. RG 1.53 

d. RG 1. 75 

e. RG 1.93 

5. Branch Technical Positions 
(BTP) EICSB 

a. BTP EICSB 11 

Titl e 

General Principles for Reliability 
Analyses of Nuclear Power Generating 
Station Protection Systems 

Guide for the Application of the Single 
Failure Criterion to Nuclear Power 
Generating Station Protection Systems 

Recommended Practice for Maintenance, 
Testing and Replacement of Large 
Stationary Type Power Plant and Sub
station Lead Storage Batteries 

Independence between Redundant Standby 
(Onsite) Power Sources and between 
Their Distribution Systems 

Use of IEEE Std 308-1971, "Criteria 
for Class IE Electric Systems for 
Nuclear Power Generating Stations ll 

Application of the Single-Failure 
Criterion to Nuclear Power Plant 
Protection Systems 

Physical Independence of Electric 
Systems 

Availability of Electric Power Sources 

Stability of Offsite Power Systems 
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APPENDIX B 

Schematic Arrangements for Offsite Station Service Circuits of Three
and Four-Unit Nuclear Plants, from Preliminary Safety Analysis Reports 
for the Respective Projects. 
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The safety and operational requirements for station service have been 
met in various ways in multi-unit plants or plant groups. Nine examples of 
schematic arrangements currently in use or proposed are given herein. 

The example schematic arrangements (Figures B.l through B.9) indicate 
two basic differences in design of offsite station service systems: 

(1) The point at which the circuits from the offsite power system 
tie in with the network, and 

(2) The number of generating units sharing the same buses, lines, or 
transformers serving station loads. 

Options for point of connection with the network (tie-in point) include: 

(1) The generator output circuit (24 kV) with a generator load break 
switch as for the Hanford 1 and 4 and Hartsville designs. 

(2) The same 230 or 500 kV bus to which the generator is connected 
(e.g., designs for North Anna, Palo Verde, generator No.1 at 
Alan Barton, and generator No. at Shearon Harris). 

(3) A separate station generator bus in the same switchyard, but at 
lower voltage (e.g., three generators at Alan Barton and two at 
Shearon Harris). 

(4) Switching stations or lines in the vicinity, usually at voltage 
less than that of the bulk transmission system into which the 
generator feeds. The switching stations may either not be inter
connected at the generator switching station or may be inter
connected through an autotransformer (e.g., Hanford 1, 2, and 4, 
Hartsville, Alvin Vogtle, three generators at Alan Barton, and 
two at Shearon Harris). 

The degree to which the various components of the circuits from the 
offsite power system are shared by other generating units is indicated in 
Table B-1. In this respect the most conservative design is that of 
Hartsville; that is, it has three circuits to the network. Otherwise, the 
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only conclusion to be drawn from the table is that it is common to have four 
generator units share station service supply circuits. The switching arrange
ments of current designs have differing degrees of flexibility. The amount 
of capital that a utility can afford to invest in added station service 
flexibility depends on the flexibility and reserve capacity already in the 
system to which the new generating unit is being attached. 

We assumed that capacity in all alternate offsite circuits in these 
examples, except for the 115 kV circuit of Hanford 2, is sufficient for all 
possible connected loads. 

The schematic drawings do not show the differing geographical distances 
between points at which the normal and alternate sources join the bulk power 
network. Some circuits tie in at the station switchyard~ others at points 
up to 50 miles from the site. 
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APPENDIX C 

The load-flow diagrams of Appendix C contain the results of studies of 
methods of reinforcing the BPA 230 kV system in the vicinity of the Hanford 
reservation in order to provide sufficient capacity for the station service 

loads of 20 nuclear generating units. 
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sectionalized. 
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APPEND IX 0 

Typical Configurations of Groups of Generat~ng Plants 

Assuming the base conditions stated in the "HNEC Base Conditions ll sec
tion, the general layout of plants and li~es in the southern (Ashe), central 
(Gable Mountain), and northern (Hanfo~d) groups of units would be as illus
trated in Figures 0.1 through 0.3. These figures show only the reactor
generator plant buildings, lines and switching stations, and exclude cooling 
towers and other plant ancillary structures and facilities. The 230 kV line 
taps and extensions would be added only if the 230 kV system W9re selected 

for station service. 

Figures D.4 through 0.6 show, to a larger scale than Figures 0.1 through 
0.3, the orientat"ion and spacing of the generators, transformer bays, and 
the switchyard for the multiple-unit groups of: (1) WPPSS plants near the 
Ashe switching station, (2) Alan Barton four-unit stations used as an example 
for one group near the Gable Mountain switching station and one near tne 
Hanford switching station, and (3) Palo Verde three-unit stations used as an 
example for one group near the Hanford switching station. The orientation 
and spacing illustrate the relative problem of getting station service :ir
cuits into the transformer bays, the amount of underground cable that may be 
required, and the 1ine spacing. Examination of these different designs 
reveal s the measures that must be taken to provide station service. 
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IMPACT OF A H&~FORD NUCLEAR ENERGY CENTER 

ON GROUND LEVEL FOG AND HUMIDITY 

INTRODUCTION 

Battelle, Pacific Northwest Laboratory is currently 

involved in the evaluation of the nuclear energy center con

cept as it might be applied to development of the Energy 

Research and Development Administration's Hanford Reserva~ion. 

In that study a number of subjects have been examined in de

tail and the results presented in technical reports (1-4) ; the 

over-all results have been summarized in an interim report(S). 

During the past year the examination of various heat sink 

management options has continued in greater depth. The re

sults of this work are contained in Selection of Heat Dis?osal 

Methods for a Hanford Nuclear Energy Center(6). This documer-t 

presents the details of a study of the atmospheric impacts of 

an Hanford Nuclear Energy Center (HNEC) that might result from 

the use of evaporative cooling alternatives. Specific cooling 

systems considere~ include oTI8e-through river cooling, coolir-g 

ponds, cooling towers, helper cooling ponds and towers and 

hybrid wet/dry cooling towers. The specific impacts evaluated 

are increases in fog and relative humidity. 

The energy center concept generally involves the grouping 

of 10 to 40 power plants on a common site. The center may 

contain supporting fuel cycle facilities, however the major 

heat releases and atmospheric effects are expected to be 

associated directly with power generation. A summary of the 

postulated atmospheric effects of heat rejection from nuclear 

energy centers is presented in Reference 7. These effects 

have been postulated on the basis of theory, models, analogy 

and speCUlation. Unfortunately some of the more spectacular 



effects are primarily the result of the last two processes. 

While a complete listing is not particularly important here, 

typical effects include: increases in humidity, cloudiness 

and fog, enhancement of precipitation a~d modification of 

precipitation patterns, triggering of severe weather such as 

thunderstorms, and the concentration of vorticity resulting 

in the formation of large dust devils. 

The specific atmospheric effects which might be associated 

with a particular energy center are generally related to the 

form of heat rejection, the flux density and area of heat 

rejection, and the climate of the energy center site. For 

example fog and humidity increases are associated with low 

level wet cooling systems, while more spectacular effects 

such as concentration of vorticity are postulated for closely 

spaced cooling systems with a high energy flux. 

The conceptual center being evaluated for Hanford (HNEC), 

which is located in South-central Washington State is shown 

in Figure 1, consists of 20 to 40 power plants with associated 

switching and transmission facilities, a fuel fabrication plant, 

two fuel reprocessing plants and a waste storage facility(5) 

Each of the reactors is assumed to be rated at 1250 MW , so e 
that total heat rejection from a 40 reactor energy center is 

approximately 105 MW. Specific locations for the individual 

power plants have not been established, however it has been 

assumed that they will be grouped in clusters of 4 with each 

cluster covering approximately 1 sq. mi. Preliminary site 

evaluation indicates that the total area covered by the energy 

center will be between 100 a~d 300 sq. mi. with the larger 

value representing the full 40 reactor case. These values are 

in contrast to the 75 sq. mi. assumed for 40 reactor nuclear 

energy centers in the NECSS study. 
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A preliminary study of heat sink management for the 

HNEC(4) has indicated that, from an engineering standpoint, 

a variety of cooling systems are potentially suitable for 

handling the heat dissipation. These systems range from once 

through cooling to dry cooling towers and include several 

hybrid systems. The selection of the cooling system mix to be 

assumed in evaluation of the HNEC concept has been a matter 

of some concern along with selection of specific locations for 

the clusters. An attempt has been made to resolve both issues 

through the development of a comprehensive heat sink manage

ment plan that would result in the most favorable balance be

tween resource utilization, economics and environmental impact. 

In this effort it has been necessary to evaluate the effects 

of heat dissipation so that their significance could be 

rationally assessed. 

Rational evaluation of the significance of any effect of 

heat rejection requires that the extent and timing of t~e 

effect be estimated quantitatively, and that significance be 

defined in meaningful terms. Each of the effects postulated 

in the NECSS report(7) has been considered in a cursory manner 

to screen out improbable impacts and those which can not be 

adequately evaluated at this time. 

Concentration of vorticity has been related to high 

density of the rejected heat and relatively large areas. This 

was a major concern for the energy centers considered in the 

NECSS where the flux density was about .5 KW/M2. The flux 

density for the HNEC would be between .1 and .3 KW/M2. There 

are no simple methods for quantifying the frequency, magnitude 

or effect of vortices which might be generated. As a result, 

detailed consideration of vorticity concentration has been 

postponed until better tools are developed. 
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The status with respect to modification of precipitation 

patterns and the triggering of storms is somewhat better. 

Theory and numerical models exist which can provide insight 

into these postulated effects. Several investigators are 

currently pursuing this avenue of research. When suitable 

results are achieved they will be applied to HNEC, although 

recently publicized problems in the National Hail Research 

Experiment(S) raise questions about the reliability of quanti

tative estimates in this area. 

The only atmospheric effects that are most amenable to 

treatment at this time are those associated with the addition 

of moisture to atmosphere. Even in this case the treatment 

is semi-quantitative at best. The effects of cooling systems 

on fog and humidity are the atmospheric impacts of heat rejec

tion that have been used in selection of a overall HNEC heat 

sink management plan. 

At the outset of the evaluation it was assumed that the 

addition of heat and moisture were not, in themselves, 

significant. Similarly it was ass~med that a postulated small 

change in any naturally occurring atmospheric phenomenon would 

not be significant. Rather, significance must be achieved by 

meeting some specific criteria. Four possible areas for 

criteria have been identified. These include: a statistically 

significant change in a meteorological variable, substantial 

adverse economic impact of a postulated change, initiation of 

an ecological change, and adverse public reaction. The 

criteria other than that of statistical significance are still 

not satisfactorily defined, but the general areas provide 

guidance on the detail required in specification of a postu

lated impact. 
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ATMOSPHERIC MODEL 

The introductory remarks above contain the seeds of the 

atmospheric modeling requirements for input to selection of 

an optimum heat sink management scheme. The number of combina

tions of reactor locations and cooling systems, plus the 

need to evaluate each combination under a variety of meteoro

logical conditions indicate that a flexible, inexpensive model 

be used in the evaluation. Further the need to differentiate 

between the atmospheric impacts of various cooling system 

mixes indicates that the model should be as realistic and as 

sensitive to differences between cooling systems as possible. 

With these requirements as a background, BATMAN a 

Battelle Atmospheric Management computer code was developed. 

Specifically the code was designed to assist in the selection 

of viable heat sink management options for the HNEC by pro

viding estimates of the impact of evaporative cooling systems. 

To accomplish this objective, the code is capable of computing 

the diffusion of moisture released in the cooling of 1 to 20 

arbitrarily placed reactor clusters. The number of reactors 

in each cluster is limited only in the sense that all reactors 

in the cluster must utilize the same type cooling system. A 

mixture of cooling systems within a cluster can be simulated 

by superpositioning 2 or more clusters with different systems. 

In reality, BATMAL'l" is a computer code that provides "back of 

the envelope", computations for up to 20 simultaneous energy 

releases and 144 receptor locations. 

The economy and flexibility needed to examine the many 

possible HNEC scenarios are incorporated in BATMAN through 

the use of climatological data input and a modified sector

averaged Gaussian plume diffusion model. Reactor cluster 

locations and cooling system emission characteristics are in

put at the time of program execution. The cluster locations 
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are identified with respect to a receptor grid; it is not 

necessary that they be on the grid. The receptor grid is a 

l2x12 matrix of surface points for which increases in water 

vapor density are computed. This increase may be computed at 

several levels above the surface for each grid point, if 

desired. The spacing between grid points may be adjusted 

with the north-south spacing independent of the east-west 

spacing. 

Currently BATM&~ can be run in two modes. In the first 

mode a specific scenario is examined (i.e., a fixed set of 

reactor clusters, a specified wind direction and speed, and a 

single atmospheric stability). BATMAN then provides estimates 

of increased density of atmospheric water vapor. An estimate 

of the frequency of occurrence of the scenario can be made if 

sufficient climatological i~formation lS available. The 

second mode uses climatological input in the form of a joint 

frequency distribution of occurrence of wind speed, wind 

direction and atmospheric stability. The number of hou=s per 

year that increases in vapor density can be expected to fall 

within selected ranges is estimated. If additional climatc

logical data on the frequency of occurrence of saturation 

deficits (in terms of vapor density) are available, BATMAN 

can produce direct estimates of the increase in hours of fog 

at each receptor location. 

Economy of operation of BAT~1 is enhanced by computing 

diffusion estimates only if a receptor is in the plume from 

a given cluster. After all receptor locations are considered 

for one cluster the process is repeated for successive cluste=s 

until all have been treated. The change in water vapor density 

at each receptor location is the sum of the contributions from 

all clusters. 
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In the following sections the details and features of 

BATMAN are described. The computer code and a short users 

guide are presented in Appendix A at the end of this document. 

Main Program BATMAN 

BATMAN performs the typical function of a main program. 

It controls the flow of information by handling input and out

put, and by calling subroutines which perform most of the 

actual computations. In addition to these functions BATM&~ 

computes the source term for each reactor cluster, determines 

the appropriate virtual source as a function of wind direction, 

and combines the results of the individual cluster impacts to 

estimate the impact of the energy center. 

The moisture source term is determined from input data on 

number of reactors in a cluster, rates electrical power output 

and cooling system type. Additional inputs required in the 

source term evaluation are overall thermal efficiency of the 

power plant and the fraction of the waste heat which is rejected 

in the latent form. The remaining waste heat is assumed to be 

sensible (increased temperature). Radiative heat transfer is 

neglected. The total latent heat release is then used to com

pute a rate of evaporation. The thermal efficiencies and 

latent heat fraction are functions of cooling system type and 

atmospheric conditions. T~e relationships between efficiency 

and atmospheric conditions are summarily treated by use of 

seasonal or annual values. ~ore detailed treatment of these 

relationships is not warranted because of the nature of the 

basic model. 

The fundamental climatological data input to BATMAN con

sists of information on wind direction, wind speed, atmospheric 

stability, temperature, plume width and mixing depths. With 

these data and a moisture source term the model can compute 
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increases in water vapor density and the frequency of 

occurrence of increases within specified ranges. If the 

model is to convert the water vapor increase to frequency of 

occurrence of fog, additional climatological input is required. 

This information includes the number of hours being considered 

and the distribution of water vapor saturation deficits. 

Wind direction must be specified in terms of sectors 

starting with sector 1 as the first sector east of north 

and increasing in a clockwise direction. The number of sectors 

is limited only by dimensions of the program. Currently the 

program is set for 16 sectors. Calm and variable wi~ds should 

be distributed among the sectors. The distribution of these 

winds in proportion to the frequency of occurrence of directions 

during the remainder of the time should be conservative. 

As wi th ~,,.ind dil.-ection, the number of tHind speed catego::::-ies 

is limited by the program dimensions. The limitation is on 

the product of wind speed and direction classes and is currently 

set at 96. Thus, with 16 wind direction sectors, the number 

of wind speed classes is limited to 6. 

The limitation on'the product can easily be increased to 

accommodate more wind direction and/or speed classes. However, 

an increase in the number of classes rapidly increases computer 

storage requirements. For instance, increasing the number of 

direction classes to 36 and speed classes to 10 would increase 

storage requirements by almost 3200 words. 

BATMAN will accept atmospheric stability data in the 4 

category Hanford stability classification scheme or in either 

the 6 or 7 category Pasquill-Gifford scheme(9). The stability 

classification scheme is specified by indicating the nQ~ber 

of categories, with categories numbered in order of increasing 

stability. 
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A temperature input is required for plume rise computa

tions if cooling towers are specified in the source description. 

The model is not particularly sensitive to the temperature 

input, therefore~ a seasonal or annual average is adequate. 

The diffusion model is used in a sector-averaged model, 

thus it is necessary to define the width of the sector 

occupied by the plume. There are no mathematical restrictions 

on the width of this sector, however, cornmon sense would 

indicate that it should be at least as wide as the wind 

direction sectors. 

The final climatological input required in all modes of 

operation for BATMAN is the sepcification of a mixing depth. 

The mixing depth is the upper limit to the vertical spread 

of the moisture plumes. As moisture reaches this level, it 

is reflected. If the mixing level is specified as zero, 

vertical diffusion of the plumes is unbounded. 

Additional climatological data on the water vapor satura

tion deficit must be provided if the frequency of occurrence 

of fog is to be computed. This information is the expected 

number of hours of saturation deficit within ranges which 

may be specified. The model is currently limited to 10 ranges, 

but again that limit can be increased if necessary. 

Finally, it is necessary to specify several physical 

parameters in addition to the source term, and climatology. 

These parameters include the grid spacing; the number of levels 

of interest and their heights; the type cooling systems, their 

dimensions and release heights, and a critical wind speed 

cooling towers are specified. The critical wind speed is 

used in conjunction with ambient wind speed to determine when 

plume rise should be limited by downwash and when building 

wake effects should be considered. 
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The number of levels which can be considered is limited 

to a maximum of 10, but is also limited by the number of 

saturation deficit classes. The product of saturation deficit 

classes and levels must be less than 20. The grid spacing is 

restricted only by the cooling system dimensions. The model 

is not meant for a fine scale examination of effects near the 

sources. Thus the grid spacing should be larger than the 

characteristic horizontal dimensions of the cooling system. 

North-south and east-west grid spacings need not be the same. 

Subroutine PRISE 

Subroutine PRISE computes the plllille rise for cooling tower 

releases. Prior to calling PRISE, BATMAN checks the wind 

speed. If the wind speed is equal to or greater than the 

critical speed, the plume rise is assumed to be zero a~d the 

effective release height is set equal to the actual release 

height. Otherwise, PRISE is called and the plume rise is 

computed. Following the plume rise computation the effecti7e 

release height is determined. If it is above the mixing layer 

and the actual release height is below the lid, pllli~e rise is 

reduced to make the effective release height equal to the top 

of the mixing layer. 

Computation of plume rise is based on Briggs' for;nu.lae 

for final plume rise(lO). In these formulae, plume rise is a 

function of the sensible heat flux, the wind speed, atmospheric 

stability, atmospheric temperature and actual release height. 

The formulae do not account for latent heat flux, which in 

cooling towers may be several times the sensible heat flux. 

As a cooling tower plume condenses this latent heat contri

butes to additional plume rise. Therefore, provision has bee~ 

made for inclusion of a latent heat correction factor. 
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In these formulae it is not appropriate to allow the wind 

speed to approach zero too closely. Thus, for wind speeds less 

than 1 mis, the following assump~ions were made: for stable 

atmospheric conditions the calm formulation was used, and for 

neutral and unstable conditions the wind speed was assumed 

to be 0.5 m/s. 

The use of final plume rise formulae reduced the number 

of required plume use computations and is generally justifiable 

because of coarse grid spacing. Had plume rise been treated 

as a function of distance from the source the number of plume 

rise computations would have been several times as large. 

Subroutine RCPTOR 

The function of subroutine RCFTOR is to determine whether 

a receptor is within the plume from a cluster or not, and if 

it is to determine the distance from the virtual point source 

to the receptor. 

The problem solved by RCPTOR is shown schematically in 

Figure 2. Position A is the location of the cooling system 

which is specified in the cooling system description along with 

a typical horizontal dimension for the system. Position B is 

the virtual point source. It is computed from the cooling 

system width, the angular width of the plume and the wind 

direction. The distance between A and B is constant once the 

source and plume widths are specified. Position C is a known 

point in the grid. Thus the positions of three vertices of a 

triangle are known. 

From this information the remaining sides of the triangle, 

the distances between the actual and virtual sources and the 

receptor, can be computed. If the distance between the 

virtual source and the receptor is less than either of the 

other sides of the triangle, the receptor is not in the plume 
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Plume Source and Receptor Geometry 
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and RCPTOR returns to the main program to start consideration 

of the next receptor. If this vi~tual distance is the longest 

side of the triangle, the angle at B, labeled ~l is compared 

with 1/2 the plume angular width, Qo ' When ~l is less than 

or equal to ¢o' RCPTOR initiates the diffusion computation. 

Otherwise the return from RCPTOR initiates consideration of 

the next receptor. 

Subroutine SIGMAZ 

The first step in the diffusion computation is the com

putation of the vertical dispersion parameter ° . Under normal z 
conditions 0z is a function of atmospheric stability and dis-

tance from the source. In BATMAN the distance between the 

receptor and virtual point source is used. When wind speeds 

are above the critical wind speed and low-level mechanical 

draft cooling towers are used, the value of a is corrected z 
for wake effects. 

The basic formulations used for the relationships between 

stability, distance and ° are those suggested by Briggs(ll). 
z 

A seventh relationship has been added to treat the Pasquill-

Gifford G stability class. The relationships are given in 

Table 1 and shown in Figure 3. Table 1 also serves to show 

the relationship between the Pasquill-Gi=ford and Hanford 

stability classes. The existence of the G stability class 

is in doubt and is currently an issue receiving attention. 

Plumes from low-le<Tel, mechanical draft cooling towers 

are assumed to downwash and enter the wake behind the tower 

when the wind speed exceeds the critical speed. In these 

cases, the plume undergoes a rapid initial vertical dispersion 

due to the cooling tower wake. This effect is accounted for 

in subroutine SIGMAZ. 
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TABLE 1. Relationships Between oz, Atmospheric 
Stability and Distance Between the 
Receptor and Virtual Point Source 

Stability Class 

pasquill-Gifford 

A 

Hanford 

.20x 

ship 

B Unstable 

C 

D Neutral 

E Slightly stable 

F Moderately stable 

G 

.12x 

.08x/(1+.0002x)~ 
J,., 

. 0 6 xl ( 1 + . 0 015 x) 2 

.03x/(1+.0003x) 

.02x/(1+.0003x) 

.012x/(1+.0003x) 

A corrected estimate of 0 is computed using the relation
z 

O 2 = ~ 2 + H2,/2~,' 
zc "zi ( 1 ) 

where 0 is the corrected value, a . is the initial uncor-zc Z.l. 

rected value and H is the height of the cooling tower. In 

cases where the source is a cluster of cooling towers with a 

large width, the net effect of this correction is generally 

small. 

subroutine DIFFUSE 

The last subroutine used by BATMAN is DIFFUSE. It calls 

SIGMAZ and then uses the result to compute the water vapor 

density increase at the receptor. DIFFUSE is by far the longest 

and most complex subroutin~. 

The diffusion computations in DIFFUSE use a sector

averaged Gaussian plume model with complete reflection at the 

ground and an optional reflecting lid. The basic sector-
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averaged model is described in Section 3.3 of Meteorology and 

Atomic Energy - 1968(9) while the ~reatment of t~e reflecting 

lid is based upon Section 6.6 of Csanady's Turbulent Diffusion 
. h . (12) 
~n t e Env~ronment .. 

The model that was derived from these sources is: 

A co 

Q3i 2
n 

_ ~ {exp[(Z-hi+~jH) 2] 
(60)ki = / L' 

(2rr) 0 ux -20 ~ 

+ exp[(Z+hi +2jH) 211 
-20 2 J J 

where: 

z ~=-co Z 
.J 

Z 

(~OV)ki is the increase ~n water vapor de~sity at 

receptor k due to source i, 

(2) 

Q. is the water vapor release rate of source i, 
~ 

n is related to the assumed plume width, 

by n = rr/~ when ~ is in radius, o 0 

6 is the vertical dispersion par2~eter, 
Z 

u 

x 

Z 

H 

is the wind speed, 

is the distance between the receptor and 

virtual point source, 

is the height above the ground, 

is the effective release height 

and 

is the height of the reflecting , . -
... lQ. 

source 1., 

Equation 2 can be simplified if any or all of z, hi and 

H are zero. The greatest simplification occurs if H is zero. 

In that case the infinite sum is eliminatec. If either h. is 
1. 

zero the two exponential terms can be combined. If z=o the 

infinite sum is twice the sum from 0 to .~. Finally, if all 

three are zero, the infinite sum and the exponential terms 

are eliminated. 
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DIFFUSE computes the relative water vapor increase 

(6p )k· /Q . by first calculating v 1. 1. 

'" n 
3/2 (21T) (J ux 

Z 

and the denominator in the exponential terms. It then deter

mines what simplifications can be made in the infinite sum. 

If there is no lid, the infinite sum reduces to the sum of 

the two exponential terms with j=O and a check is made to 

see if the exponential terms may be combined or eliminated. 

In all cases where H=O the computations are straight foreward. 

If the model cannot be simplified because H=O, DIFFUSE 

checks the ratio of Hie. In the limit of e becomes large, z z 
the vertical profile of the water vapor increase becomes a 

ur.~form distribution, and (2) reduces to 

'" n 
( 3 ) = 

2 "THux 

A uniform distribution can be assumed with an error of less 

than 0.25% if the ratio Hie is less than 1.5. z 

When a uniform concentration cannot be assumed with this 

accuracy, the summation is carried out between j=-2 and j=+2. 

In this process, all reflection terms that are less than 0.25% 

of the value of the term when j=O are neglected. The terms 

to be neglected can be identified by examination of ratios 

between Z, h., Hand e . 
1. z 

Finally DIFFuSE com?utes (6o v l ki according to 
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- ~(QPV)kiJ 
- Q, I Q 

1. I ' L 1. 

( 4 ) 

The combination of the increases in water vapor density from 

all of the sources to estimate the total increase is accomplished 

in BATMAN. The next section describes this process and the 

treatment of the computational results. 

Model Output 

BATMAN has the flexibility to examine increases in water 

vapor content for both special cases and on a climatological 

basis. This section describes the output for both operational 

modes and discusses the i~terpretation of the output. 

In both modes BATMAN computes the total increase in water 

vapor density at each grid point assuming that the contribu

tions of the individual plumes are additive. Thus, the tota~ 

increase is given by 

N 

(6Pv)k= L 
i=l 

(j,,J )k' v . .1. 

where N is the number of sources (clusters). 

( 5) 

If the effects of a single set of atmospheric conditions 

(wind speed, direction, stability and mixing depth) are being 

examined, this information can be obtained. Figure 4 shows a 

sample of the output of 6pv for the case of w~w winds at 

6.93 mls during moderately stable atmospheric conditions for 

a single 4 reactor cluster with mechanical draft cooling towers 

located at grid position 6.1, 7.5. These atmospheric condi

tions occur approximately 3.45% of the time. Figure 5 shows 

the impact of 20 reactors divided among 5 clusters under the 
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the same climatic conditions. The grid locations for the 4 

additional clusters in Figure 5 were at 5.5, 7.2; 4.7, 6.7; 

3.7, 5.4 and 3.7, 4.9. Mechanical draft cooling systems were 

assumed for all clusters. 

If a climatological output is desired, BATMAN can compute 

the number of hours of water vapor density increase within 

each specified range. In this case the number of hours of 

increase is computed as 

Ho(~pvo:alk =LLL [8766 p(n,u,sI6 P
V o:a 1k] (61 

nus 

where Ho(6pv~a)k is the number of hours that the water vapor 

density increase is greater than a at receptor k; the summations 

are over wind direction, speed and atmospheric stability; 8766 

is the average number of hours per year; and p(n,u,sl~Jv:::a)k 

is the joint frequency of occurrence of wind direction, speed 

and atmospheric stability that result in a water vapor density 

increase greater than a at receptor k. As many as 10 values 

for a can be used in any single simulation. A sample of the 

output is given in Figure 6 using the same 5 clusters used for 

Figure 5. This output is of value in determining the effects 

of moisture releases on relative humidity and wet-bulb temp

erature, but further computations are required to estimate the 

effect on fog. 

If the impact of moisture releases on fog is to be 

estimated additional climatological information is required. 

That information describes the probability distribution of 

atmospheric water vapor saturation deficits, (i.e., the 

difference between the density of water vapor when air would 

be saturated and the actual vapor density). The increased 

number of hours of atmospheric saturation is given by 
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FIGURE 6. Sample Computer Output of Increased Hours of Water Vapor 
Density Exceeding a Fixed Value (1 <J/m 3 ) 



=I 
m=l 

{ H (,\("\ >a) P(a l<d<a)} o u~v- m k m- - m ( 7 ) 

where (Hf)k is the increase in hours of saturation at k, M is 

the number of density increase categories and P(a l<d<a) is m- rn 
the probability that the saturation deficit is between a -1 

m 
and a. Figure 7 shows a sample of the computer output of 

m 
this information for the same 5 clusters used for previous 

figures. In this case the increased number of hours of satur

ation have been interpreted as an increased number of hours of 

fog. 

output Interpretation 

Prior to closing the discussion of the atmospheric model 

and the model output, some discussion of interpretation of the 

model output is appropriate. The first two forms of model 

output describe the increase in moisture content in terms of 

grams of water vapor per cubic meter of air. This can be 

related to other measures of humidity such as relative humidity 

and wet bulb temperature. 

The relationship between increase in water vapor density 

and increase in relative humidity is a function of the temper

ature of the air. This relationship is shown in Figure 8, 

where the increase in relative humidity for a 1 g/m3 increase 

in water vapor density is given as a function of temperature. 

Two striking features are evident in the Figure. The first is 

that at low temperatures a small increase in vapor density will 

cause a large increase in relative humidity, and the second is 

that at high temperatures small increases in water vapor have 

little effect on relative humidity. These features indicate 

that the greatest direct impacts of moisture releases should 

occur in the winter and in cool or cold climates. 
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Wet-bulb temperature is of interest in the evaluation of 

the performance of evaporative cooling systems. The performance 

of these systems decreased as the wet-bulb temperature increases. 

Addition of moisture raises the atmospheric wet-bulb temperature. 

The rate of increase in a slowly varying function of temperature, 

however, in the normal range of atmospheric temperatures it is 

approximately I Co for each gram per cubic meter of moisture 

increase. 

The interpretation of increased hours of saturation was 

briefly discussed earlier. This interpretation requires some 

clarification. If the probability in (7) is the probability 

of saturation deficit during periods without fog then the result 

is properly interpreted as an increase in the number of hours 

of fog. But, if the probability covers all hours including 

those with fog, the output should be interpreted as total ho~rs 

of fog. 

It should also be noted that this interpretation ass~~es 

that saturation of the atmosphere is synonymous with fog, when 

in fact it is not. Fog is defined as a restriction to visibility 

which is associated with high humidities and water droplets. 

Fog frequently forms and persists at humidities slightly below 

saturation and the atmosphere may be very ~ear or at saturation 

without the formation of fog. Thus, the modeling definition of 

fog as saturation of the atmosphere is only approximately 

correct. 

THE HNEC MODEL 

The evaluation of impacts of moisture releases for an HNEC 

required that release characteristics be assumed for a variety 

of potential HNEC configurations. .~ initial configuraticn was 

suggested in Reference 5. However other configurations were 

considered to estimate effects of changes in the configuration 



on the total impact of the moisture release. This section 

describes the spatial and cooling system configurations 

evaluated. 

In all cases, the HNEC was assumed to consist of discrete 

clusters with 4 reactors rated at 1250 Wd in each cluster. e 
In addition, all reactors within a cluster were assumed to use 

the same type cooling system. 

Cluster Locations 

During the course of the modeling program, reactor clusters 

were located at 14 different sites within the Hanford Reserva

tion. Figure 9 depicts the Hanford Reservation (enclosed by 

dashed lines) and cluster locations within the BATM&~ grid 

system. Exact locations of the clusters are given in Table 2. 

The Figure also shows the major roads and population centers 

in the area. The climatological data used :or the model 

simulations were obtained at the Hanford Meteorology Station. 

The grid system, itself, is oriented North-South with 8 km 

(5 mi) spacing. 

Major topographic features not shown in Figure 9 include 

Rattlesnake Mountain, the Saddle Mountains and the Horse Heaven 

Hills. Rattlesnake Mountain runs along the southwest boundary 

of the Hanford Reservation and effectively blocks the movement 

of air from Hanford toward the area of Sunnyside, Grandview 

and Prosser. The Horse Heaven Hills lie to the south of 

Highway 12 and tend to force air to the southeast to follow 

the Columbia River. Finally, to the north of the Reservation 

the Saddle Mountains tend to force airflow from the south 

through the Columbia River gap near Beverly or deflect it toward 

the east. These airflow perturbations are not fully reflected 

in the climatology and cannot be treated by BAT~~N. 
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Table 2. Positions of the 4 Reactor Clusters 
for the HNEC Simulations 

North-South East-West 
Cluster Coordinate Coordinate 

1 6.10 7.50 

2 5.50 7.20 

3 4.70 6.70 

4 3.70 5.40 

5 3.70 4.90 

6 4.20 4.20 

7 3.30 4.00 

8 2.90 4.80 

9 2.60 4.40 

10 3.10 4.50 

11 6.10 5.90 

12 2.60 6.30 

13 2.70 5.80 

14 2.50 7.00 

Cooling System Models 

The original problem which led to this modeling effort 

was one of heat sink management. Evaluation of cooling system 

types and locations are included within that problem. As a 

result a set of rudimentary cooling system models has been 

included in BATMAN. The cooling system models are not detailed 

and do not consider many of the physical processes that take 

place within cooling systems. Rather, the cooling system models 

provide a means to vary moisture release rates, release heights 

and horizontal scales. Seven different cooling systems have 

been simulated, however, there are only three different models. 

The basic models and their variation are described in this 

section. 
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The primary cooling system model in BATMAN is the low

level, mechanical draft cooling tower. This model assumes that 

the overall efficiency of the energy conversion is 33% and that 

80% of the energy rejected will be released as latent heat of 

vaporization. With these assumptions a moisture source term is 

computed. The release height of mechanical draft cooling towers 

is assumed to be 25 m, further a characteristic horizontal 

dimension for the combined cooling systems in a cluster is 

ass~~ed to be 1609 m (1 mi). In essence, the plumes from the 

individual cooling systems within a cluster are assumed to 

merge immediately. 

The mechanical draft cooling tower model is al~ered to 

simulate a helper cooling tower on a once through cooling 

system by reducing the latent heat fraction from .80 to .60. 

Similarly, to simulate a hybrid, wet/dry cooling tower, the 

final moisture source term is multiplied by the we~ cooling 

fraction. A tall natural draft cooling tower cluster is 

simulated by increasing the release height and decreasing the 

horizontal scale length to 154 and 400 m, respectively. Natural 

draft cooling towers may not be viable at Hanford, b~t mechan

ically assisted cooling towers of the same size may be. 

The basic cooling model is simply a ground level, area 

source model. The pond for a 4 reactor cluster is assumed to 

be circular with a diameter of 9260 m. The total system 

efficiency is assumed to be 32%. Unlike the coolincr tower 

model, in which the latent heat fraction was constant, ~he 

latent heat fraction in the cooling pond model is highly sea

sonal. It varies from a low of 56% in the winter to a high of 

over 200% in the summer. The latent heat release considers 

evaporation increases caused by construction of a pond on pre

viously dry land. This is the cause of the high summer release 

rates. The modification of the basic cooling pond model to 

simulate helper ponds is accomplished by reducing the latent 
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heat release fraction. Background information on which the 

latent heat release fraction were based was supplied by the PNL 

Land Water Resources Department. 

Although spray cooling ponds were not simulated, the basic 

cooling pond model with reduction of the horizontal scale length 

is the approach that would be taken. 

The final cooling system simulated, and in many ways the 

least satisfactory, was once through cooling using the Columbia 

River. The approach taken was to assume that the river could 

be simulated by 5 circular areas that increased in size with 

distance from the source. The temperature increase in each 

area was computed assuming that the reactor effluent was 

thoroughly mixed with the river. The evaporation rate was 

then computed using the evaporation relationship in the COLHEAT 

river model(13) , the average river temperature, the Clausius

Clapeyron equation, and wind speed. In short, the whole pro

cess is both cumbersome and tedious. The results using this 

approach were not encouraging although they were intuitively 

reasonable. 

The basic parameters of the cooling system models (cooling 

tower and pond) are given in Tables 3 and 4. Table 3 summarizes 

the horizontal scales and release heights for these systems, 

while Table 4 summarizes the overall efficiency and latent heat 

fractions. The annual average water consumption per reactor 

for each cooling system is also given in Table 4. It is 

interesting to note that a lower consumptive use of water is 

achieved with cooling towers than with cooling ponds. 

Heat Sink Management Simulations 

The various cooling system models and cluster locations 

were combined to give 27 cases for evaluation. Initial evalua-

tions indicated that approximately the same results were 
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W 
L.d 

Table 3. Characteristic Cooling System Dimensions 

Cooling System 

Mechanical Draft Cooling 
Towers (also helper) 

Tall Cooling Towers 
(assisted Natural Draft) 

Cooling Ponds (also 
helper ponds) 

Horizontal Scale 
(m) -----.-.. ------

1609 

400 

9260 

Release Height 
(m) 

25 

154 

o 

Table 4. Cooling SysU::1Il Thermal Characteristics 

Cooling Syste~ 

Cooling towers 
(short or tall) 

Cooling Ponds 

Helper Coolin9 
'l'owers 

Helper Coolinq 
Ponds 

Ef!).c_iency 

.333 

.320 

.333 

.320 

Latent 
Annuat Wiuter 
----- ----

.800 . flO 0 

1.260 .560 

.600 .600 

.963 • 1-) 5 9 

Annual averc.qe 
water 

Heat Fraction consumption 
~pring Summer Fall (kg/sec) 

.800 .800 .800 801 

1.2]2 2.098 1.133 1340 

.600 .600 .600 601 

.989 1.383 .910 1020 



achieved when annual climatological data were used as when the 

results of simulations using seasonal data were combined,. As 

a result most simulations were made using annual data. In two 

cases summer climatological data were used to examine the 

increases in humidity more closely. 

The test cases that were used to evaluate the impact of 

the potential HNEC moisture releases are described in Table 5. 

The cooling systems and locations simulated in each case are 

denoted by the small letters in the Table. In Case 1 a single 

cluster of 4 reactors using mechanical draft cooling towers 

was examined. This is generally considered to represent the 

=uture conditions at Hanford because Site 1 is located near the 

area in which the Washington Public Power Supply System is 

constructing 3 reactors. However this was not an attempt to 

model the WPPSS cooling systems or evaluate their effects. 

Each of the remaining cases includes a cluster with mechanical 

d=a£t towers at Site 1. 

Cases 2 through 6 were used to examine the effect of 

cluster location on the population centers and roads in the 

area. These cases include grouping the clusters near both 

the north and south sides of the Hanford Reservation, aligning 

the clusters both perpendicular and parallel to the prevailing 

wind direction, and spreading them as widely as possible. These 

cases were selected without regard to other probable siting 

considerations. 

Cases 7 through 11 examine the effects of a 5 cluster HNEC 

with clusters sited using criteria such as water availability, 

potential pond sites and distance from population centers. 

They also provide information on the relative effects of the 

various cooling systems. The simulations in cases 12 through 

14 extended this evaluation to the f~ll 10 cluster (40 reactor) 

HNEC. 
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Table 5. 

Case 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

Site and Cooling System Combinations Simulated 

Site 
1 2 3 4 5 6 7 8 9 10 i1 12 13 14 
a 

a a a a a 

a a a 

a a 

a a a a 

a a a a 

a b b b 

a e e e 

a d d d 

ace c c 

ace e 

a a a a a a a 

ace c c c c 

a c c e c e e 

a a'" a'" a'" a* 
+ + + 

a a a a a 

a 

a 

a 

a'" a'" 
+ + a a 

a* a* a* a* 
+ + + + a a a a 

a a a a a 

a a a a a a a 

a c c d 

ace d c d d 

ace c 

ace 

a c c c c c 

a a 

a 

a 

b 

e 

d 

e 

a a a 

c c c 

e e c 

a'" a* a'" 
+ .... 

a a' a 

a a a 

d 

d d c 

1: C c 

a 

Cooling system ty?es low cower a 
cooling fond b 
tall tower c 
helper tower d 
helper pond e 
river f 

"'75~ +-0 0 250 "'Net, J % 'Net, wet 
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a 

a 

Climatology 

annual 

annual 

annual 

annual 

annual 

annual 

annual 

annual 

annual 

annual 

annual 

annual 

annual 

annual 

annual 

annual 

annual 

annual 

annual 

annual 

annual 

annual 

annual 

annual 

ann'-lal 

annual 



The remaining simulations, except for cases 21 and 22, 

were done to identify those heat sink management options which 

minimize the potential impact of the HNEC moisture releases. 

Test·cases 15 through 20 were directed toward the evaluation 

of hybrid wet/dry cooling systems, while those from 23 through 

27 examined combinations of more conventional cooling systems. 

The detailed results of the HNEC simulations will be 

discussed following a description of the Hanford climate. 

THE HANFORD CLIMATE 

Any evaluation of the impact of heat sink management 

alternatives on the environment must consider the climate of 

the region under consideration. Thus it is appropriate to 

describe the climate of the Hanford area in some detail. The 

basic reference on Hanford Climate is the Climatography of the 
(14) 

Hanford Area prepared in 1972 by Stone, Jenne and Thorp \ . 

The temperature and precipitation data in this work indicate 

that the Hanford area borders between a Steppe (BS) and desert 

(BW) climate using the Koppen classification scheme (15) . This 

classification is confirmed by the vegetation types that occupy 

most of the Hanford Reservation. 

General Climatology 

Meteorological observations have been made at numerous 

locations in the Hanford vicinity, but the only extensive 

records for a single location are those for the Hanford 

Meteorological Station (HMS). The HMS is located on a plateau 

at about 750 ft MSL and is about 300 ft above the Columbia 

River which flows through the reservation to the north and 

east. There are several significant topographic features with

in 20 miles of the HMS that affect some aspects of the Hanford 

climatology including wind. 
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Prior to the establishment of the HNS in December 1944, 

meteorological measurements were made by U. S. Weather Bureau 

cooperative observers between 1912 and 1943 and by the U. S. 

Weather Bureau in Richland for a short period at the end of 

1943 and beginning of 1944. 

The climatological data from these sources are summarized 

in Table 6. This summary gives both monthly and annual 

statistics for a large number of climatological variables and 

includes extreme values as well as means. Since 1975, the 

last year for which data are included in the table, several 

new records have been set, but there has been little variation 

in the climatological averages. 

In addition to the month to month variaticn of climato

logical statistics presented in Table 6, there are distinct 

daily cycles which are superimposed on the seasonal variation. 

These daily cycles are most evident in temperature, humi~ity, 

and wind speed. The daily temperature cycle is familiar to all. 

The amplitude of this cycle at Hanford ranges from about 13 F O 

in December to about 30 po in July and August. The daily 

cycle of relative humidity should also be familiar. It is 

related to the temperature cycle but out of phase, that is 'N'hen 

the temperature decreases the hlli~idity increases and conversely 

when the temperature increases the relative humidity decreases. 

The magnitude of the daily relative humidity variation at 

Sanford is about 25% throughout most of the year. However it 

decreases to about 10% in December and January. The daily 

wind speed cycle has a minimum during the morning hours and 

increases during the afternoon hours until it reached a maxi-

mum near sunset. It is most pronounced during the summer and 

almost imperceptible during the months of December and January. 

Figures 10 and 11 show these daily cycles for the months of 

January and July respectively. 
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The observations of temperature and humidity at Hanford 

during the period from 1960 through 1970 were used to establish 

the saturation deficit climatology. The seasonal and diurnal 

variations of both temperature and humidity shown in Table 6 

and Figures 10 and 11 would indicate that the average satura

tion deficit should show pronounced seasonal and daily varia

tion. This is very much the case as is shown in Figure 12. 

This Figure shows a minimum deficit at about the time of sun

rise and a maximum in mid-afternoon. December and January 

nights have particularly low deficits and are therefore the 

most probable times for induced saturation from moisture 

releases. During the Slli~er, the average deficits are rel

atively large at all times even though they show a very large 

daily oscillation. 

The distribution of the hourly saturation deficit values 

was determined. The particular portion of the distribution that 

is of interest is that describing the probability of small 

deficits. Figure 13 shows the probabilitx that the saturation 

deficit will be less than a given value (the cumulative 

distribution function). Distributions are shown for both 

total hours and hours without fog. It should be noted that 

these distributions functions approach a single value for large 

deficits, and that they differ noticeably for low saturation 

deficits. 

The most frequent restriction to visibility in the Han

ford area is fog that occurs on an average of 38 days per year. 

On 24 of these days the visibility is restricted to less than 

1/2 mile. Fog is highly seasonal, although it has occurred 

in every month. On a monthly basis, relative humidities range 

from a low of 30.5% in July to a high of 80.8% in December. 

High humidities (>90%) occur less than 1% of the time in the 

summer, about 9% of the time in the fall, almost 31% of the 

time in the winter and slightly more than 3% of the time in 
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the spring. These statistics are reflected in the occurrence 

of fog. Of the annual average of 278 hours of fog, 95% occurs 

from November through February. This percentage increases to 

99.7% when the months of October and March are included. 

Hanford fogs are generally associated with low wind speed 

conditions. More than 70% of the hours of fog occur when the 

wind speed is less than 3.5 mph, and the average wind speed 

during fog is 2.5 mph. Table 7 gives detailed statistics on 

the duration and maximum persistence of both total and dense 

fog by months. January 1976 set a record for most hours of 

fog in a single month, 257. During that month fog was observed 

on a total of 20 days, including the last 16 days of the Qonth. 

Fog statistics indicate large natural variatio~s in the 

occurrence of fog. The annual nQ~ber of hours of fog at Han

ford approximately follows a log-normal dist=ibution as shown 

in Figure 14. Using observed values, a standard geometric 

deviation has been estimated for both hours of fog (0.285) 

and hours of visibility less than 1/2 mi. (0.362). Examination 

of more recent records does not i~dicate a change following 

deactivation of the reactors at Hanford. 

Hours of fog is a rather nebulus figure for use in 

evaluation of impacts of large moisture releases. A better 

measure is related to visibility during fog. Cumulative fre

quency distributions of visibility during fog at Hanford (1960-

1970) are shown in Figure 15 as cumulative distribution functions 

(cdt). The curve on the right in the figure represents the 

cdf for all cases of fog. The curve on the left represents 

those cases when the atmosphere was at or near saturation, 

(i.e., the saturation deficit in terms of water vapor density 
3 

~.05 glm ). It is obvious, that an increase in atmospheric 

moisture increases the density fog (reduce visibility) as 

well as increase the frequency. 
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Table 7. Total Duration and Maximum Persistence of Fog Tabulated 
in Hours for Hanford for the Period 1945-1970 

All lUG AVe. 10lAl MAX IOIAl MIN IlilAl AVe. DUIiAIlOO PEl 
MAX. PlIlSISIUU"1 

Nil O~b MIIlSI llUIIAIIW 1l0HATlOO 'ifAlI~ ~ DAY Of OCCUAA(NCE ~ -------
JAN Wl] I¥J~4 I~ 0 1'»9 J.2 511.1 1955 
1111 It..4 2Ilt..l \,)(,) 0 \961 6.2 511.0 11j(,) 

MAil 4.4 20.6 1'61 0 1%8· 1\ 12.2 1'l49 
AI'Q 0.] 2.8 1950 0 19/0. 1.4 2.8 1950 
MAY 0.1 U 1'1>8 0 1910. 1.2 2. J 1'li8 
Ji,llf • o.S 1'»8 0 1910. o.S 0.5 1918 
Jill Y • 0.1 1%6 0 1910. IlJ 0.1 1966 
Alia; • 1.0 I'M 0 IqlOI \.0 0.1 1'1'.>9 
~t ,., 111 s.s I'bl II I~/O. 2.0 H I'M 
(.1:1 ,~ 6 IIH 1%2 0 19/0. 1.9 19.0 I%l 
IHiV 55.4 14dO 1'b2 1.0 19W 6.8 lIS. 4 1'16) 
1111: lao .• I~U 1~1l 1..5 1968 U l2.1 I'}II 

y m.4 462.5111 1%1-16 141./Cll 1'}18-49 }.O In 1')11 ~4H 

mN~1 1111. 
(VIZ 1/4 MI lUI IlS~) ---- ------

JAil 2114 ~l.4 1955 0 1919 1.4 15.11 I'b} 
no Il.l 36 I 1%3 0 I%lt U 16.1 . 1963 
Milil 1.8 1.8 1')19 0 1%8. 2.Z 5.0 1%1 
AI'II III 1.8 l'rj5 0 19/0. \.8 II 
AV,V III 1.6 l'f.>8 0 1910. \.6 1.11 1'1>d 
lIliI 0 II II 0 0 
Jill Y U 0 0 0 0 
,\Il!. I 1.0 1'1>9 II 19101 \.0 0.1 I'Y,'/ 
SII'I III 1.2 1'/)/ 0 UIOI 1.2 1.4 1",1 
LX: I 11 35.2 1962 0 1910. 1.1 15.8 I'H'~ 
IlI)'J 21.1 114 i'r,2 " 19W U 20.6 1'/1;-] 

U!f. 42.0 1198 1')11 il 19'"' 5.4 41.11 1'1.>1 

1014 201.5111 I <)bl-b] 4/.]121 l\I1ij~49 4.2 4/.0 I'M-S8 

TOIAl OURAIIIW D(NOI[S TOIAl NUMum Ilf IIllURS ANIl T£NTIIS Of llooliS IN WIIICIlI OG IS OOSIWVW. 

mNOTES US5 IIIAN 1105 110011 

III PlNOIlS filE IililAIfSI NUMUlR Of lloollS IN A SEASON 

III /JINOIES IlllHASI NUMUlU Of 1100115 IN A SfASCW 

III IMXIMUhll'UISISllNf,£ Of OfNSE fOG IS BASfO 00 TIIf I'fRIOO 1951-10 
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The climatological data for the HMS are generally assumed 

to be representative of the entire region, although local 

variations in the climate are known to exist. Variations of 

importance are those associated with the Columbia River and 

the major topographic features which form the sides of the 

basin. There are differences between the northern and southern 

portions of the Hanford reservation. These are primarily small 

differences in temperature, humidity and wind. 

Diffusion Climatology 

The major impact of a Hanford Nuclear Energy Center on 

the atmosphere will result from the release of waste heat. The 

extent of the impact will be further related to the ability 

of the atmosphere to disperse the heat. The primary factors 

which govern dispersion or diffusion are atmospheric stability 

and the wind. The stronger the wind or less stable the 

atmosphere the more rapid the dispersion. 

Results of numerous atmospheric diffusion experiments at 

Hanford indicate that 4 categories adequately describe atmo

spheric stability variations for the purposes of diffusion 

modeling. Figure 16 shows wind roses for Hanford for each of 

these stability categories and for all categories combined. 

The data are presented in tabular form in Table 8. The wind 

roses clearly show the prevailing wind direction a~ Ranford 

is from the west northwest and northwest. 

If this area were void of significant topographic features, 

the major impact of an HNEC would be expected to occur to the 

east-southeast and southeast. However, the influence of the 

existing topographic features makes this a very tenuous assump

tion. Air flow measurements made over the reservation in the 

past few years indicate there are frequent local circulation 

patterns in which the HMS wind direction does not adequately 
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represent air flow over the entire reservation. Evidence of 

these local circulations is seen in Figure 17, which shows 

wind roses for several locations on and surrounding the Hanford 

Reservation. In some cases these circulations will act to 

increase the rate at which the waste heat is dispersed, and 

in other cases they will have the opposite affect. Figure 18 

further demonstrates differences in wind that can be observed 

at two places in relatively close proximity. The physical 

separation between the FFTF and the WNP-2 sites is about 2 

miles, with FFTF to the west of WNP-2. The large frequency of 

winds from south-southwest through west at FFTF can be attri

buted to local circulations related to Rattlesnake Mountain 

that do not affect WNP-2. 

A detailed evaluation of the transport and diffusion of 

thermal effluents from an HNEC would be a complex and relatively 

expensive process as a result of the local circulations. There

fore, a relatively simple dispersion model that uses HMS wind 

and stability data and assumes straight line transport has 

been used to examine the impact of various HNEC heat sink 

management alternatives on fog and humidity. The results of 

this evaluation are discussed in the next Section. 

HNEC SIMULATION RESULTS 

More than 50 different numerical simulations using BATM&~ 

have been made to examine the potential impacts of moisture 

releases from a Hanford Nuclear Energy Center on fog and 

ground level humidity. Presentation of a complete set of the 

numerical results is beyond the scope of the present work. 

Rather, a summary of the per~inent results is presented. In 

the following sections, the predicted impact on the total 

number of hours of fog, the effect of site location and cooling 

system choice on the fog impact, and the effect of the HNEC 
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on visibility are discussed. In addition, the statistical 

significance of the predicted increases in fog is evaluated. 

Finally, the effects of an HNEC on summer humidity are examined. 

The Predicted Increase in Hours of Fog 

For each case BAT~~1 computed the predicted increase in 

fog at all grid points. Rather than summarize the predictions 

at specific locations, a number of general areas have been 

selected. These areas are: the Tri-Cities (Richland, Kennewick 

and Pasco), Eltopia, Othello, Beverly, the Hanford Meteorological 

Station, and Benton City. Table 9 gives the predicted increase 

in hours of fog at each of these locations for the 27 cases 

under consideration. 

The numbers given in the Table are representative of the 

general region; they should not be taken as absolute. It is 

more realistic to compare the predictions for various cases 

at a site and to make evaluations on that basis than it is to 

assume each number is accurate. 

The Tri-Cities is the most populous area near Hanford. 

Thus increases in fog in that area would have the maximum 

impact on individuals. Predicted increases in fog range from 

15 hours for a single, 4 reactor cluster to 288 hours ~or a 

40 reactor energy center. The larger predicted increases in 

fog could have a significant socio-economic effect. 

Eltopia was selected to represent the agricultural region 

east of the Columbia River and north of Pasco. It also repre

sents the conditions on Highway 395 north of Pasco. Increases 

in fog in this area might have some impact on agriculture, but 

the probable timing of fog would tend to mitigate this impact. 

A potentially more significant impact is the reduction of 

v~sibility along the highway. There are already fresuent 

accidents above this section of road. In general the predicted 
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Table 9, Predicted Increases in Hours of Fog 
in Selected Areas 

Tri-Cities Hanford Benton 
Case Average E1toEia Othello Beverly Met Station Cit1 

1 15 6 1 6 2 2 

2 98 97 19 30 30 39 

3 88 84 36 21 112 28 

4 106 57 30 33 116 33 

5 102 74 32 31 129 35 

6 100 81 16 29 29 21 

7 250 208 118 187 578 152 

8 207 154 94 161 480 135 

9 78 52 26 25 84 25 

10 55 41 11 26 14 14 

11 122 83 41 118 197 74 

12 210 197 75 53 168 88 

13 112 84 28 44 50 50 

14 288 211 118 191 524 175 

15 74 68 18 23 19 26 

16 57 37 11 18 15 21 

17 37 32 8 11 4 10 

18 164 147 51 46 110 69 

19 117 97 34 34 71 48 

20 63 37 13 22 24 24 

23 60 36 12 30 30 20 

24 144 127 50 47 103 49 

25 44 34 9 21 10 12 

26 34 29 6 18 8 7 

27 90 54 25 40 37 30 
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increases in fog for Eltopia are smaller than for the Tri-Cities, 

but they are larger than for other areas off the Hanford 

Reservation. 

The impact of an HNEC on the area north of the Hanford 

Reservation is represented by the predictions for Othello and 

Beverly. The population in the area is small, however Highways 

24 and 243 are reasonably well traveled. In general the pre

dicted increases here are relatively small. This is a reflection 

of atmospheric conditions favorable to diffusion and a low 

frequency of occurrence of southerly winds. 

Advantages of Hanford as a potential site for a nuclear 

energy center are the large area available and the distance to 

popu~ated locations. These factors tend to diminish the 

effect of any impact that moisture releases might have on fog. 

The predictions for Hanford Meteorological Station were selected 

to represent the conditions in the vicinity of and within the 

NEe. As such it is to be expected that the largest increases 

in fog should occur there. Under some conditions the impact 

there is twice that for the Tri-Cities. However, there are 

other cases where the reverse is true. 

Finally Benton City was selected to represent the region 

to the west of Richland and south of Rattlesnake Mountain. 

Increases in fog in this area could significantly affect 

traffic along Highway 12. They could also affect agriculture 

by preventing or reducing the severity of late spring freezes 

that damage fruit crops in the area. In most cases the pre

dicted fog increases for Benton City are relatively small. 

The Influence of Site Location on Fog Increases 

If the predicted increases in fog in Table 9 for cases 

2 through 6 are examined, the influence of general siting 

strategies on the impact of fog increases can be evaluated. 

In cases 2 and 3 the clusters are located on lines approximately 
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perpendicular and parallel, respectively, to the prevailing 

wind direction. In case 4 they are spread over the entire 

reservation, and in cases 5 and 6 they are clustered on the 

north and south sides of the reservation, respectively. In 

each case all clusters were assumed to use low-level, mechanical 

draft cooling towers. 

The effect of varying cluster locations on the predicted 

increase of fog in the Tri-Cities is rather small. The single 

largest factor in the changes in the predictions is the use of 

sites 6 and 7 or site 11. In general the variations in the 

other areas of interest off the Hanford Reservation are also 

small, and can be tied to the use of particular sites rather 

than a particular siting strategy. 

The Hanford Meteorology Station represents the area where 

the predicted fogging impact is most affected by the choice of 

cluster locations. Because of the prevailing Northwest winds, 

the HMS is very susceptible to increases in fog when clusters 

are located at sites 6 and 7. 

On the basis of foregoing evaluation, it was concluded 

that, except for local effects, the formation of fog was a 

secondary factor in determining the location of the clusters. 

As a corollary, it was concluded that the fogging impact of an 

HNEC would be only secondarily related to the ultimate location 

of reactor clusters. 

The Influence of Cooling System Type on Fog Increases 

The influence of cooling system type on the increase in 

fog was examined for a 20 reactor HNEC using the results of 

cases 2, 7 through 10, and 15 through 17. In these cases the 

clusters were positioned to take advantage of river water for 

helper cooling systems, natural basins for ponds, and proximity 

of the Tri-Cities for cooling towers. 
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The results given in Table 9 indicate that for conventional 

cooling systems the greatest fogging impact is caused by ponds. 

Tall cooling towers (natural draft or mechanically-assisted, 

natural draft) have the least impact. The Columbia River is 

too small to accommodate a 20 reactor HNEC on once through 

cooling, however substitution of the river for a portion of load 

should reduce the total impact off the Reservation. This is 

confirmed by the results of cases 25 and 26. 

The impacts predicted for the use of either cooling ponds 

or helper cooling ponds were enough larger than those for 

cooling towers and helper towers to eliminate consideration 

of these two systems as the primary systems in a 40 reactor 

center. Case 14 did consider the co~bination of tall cooling 

towers and helper ponds, and it will be noted that this combina

tion has the greatest impact on the Tri-Cities. It is improbable 

that adequate sites exist for cooling more than 2 or 3 clusters 

with ponds at Hanford. 

The use of hybrid wet/dry cooling towers can significantly 

reduce the predicted increases in hours of fog. The results of 

cases 1, 2, 15, 16 and 17 have been combined to indicate the 

ootential reduction as shown in Figure 19. Bv the use of a 
~ ~ 

sufficiently large dry cooling fraction, hybrid wet/dry sys~effis 

can reduce the fogging impact to essentially zero. The 15 hours 

of fog shown for 0% wet cooling result from 4 low-level, wet 

towers assumed for site 1 in all simulations. 

Examination of the results of the mixed cooling system 

simulations shows that the use of once-through cooling for 1 

or 2 clusters has essentially the same effect as using a 

relatively large fraction (~50%) of dry cooling. 

On this basis, it is concluded that the use of tall cool

ing towers supplemented with once-through cooling is the 

optimum combination of conventional cooling systems. Almost 
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as acceptable is the sale use of tall towers. If a lesser 

impact on fog is required the only alternative, short of not 

constructing an HNEC, is the use of hybrid wet/dry towers with 

a very high percentage of dry cooling. It is also concluded 

that ponds are not acceptable for HNEC cooling for other than 

as emergency systems. 

The Reduction of Visibility in the Tri-Cities 

As indicated earlier, hours of fog is a somewhat. nebulus 

impact. Fog may be relatively light and have little impact, 

or it may be dense and have a very significant economic impact. 

Thus, to establish the socia-economic impact of an HNEC through 

increased fog, it is necessary to describe the increase in 

frequency of fog in terms of visibility. This is also i::1portant 

as an aid in reducing the subjectiveness of the definition of 

fog when dealing with the public. 

In order to convert hours of fog to visibility, it was 

necessary to develop a relationship between the two. The mois

ture releases from an NEC can contribute to fog by causing fog 

to form or by making naturally occurring fog more dense. Both 

contributions must be considered when making the conversion 

from hours of fog to visibility. 

The relationship between increases in fog and increases 

in the occurrence reduced visibility ass~~ed in this study is: 

(8 ) 

where 6HVk is the increase in hours of V<Vr at receptor k; 

6Hf, is the increase in the total hours of fog (Table 9); Hf 
K 

is the average number of hours of natural fog; Hv is the average 

number of hours with V<Vr under current conditions; P
k

(3) is 

the probability the wind direction will carry moisture from the 
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HNEC to the receptor, P(V<Vr !dS.05 g/m 3 ) is the probability 

that the visibilitv will be less than V given the occurrence . r 
of fog and a saturation deficit of .05 g/m 3 or less (Figure 15); 

and V and Vr are the visibility and reference visibility 

respectively. For an HNEC and a receptor in the Tri-Cities, 

Pk(8) is .2205. Further, assuming that HMS fog statistics are 

representative for the Tri-Cities, Hf is 278 hours. For 

visibilities of 3, 1, 1/2, 1/8 and 1/16 miles the values of Hv 

are 195, 132, 97, 39 and 8 hours, respectively. 

The increased visibility reductions that are predicted for 

the Tri-Cities are given in Table 10. It will be noted that 

for the single cluster case, and for other cases where the pre

dicted increase in total hours of fog is small, the increase 

in the number of hours with visibility restriction to less 

than 3 miles exceeds the increased hours of fog. It will also 

be noted that the maximum increase in hours of visibility less 

than 1/16 mile is less than a factor of 5 larger than the 

increase predicted for a single 4 reactor cluster. 

The increases given in Table 10 are combined with climato

logical information on visibility in Table 11 to show the 

predicted conditions in the Tri-Cities for various HNEC con

figurations. The various visibility categories were chosen 

with transportation in mind. When visibility drops below 3 mi, 

flight rules change from visual to instrument and many private 

pilots are effectively grounded. At 1 mile all flight opera

tions at the Richland Airport stop, and at 1/2 mile the Pasco 

Airport closes. When the visibility falls to 1/8 mile or 

less, ground transportation is affected. 

The Statistical Significance of the Predicted Increases 

The mention of the impact of visibility reduction on 

transportation indicates a potential measure of significance 
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Table 10. Predicted Increases in Eou~s of Reduced 
Visibility in che Tri-Cities 

A' . I • ..L Hours of Visibility 
Fog <3 <1 <1/2 <1/8 

Reactor Cluster 

1 15 29 33 31 16 
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Table 11. 

Current Conditions 

4 Reactor C1ust~r 

1 

20 Reactor Center 

2 

7 

8 

9 

10 

11 

15 

15 

17 

23 

25 

26 

40 Reactor Center 

12 

13 

14 

18 

19 

20 

24 

27 

Predicted Fog Conditions in the Tri-Cities 
with an HNEC (current conditions and 
predicted increases) 

Total Hours Hours with Visibi1itX 
of Pos: <3 <I <1/2 <1/8 <1/16 

278 195 132 97 39 8 

293 224 165 128 55 12 

376 298 223 176 75 17 

528 432 330 262 112 25 

485 394 299 238 101 23 

356 280 209 164 70 16 

333 260 193 151 65 14 

400 319 240 189 81 18 

352 277 206 162 69 15 

335 260 194 152 65 14 

315 244 180 141 61 13 

338 264 197 154 66 15 

322 250 185 145 62 14 

312 241 178 139 60 13 

488 397 302 239 102 23 

390 310 233 184 79 17 

566 466 356 284 121 27 

442 356 269 213 91 20 

395 315 236 186 80 18 

341 267 199 156 67 15 . 
422 339 255 202 86 19 

368 291 218 171 73 16 
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of the predicted increases. Other socio-economic tests of 

significance can be envisioned; they are difficult to evaluate. 

It is possible, however, to evaluate the statistical signifi

cance of the predicted increases by using the Hanford fog data 

and making several assumptions. 

If natural climatic change is neglected, pre and post 

operational climatological data are assumed to exist, and the 

HNEC is completed at a single time, the hypothesis that an 

increase in fog has'occurred can be tested. The t-statistic 

for examining the change of geometric mean in a log-normal 

distribution is 

t ,.. = a,:r ( 9) 

where Ct. is the level of significance, f is the nUIT~er of 

degrees of freedom (no + n l - 2), Hf is geometric mean n~~ber 

of hours of fog, and 6H is the increase, u ZnH is the standard 

geometric deviation of the distribution of H, and nand n, 
o j., 

are the number of years of fog of climatology before and after 
I 

the HNEC started operation. For 26 years of Hanford data 

Hf is 278 hours and uZ nH is .285. 

Rather than compute a t-statistic, it is more infor~ative 

to use tabled values of t and use (9) to compute the minimum 

statistically significant increases at a 5% level assuming 

values for n l . This has been done and the results are given 

in Table 12 for both total increase in hours of fog and increase 

in hours of fog with 

and u~nH = .362). 

visibility less than 1/2 mile (H = 101 r 
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Table 12. 

Years of 
HNEC 

OEeration 

2 

4 

6 

16 

36 

00 

Minimum Statistically Significant 
Increases in Fog in the Tri-Cities 

Increased Increased Hours with 
Hours of Fog Visibilit1 <1/2 mi 

102 58 

83 40 

68 33 

46 22 

36 17 

27 13 

The minimum statistically significant increases in Table 

12 should be compared with the appropriate predictions in 

Tables 9 and 10. It is immediately obvious that many of the 

predicted increases are statistically significant. It is also 

evident that the predicted increases in dense fog (visibility 

less than 1/2 mile) may be significant when the increase in 

total hours of fog is not. 

The Impact on Summer Humidity 

Summer simulations were run to determine the impact of an 

HNEC on humidity to provide information for use in estimating 

the potential moisture release on human comfort. Figures 20, 

21 and 22 show the number of hours that water vapor increases 

resulting from low-level, mechanical draft cooling towers would 
3 exceed 1 glm for a single cluster, a 20 reactor center and a 

40 reactor center at Hanford, respectively. An increase of 1 

g/m3 in water vapor is equivalent to an increase in relative 

humidity of about 2% at 95 OF (see Figure 8). At a lower temp

erature more typical of morning and evening hours the increase 

in relative humidity would be between 5 and 10%. 
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FIGURE 20. Hours of Water Vapor Density Increase 
Exceeding 1 g/ro3 During Summer- ~1onths 
for a Single Cluster at Hanford 
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In examining these figures it is interesting to note the 

increase in both the frequency and areal extent of the HNEC 

impact as the number of reactors grows. Figure 20 shows the 

impact of a single cluster to be negligible and almost totally 

confined to the Hanford Reservation. As the number of clusters 

increases to 5, the effect becomes more prevalent to the east 

of the Reservation, but still affects relative humidity in the 

Tri-Cities less than 100 hours. The full 40 reactor HNEC 

increases the atmospheric humidity by 1 g/m 3 in the Tri-Cities 

about 150 hours each summer. 

While the predicted humidity increases are small at the 

normal summer time temperatures they may cause some discomfort. 

No attempt has been made to evaluate changes in a temperature 

humidity or comfort index due to the increased humidity. 

CONCLUSIONS 

/ 

The major conclusions of this study are: 

1) The cooling systems used in an HNEC will be a primary factor 

in determining the fogging impact. For a given HNEC size 

the impact can be minimized by using a combination of tall 

(natural or mechanically assisted natural draft) cooling 

towers and once-through cooling. Hybrid wet/dry cooling 

towers can achieve a relatively low impact if a large 

fraction of the cooling (~50%) is accomplished by dry heat 

exchange. The maximum fogging impact would be associated 

with cooling ponds. 

2) The positions of the 4 reactor clusters of the HNEC within 

the Reservation would only have a secondary effect on the 

fogging impact. Increase in fog should not be an important 

factor in selection of cluster locations. 
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3) The number of hours of fog in the Tri-Cities could be 

increased by almost 300 for a 40 reactor HNEC and 250 for 

a 20 reactor center if conventional, low-level evaporative 

cooling systems are used. Other areas surrounding the 

Hanford Reservation would be affected less frequently. On 

the Reservation the number of hours of fog at the Hanford 

Meteorology Station could increase by almost 600. 

4) The moisture releases from an HNEC would increase the density 

of naturally occurring fog. The changes in number of hours 

with low visibility are percentagewise greater than those 

in the total number of hours of fog. 

5) Both the predicted increases in number of hours of fog and 

numbers of hours of low visibility are greater than t~e 

minimum statistically significant increases. Thus, they 

would be apparent in climatological data. 

6) The statistical significance of the predicted increases 

does not indicate the extent of their socio-econom~c impact. 

It is necessary to evaluate these increases in socio

economic terms to identify the extent of the problems which 

might occur from increased fogging. 

7) BAT~~~ is a relatively simple model which glosses over many 

physically important considerations in estimating the 

increased frequency of fog. If the predicted increases 

in fog are determined to present a serious problem, a 

detailed study should be made using more realistic models. 
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BATMk~ USER'S GUIDE AND CO~2UTER CODE 

Although no attempt has been made to optimize the program

ming in BATM&~, it is a relatively compact code. The maximum 

core required in compilation on a CDC 6600 is less than 20,000 

words, and the maximum in program execution is less than 12,000 

words. Program run time is about 20 sec for a 5 complex NEC 

with 320 possible combinations of wind direction, wind speed 

and atmospheric stability. Computations for a 10 complex reactor 

require about 35 sec. This appendix describes the input deck 

required to run BATM&~, gives 2 examples of input decks, and 

gives a listing of the program. 

The input deck for BATMAN consists of 16 different types 

of cards. The read and associated format statements for these 

cards are shown in Figure Al. Not all of these cards are 

required for a given simulation. 

The first card, N~ASES, indicates the number of di=ferent 

simulations to be run in a single submission. It is followed 

by a cards, IOPT, which controls input and output options. If 

IOPT(l)=O the code computes the increases in water vapor density 

for a single set of atmospheric conditions and prints them 

(see Figures 4 and 5). If IOPT(l)=l, increases in vapor density 

are computed for several sets of atmospheric conditions ar.d the 

results are converted to hours of increase within selected 

ranges (see Figura 6). IOPT(2) controls the number of climatic 

data cards. If IOPT(2)=1, the program reads in the number of 

climate cards, otherwise it computes the number of cards from 

the number of wind direction and speed categories. Setting 

IOPT(3)=1 causes BATM&~ to convert the hours of increased water 

vapor density into increased hours of saturation (fog) (see 

Figure 7). 
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The third card in the deck defines ranges for summariza

tion of the frequency of vapor density increases. It is an 

optional card required only if IOPT(l)=l. The first entry on 

the card is the number of categories; it is followed by the 

lower limit for each category (g/m 3 ), in increasing order. The 

upper limit of all categories is assumed to be infinite. The 

fourth control card contains information on the overall efficien

cies and latent heat release fractions associated with the 

various cooling system types. 

The climatological data input starts with the fifth card. 

NS, NU, and KSTAB are the number of wind direction sectors, 

wind speed and atmospheric stability categories, respectively. 

The final entry on this card is an average temperature (OK) 

for use in plume rise computations. This parameter is not 

necessary unless cooling towers are simulated. 

If a limited set of atmospheric conditions is being 

examined and IOPT(2)=1, a card is required which specifies 

the number of climatological data cards to follow. If IOPT(2)=O, 

BATM&~ computes NDe = NS x ~U. 

Next, the climatological data cards are read in. Each 

card consists of a wind direction sector, wind speed (ill/S), and 

the frequency of occurrence (%) for each stability category 

with the given direction and speed. These cards are followed 

by a card containing the number of hours in the period being 

considered (8766 if annual averages are desired) . 

The final climatological card contains information on the 

climatology of saturation deficits and is needed only if 

IOPT(3)=1. The data on this card are the hours available for 

the formation of fog in each of the saturation deficit classes 

defined by the limits on card 3. The lower limit of the first 

class is assumed to be zero and the divisions between successive 
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classes are defined by the values of XLIM(I). If this card 

is used, there must be available hours for a total of NXLIM 

classes. 

The four cards that follow define the computational grid 

and the individual cluster plume characteristics. The first 

card of the group determines the number of computational levels 

in the vertical (NZ) and establishes the height of each level 

Z(I). It is not necessary to define more than 1 level for 

computations. The second card sets the angular width of the 

plume (in degrees), establishes the height of the limit on 

vertical dispersion, ZLID(m), and sets a critical wind speed 

UBC, (m/s) which limits the rise of cooling tower plumes. If 

ZLID is zero, the plume is permitted to rise to the full height 

estimated in Subroutine PRISE and vertical dispersion is unlimited. 

If the wind speed exceeds UBC in any case, the plume rise for 

that case is set to zero and downwash and wake corrections are 

made. The £ol~owing card establishes the grid spacing. XSPACE 

is the north-south spacing and YSPACE is the east-west spacing. 

It is not necessary that XSPACE and YSPACE be the same, however 

the computer output has approximately equal spacing in the two 

directions. The values of XSPACE and YSPACE should be large 

compared to the characteristic horizontal dimensions of the 

cooling systems simulated. The final card in this group is a 

plume rise correction factor to account for additional plume 

rise resulting from the release of latent heat. A value of 3 

has been used for this factor. 

The last group of 3 card types defines the case being 

simulated. This group must be repeated NCASES times. The 

first card in the group is a heading card which describes the 

case being simulated, and the second card gives the number of 

sources (clusters) in the case. The final card type is the 

source description. The information on this card includes the 

number of reactors in the cluster, the type cooling system and 
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its position in grid coordinates, the rated output of the 

reactor in MWe , the moisture release height (m), and a charac

teristic horizontal dimension for the cluster. One card of 

this type is required for each cluster in the case. If a 

cluster uses two cooling system types, each must be described 

on a separate card. In this case the positions may be super

imposed on one another. 

Figures A2 and A3 give sample data decks for use with 

BATMAN. These Figures are followed by a complete listing of 

the BATMAN Code. 
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NCASEs 1 
JOPT 1 1 
XLIM 8 
EFF/FQ AN .333 
CLIMATE P 16 
ANNUAL 1 1 
ANNUAL 2 1 
ANNUAL 3 1 
ANNUAL 4 1 
ANNUAL ') 1 
ANNUAL 6 2 
ANNUAL 7 2 
ANNUAL 8 2 
ANNUAL 9 2 
ANNUAL 10 2 

:r ANNUAL 11 3 
--J ANNUAL 12 3 

ANNUAL 13 3 
ANNUAL 14 3 
ANNUAL 15 3 
ANNUAL 16 4 
ANNUAL 17 L. 

ANNI tAL 18 4 
ANNUAL 19 't 
ANNUAL 20 4 
ANNUAL 21 ') 

ANNUAL 22 5 
ANNUAL 23 ') 

ANNUAL 24 5 
ANNUAL 25 5 

FIGURE A3. 
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2.46 .79 .35 .28 .04 
4.47 .40 .21 .17 .01 
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.67 .49 .66 .35 .07 
2.46 .73 .39 .21 .04 
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4.47 • 1 1 .07 .09 .00 
6.93 .03 .02 .03 .00 
9.61 .Ol .01 .01 .00 

.67 .31 .57 .3'. .07 
2.46 • it 7 .32 .?l .03 
4.47 .Os .07 .10 .00 
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2.46 .45 .36 .'30 .04 
4.47 .07 .09 .13 .00 
6.93 .00 .01 .02 .on 
9.61 .00 .00 .00 .00 
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Computation of Increases in Fog 
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Figure A3 (continued) 

ANNIJAL 26 6 .67 .29 .65 .63 .13 
ANNUAL 27 6 2.46 .53 .47 .~O .09 
ANNIJAL 28 6 4.47 .14 • 13 .27 .03 
ANNUAL 29 6 6.93 .02 .04 .10 .01 
ANNIIAL 30 6 9.61 .00 .02 .02 .00 
ANNUAL 31 7 .67 .14 .30 .36 .08 
ANNUAL 32 7 2.46 .'10 .27 .34 .09 
ANNUAL 33 7 4.47 .10 .13 .29 .06 
ANNUAL 34 7 6.93 .03 .07 .18 .02 
ANNUAL 35 7 9.61 .01 .04 .07 .01 
ANNUAL 36 8 .67 .12 .30 .34 .08 
ANNUAL 37 8 2.46 .3 l • .26 .33 .09 
ANNIIAL 38 8 4.47 .11 • 13 .17 .03 
ANNIIAL 39 8 6.93 • () 4 • 11 .12 .01 

~ ANNUAL 4() B 9.61 .03 • 13 .13 .00 
I ANNIIAL ld 9 .67 .09 • 20 .26 .07 

00 

ANNIJAL 42 9 2.46 .34 .22 .?9 .07 
ANNUAL '. '3 9 4.47 .25 .2'1 .?O .02 
ANNUAL '14 9 6.93 .13 .23 .17 .01 
ANNUAL 45 9 9.61 .16 .45 .28 .00 
ANNUAL 46 10 .67 • 1 1 .23 .30 .06 
ANNUAL 47 10 2.46 .37 • 31 .39 • 10 
ANNUAL 48 10 4.47 .41 .40 .40 .05 
ANNUAL 49 10 6.93 .40 .49 .42 .01 
ANNUAL ')() 10 9.61 .6() .96 .53 .00 
ANNUAL 51 11 .67 .09 • 18 .28 .07 
ANNUAL ')2 11 2.46 .27 .29 .52 • 15 
ANNUAL ')3 11 4.47 .38 .44 .86 • 12 
ANNUAL ')4 1 1 6.93 .49 .63 .86 .04 
ANNUAL 55 1 1 9.61 .56 • 71 .47 .00 



Figure A3 (continued) 

ANNUAL '36 12 .67 .11 .33 .51 .12 
ANNUAL 57 12 2.46 .29 .40 1.03 .25 
ANNUAL 58 12 4.47 .22 .48 1.71 .26 
ANNUAL 59 12 6.93 • ] 9 .55 1.25 .10 
ANNUAL 60 12 9.61 .16 .29 .21 .01 
ANNUAL 61 13 .67 .10 .36 .48 .09 
ANNUAL 62 13 2.46 .,4 .57 1 .?'2 .23 
ANNUAL 63 13 4 .'.7 .43 .86 2.85 .34 
ANNUAL 64 13 6.93 .51 1. 1 '3 3.45 .28 
ANNUAL 65 1 '3 9.61 .46 1.38 1.24 .04 
ANNUAL 66 14 .67 .21 .58 .65 .12 
ANNUAL 67 14 2.46 .77 1.05 1.36 .22 
ANNUAL 68 14 4.47 1.01 1.36 2.')2 .59 
ANNUAL 69 14 6.93 .79 1.06 2.66 .AI 

::r:- ANNUAL 70 14 9.61 1.05 1.56 1.39 .12 
I ANNUAL 71 15 .67 .24 .70 .56 • ] 3 

ID ANNUAL 72 15 2.46 .80 .73 .94 .17 
ANNUAL 73 15 4.47 .39 .33 .1'3 .20 
ANNUAL 74 15 6.G' .07 • 1 1 .2'1 .07 
ANNUAL 75 15 9.61 .01 .02 .02 .00 
ANNUAL 76 16 .67 .'.3 .72 .')7 9 1 () 
ANNUAL 77 16 2.46 .89 .57 • 5L~ .OG 
ANNUAL 78 16 4.47 .36 .21 .27 .02 
ANNUAL 79 16 6.93 .12 .10 .11 .00 
ANNUAL 80 16 9.61 .02 .Ot. .01 .00 
NHOURS 8766 
AHOtJRS AN 84.27 630.A7 575.]5 483.43 419.25 756.5 666.14 563.51 
LFVfLS I o. 
ANG/LIO/UC 22.5 500.00 3. 
SPArING 8 lOO. 8000. 
CF '3. 
CAC,F 12 4') REACTORS SITES 1-7,9-11 ANNUAL CLIMATOLOGY SHORT TOWfRS 



Figure A3 (continued) 

NSITES 10 
SITE 1 4 1 6.1 7.5 1250. 25. 1609. 
SJTF 2 1 1 5.5 7.2 1250. 25. 1609. 
SJTF 3 1 1 4.7 6.7 1250. 25. 1609. 
SIT~ 4 1 1 3.7 1).4 1250. 25. 16()9. 
SJTF I) 1 1 3.7 4.9 1250. 25. 1609. 
SITF 6 1 1 4.2 4.2 1250. 25. 1609. 
SITF 7 1 1 3.'1 4.0 1250. 25. 1609. 
SITF 9 1 1 2.6 4.4 1250. 25. 1609. 
SJTF 10 1 1 3. 1 1+ • 5 1250. 25. 160Q. 
SJTF 1 1 1 1 6.1 5.9 1250. 25. 1609. 

~ 
I 

I--' 
0 



PROGRAM BATMANI INPUT,OUTPUT,TAPE5=INPUT,TAPE6~OUTPUT) 
DIMENSION NUNTTS(201,KTYPE(201,POS(20,2),QE(20),HO(20),WI201, 

+ OTI201 ,OR(20) ,OLl201 ,OS1201 ,DV( 20,21 ,VPOSI20.16,2), 
+ IDIR(961 .UBAR(961 ,FRfOI96,7), 
+ Z I 101 , CH TIl 0 I , X LIM I 1 () I , lOP I ( 10) , T Y PEl 7 I , 
+ HEADIIO),AHOURSII01, 
+ QWRI201 ,0\vI201 ,EFFI71 ,FOI71, 
+ XTOTALI12,12,20) 

KASE .. f) 

READ (5,10023) NCASES 
PRINT 10050,NCASES 

10050 FORMATIIH1,}OX,*NCASES CONSIDEREO*,T81 
PRINT 10007 
RfADI5'}00201 IOPT 

10020 FORMAT(lOX,10Il) 
GO TO (10,201 IOPT(l)+l 

10 PRINT ]0021 
10021 FORMATIIHO,10X,*OUTPUT CONCENTRATION INCREASES*) 

GO TO 30 
20 PRINT 10022 

10022 FORMAT(IHO,lOX,*OUTPUT HOURS OF CONCENTRATION INCREASE*) 
RFAD(5,10023) NXLTM,IXLIMIII,I=I,10) 

10023 FORMATll0X,I5,13F5.21 
PRINT 10024,NXLIM,IXLTMI I) tI=I,NXLTM) 

10024 FORMATIIH ,]OX,I5,' CONCENTRATION INCREASE LOWER l.IMITS IG/M**31 
+ARFI ,10F6.2 I 

30 CONTINUE 
TYPEll)=lOH LOW 
TYPE(2)=10H 
TYPEI'3)=10HTALL 
TYPFI41"'10H H 
TYPEI51=10H H 
TYPE(6)=10H 

TOWER 
POND 
TOWER 
TO\vER 
POND 
RIVER 

FIGURE A4. BATMAN Computer Code 
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Figure A4 (continued) 

REAO(5,J0001) EFF( 1) .FQ( 1) ,fFF(2) .FQ(2) .EFF() .FQ(3) .EFF(4) .FQ(4). 
+ F'-F(';) .FQ(5) ,EFF(6) .FQ(6) ,EFF(7"FQ(7) 

FORMATl10X.14F5.3) 
PRINT )0009 
FORMAT(lHO,10X,*COOLING TYPE EFFICIENCY LATENT F~ACTION*) 
DO 115 1-1.7 
P R I N T 1 00 1 0, f Y fJ E ( I ) , E F F ( I ) , F \,j I I ) 
FORMAT(lH ,10X,A10,8X,F5.3,11X,F5.3) 
CONTINUE 
INPUT CLIMATOLOGICAL DATA 
RFAf)(5tlOI)11) NS.NtJ,KSTAB,T 
FORMAT(10X,3I5,5F]O.O) 
PRINT 10044.NS,NU.KSTAA,T 
FORMAT(lH .10X,*CLIMAIULOGJCAL PA~AMEIER~ *.I5.2I5.F10.0) 
Cl=6.2832/NS 
NO(=NS*NU 
IF(IOPT(2).EQ.1I READ (5,10023) NDC 
DO 121) I=l.NDC 
R fAD ( 5, 10023) I D I R ( I ) • USA R ( 1 ) • ( F R fQ ( J , J ) , J;:: 1 , K 5 TAB) 
FORMAT(10X,10F7.2) 
DO 119 J=I,KSTAB 
FREQ( I ,J)=FREQ( I .J) 1100 
PRINT 10045. IDIR (I) ,UBAR( I), (FREQ( 1 ,J) ,J=1 ,KSTAB) 
FORMAT(llX,*CLIMATOLOGICAL DATA *,I5,F7.2,7F8.4) 
CONTINlJf 
RFAf)(5,10023) NHOlJRS 
PRINT 10025,NHOURS 
FORMAT(lH ,10X.*TOTAL NUMBFR OF HOURS =*,16) 
IFfIOPT(3).EQ.l) READ(5.10012) (AHOURS(IH),IH=I.NXLIM) 
RFAD(5,10026) NZ,(Z(I ),1=1,10) 
FORMAT(10X,15,13F5.0) 
PRINT 10027,NZ,(Z( l)tI=I,NZ) 



Figure A4 (continued) 

10027 FORMATl1H ,10X,*CONCENTRATION COMPUTED AT*,15,* LEVELS, (IN METERS 
-t)*,10F6.0) 

IFlNXLIM*NZ-19) 50,50,40 
40 PRINT 10028 

10028 FORMAT(1H1tlOX,*TOO MANY CUNCfNIt<AIION Gt<OUPS AND LEVELS.) 
GO TO 20000 

50 CONTINUE 
C2:;;;.017453 

C INPUT LIMITS ON PLUME SPREAD, VERTICAL DISPERSION AND WAKE EFFECTS 
RFAD(5.10012)ANG,ZLID,UBC 
ANGR:;;;ANG*C2 
CANG=COS(ANGR/2) 
TANG=TANIANGR/2) 
SANG:;:CANG*TANG 
PRINT 10013.ANG,ANGR 

10013 FORMAT(lH .10X,*ANGULAR WIDTH OF PLUMES IS~,F7.2* DEGREES/*,F7.4. 
+ * RADIANS*) 

IF(ZLID.GT.O) PRINT 10014,lLIO 
10014 FORMATIIIX.*VEHTICAL DISPERSION IS LIMITED BY A LID AT *,F7.0, 

+ * ,..lETERS-II) 
IF(ZLID.LE.O) PRJNT 10015 

100}5 FORMAT(11X,*VERTICAL DISPERSION IS NOT LIMITED BY A LID*) 
PRINT 10016,UBC 

10016 FORMAT(llX.*DOWNWASH AND WAKE EFFECTS ARE ASSUMED FOR WIND SPEEDS 
+AROVF *.F5.1,* M/S*, 

C INPUT GRID SPACING 
RFAD(>,10012) XSPACE,YSPACF 
PRINT l0017,XSPACE,YSPACF 

10017 FORMATllH .10X,*NOtHH-SuUTH GldD 5, ACI G ',F7.(), "EIES, EASI-WESI 
+ GRID SPACINGII,F7.0,'1i f'l1[IEI~S*) 

( INPUT PLUME RISE COlmECl IUIII FAClvl. 
READ(5,10012) CF 
PRINT 1001B.CF 



Figure A4 (continued) 

10(118 FORMA.T(lH tlOX,*PLlJME RISE CORRECTION FACTOR FROM CLOUD MODEL IS*. 
+ F1n.3) 

C INPUT OF REACTOR COMPLEX DATA 
5 CONTINUF 

KASF=KASE+l 
READ(5.10000) HEAD 

10000 FORMAT(10A8) 
PRINT 10019.HEAD 

10019 FORMAT(lH1.10X.10AB) 
PRINT 10007 
PRINT 10007 
RFAD(~,l0002) NSITFS 

In002 FORMAT(IOX.14IS) 
IF(NSITES.LE.20) GO TO 100 
PRINT }()003 

10003 FORMATI1HO,10X,*TOO MANY SITES*) 
GO TO 20000 

100 CONTINUE 
DO 105 l=l.NSITES 
R f AD ( S tl 0004 ) NUN ITS ( I ) ,K 1 Y IJ E ( I ) ,I-'U~ ( I , 1 ) , I-'U ~ ( I ,2 ) .l.I E ( I , • HO ( I , • W ( I ) 

10004 FORMATII0X,215,6FI0.2, 
K == f( T Y '~E ( r ) 
IF(K.EQ.6) GO TO 101 
OTII)=OF(I)/EFFIK) 
OR ( I ) =OT I I , -OF I I ) 
Ol I I ) =OR ( I , "*FIJ ( K ) 

Os ( I ) =OR ( I ) -Ql( [ , 

mH I )=NUNI TS( I) -Olf 1)*400 
GO TO 105 

101 CONTINUE 
OWR ( I ) =0. 
QL ( I ) = I NUN ITS ( I ) 14 ) *OE ( I ) * W ( I , * W ( I ) "*.0007854 
QI,oJ R ( I ) = Q LC I , /2 • 5 



Figure A4 (continued) 

0[(1)=0. 
OS( 1)=0. 
OR( I) -a0. 

105 CONTINUE 
PRINT 10005,NSITES 

10005 FORMAT(IHO,IOX,lTHIS RUN CONSIDERS *,15,* REACTOR COMPLEXES*) 
PRINT 10006 

10006 FORMAT(IHO,lOX,*SITE UNITS XPOS YPOS TYPE HEIGHT WID 
+TH aT oE OR OL OS OW *) 

PRINT 10001 
10001 FORMAT(lH I 

DO 110 l=l,NSITfS 
K=KTYPF(II 
OWl=QW( 1)/1000 
JF(K.EO.6) QW1=OWR(I) 
PR IN T 10008, T , NUN ITS ( I ) , POS ( I , 1 ) , PO 5 ( I ,2 ) ,T YP E ( K ) ,HO ( I ) , W ( I ) , aT ( I ) 

+ ,OE( II ,QR( I) ,QL( I) ,cst I) ,OWl 
1000B FORMAT(1IX,14,17,2F1.2,2X,AIO,FB.l,7F7.0) 

110 CONTINUE 
C COMPUTE DISTANCE TO VIRTUAL SOURCE FOR EACH COMPLEX AND DETERMINE 
C VIRTU~L SOURCE POSITION AS A FUNCTION OF WIND DIRECTION 

DO 130 1=I,NSITES 
DV( I .l1=W( I) II 2*TANG) 
DV ( I ,2) =DV ( T ,1 ) *DV ( I ,1 ) 
pose I t1 )=XSPACE*(POS( I tl )-1) 
PO S ( T ,2 ) ::::: Y S P 1\ C E * ( PO S ( I ,2 ) -] ) 
00 125 j=l,NS 
D::::j*C} 
VP05e I ,j, 1) =POS( 1,1 )-DV( 1,1) 11-(05 (D) 
VPOS ( I ,j, 2) ",POS ( I ,2) +DV ( I ,1 ) * SIN (D) 

10040 FORMATIIH ,10X,*DISTANCE TO VIRTUAL SOURCE, REAL AND VIRTUAL SOURC 
+E COORDINATES~,5FIO.O) 

125 CONTINUE 



Figure A4 (continued) 

130 CONTINUE 
C COMPUTE INCREASE IN CONCENTRATION 

13=0 
DO 'SOOO 1f)=l,NS 
DO 4000 IU=l,NU 
13::;13+1 
DO 3000 IS=l,KSTAB 
IF(FRE(}( 13 tIS).LE.O) GO TO 3000 
DO 2000 IC=l,NSITES 
PR=O.O 
IF(HO(IC).L~.O.) GO TO 135 
IF (URAR ( I U) • Lf= • UBC ) 

+ CALL PRISE(KSTA.B,IS.lIRAR(IU) ,T,HO( IC) .OS( IC) ,CF,PR) ,RETURNS(90 
+(0) 

IF(PR.GE.ZLID) PR=ZLID-HO( Ie) 
1~5 CONTINUE 

HE=HO(IC)+PR 
10029 FORMAT(lH tlOX.*PLUME RISE AND EFFECTIVE RELEASE HEIGHT ARE (METER 

+S)*,2F10.0) 
IF(ZLID.GT.O.AND.HE.GT.ZLIDI GO TO 2000 
DO 1000 IX=1.12 
XR=( IX-1)*XSPACE 
DO 999 IY=} .12 
YR=( IY-l)*Y~PACE 
1?=IDIR(I3) 
CAL L RCP TOR ( POS ( I C , 1 ) ,PO S ( I C, 2 ) ,vPO S ( I C , I 2, 1 ) ,VPOS ( I C, I 2 ,2) • XR, YR , 

+ C\NG,DV( IC.1) ,DV( IC,2) ,IIR) ,RfTURNS (999) 
10030 FORMAT(lH ,10X,*SITE NUMBER, RECEPTOR POSITION AND vIRTUAL DISTANC 

+E ARF *,316,FIO.0) 
IF(KS T AB.GE.6) JCT=KTYPF( Ie) 
IF(KSTAS.EO.4) ICT=KTYPE(IC)+7 
ISW= S.2832/ANGR+.~ 
I F ( K T Y P E ( I C ) • E Q • 6) () ~J( Ie) = Q W R ( Ie) * U BAR ( I U ) 



Figure A4 (continued) 

CALL DIFFUSF(ISW,IS,UR.AR(IU), UA(,DR,ZLID,HF,QW(IC), 
+ ICT,NI,Z,CHI) 

DO 200 I Z::. 1 , Nl 
X T OT A L ( I X , I Y , I Z ) ;:: CH I ( I Z ) + X T OT AL ( J X , I Y , I Z ) 

.O-IT(Il)=O 
200 CONTINUE 
999 CONTINUE 

]000 CONTINUE 
2000 CONTINUE 

HOURS~FRFQ( 13 ,IS)*NHOURS 
GO TO (5000,2100) dOPT( 11+1 

2100 CONTINUF 
DO 2230 IX::;:I,12 
DO 2/120 I Y:: 1 ,12 
DO 2210 IZ:::I,NZ 
DO 2200 IL=l,NXLIM 
IIZ=IL*NZ+IZ 
IF ( X T 1T AL ( I X ,J Y ,J Z ) • G F • X LIM ( I L I) X T OT A L ( I X" Y .r I Z ) ::;: 

+ XTOTAL(IX"YdIZ) + HOURS 
2200 CONTI~UE 
2210 XTOTAL( IX, IY, IZ ):;:.0.0 
2220 CONTINUE, 
2210 CONTINUE 
3000 CONTINUE 
4000 CONTI"IIUE 
5000 CONTINUF 

GO To (')100,6000) IOPT(I)+1 
5100 CONTINUF 

DO 5120 I Z:: 1 , N Z 
PRINT IlOOO,Z( II) 

11000 FORMAT(IHltlOX,IJNCREASF IN t-l0ISTlJRE (G/M**3) AT Z =', F7.0, 
+ • METERS') 

DO ~110 IX=},l2 



Figure A4 (continued) 

PRINT 11001,IXTOTALIIX,IY,IZ',IY=1.12, 
11001 FORM~TIIHO.I0X.12FI0.2' 

no ">1,)5 IY=l.12 
5]05 XTOTALIIX,IY,IZ'=O. 

PRINT 11003 
lIOo3 FORMATIIHO' 

5110 CONTINUE 
PRINT 11002,HOURS 

11002 FORMAT(lHO, lOX,*THIS CONDITION OCCURS AN AVERAGE OF *.F7.0,* HOUR 
+S PER YEAR*, 

5120 CONTINUF 
GO TO 20000 

60nO CONT I 'WE 
00 6030 IZ=l,NZ 
no 6n20 IL=l,NXLIM 

11010 FORMATIIHI ,lOX,'NUMBER OF HOURS THAT THF INCREASE IN MOISTURE AT Z 
+ = ',F7.0,1 METERS EQUALED OR EXCEEDED I, F7.2.' G/M**3', 

PRINT 11010,zIIZ),XLIM(IL) 
IIZ·IL*NZ+IZ 
DO 6010 I X::: 1, 12 
P R I NT 11 00 it " X TOT A L I I x , I Y d J Z ) d Y = 1 , 1 2 ) 

11004 FORMATIIHO,10X,12F7.1) 
PR INT 110()3 
IFIIOPT(3).FO.1) GO TO 6010 
D06()25IY=l.12 

6025 XTOTALI IXdY,J Jl )=0. 
6010 CONTINUE 

IFIIOPT(3).NE.1' GO TO 6020 
DO 6012 IX=l,12 
DO 6()11 IY=l.12 
X TOT AL I I X , I Y , I Z ) :: X TO TAL I I X • I Y , I Z ) + A HOUR S I I L ) * X TO T AL ( I X • I Y , I I Z , 

+ INHOLJRS 
XTOTALI IX. IY. lIZ) =0. 



Figure A4 (continued) 

601) CONTI~UE 
6012 CONTINUE 
6020 CONTINUE 

IF(IOPT(3).NE.l) GO TO 6030 
PR IN T 11005, Z ( I Z ) 

11005 FORMAT(IHl,IOX,*INCREASE IN NUMBER OF HOURS OF FOG AT*,F6.0, 
+ * METERS*) 

DO 601 5 I X ::; I , I 2 
PRINT II004,(XTOTAL(IX,IY,IZ),IY::;I,12) 
PRINT 11003 
DO 6014 I Y::; 1,12 
X TOT A '- ( I X t I Y , I Z ) ::; 0 • 

60}4 CONTINUE 
6015 CONTINUE 
60':\0 CONTINUE 

GO TO 20000 
9000 PRINT 12000 

12000 FORMAT(]H ,10X,*TOO FEW STARILITY CLASSES IN SUBROUTINE PRISE*) 
20000 CONTINUE 

IF(KASE.LT.NCASES) GO TO 5 
END 
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Figure A4 (continued) 

SUAROIJT I NE PR T SF ( K S T A A, K S TA ,URAR , T ,HO, OS, (F , PR ) , R f TURN S ( AI) 
SURROUTTNF PRTSE COMPUTFS FTNAL PLUMF RISF USING BRIGGS 1969 
FORMULAE. IF UBAR IS LFSS THAN 1 MIS THE CALM EON IS USED FOR 
STABLE CONDITIONS OR UAAR IS SET EOUAL TO .5 MIS IN UNSTABLE AND 
NEUTRAL CONOITIONS. INPUT IN METRIC UNITS, OS IN MW. PLUME RISE IS 
CORRECTED FOR LATENT HEAT USING RESULTS OF COMPARISON WITH A I-D 
CUMULUS CLOUD MODEL. 
FB=8.9*QS 
GO TO (100tlOOtlOOtlO,l00tl1tl2), KSTAO 
GO TO (21,21,31 t 32),KSTA 
GO TO (2 1 t 2 1 , 2 1 t 2 1 t 3 1 , 32 ) ,K S T R 
GO TO (21,21.21,21.31,32,33),KSTR 
IF(UAAR-.5) 22.23,2~ 

lJo::.5 
GO TO 2't 
lJ=UAAR 
PR=(1.6/U)*(100~HO*HO.FA)**(1./3.)*CF 

GO TO 21)0 
S=.O'l9/T 
GO TO 40 
S=.27'T 
GO TO 40 
S=.49/T 
CONT I NIJF 
IF(UAAR-l) 50,60,60 
PR=5.0~(FA*FA/(S*S*S)'**(1./8.)*CF 
GO To 200 

nO PR=2.1*(FA/(UBAR*S,,**(1./3.)*CF 
GO TO 200 

100 RETURN Al 
200 RETURN 

END 
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Figure A4 (continued) 

C 
C 
C 
C 
C 
C 
C 
10000 

5 

In 
1 5 

10001 

20 
30 

SURROUTINf RCPTOR(XO,YO,XV,YV,XR,YR,CANG,DV.DV2,DR), 
+RFTURNS(A) 

SlJRROUTTNE RCPTOR DETERMINES IF A RECEPTOR IS IN A PLUME AND 
COMPUTES THE DISTANCE FROM A VIRTUAL SOURCE POINT IF IT IS. INPUTS 
INCLUDE POSITIONS OF THE REAL AND VIRTUAL SOURCE AND RECEPTOR, THE 
COS IN': f)F 1/2 THE ANGULAR ~I} I D Tli OF HIE PL UME, AND THE DISTANCE 
FROM THE REAL TO V [RTUAL SOURCE. I F THE R ECPTOR I S NOT I N HIE 
PLUME, THE SUBROUTINE RETURN SKIPS FURTHER CONSIDERATION OF THE 
RECPT lR. 
FORMAT(11X,*RECPTOR*,6F10.0,F10.5,2F10.0) 
D2=(XR-XO)*/XR-XO)+/YR-YO)*(YR-YO) 
IFWV) 20,20,5 
CONTINUE 
DR2:(XR-XV)*(XR-XV)+(YR-YV)*(YR-YV) 
IF(DR2-D2) 20,20,10 
IF(DR?-DV2) 20,2(),15 
DR=SQRT(OR2) 
RANG=(D2-DR?-DV2)/(-2*DV*OR) 
FORMAT(llX,*RCPTOR COMPUTATIONS *,FIO.0,FIO.5) 
IF(RANG-CANG) 20,30.30 
RETURN A 
CONTINUE 
RETURN 
END 



~ 
I 

I'-J 
to 
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C,IlAROLJTINE OIFFU5fINS,KSTfI,lJAAR, UBC,DR,ZLID,H,Q,ICT,NZ,Z,OH) 
SUAROUTINE OIFFUSF PERFORMS DIFFUSION (OMPUTATIONS USING A SECTOR 
AVERAGED GAUSSIAN PLUME MODfL WITH COMPLETE REFLECTION AT GROUND 
LEVEL. A REFLECTING LID IS OPTIONAL. THE SOURCE MAY BE ELEVATED 
OR AT GROUND LEVEL. THE RELEASE HEIGHT IS ASSUMED TO BE BELOW THE 
LID. ALL REFLECTION TERMS CONTRIAUTING LESS THAN .25 PERCENT OF 
THE OOMINANT TERM TO CHIlO ~RE NEGLECTED. WHEN lLID/SIGMAZ IS LESS 
T HAN I. 5, A UN I FOR M V E R TIC A L (0 N C EN T RAT ION I S ASS lJM ED. TEN LEV E L S 
CAN AE TREATED, IF A LEVFL IS ABOVE THE LID THE CONCENTRATION IS 
ZERO. THE BASIC SECTOR AVERAGE MODEL IS DESCRIBE IN SECTION 3-3 Of 
M+AE-196A. TREATMENT OF REFLECTION IS BASED ON SECTION 6.6 OF TEXT 
RY CC,ANADY, 1973 
OIMFNSION Z(}O) ,CHI (10) 
OATAIN SIGMAl ESTIMATF 
CALL SIGMAl(KSTB,UAAR,URC,H,ICT,[)R,Sl,SZ2) 
FORMAT(11X,*STAB.(LASS,WIND SPEED,RELEASE HEIGHT,ICT,DISTANCE,AND 

+ SIGMAl ARE~,15,F6.2,F5.n,15,F7.0,F6.2) 

DNM= -2*5Z2 
COEF=(.0615*NS)/(DR*SZ*UAAR) 
I S THERE A LID, I F SO GO TO 30 
IF(lLID) 1.0,10,30 
NO LID 
ELEVATED RELEASE, IF SO GO TO 20 
IF(H) 11,1],20 
(OMPlJT E CH I 10 FOR GROlJNn L FVFL S0lJR CE WIT HOUT LID 
DO 15 I=],NZ 
IF(Z")) 12t12,13 
CHI (I) =2*COEF 
GO TO 15 
CHI (I) :::2*COFF*fXP( Z (I ,*Z (I) IDNM) 
CONTINUE 
GO TO 300 TO (OMPUTE CHI 
GO TO 300 
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Figure A4 (continued) 

C 

C 

C 

20 

21 

22 

23 

2 It 

;>"l 

,0 

40 

41 

COMPUTE CHIlO FOR ELEVATED SOURCE WITHOUT LID 
DO 2') 1=1.NZ 
IFllII» 21.21.22 
CHI(I)=2*COEF*EXPIH*H/DNM) 
GO TO 25 
FI;EXPI (ll I I-H) lI-*2/DNMI 
IFill I I*H/SZ2-2.99571 24,23,23 
CHI I I) =COEF*El 
GO TO 25 
(1-1 I I II =COEF II- (f 1 +EXP ( (Z ( I ) +H) **2 IDNM) ) 
(ONTINUF 
GO TO 100 
THFR F I SAL I D 
fW::lLID/Sl 
R02;RO*RO 
IS THERE urHFORM CONCENTRATION IN THE VERTICAL IF NOT GO TO 50 
IFIRO-I.5) 40.40,50 
DO'.') I=I.NZ 
IFIZII)-lLJD) 42,42,41 
CHIII)=O 
GO T r; It 5 

42 CHI( J)=2.')07*COFF*RO 
45 CONTINUE 

GO TO 100 
C IS THE SOIJR(F ELEVATED, IF SO GO TO 110 

')0 IFIH) ~5,,)5,110 

C COMPUTE CHilO FOH Gf~OlJNr) LEVFL SOlJf<CF WITH LID 
55 DO 100 I=I,NZ 

JFIZII)-ZLIO) 59,59.56 
56CHIIJ);:;O 

GO Tn 100 
59 IFllII)l 60.60.80 
60 IFI1.13-RO) 65,65,70 
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Figure A4 (continued) 

C 

6 r) CH r ( I I = 2 *(OFF 
GO TO 100 

70 CHI( 1)=2*COFF*(1+EXP(-2*R02)) 
GO TO 100 

AO Rl=l(II/Sl 

81 

85 
90 

100 

110 

115 

119 
120 

121 

125 
1'30 

RIRO=Rl*RO 
El::EXP(-Rl*R1/2) 
IF(Ro2-RIRO-2.9957) 81.90,90 
F1=El ~E)(P( (l( 1)-2*ZLIOI*~f2/DNf"') 
IF(R2+RIRO-2.9957) 85,90,90 
Fl=El+FXP«Z(I)+2*lLIO)**2/0NM) 
(H I ( r ) =COFF *E 1 
cmn I NLJF 
GO TO 300 
COMPUTE CHIlO FOR ELEVATED SOURCE WITH LID 
R?=H/SZ 
R?RO=R2*RO 
00 180 l=l.NZ 
IF(Z(I)-lLIO) 119.119.115 
CHJ(II=O 
GO TO 180 
IF(l(111 120.120,140 
Fl=FXP(-R2*R212) 
IF(R02-R2RO-2.9957) 121.130,110 
F1=Fl+FXP«H-2*lLIOI**210NM) 
IF(R02+R2RO-2.9957) 125,130.130 
Fl=Fl+FXP«H+2*lLIO)**2/0NM) 
CHI ( I I =2*COI:F*El 
(,O TO 180 

140 rn=Z(II/SZ 
RIRO=Rl*RO 
RIR2=Rl*R2 
Fl;:;FXP( (Z( J )-H)**2/DNM) 
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Figure A4 (continued) 

141 
145 
146 

150 
151 
155 
156 
160 
161 
16') 
170 
lAO 

( 

300 

310 

IFIRIRZ-Z.9957) 141,145.145 
Fl=El+EXPI (ZI I )+H)**Z/DNM) 
IFIR02+RIR2-RIRO-R2RO-Z.9957) 146.170,170 
ZL2;;;Z*ZLID 
El:El+ExPI(ZII)+H-ZL2)**Z/DNM) 
IFIROZ+R2RO-RIRO-Z.9957) 150.151,151 
Fl=El~EXPIIZ(I)-H+ZL2)**2InNM) 

IFIRo2+RIRO-RZRO-2.9957) 155,156,156 
El=El+EXPIIZII)-H-lL2)**2/0NM) 
IFIR02+RIRO+R2RO+RIRZ-2.99571 160,161,161 
Fl~Fl+FXPI IZII)+H+ZL2)**2/DNM, 
IFI2*R02+RIR2/2-R1RO-RZRO-?Q957) 165,170,]70 
Fl=Fl+FXPIIZII,+H-4*lLIO)**2/0NM) 
(HI ( I I ;;:;(OFT*El 
CONTINUE 
COMPUTF CHIIZ) FROM CHI(Z)/O AND 0 
DO 310 10:] .NZ 
CH I I I ) =CH I ( I ) *0 
CONTINUE 
RETURN 
END 
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Figure A4 (continued) 

SlJRROUTTNF SIGMAZ(KSTR.lJRAR,IJRC,H.ICT,DR,Sl,Sl21 
SUBROUTINE SIGMAZ COMPUTES AN ESTIMATE OF SIGMA 1 USING BRIGGS 
RELATIONSHIPS. SIGMA Z IS A FUNCTION OF DISTANCE AND STABILITY. 
FOR HIGH WINO SPEEDS AND COOLING TOWER PLUMES A CORRECTION FACTOR 
IS AODEO TO SIGMA Z TO ACCOUNT FOR WAKE EFFFCTS. 
GO TO 110.11,10,10,11.11,10.12,12,12,12,12,12,12) ,ICT 
GO TO 121.22.23.24,25.26,271.KSTB 
GO TO 121,22,23.24,25.26,26).KSTA 
GO TO 122,24.25,26),KSTA 
(OMPUTE INTIAL SIGMA 1 ESTIMATE 
S7=.?*DR 
GO Tn '1f) 
Sl=.12If-DR 
GO TO 3f) 
S7=.08*OR/ISORTll+.0002*ORI) 
GO TO 30 
SZ=.06*OR/ISQRT(1+.0015*OR)) 
GO TO '30 
SZ=.03*OR/Il~.o003*ORI 

GO Tn 3() 
S7=.02*DR/Il+.0003*OR) 
GO TO '30 
Sl=.012*DR/(1+.0003*DR) 
GO TO (35,50,50,35,50.50,50,35,50,50.35,50.50,50I,ICT 
IFIIJAAR-IJACI 5(),,~0.'.0 

CORRFCT SIGMA Z FOR COOLING TOWER WAKE 
SZ2=I;Z*Sl+H*H/6.281 
5Z = SQRTI5Z21 
GO TO 100 
SZ2=SZ*SZ 
CONTINUF 
RETURN 
END 
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1.0 INTRODUCTION 

This study is part of the ERDA-funded Hanford Nuclear Energy Center 
(HNEC) Program and is one of a series of technical investigations in support 

of that study. The primary objectives of the study were: 1) to review, 

analyze, and summarize the existing seismic evaluation technique and criteria 

for the siting and design of individual nuclear facilities, 2) to speculate 
as to how the criteria may change in the immediate future, 3) to convey the 

concept that new seismic criteria may have to evolve in the future to accom

modate the magnitude of capital, generating capacity, and nuclide ~nventory 

associated with the centralized NEC concept, and_ 4) to identify techniques 

and tools that may be availabie to guide in the drafting of and the compliance 

with any new seismic criteria. 

Risk is often defined as the mathematical product of the occurrence 

probability of a specific event and the associated consequence. The conse

quences may be categorized as 1) primary, i.e., impact of a radioactive 

release to the biosphere, and 2) secondary, i.e., loss of electrical gener

ating capacity. Assuming that all of the facilities within a NEe respond 

as a unit to an initiating (seismic) event, it would appear that the controlli

zation concept would be at a disadvantage. The consequences of an event in 

excess of the Safe Shutdown Earthquake (SSE) or the Design Basis Earthquate 

(DEE) would be greater than for the dispersed siting concept. However, if all 

of the funds expended on the siting and seismic design for the dispersed concept 
were channeled into a single enhanced evaluation of the centralized site, then 

possibly the error band associated with the SSE and DBE events might be 
reduced. Furthermore, improved facility design might be implemented due to 
the more dramatic consequences associated with centralization. In other words, 
if all of the eggs are placed in a single basket, one would like to have the 

basket of strength commensurate with the consequences of losing the contents. 

The fundamental point is: the NEC concept may motivate technological advance

ments in seismically related design and siting of nuclear facilities and may 

prompt the evaluation of new criteria specifically designed to reduce the 

risk associated with the centralization concept. 



2.0 PRESENT SEISMIC CRITERIA 

The Nuclear Regulatory Commission (NRC) is charged with the responsi

bility for regulating all uses of nuclear energy. To fulfill this function, 

the NRC has established design requirements for nuclear power plants, and 

reviews each license application for construction of such a faciiity to 

ensure that these requirements are met. 

Many factors are evaluated when designing nuclear plants in order to 

provide sufficient safety for operation, control, and containment. Of these 
factors, the resistance of a nuclear power plant to strong motion earth

quakes is one of the most significant design constraints·considered in a 

license application. 

Earthquakes present a unique hazard because their potential effects on 

nuclear plants are among the most significant that can result from natural 

causes. They are also unique in that they simultaneously threaten every 
structure, system, and component, even redundant systems, and thus lead to 

the possibility of a common mode failure. In addition, the ground motion 

induced may result in associated phenomena, such as iandslides, subside~ce, 

or liquefaction of the soil in and around the plant site. 

The design requirements are established via laws, regulations, and 
established policy. To provide an overview for site selection and design 
requirements arising from seismic and geologic considerations, an appendix 
to the NRC criteria, 10 CFR 100, title IIAppendix A - Seismic and Geologic 
Siting Criteria for Nuclear Power Plants," has been formulated (AEC, 1975). 
This appendix is to be followed by all applicants for nuclear power plant 
construction and operating licenses. It contains seismological and geotech

nical requirements and general procedures for determining seismic input 

criteria at a site. This includes consideration of potential earthquake
induced effects such as vibratory ground motions, soil and slope instabilities, 

floods, and water waves. These criteria must be incorporated in preliminary 

and final safety analysis reports, prepared according to standard NRC format 

and content requirements (AEC, 1972). In addition, the criteria must be 
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used in conjunction with NRC regulations which are issued as NRC Regulatory 

Guides. These guides establish those methods, techniques, and parameters 
that are acceptable for use in a license application. The NRC has also 
issued their Standard Review Plan (SRP) in an attempt to speed licensing 

time. This document describes in detail specifically how the NRC reviews a 

license application and the material the application is expected to contain. 

These various documents, many of which are summarized in Appendix A, provide 

the basis for this section. 

The remainder of this section is organized into four subsections, each 

of which describe in more detail the present seismic design criteria for 

nuclear power plants. Seismic Input describes the methodology used to 
obtain site ground motion for design. As this is one of the most controver

sial elements of the design chain, considerable detail is presented. Soil

Structure Interaction describes methods used to quantify the effects of 

ground motion on site structures. Structural Analysis describes the methods 

used to analyze and design structures for the effects of earthquake ground 
motion. Seismic Operating Criteria describes various criteria affecting 

plant operation. 

SEISMIC INPUT 

The principal investigations and procedures required to license a 
nuclear plant are outlined in the NRC criteria document denoted as 

Appendix A, 10 CRF 100, "Seismic and Geologic Siting Criteria for Nuclear 

Power Plants," (AEC, 1974). This section reviews the geologic, seismologic, 
and site soils investigations and testing required for use in deriving 
ground motion criteria in accordance with the above document. 

In order to comply with Appendix A, 10 CRF 100, the coordinated efforts 

of the geology, seismology, and engineering disciplines are required (Figure 1). 

The planning phase comprises the preliminary work required to 

develop and coordinate subsequent field and office studies. This 

includes literature reviews, site inspections, and scheduling of 

future work. 
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The investiqation phase includes detailed regional and site investi

gations, laboratory testing, and preliminary estimates of vibratory 

ground motions at the site. The work in each of these categories is 
closely related. 

The regional geologic and seismo10gic studies invoive 
investigation and evaluation of the physiography, strati

graphy, tectonics, and gec10gic and seismic history of the 

area. These studies identify the seismic events and 
associated geologic features that together define the most 

significant earthquakes used to evaluate the site response. 

The site geology and soils investi~ations determine 
the local geologic conditions, including the soil profile 

and the rock and soil properties required for static and 

dynamic design. The soil dynamic properties required include 

the shear modulus, damping ratio, Poissonts ratio, mass den

sity, and shear strength. Of these, the shear modulus and 

damping are most significant in seismic response calcula

tions. These soil properties are obtained from a field 

exploration and laboratory testing program consisting of 
borings, geophysical surveys and other field measurements, 

subsurface soil sampling, and laboratory tests. 

The engineering phase involves evaluations and engineering studies 

necessary to determine the ground motion criteria for the site and 
procedures for evaluation of potential site failure conditions such 
as liquefaction. 

There are several definitions in 10 CFR 100 that warrant elaboration. 
First, the NRC criteria define two levels of earthquake ground motions for 
which a nuclear plant must be designed: the Safe Shutdown Earthquake (SSE) 

and the Operating Basis Earthquake (OBE). Typically, these earthquakes 

are obtained by correlating past earthquakes with known geologic structures 

or - in the absence of such features - with tectonic provinces. 

The SSE represents the maximum possible earthquake event at the 

site. This hypothetical event may not have occurred at the site 
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in historic times, and therefore, it is primarily based on a detailed 

investigation of the regional and local geology, regional seismology, 

and characteristics of the underlying soil materials. The nuclear 
plant should be designed for this earthquake so that all systems 

necessary to protect the health and safety of the public will 

remain functional both during and after the event. Structures and 

components may suffer severe damage from the SSE, but the design 
must allow a safe and orderly shutdown subsequent to the seismic 

event. The allowable lower bound for the peak horizontal ground 

acceleration at the site for an SSE is 0.1 g. 

The aBE represents the earthquake event that can be expected to 
occur at the site during the operating life of the plant. This earth

quake, like the SSE, is based on a detailed investigation of the 

regional and local geology, regional seismology, and characteristics 

of the underlying soil materials. The nuclear plant should be designed 

for this earthquake so that those systems of the plant necessary for 

ccntinued operation without undue risk will remain functional both 

during and after the event. If the aBE is exceeded at the site, the . 
plant must shut down until it is demonstrated that critical features 

of the plant have not been damaged. Currently, the allowable lower 

bound for the peak horizontal ground acceleration at the site for 
an aBE is 0.05 9 or one-half the SSE, whichever is greater. 

Second, a fault is a tectonic structure along which differential move
ment of adjacent earth materials has occurred parallel to the fracture plane. 
Surface faulting is differential grQund movement at or near the surface caused 

by fault movement. The NRC criteria for a fault to be considered capable of 

surface movement during plant lifetime requires one or more of the following: 

1. Movement at or near the surface at least once in the last 

35,000 years and more than once in the last 500,000 years. 

2. Fault-related instrumentally determined microseismicity. 

3. A relationship to an active fault such that movement on one 

fault could reasonably be expected to be accompani~d by move
ment on the other. 
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Third, tectonic province is a region with relatively consistent geologic 
features. The province boundaries are determined througr, a regional analysis 

of the geologic and tectonic environments and the seismic history of the area 

(Coulter et al, 1973). The tectonic province concept is particularly 

important where earthquake epicenters cannot be related to known faults or 

other specific major tectonic structures. An understanding of these definitions, 
which are unique to the ERDA and the NRC, is crucial to an appreciatior of the 

current methodology for design of dispersed nuclear power plants. 

Regional Geology 

The geologic characteristics of the site region should be investigated in 
sufficient detail to provide a clear understanding of the physical processes 

involved in the geologic history of the area while emphasizing the potential 

for future seismic activity. The size of the region to be investigated is 

both area- and site-dependent and may be limited to 200 miles around the site 

or may include an entire tectonic province depending on the regional tectonics. 

The geologic investigations begin with an evaluation of available litera

ture. This is correlated with existing published ~nd unpublished geclogic 

maps. The preliminary stratigraphic relationships, tectonic framework, and 

geologic history are then determined, resulting in a preliminary geologic 
map. Aerial 'photographs and standard geologic field mapping techniques are 

used with subsurface studies to prepare the final geologic map and establish 

the physiography, stratigraphy, and structural geologic conditions of the 
area. 

Physiography 

D~tailed site and aerial reconnaissance is performed to identify 

important geologic surface features (land forms, drainage patterns, areas 

of surface water collection, etc.), and to evaluate the relationship between 
such features and probable subsurface conditions. The relationship between 
the regional and site physiography should be considered. The final product 

is a regional physiographic map. 
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StratigraphY 

The stratigraphic investigations include an analysis and description 

of the lithology, composition, mode of occurrence and age of the various 

geologic units underlying and surrounding the site. Regional geologic 
maps are prepared. Stratigraphic column and geologic cross sections relating 

regional and local geologic conditions to the site are prepared. This infor

mation is developed from the literature, field mapping of outcrops, well logs, 
and special borings. 

Tectonics 

Investigations of-the tectonics include identification and evaluation 

of all tectonic structures in the r~gion, whether buried or at the surface. 
These structures include folds, basins, domes, and faults. The possible 

effects of man-related activities near the site should be considered, such 

as the earthquakes produced by the loading effects of dams or reservoirs, 

the pumping or extraction of subsurface water, or the extraction of minerals. 

Identification of all capable faults within 200 miles of the site is of 

particuiar importance. They may be observed directly from exposures in the 
field or detected during well drilling or boring. Usually, their identifica

tion is based on more indirect evidence such as gravity or aeromagoetic 

surveys, acoustical or seismic profiles, black-and-white, color, or infrared 
aerial photography, multispectral satellite lmagery, and side-looking radar 
imagery. In partiCularly difficult situations, finai assessment is often 

based on angled borings, trenching, and tunneling. 

As defined above, a capable fault is one along which movement has 

occurred in geologically recent times. Various dating techniques are used 

to evaluate these potential fault movements: 

1. The limiting age of 35,000 years is established indirectly by using 

geologic methods or absolutely by using radioactive carbon techniques. 

2. The limiting age of 500,000 years is established indirectly by using: 

• Geologic methods, which include paleontologic and stratigraphic 

relations, weathering profiles, and geomorphic features. 
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• Palemagnetic methods based on remnant magnetism. 

• Radiometric methods measuring radioactive decay. 

• Geochemical methods which measure the concentration of 
specific trace elements or cxides. 

Once capable faults are identified, their potential for producing a 
major earthquake must be evaluated. Thus, the following features of those 
faults longer than those lengths indicated in Table 1 should be determined: 

1. Fault length. 

2. Magnitude and nature of past displacement. 

3. Geologic history of movement, particularly the age of the latest. 

4. Relationship of fault to regional tectonic structures. 

TABLE 1. Minimum Fault Length Versus Distance 
from Site (AEC, 1972) 

Minimum Distance 
from Site, 

(miles) 

o - 20 
20 - 50 

50 - 100 

100 - 150 

150 - 200 

Minimum Fault Length 
to be Considered 

(miles) 

9 

5 

10 

20 

40 



A tectonic map should be prepared showing the location of major faults, 
folds, warps, and other structural features, defining them in terms of 
dimensions, attitude, and age. This map should also show areas of actual 
or potential surface or subsurface subsidence, uplift, or collapse from 
tectonic or human activities. 

Geologic History 

The final step in the regional geology investigations is the reconstruc
tion of the geologic history of the area, emphasizing late Tertiary and 
younger tectonic history. This history is of prime importance as it provides 
the regional framework for establishing the pattern and age of major deforma
tions including recent faulting. 

Site Geology and Soil Engineering Properties 

As depicted in Figure 1, site geology and soil engineering investigations 
are required at nuclear power plant sites. It is convenient to include them 
in this section since many of the studies required are natural fo1low-ons to 
the work performed in the regional and site geology investigations. 

The overall ~urpose of these investigations is to define all aspects of 
the site geology, including the soil and rock profiles and the material 
properties required for foundation design, stability evaluations, and seismic 
response calculations. These investigations result in the cetermination of 
the soil and rock classifications, the thickness and lateral distribution of 
the soil strata, groundwater levels, and the engineering properties of the 
bedrock and of each soil layer down to bedrock or to relatively firm 
materials. Both field and laboratory investigations are carried out. 

Field Data 

Field investigations are carried out using borings, trenches, 
and geophysical techniques such as seismic refraction surveys, 
inhale surveys and electrical resistivity surveys. 
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Laboratory Data 

Laboratory testing is carried out to classify the soil and rock, 

determine the unit weight, relative density, shear modulus, 

damping, Poisson's ratio, bulk modulus (rarely), and static 
and dynamic strength. 

A summary of the field and laboratory testing is shown in Table 2. 

Seismology 

A summary of the seismology and ground motion requirements is presented 
in Figure 2. 

The potential for earthquake activity near a nuclear power plant site is 
determined from the seismic history and characteristics of the site and the 

surrounding region. and their relationship to the geologic conditions. This 

requires a thorough research, review, and evaluation of all historic earth

quakes that have affected, or could reasonably be expected to have affected 
the site. Listings of these earthquakes should be prepared and should include: 

1. Date of Occurrence. 

2. Epicentral Intensity and Magnitude. 

3. Epicenter Location. 

This information is used to compile: 

1. Epicentral Maps. Two maps are required, each showing tectonic struc

tural features and earthquake epicenters in the site vicinity. One 
shows the epicenters of ~ earthquakes within 50 miles of the site 
and the other epicenters of all earthquakes equal to or larger than 
intensity IV (MM) within 200 miles of the site. 

2. Correlation of Epicenter Locations and Tectonic Structures. The 

epicenters, or locations of highest intensity, of historic earthquakes 

should be correlated with tectonic structures having any part within 
200 miles of the site. 
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TABLE 2. Determination.of Soil Material Properties Required 
for Vibratory Ground Motion Investigations 

Property 

Classification 

Unit Wei ght 

Relative Density 

Shea r ~~odu 1 us * 

Damping* 

Poisson1s Ratio 

Bulk Modulus 

Static Strength 

Dynamic Strength 

Type of Test 

Field 

Laboratory 

Field 

Laboratory 

Field 

Laboratory 

Field 

Laboratory 

Laboratory 

Field 

Laboratory 

Laboratory 

Laboratory 

Laboratory 

Soi 1 
Materials 

All Types 

Granular 

Cohesive 

All types 

All types 

Granular 

Granular 

All types 

All types 

All types 

All types 

All types 

All types 

Cohesive 

All types* 

. ? I ... 

Most Commonly Used 

Visual inspection 

Visual inspection; 
grain-size; natural 
water content 

Visual inspection; 
Atterberg limits; 
natural water content 

In-place density 

Undisturbed specimen 

Standard penetration 

Undisturbed specimen, 
if obtainable 

Geophysical 

Triaxial; simple 
shear; resonant column 

Triaxial; resonant 
column 

Geophysical 

Triaxial, usually 
estimated 

Triaxial; not 
commonly measured 

Unconfined compression 

Triaxial 
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3. Rates of Attenuation with Distance. If possible, isoseismal maps 

should be compiled. 

4. Recurrence Intervals. If sufficient data are available, the frequency 

of occurrence of earthquakes of a given size should be determined. 

These recurrence intervals provide useful supporting data for defining 

the design earthquake. 

5. Identification of Appropriate Empirical Data. Typically, earthquakes 

are reported in terms of magnitude, intensity, and epicentral distance. 

Empirical charts relating these parameters to peak acceleration, dura
tion of strong shaking, etc., are available in the literature and must 
often be used to estimate ground motion at nuclear plant sites. 

6. Other Data. When available, other data are reported, such as the 
duration of strong shaking, the area within which the earthquake was 

felt, important damage effects (such as landslides, liquefaction, or 

subsidence), tsunami, etc. 

The purpose of the geologic and seismologic studies of the region and 

site is to establish the SSE and GBE. These studies provide the information 

necessary to identify the seismic events and geologic features that define 
the most significant earthquakes to consider in evaluating vibratory ground 

motion effects at the site. 

The most significant earthquakes are determined from an evaluation of 
the seismology, geology, and seismic and geologic histories of the site and 
surrounding region. The most severe earthquakes associated with tectonic 
structures or tectonic provinces in the region surrounding the site are 
identified by considering the historic earthquakes and other factors such 
as duration and felt areas, damage effects, recurrence intervals, earth
quake magnitude vs. fault length, and displacement on the fault. If capable 

faults exist in the region, the most severe associated earthquake should be 

determined by also considering their geologic history. The general proce

dures for defining the most significant potential earthquakes are as fOllows: 
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1. Where the historic earthquakes of greatest intensity can be correlated 

with a fault or tectonic structure near the site, the epicenters of 

these events are assumed to be located at the point on the fault or 

structure closest to the site. 

2. Where the epicenter of a large earthquake cannot be related to a 

fault or tectonic structure it must be identified with a tectonic 
province. If the site is also within that province, the earthquake 

is assumed to occur at the site. Otherwise, the earthquake is assumed 

to occur at the point along the boundary of the tectonic province 
that is closest to the site. 

Once potential significant earthquate events are located, the basic 

design parameters required for the seismic response studies can be determined. 

These parameters include the peak ground acceleration, the duration of strong 
shaking, and peak rock acceleration. They are obtained from both the 

intensity-duration data for the region and from the empirical data that 

relate these parameters to the magnitude, intensity, and epicentral distance 
of the earthquake event. 

SOIL STRUCTURE INTERACTION 

The previous section described the present methodology for determining 

the seismic design bases for dispersed nuclear power plants. This section 

reviews the next step in the overall seismic methodology chain and the effect 

of the seismic input on the site features, and evaluates the modifications 
made on the seismic input through interaction with the site structures and 
other construction works. 

The dynamic interaction of structures and their supporting soil media 
has been the subject of investigations spanning at least the past 40 years. 
While much of the initial work focused upon machine foundation vibration 

problems and development of suitable analytic models for prediction of 

structure response to dynamic loads, it has long been recognized that soil 

effects can be significant in the seismic response of large-scale structural 

systems. The general observation has been made that, in the case of the 
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light flexible structures comprising the bu1k of conventional construction, 
soil influence in modifying the dynamic response of the structures is 

usually small. The exception to this observation is the case of conventional 

structures founded upon very flexible soil media (typical shear wave velocities 
less than 1000 ft/sec). At the other extreme is the case of massive rigid 
structures, such as nuclear power containment structures and concrete dams. 

For these structures, interactive effec~s will generally be significant if 

not dominant in structural siesmic response, with interaction modifying both 
the base response and structural and equipment response at higher elevations 

in the structure. The importance of interaction effects depends, in a specific 

case, upon the relative mass, stiffness, and damping characteristics of the 

structure and surrounding soil. For massive, stiff structures, the dominant 
interaction contribution comes from rocking; rocking can produce significantly 

higher structural response at locations away from the center of mass, with 

peak accelerations increasing by an order of magnitude over the input free
field accelerations. While nuclear containment structures are typically 

sited at locations posseSSing "good ll soils from the point of view of stability 

and other dynamic characteristics and the structures are partially embedded 

in the soil media, interaction is typically of major importance in deter
mining the structure and equipment loads induced by potential earthquake 

excitation. 

The Significance of soil-structure interaction for nuclear power plants 
and analytical techniques for dealing with the associated phenomena have been 
the subject of intensive investigation and publicaticns since the late 1960's. 
However, experimental investigation of interaction eTfects and validation of 
analytical procedures has lagged far behind theoretical developments, due in 

part to the paucity of strong-motion earthquake records taken in ~ struc
tures, let alone nuclear containment structures. 

Rock Site 

When the nuclear power plant struct~res are founded on rock, the soil 

structure interaction (55I) requirements are usually very simple. Because 

interaction effects on rock are negligible, the seismic input is applied 

directly to the structures. 
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Soil Site 

When the nuclear power plant s~ructures are founded on soil, specific 

SSI calculations are required. The methods acceptable to the NRC are 
depicted in Figure 3, which will serve as the basis for the review: 

1. Deconvolution Model 

This is a one-dimensional model based on the assumption that 
hori zonta 1 earthquake moti ons are transmitted by verti ca 11y 
propagating shear waves and vertical earthquake motions by 
vertically propagating compressive waves._ Although the model 

requires viscoelastic soil layers, the method takes account of 
soil non1inearities by an equivalent solution for the response 
in which the nonlinear soil properties (shear modulus and damping 
factor) are consistent with the strains experienced. The approach 
has been termed a deconvolution because the calculations are made 
with Fourier Transforms of the input. The output from the cal
culations is simply the transform of the input times the transfer 
function of the site. If the output is a bedrock spectrum, the 
process is termed a deconvolution. A convolution, on the other 
hand, yields a surface spectrum, given a bedrock spectrum. 

2. Synthetic Regulatory Guide 1.60 Time History 

The major output of the section, Seismic Input, is the peak 
acceleration for the SSE and OBE. This parameter with Regulatory 
Guide (R.G.) 1.60 spectra determines the spectral shape and value 
for the site seismic input. However, time history analyses are 
performed as a time history is required. The procedure by which 
such a time history is generated is as follows. First, it is 
assumed that the response spectrum amplitudes are the same as 
the Fourier spectrum amplitudes. This is a conservative assump
tion for the zero or lightly damped response spectrum. Then, a 
Fourier phase spectrum is calculated using a random number generator 
and the inverse transform of the two spectra is calculated. This, 

of course, consists of an infinitely long wave train and thus must 
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be shaped. The shaping is usually in accordance with the analysts' 
judgment constraining total duration and duration of strong 

shaking. A check is then made to examine the agreement between 

the response spectrum of the time histroy and the design response 

spectrum. If the agreement is unacceptable, iterative techniques 

are employed to force agreement. 

3. Vary Soil Properties 

The soil shear and bulk moduli, mass, and damping are varied about 

the mean properties according to the scatter obtained in the 

laboratory test results. The intent here is to incorporate anti

cipated uncertainties into the design chain. The soil shear modulus 

is usually derived from in situ or laboratory measurements on the 

shear wave velocity and these measurements are rarely repeatable 
within ~ 25%. This means that the derived values of the shear 

+ modulus usually scatter - 50%. The NRC, therefore, requires that 

applicants vary the shear modulus ~ 50% or as the scatter in the 
data indicates, to account for this variability. Deconvoluted 

results are obtained for the mean, maximum, and minimum properties. 

4. Envelope 60% Spectra 

The results of the three deconvolutions in the preceding step are 

three time histories are used as the input to three response 
analyses using the deconvolution model and the respective soil 

properties, and three spectra at the structure foundation level 
obtained .. These analyses and the three base time histories are 
used to obtain a single time history which when input to the 
deconvolution model with mean soil properties in a response analysis 

will result in a response spectra at the foundation level of the 

structure that is equal to or greater than 60% of the starting 
R.G. 1.60 spectra. This is the time history used for the 55I 

response analyses. 

This process is admittedly conservative and an alternative accept

able to the NRC is to use the three base time histories and perform 
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three 551 response analyses. This is less conservative but more 
expensjve. This modification is generally desirable in high 

seismic areas. 

5. Develop Simple Structural Model 

This structural model is used in the SSI model of the site. 

Typical models are represented by several tens of nodes and are 

thus not as detailed as the ones used in the detailed structural 
analyses which consist of hundreds of nodes. 

6. Select Soil-Structure Interaction (551) Approach. 

Two approaches are presently acceptable. One models the soil 

indirectly by uSing equivalent springs and dashpots and the other 

models the soil directly by using the finite element model. Until 
recent ACRS meetings, the latter method was preferred but the 

situation is unclear at this time. The probable result will be 

that the soil spring method will become more acceptable. 

7. Soil Spring Approach 

The soil parameters to be selected include equivalent soil "springs" 

and IIdashpots ll (possibly frequency dependent). As noted above this 

method may see a resurgence in popularity. This is because the 

fermer differences between the soil spring and finite element 
approaches are being reconciled, the NRC appears more receptive, and 
the soil spring method is simpler and less expensive than the finite 

element method. Details of methods acceptable to the NRC will have 

to await continuing licensing activity. 

8. Finite Element Approach 

Heretofore the finite element approach has been preferred in most 

applications. The model is two- or quasi-three-dimensional. A 

number of decisions must be made including the lateral (and possibly 

vertical) extent of the model, the mesh refinement (this determines 

the highest frequency transmitted faithfully), the soil layering 

(horizontal layers are assumed), and methods for approximating 
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radiation damping (transmitting boundaries, lateral refinement) 
being some of the most important. Sometimes two soil layerings are 
selected corresponding to the plant "North-South" and "East-West ll 

soil profiles, and two sets of SSI analyses performed. Occasionally 
SSI analyses are not performed for the vertical earthquake component 
(less interaction occurs) or for the OBE (the SSE results are 
scaled). 

9. SSI Calculations 

The major objective of the soil-structure interaction calculations 
is to obtain basemat response for subsequent detailed structural 
analyses. A second objective can be to obtain floor response 
spectra but these are also obtained in the detailed structural 
analyses. For certain sites the SSI calculations will also be used 
for foundation stability evaluations such as liquefaction analyses. 
In this latter case for problem sites the SSI calculations are 
sometimes performed also using scaled real earthquake records 
rather than R.G. 1.60 time histories. 

• 
STRUCTURAL ANALYSIS 

The previous two sections both focus on the third major element in 
the seismic design chain, Structural Analysis. Seismic input and soil 
structure interaction result in the basic definition of the loads to be 
used in structural analysis. 

As an introductory comment, it is noted that the greatest changes in 
seismic design will be due to: 1) the improved seismic strong motion data 
base that will accrue with time, 2) improved earthquake source and 
transmission characterization, and 3) improved knowledge of soil and s011-
structure behavior during strong excitation, rather than to changes incor
porated in the structural area. This is because a great deal of analytical 
and experimental effort has already been performed in the structural design 
area. This is not to say that new knowledge will not develop in the struc
tures area. The point is that changes in the structural design area will 

result more from decisions, for example, to take credit for reserve struc
tural strength using inelastic methods that are currently available, than 
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being forced by the development of new knowledge. Relative to seismic input 

and soil-structure interaction, a great deal of readily available structural 
technology already exists. 

The basic NRC guide is the Standard Review Plan, Sections 3.7 and 3.8. 

The present structural response methodology is described in Figure 4. No 

attempt will be made to describe this chain in detail, or to develop a 
similar chain for design, because the discussion would become mired in 

details. Rather, a few significant aspects will be discussed. 

1. Mathematical Modeling 

A great deal of variability exists in the detail of the mathematical 

models used. For example, even at the same design level a complex 
three-dimensional structure can be found to be represented by modeis 

ranging from a simple two-dimensional "stick" one, to a complete 

three-dimensional finite element representation of the entire build
ing, to complete three-dimensional models of all the structures of 

an entire floating nuclear plant. In a number of cases involving 

even more detailed levels of analysis and design, more refined models 

of local regions of the larger models are made, and there is also a 
great deal of variability in how this is accomplished. It is not an 

easy task to rationally decide the requirements of models and clear 

guidelines do not yet exist. 

2. Analysis Methods 

In the 5SI step only the time history (time or frequency domain) 
type of analysis method was used. This lack of variability does 
not exist in the structural analysis and design area. The methods 

used include: 

Nonlinear (implicit, explicit, degrading, cracking, 

gaps, contact, impact, etc.) 

Time History (modal, direct integration, implicit, ex
plicity, frequency domain) 

Response Spectra 
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Quasi-Static 

Static 

(statically applied loads obtained from a 

dynamic response analysis) 

(non-transient loads) 

Thermal, thermal/structural 

3. Combination of Three Earthquake Components 

The requirement to design for three earthquake components introduces 
a significant complexity into the design-analysis process. Much of 
this is in the nature of "bookkeeping," that is, keeping track of 

results and combining them according to an established method. 

There are two basic methods which can be used: 1) combine results 
from three separate seismic analyses, and 2) obtain results from 

one seismic analysis using three stochastically independent seismic 

inputs applied simultaneously. An allied complex problem is the 
combination of seismic and other loads in the required load combina
tion design formulas. 

4. Equipment and Safety System Design 

Just as in the case of the effects of seismic input and soil struc

ture interaction on structures, one of the most significant effects 

of the structural analysis and design methods used is on equipment 
loads and the design of safety systems. 

SEISMIC OPERATING CRITERIA 

The final topic to be considered in the review of the present seismic 
methodology is seismic operating criteria. The, major question in this 
area is whether it is advisable to require a seismic trip, automatically, 

upon detection of a seismic event. 

Existing Seismic Instrumentation and Regulations 

There are presently no requirements for a seismic trip on commercial 

power reactors but certain seismic instrumentation must be provided for 
sensing and recording purposes. 
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Seismic instrumentation at nuclear power plants consists mainly of 

triaxial time-history accelerographs, peak accelerographs, seismic switches, 

and response spectrum recorders. The purpose of this instrumentation is to 
record an earthquake and monitor the plant's response. Information from 

the instrumentation can then be used to help establish whether the aBE 

has been exceeded and if it has to shut the plant down. 

Seismic Standards 

The regulations and standards that determine the present seismic instru
mentation requirements are Regulatory Guide 1.12 and ANSI standard N18.5 

(ANSI, 1974). A proposed standard, ANS 2.l0/N641, is under review and 

specifies the response the plant operator should make based on the instru

ment readings following a seismic event. Basically, this standard relies 
on a controlled, manual shutdown in a two-step approach. 

Whether the aBE has been exceeded is determined in the first step. 

This is indicated if a minimum number of points of the recorded response 

spectrum have exceeded the aBE design response spectrum or if there is an 
equipment malfunction. In either case, the plant is shut down in a 

controlled manner which may take 5 to 10 hr. Restarting the plant may 
require the approval of both the NRC and the plant owner. There is no 

clear criterion to assess the advisability of restarting the plant, so 
once a plant is shut down it may be down for some time. There is really 

only one data point of this type, the June 7, 1975, event at the Humboldt 

plant, and in this case the plant was not operating. In this case the 
owner inspected the plant, reported the results to the NRC, and the 
event does not appear to have delayed startup significantly, if at all. 

If, in Step 1, it is determined that the aBE was not exceeded, then 

the operator continues operation and proceeds to Step 2. In Step 2 the 
recorded data are analyzed to determine if the design floor response 

spectrum has been exceeded. If the floor-response spectrum for the aBE 

,has been exceeded, the plant is shut down. The analysis may take up to 

week. 

Note that the intent of the ANSI standard is to enable the operator 

to determine whether the plant should be shut down and to shut down if the 
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OBE has been exceeded. In judging this, the operator is to take into 

account only the condition of the plant and not the need for the electric 
generating capacity of the plant. 

In some cases, detailed structural analyses of the plant may be 
required. 

Current Changes in Operating Criteria 

The. current requirements, regulations and guidelines are due to be 

enlarged very soon. Perhaps the most significant revision in licensing 

requirements for operating plants will be embodied in the program for 
reevaluation of operating plants now being formulated by NRC. This program 
introd~ces the concept that all existing plants must be formally reviewed 

to ensure that they exhibit a "level of safety" consistent with the current 

state-of-the-art, and provides a mechanism for reviewing future regulations 
to ensure that any significant developments are back-fitted. 

Thus, the formal review procedure will be open ended over the life of 

the plant. This philosophy has developed as a result of congressiona: 

pressure, criticisms by the ACRS, and a growing awareness by the NRC staff 
that for older plants the basis for regulatory compliance is not well 

documented. 

In principle, this program is consistent with 10 CFR 50.109, which allows 

the NRC to impose backfits that provide "substantial additional protection ll 

to public health and safety, but its implementation could escalate the 
application of backfits. NRC has informally announced that the general 

approach would be to compile a list of all potential safety issues (possibly 
as many as 300), identify the specific items that apply to each plant, and 

make a finding for each issue as to why corrective action should or should 

not be implemented. 
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3.0 POTENTIAL FUTURE SEISMIC CRITERIA 

In Section 2, the present seismic criteria used for dispersed nuclear 

facilities were reviewed. It was noted that the criteria are somewhat 
dynamic in nature and therefore some attempt at time extrapolation"is 

warrented. Furthermore, nuclear energy centers, if subjected to the existing 

criteria used for dispersed plants, may be subjected to a greater magnitude 

of risk because of the centralization of facilities and the associated 
vulnerability to large-scale seismicity. Therefore, this section is designed 
to delineate anticipated near-term changes in the present criteria and to 

recommend areas where additional renovations may be considered by the 

regulator~ agency in the long term. These recommendations will be made 
in reference to the unjque aspects of Nuclear Energy Centers as previously 

discussed and accordingly, should be reviewed in such a context. 

POTENTIAL NEAR-TERM CHANGES 

To set the stage, it is useful to summarize changes in the licensing 

process which may be anticipated in the very near future. This summary is 
based on: 

Informal discussions with NRC licensing personnel 

Review of recent ACRS meetings 

Discussions with other consultants engaged in the 
seismic design of nuclear power plants. 

Possible changes in the licensing process may not be implemented as 
regulatory guides for some time, but could be introduced into the review 
policy over the next 6 to 12 months. Based on present trends, the policy 

changes will be gradual and will necessarily be accompanied by confirmatory 
research. It is important to stress at this pOint that confirmatory research 
is required for each of these items; the research required for validation, 

however, is relatively modest compared to that which may be required for 

many of the items discussed later in this section. 
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Seismic Input 

With regard to the near-term changes in the seismic input, it is likely 

that the minimum SSE peak acceleration will be increased to 0.2 9 and that of 

the aBE to 0.1 g. This is based on a more careful analysis of seismic records 

which indicate that the East Coast, where the minimum levels are usually 
applied, has lower attenuation characteristics than previously thought. 

Another gradually emerging policy change concerns R.G. 1.60. As 

described previously, the ground motion at a site is currently represented 
by a response spectrum that is site-independent. The NRC is already relaxing 

the site independency of ground motion on a case-by-case basis. Formal 

guidelines will probably emerge outlining accept~ble site-dependent and 
earthquake magnitude spectra. 

Soil-Structure Interaction 

With regard to near-term changes in soil-structure interaction, much 
greater emohasis will be placed on site effects. Guidelines will probably 

emerge, establishing such site modeling criteria as: 

How to model the soil properties (equivalent linear or nonlinear). 

How to incorporate soil hysteretic damping. 

- The circumstances under which a deconvolution calculation is 

inappropriate (such as a shallow soil layer over bedrock). 

Another important shift in policy that may emerge is the requirement 
to determine the site and structure response to several synthetic accelerograms. 
Each of these seismograms would envelop a specified response spectrum 

(which might be magnitude-dependent), but would differ in their duration 
and phase. 

Further, a great deal of effort will be devoted to improving and 

specifying technigues to obtain soil properties in situ. There is a great 

deal of concern regarding the validity of laboratory soil properties and 
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the corresponding models of large earthquake strains. The hope is that 

sufficiently large strains can be generated by a down-hole or cross-hole 
device to circumvent this uncertainty. 

In the soil-structure interaction design component attention will be 
formally directed at modeling other modes of seismic energy (besides 

vertically propagating shear waves). Most effort will center on the 

traveling wave effect on a large foundation. Several analytical techniques 

have been proposed and some have actually been employed to address specific 
licensing problems. Informal policies regarding the use of these models 
will probably first evolve from the ASLB and the ACRS hearing process and 
formal policies will follow verification. 

Also in the soil-structure interaction design component, the structural 

plane strain two-dimensional modeling will come under increased scrutiny 
with the result that simpler three-dimensional models will become acceptable 
provided they accurately model all the degrees of freedom of the structure. 

The use of lumped mass methods in particular, despite other modeling uncer
tainties, will be permitted in a wider variety of applications. 

Policy will also be changing with regard to the two-dimensional modeling 
of the soil·, but for a different reason. The present two-dimensional modeling 
requires that the analyst develop a two-dimensional model of a three~dimensional 

site and this is usually accomplished by selecting a cross section through the 
site and assuming that every other cross section parallel to that selected is 
identical. Even though the site response might be derived from the examination 

of the response of several different cross sections, this does not explicitly 
take account of the effects of 1I0ut of plane ll structures. For complex sites, 
this could be very Significant. Guidelines will emerge which will set forth 
the limitations of the twa-dimensional modeling and indicate how two-dimensional 
cross sections should be selected in those circumstances where a two-dimensional 
response is acceptable. 
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Structural Analysis 

In terms of the structural analysis component, one can expect a near

term change to reflect the increasing concern with the torsional response 

of the structure. As with all these near-term changes in regulatory policy, 

awareness of the significance of the torsional response has evolved from 

issues raised on specific licenses. The changes with regard to the structural 

response will consist of guidelines indicating the circumstances under which the 

torsional response is important, both geologically and structurally, and 

indicating acceptable modeling techniques. 

Operating Criteria 

Finally, with regard to operating criteria,' it is worthy of note that 

within the last year the NRC formally organized, and heavily staffed, a 

Division of Operating Reactors (DaR). This new organization is certain 

to issue many new guidelines and regulations, but it is presently diffi

cult to anticipate them with any detail. There is, however, one item that 

DOR will almost certainly take a stand on, the advisability of seismic scram 

systems. This is a very controversial point because spurious scrams and 

scrams during small nonhazardous earthquakes could cause significant disruption 

of electric systems through the sudden loss of electric power and potential 

damage to plants as a result of thermal shock. Nevertheless, the scram 
system may provide an additional margin of safety and thus warrants careful 

cons i dera ti on. 

LONG-TERM CHANGES 

Based on the best information availabie, the above paragraphs have 
summarized potential short-term changes in seismic design criteria. These 
changes are relatively easy to identify since they all represent a natural 

evolution of the current procedures. It is anticipated that most of these 

changes will be incorporated in one form or another in the next few years. 

No attempt will be made to predict long-term criteria development 

for NECs. However, three subject areas will be presented from which 
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criteria may be derived in the future. The unique nature of Nuclear 

Energy Centers may motivate the development of criteria in the following 

areas: 

The breadth and depth of seismic input analysis 

The use of site-specific earthquakes and front end oriented analytical 

and numerical models. 

The use of continuous, real-time seismic prediction techniques. 

The following section is devoted to a relatively detailed discussion 

of the available tools and techniques that may function to meet potential 

criteria in the aforementioned areas. 
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4.0 FUTURE SEISMIC CRITERIA--TOOLS TO MEET THE CHALLENGE 

One of the central points of this study is that NECs will be sensitive 
to anything that can affect any significant percentage of the facilities in 
a single event. Seismic events are clearly ;n this category and therefore 
seismic criteria for NECs may be somewhat different from those now in exis
tence for single plants. The evolution of this criteria will necessarily 
parallel increased understanding 'of seismic processes and effects, the devel
opment of tools to generate necessary data, and the implementation of effec
tive methods for evaluating the generated data. Therefore, some of these 

new or relatively unexploited tools and methods will be discussed in this 
section. Given the centralization of capital and generating capacity, NEe 
sponsors will undoubtedly take great interest in protecting against the 
potential disabling effects of a large earthquake. This will probably 
occur on a voluntary basis; however, to ensure compliance and uniformity new 
criteria will be drafted and enforced by the regulatory agencies. 

SEISMIC INPUT AND RESPONSE ANALYSIS(a) 

Geologic requirements for siting energy centers will obviously require 
an extensive regional seismic analysis of greater breadth and depth than ;s 
currently exercised. The technology presently available to conduct the 
desired full spectrum of studies is not totally available and as such, 
advancement of present technology and development of new technology are 
required. The following list illustrates tools and techniques that are 
generally available but are not utilized to their full potential or could 
be greatly enhan~ed by additional research and development. The list is 
designed to complement the classical techniques that were delineated in 
Section 2. 

(a)A portion of this section has been derived from the efforts of the 
United States Geological Survey and specifically, the Earthquake 
Hazard Reduction Program Staff (G.S.C. 701). 
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Remote Sensing 

Remote sensing systems operating from aircraft and spacecraft plat
forms can collect much of the data needed for regional (hundreds of miles) 
tectonic studies. This is a unique source of data for identification and 
analyses of regional fault patterns and geologic structures. More 
sophisticated and flexible techniques are needed to rapidly analyze these 
data and produce the desired enhanced and filtered output formats. Advanced 
airborne remote sensing systems should be developed to collect specific data 
types on a local scale to complement the regional satellite data. 

Electromagnetic Exploration 

A variety of electromagnetic methods utilizing a wide range of wave
lengths are available for shallow to deep crustal investigations. The 
depth of penetration and resolution of the mapping depends on the selection 
of wavelengths, but the effective range extends from fractions of meters to 
tens of kilometers. Natural signals due to lightning (VLF-LF) and distur
bances in the geomagnetic field (ULF) as well as a broad range of man-made 
signals (pulse and continuous) from high power transmitters are feasibie 
electromagnetic sources. Various methods are available for data reduction 
and enhancement; however, research in data interpretation is necessary 

especially in developing analytical, numerical, and experimental techniques 
applicable to the detection of major crustal dislocations. 

Geomagnetic and Gravity Surveys 

Special techniques using high density aeromagnetic and gravity data 
for fault detection are available, but there is much room for improvement 
in data reduction techniques. Methods utilizing directly meas~red gradients 
of the magnetic field can potentially yield additional geologic detail. 
Techniques based on the Poisson relationship between magnetic and gravity 
anomalies and utilizing simultaneously collected magnetic and gravity data 
could remove some of the ambiguity inherent in present methods of analyzing 
both magnetic and gravity data. 
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Acoustical Methods 

Standard land-based reflective and refractive seismic surveys are 
in common practice. However, new techniques such as cross-borehole 
tomography, holography, and surface (Rayleigh) wave analysis are proving 
feasible for subsurface evaluation. Furthermore, because of their linear 
character and long extent, faults often intersect marine and inland water 
bodies. Thus, water-based sub-bottom reflection profiling techniques appear 
to have merit. 

DeeD Stratigraphic Correlation 

Subsurface stratigraphic information and sequence correlation are 
required from near surface to great depths for construction and verifica
tion of a geological model. 

The information could be obtained through limited deep drilling and 
logging of test boreholes. Both in-situ geophysical logging and drill core 
analysis can be used for acquisition of the data. Some work is needed to 
improve resolution for in hole determination of density, porosity, permea
bil~ty magnetization, magnetic and electrical susceptibiiity, fractures, 

• 
radioactivity, sonic velocity and pore fluid and petrological identification. 

Tectonic Measurements 

Telemetered tiltmeters could be used to monitor strain changes continu
ously at many locations in order to document slow and rapid crustal deforma
tions. In addition, surveying techniques such as the laser interferometer 
for leveling and trilateration could be implemented to monitor local or 
gross regional deformations. Finally, creepmeters and short alignment 
arrays should be placed within fault zones to measure small displacements. 

Heat Flow Measurements 

Geothermal logging equipment and interpretive techniques could be 
implemented to develop information on temperature as a function of depth in 

the crust and upper mantle. Any detected anomalies could indicate weak

nesses in the local crust that may be associated with faulting. 
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Regional Tectonic and Structural Modeling 

Seismic risk evaluations are usually based on meager geological and 
historical earthquake data. More details and depth of knowledge about 
local and regional tectonic processes are needed, particularly for siting 

major nuclear power centers. 

Methods should be implemented to manipulate, superimpose, and 
graphicaily display large quantities of diverse geological, geophysical, 
and hydrological data. In addition, this should include multiparameter 
correlation of recorded microquakes, strain patterns, strain events, and 
other features to search for evidence of propagation of strain of slip 
events. Numerical and physical models could be developed to study and 
describe large-scale crustal plate movements as well as regional and local 
faulting and folding. 

Adequate Staff and Hardware Facilities 

Prior to, during, and subsequent to construction, adequate staff and 
computer facilities should be available for maintaining and updating a 
dynamic computer-based model of the crust and upper-mantle earthquake
generating system, for evaluating the significance of monitored field 

data in terms of the state of the model and for formulating subsequent 
uses of the model. 

Passive Seismic Techniques and Site-Specific Earthquake Simulations 

These two methods appear to show considerable potential for advancing 
the capabilities of earthquake hazard reduction and seismic input characteriza
tion. Therefore, they will be discussed in much more detail in subsequent 
parts of this report. 

Seismic Engineering 

• Develop a basis for estimating the principal characteristics of strong 
ground motion such as spectral characteristics, attenuation rates, 

influence of the source, the travel path, and local site conditions. 
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• Install two-dimensional arrays of strong motions instruments in the 
structures and in the free field to monitor spectral characteristics 
and attenuation of earthquakes and the influence of local geology, 
soils conditions, and topography. 

Advanced Techniques 

Some instruments and methods require further testing or development or 
are too costly for extensive use at present. Nuclear Energy Centers may 
provide the incentive for accelerated research in many of these areas; 

• In-situ stress measurements by hydraulic fracturing or borehole 
strain-relaxati~n measurements 

• Quartz-tube strain meters or other short base shallow-burial strain 
meters 

• Multibeam laser-ranging instruments to increase the precision of free
air-path distance measurements 

• Long-period, broad-band, large-dynamic-range seismographs to record 
a brcader spectrum of ground motion for improved studies of earth
quake sources 

• Water-level recorders and volumetric-strain meters of high .stability 
and sensitivity 

• Stable high-sensitivity recording magnetometers to search for magnetic 
precursors to seismic events 

• Widespread systematic monitoring of water composition at flowing 
springs or wells to search for geochemical precursors to earthquakes 

• Extensive drilling and direct examination and instrumentation of 
fault zones at depth. 

MICROSEISMIC NETWORKS 

The use of microseismic networks both during the site selection process 
and after plant startup could be very desirable. 
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First~ as an aid in the site selection process, such a network would 
provide valuable information that would supplement the historical seismic 
record at the site. Generally, seismic zones are defined by a historical 
record of damaging shocks supplemented in recent years by instrumentally 

recorded and located earthquakes. One of the most significant problems is 
the short period of recorded history with which seismologists have to deal. 
In areas where the mean time between damaging earthquakes may be a thousand 
vears, an historic record of several hundred years can be totally inadequate. 
For a number of years seismologists have considered the problem of using 
the much higher rate of micro-earthquakes~ which are very small earthquakes 
with magnitudes less than about 2.0 on the Richter scale~ as a statistical 
measure of activity from which to extrapolate to large but less frequent 

damaging earthquakes. 

As a result of extensive instrumentation in the western United States 
by the U.S. Geological Survey, it is now clear that micro-earthquakes have 
a much greater significance for determining fault "capability" and potentiai 

earthquake hazards than was previously thought to be the case. Some questions 
remain~ of course~ but it is clear that micro-earthquakes ~re not as diffu

sely distributed as was previously thought. Whenever they have been studied 
in detail, they are found to be closely related to geologic structures capable 
of generating significant earthquakes. This is not to say that every 
micro-earthquake indicates an active fault~ but rather, when a distribution 
of small events defines a planar region in the earth, this is virtually 
uncontrovertible evidence of the existence of an active fault. 

If an adequate statistical sample is available~ there appears to be in 
many cases a reasonable relationship between the rate of small earthquake 
activity and that of larger shocks~ thus making possible a useful estimate 
of recurrence times for damaging shocks. The length of time necessary to 
collect significant data varies widely from one region to another. In 
general, areas of low seismicity should be sampled over a larger period of 
time in order to provide dependable statistics. The time intervals thus 
range from several months to several years. 
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In addition to the definition of seismic zones, micro-earthquake data 

can provide important information on the stresses operative by using the 
first-motion pattern for a number of micro-earthquakes to form a composite 
focal mechanism characteristic of the region. This can be used to deter
mine whether the type of faulting is likely to be thrust, strike-slip or 
normal faulting (which has an important bearing on engineering estimates of 
strong ground motion). 

Micro-earthquake data seem most useful when other geological data are 
ambiguous or difficult to obtain. For example, consider the case of an 
apparently inactive fault which lacks suitable exposures or materials to 
provide a date of most recent movement. Under current ground rules, if the 

date of most recent movement cannot be clearly established as previous to 
several hundred thousand years, the fault must be assumed to be capable of 
generating an earthquake. Extensive field efforts at great cost can be put 
into such an investigation, whereas micro-earthquake information obtained 
at a relatively small expense may have the capability of providing an 
unambiguous answer in the event the fault is active. Because this tool is 
most effective in providing information about active structures rather than 
inactive ones, it is important that it be used as early as possible in the 
site selection process. Ideally, a seis~ic network should be established 
when the general region has been established and several sites are under 
consideration. Under these conditions the micro-earthquake technique has 
the capability to save considerable expense in detailed field investigations 
at several sites by early identification of ~otentially active faults. 

The operation of a network installed during the site selection proce
dure could be continued at a very small cost after construction and startup 
of a plant. The network would serve two important purposes. First, such 
a network could conveniently be coordinated with a seismic scram system to 
eliminate spurious scrams and scrams due to non-damaging earthquakes. 
Second, if run at several gains, the network would also provide valuable 
information in the event a large earthquake occurred. This information 
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would assist in verifying site response models~ soil-structure interaction 

models and structure-structure interaction models. Such data have never 
been recorded. The absence of data and therefore lack of verification of 

design procedures has been a major factor for concern in the safety of 

nuclear power plants. 

SITE-SPECIFIC EARTHQUAKES 

As described earlier~ the current methodology for selecting the design 

ground motion at a site is based largely on Regulatory Guide 1.60 which~ in 

essence~ specifies the frequency content of the ground motion. R.G. 1.60 is 
site-independent in that the same frequency content is considered appro

priate for every site. Although the amplitude of the ground motion~ which 

is determined by an estimate of peak acceleration~ is very site dependent. 

analysts are becoming increasingly aware of the physical inconsistencies of 

requiring identical spectral shapes. It now seems implausible that the 

ground motion from a nearby small earthquake would have the same frequency . 
content as a large, distant earthquake. Observations such as these have 

prompted both technical and political speculation that the conservatism in 

seismic design might be less than once thought. This uncertainty has 

caused the NRC to regulate the seismic input almost completely on a case 

by case basis~ a system that lacks the uniformity of review for which 
they strive. 

The development of a new site-specific approach to characterize the 
design ground motion for a facility was therefore greeted with relative 

enthusiasm by the utilities, the intervenors~ and the NRC. This new approach 
examines the problems from a calculational physics point of view; if the 
earthquake rupture process can be quantified, then the site-specific around 

motions results from the propagation of the stress waves through the earth 
to the site of interest. 

General Methodology 

The general methodology is to first obtain a quantitative feeling for 

the rupture process in the tectonic province containing the site. This is 

39 



accomplished by selecting one or more nearby earthquakes whose ground motion 
has been recorded, and to develop detailed rupture processes for the earth
quakes by trial-and-error until the recorded and calculated ground motions 

are within 10 to 20%. This exercise lends credibility to the calculations 
and expands one's knowledge of the earthquake processes by providing such 
detailed physical parameters associated with earthquakes as: 

• Rupture orientation and extent 

• Rupture velocity 

• Fracture sequences 

• Dynamic stress drop over the fault surface 

• Fault offset. 

Having calculated these parameters, one might expect roughly the same 
parameters on other faults of the same dimensions and mechanisms and in 

the same tectonic province. Thus, it would seem reasonable to use these 
parameters in a predictive calculation. If the verification earthquakes 
are not exactly like the postulated earthquakes then the processes would 
become elements in a parametric survey and the predicted ground motion 
would envelop the parametric results. In any case, the credibility and 

accuracy of such an approach appears to be many times greater than the 
credibility of any site-independent ground motion spectra. 

Finite Element Calculations 

The calculational approach to this problem ;s unique in that it 
links a very powerful nonlinear finite element code (which calculates the 
response in the rupture zone) with a newly developed semi-analytical pro
cedure for synthesizing seismic waves in a horizontally stratified visco
elastic earth. This two-stage approach optimizes the use of computer 
resources and still can provide a high frequency response (20 Hz) out many 

tens of miles. 
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The finite element computer code, SWIS, is very versatile and considers 
eithEr static or dynamic problems in one-, two-, and three-dimensional 
geometries with equal efficiency. In addition, both nonlinear and linear 
behavior may be analyzed. The dynamic calculations may be performed using 
either the explicit or implicit time interaction schemes .. Also, for explicit 
dynamic calculations, SWIS has the capability of varying the time step within 
the computational mesh. This capability has been quite useful for structure
medium calculations (Sweet, 1976). SWIS has been verified against known 
theoretical solutions for both continuum and structural analysis problems 
(Frazier and Petersen, 1974; Sweet et al., 1976; Sweet, 1976). 

The SWIS code employs a time-centered explicit method for integrating 
the equilibrium equations in time. The calculation scheme proceeds as 
follows: 

1. The various global arrays are initialized. These include nodal 
positions, nodal displacements, nodal velocities, applied nodal 
forces, and nodal masses. 

2. Element calculations are performed to obtain the nodal restoring 
forces. The steps in this calculation are to: 
(a) Compute strain 

(b) Compute stress(a) 

(c) Compute restoring forces 

(d) Repeat operations (a), (b) and (c) for each element in 
the grid to produce the complete listing of the nodal 
restoring force. 

(a)The nonlinear material models presently available in SWIS are as follows: 
(Sweet et al., 1976): 

• Von Mises/Drucker-Prager model 
• Soil and rock cap models 
• Variable moduli model 
• Tensil failure model 
• P-a crush-up model. 
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3. Integrate the equation of motion to advance the solution by one 
time step 6t: 

(a) Compute nodal accelerations 

(b) Compute advanced nodal velocities 

(c) Compute advanced nodal displacements. 

4. Set t = t + 6t and return to Step (2). 

This procedure is illustrated in Figure 5. 

The sequence of steps outlined above can result in as few as 180 float
ing-point multiply-and-add operations per three~dimensional element for the 
special case of rectilinear zoning. This is fewer calculations than are 
required for multiplying the nodal displacements by the stiffness matrix. 
Actual calculations generally require about 700 floating point multiply-and
add operations per three-dimensional element and about one third this value 
for two-dimensional calculations. The use of SWIS for numerically simulating 
earthquake rupture is described and illustrated in Appendix B. The data for 
such a calculation includes: 

• Numerical Grid 
• Geologic Layering (density, wave velocities, and attenuation coefficients 

for each geologic material) 
• Initial State of Stress 
• Point of First Rupture 
• Coefficients for Sliding Friction 

• Rupture Extent 

The rather massive three-dimensional simulation provides particle motions and 
material stresses in the regions close to the rupture surface. The major 
function of SWIS in the SISPEQ analysis, however, is to produce detailed 

information on fault slip as a function of position and time. The suit
ability of the finite element for matching abrupt changes in slip which 
occur near the crack tip is illustrated in Appendix B. It is these abrupt 
changes in slip that gives rise to high frequency components in the ground 
shaking. 
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Synthetic Seismograms 

Fault slip, which is computed by SWIS, provides input to PROSE, a newly 
developed procedure for propagating waves in horizontally layered, visco
elastic earth. Thus, PROSE serves to propagate seismic energy from the 
earthquake source to points on the earth's surface where synthetic seismo
grams are produced. Mathematically, this is accomplished by spatially and 
temporally convolving the fault slip from SWIS with the medium response 
from PROSE, which is characterized in the form of surface motions due to 
instantaneous slip at a single point on the rupture surface. The convolu
tions serve to sum the time-dependent production of seismic energy over the 
entire rupture surface thereby providing the desired ground motions. 

The PROSE algorithm is the only method currently available for ana
lytically synthesizing all of the multiply reflected and refracted P and S 
waves as well as Rayleigh and Love surface waves in a horizontally strati
fied medium. The method is based on well-known procedures in seismology 
(Haskell, 1953, 1963, 1964). As illustrated in Figure 6, the equations of 
motion, expressed in cylindrical coordinates, are transformed: ti~e (t) 
is converted to frequency (w) using a Fourier transform; azimuth (8) is con
verted to harmonic wave order (n) using a Fourier series; and radial dis
tance (r) is converted to horizontal wave number (k) using a Bessel trans
form. No transform is performed on the vertical cDordinate (z). The result 
of these transforms is to produce ordinary differential equations in (z) 
which are solved analytically for each layer. Continuity conditions are 
enforced at the layer interfaces and transformed surface tractions are set 
to zero on the free surface to produce solutions for transformed particle 
displacements as a function of the independent variables (w, n, k, z) and 
the forcing term which results from slip on an infinitesimally small seg
ment of the fault. Except for computer roundoff, solutions are exact and 
complete. Excessive roundoff errors have been avoided at this point using 
a procedure similar to that advanced by Gilbert and Backus (1966). 
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The complete seismic synthesis is obtained by performing inverse trans
formations on w, nand k to get the solutions in terms of t, 8, and r, 
respectively. It is here that PROSE is unique in that the inverse transforma

tions are performed to frequencies in excess of 20 Hz without neglecting 
any wave types. The details of how this has been accomplished are beyond 
the scope of this report. 

The accuracy of the PROSE wave synthesis has been tested in several 
ways including comparisons of particular wave types with other seismic 
methods, e.g., first arrival body waves and later arriving surface waves. 
Figure 7 shows a comparison of the analytical method with finite element 
results for a surface load on a homogeneous earth. Figure 8 illustrates 
the uniqueness of PROSE for producing compiete seismograms in a horizontally 
layered earth. Beside the prominent P-, $-, and surface wave arrivals, there 
are many reflected and refracted arrivals from seismic energy trapped 
within the layers. The complexity of the seismogram dramatically illus
trates how layering in the earth influences the propagation of seismic waves. 

Additional technical details of this promising approach are presented 
in the appendix. 

EARTHQUAKE PREDICTION AND CONTROL 

The ability to accurately predict and/or control large earthquakes 
would obviously have considerable impact on the implementation of the NEe 
concept at least from the seismic hazard perspective. Therefore, a brief 
discussion of this research area merits inclusion in this report. For 
specific technical details the reader should refer to the indicated 
references. The main point to keep in mind is that it is within reason 
to anticipate a regulatory guide requiring adequate earthquake prediction 
capability at a NEe site. 

Prediction Methods 
/ 

Currently two independent methods are being explored: 1) statistical 

techniques, and 2) geophysical methods. The first uses the catalogued 
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history of earthquakes in a region as a key to estimating when and where 
such future events may occur. The second involves the observation and 
interpretation of certain changes in the physical environment in earthquake
prone regions as indicators of an impending event. 

The desired prediction must include the expected magnitude range, the 
geographical location, the time interval, and the degree of uncertainty. 
The statistical approach tends to yield information concerning the gross 
geographical aspects, longer time intervals, and general magnitude ranges. 
Data base correlations of frequent events, seismically quiescent gaps along 
plate margins, and epicenter migrations or patt€rn trends are chiefly used. 
To improve the resolution and prediction lag time, geophysical precursors 
show the best potential. 

Geophysical methods involve searching for, identifying, and monitoring 
changes in the physical state of the earth that are precursory to earth
quakes. In general the list includes: perturbation in the compressional 
wave-shear wave velocity ratio, ground dilation, anomalous changes in 
ground tilt, variations in radon concentrations in ground water~ anomalous 
magnetic fields, anomalous electrical resistivity, the relative abundance 
of large and small earthquakes, perturbation in water wells, lakes and 
streams, anomalous animal behavior, and gaseous emissions especially 
hydroxides have been investigated as potential precursors for prediction. 
It would appear that any successful prediction method utilizing geophysical 
parameters will have to incorporate and couple many of the aforementioned 
observations. 

To lend perspective to this potentially fruitful area of research, 
several of the conclusions from the Panel on Earthquake Prediction of the 
National Research Council are stated. 

1. A scientific prediction will probably be made within the next 5 years 
for an earthquake of magnitude 5 or greater in California. With 
appropriate commitment, the routine announcement of reliable predictions 
may be possible within 10 years in well instrumented areas although 
large earthquakes may present a particularly difficult problem. 
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2. In a realistic attack on the earthquake-hazard problem, the develop

ment of an earthquake - prediction program and the upgrading of 

earthquake - engineering design and construction are complementary 
and equally necessary, and should be carried on at the same time. 

3. Predictions of earthquakes should specify time, magnitude, place, 

and uncertainty, but any reasonable bracketing of these parameters would 

be useful. 

4. At present, the ability to detect and locate an impending earthquake 

requires a dense distribution of instruments in the quake area. 

Improved observational networks in areas of high earthquake 

probability are mandatory if we are to gain the fundamental 

knowledge on which to build an effective earthquake-predictive 
program. 

5. The physical nature of precursory phenomena is complex, and 

current models to explain them are crude; improvement of these 

models will require considerable effort in the field and 

laboratory, as well as in theoretical studies. 

It is important to note that the apparent concensus is: given 

adequate effort, predictions may be feasible in a time span on the 

order of 10 to 20 years. This may well be coupled to the critical time 
frame for NEe siting and construction programs. 

Earthquake control, although extremely promising in terms of its 
impact or consequences, is not currently within the bounds of our 
technology. Proposed methods such as manipulating pore fluid pressure 

in a fault zone deserve research support, but should not be seriously 
considered in siting criteria studies at this point in time. 
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5.0 SUMMARY AND CONCLUSIONS 

The primary objective of this report can be subdivided as follows: 1) to 
review, analyze and summarize in compact form the existing procedures as encom
passed in seismic criteria for the siting and design of individual nuclear 
facilities, 2) to speculate as to how the criteria may change in the immediate 
future, 3) to convey the point that seismic criteria for NECs may have to 
evolve due to the magnitude of capital, generating capacity, and the safety 

problems involved, and 4) to identify techniques and tools that may be avail
able to guide the drafting of and the compliance with the future seismic criteria 
with special emphasis on Nuclear Energy Centers. 

No attempt has been made to speculate on specific siting or operating 
criteria or to prioritize the identified list of methods and hardware that 
could potentially be implemented to meet such criteria. Some form of 
screening based on cost/benefit analyses, availability, proprietary nature, 
and overall verification and credibility would be a logical extension of 
this study. 

This section is devoted to: 1) summarlzlng changes in seismic input, 
soil structure interaction, and structural analysis that in the opinion of 

the authors will be evaluated for incbrporation into seismic criteria 
guidelines, 2) delineating some additional areas that might be reviewed, 
and 3) recommending logical extensions of this study. 

ANTICIPATED CRITERIA CHANGES 

Criteria changes are anticipated in seismic input, soil structure 
interactions, and structural analysis. 

Seismic Input 

Increasing the SSE and aBE will have an obvious impact on construction 
cost in some parts of the country, especially in the East. The need to 
increase the levels has not been absolutely demonstrated, and is based 

primarily on intuition. Ideally, such an increase should be based on 
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careful risk analysis such as those developed by using the techniques 

of Cornell (Cornell, 1968) or Nair (Nair, 1976). 

Site-dependent spectra and site specific earthquake approaches will 

require confirmatory research to provide a sufficient technical basis to 
justify a Regulation Guide. The best known researcher in this area is 

M. Trifunac (1974), who has strongly and repeatedly advocated the use of an 

input design spectrum that was more dependent on the source mechanism and 

travel path history. The basic problem is an inadequate data base of 

strong motion records for many parts of the country, particularly for large 

earthquakes. The costs of implementation of sit~-specific earthquake 

techniques will probably not be a major factor since it replaces many 

elements in the conventional design chain (site response, alternative 

studies, statistical and probabalistic analyses). The method has undergone 

a reasonable degree of verification and is being extended for specific NRC 

review. These changes relate to singular plants as well as NECs; however, 
the unique aspects of NECs may accelerate their evaluation and implementation. 

Soil-Structure Interaction 

There should be a substantial effort to develop improved site response 

methods especially for NECs, considering the relatively large areas involved. 

Here, however, there are real interface problems. The entire regulatory 

process is built around the concept of deconvolution. Because deconvolu
tion requires Fourier superposition, the soil mechanical properties must be 

1 inear. The method that Professor Seed has developed (Schnabel, Lysmer, 
and Seed, 1972) iterates elastic solutions to achieve an equivalent-linear 
solution to the non-linear response. All this is to say that, technical 

merits aside, we may be designing with deconvolution techniques for quite 

awhile. It would be prudent, therefore, to elevate the equivalent linear 

method to the most sophisticated position possible. One improvement that 

would significantly add to the credibility of the method would be the 

inclusion of a better hysteretic damping model. Such a model ;s net being 

worked on, but if it were available, it would improve the site response 

calculations with no cost or interface difficulties. 
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With regard to synthetic accelerograms, the concept is straightforward 
and the tools are available (Trifunac, 1971; Donovan, 1973). Once the need 
for several accelerograms is demonstrated, the policy will follow shortly. 
The costs and interface difficulties are negligible, but some of the codes 
for generating the accelerograms are proprietary. A sufficient number of 
these codes are in the public sector, however, so that this is a minor 
problem. 

Shannon and Wilson, Inc. (Shannon and Wilson, 1976) has devoted a 

great deal of effort to developing reliable in-situ measuring devices. 
Such devices could result in slightly higher exploration costs, but savings 
would probably result elsewhere (for example, laboratory testing). A 
logging or measuring device could very likely be developed in this area. 

The traveling wa¥e problem may result in the development of appropriate 
techniques, and the problem is sufficiently simple that several alternatives 

should be provided. Lawrence Livermore Laboratory is currently interested 
in the problem and has recently summarized their perspective of the issues 
(Bernreuter, 1977). Possible traveling wave criteria could impact other 
seismtc criteria, i.e., the deconvolution. Also difficulties would arise 
in regulating a partitioning of energy between traveling and vertically 
incident. Despite these difficulties, traveling waves will be considered, 
at least informally, in licensing applications. There would probably be 
some small additional costs associated with implementation of such criteria. 

The two-dimensional/three-dimensional modeling difficulties are pres
ently being researched by Professor Lysmer and his colleagues. Their 
efforts or variations thereof will almost certainly be incorporated into 
licensing policy. Their methods are non-proprietary and the only cost is 
the additional computer time required for solution. 

St~uctural Analysis 

There would be negligible impact on the licensing process if modeling 
constraints were laid out with regard to torsion. Most computer codes 

53 



readily accommodate that degree of freedom, the additional costs are neg
ligible and the only extra effort is in modeling. 

ADDITIONAL AREAS FOR REVIEW 

A great deal of emphasis has been placed on the unique nature of nuclear 

energy centers; i.e., centralization of large capital expenditures, generating 

capacity, and nuclide and waste inventory. It is the opinion of the authors 

that sponsors of an NEC will welcome any improvements in seismic risk analysis. 

Many individuals, not the least of which the NRC staff, have identified areas 
in the criteria that could be improved if the appropriate technology were 
available and adequately verified. It may well be that the unique nature 

of NEC coupled with the long lead time associated with NEe acceptance and 

implementation may enable criterial development to encompass potential 

improvements in our technology. This has already been intimated in the 

discussion on site-specific earthquakes and earthquake prediction. The 

intent of this summary is net to criticize existing procedures but merely 
to illuminate areas that given technological advancement might be amended 

or appended to future criteria for Nuclear Energy Centers. These dis

cussions will necessarily be brief. 

Seismic Input 

Some concern has been voiced as to the definition of a capable fault. 

Geology is evolving from an art into a science and as this progresses, our 

understanding of tectonics and associated seismicity improves. It is 
hoped that additional research efforts will result in a better understanding 
of faulting and its impact on surface facilities. Similar:y as our under

standing of intermediate to deep earthquake mechanisms and their relation

ships to fault motion improves this may be reflected in the criteria for 

NECs. Unfortunately this is a difficult and time-consuming effort. 

A second area of concern is with the lack of correlation between 

seismological parameters such as intensity-acceleration data. There are 
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numerous reasons for this lack of correlation: 1) the quality of building 

cons~ruction varies widely; 2) the frequency content of the ground motion 

relative to the natural periods of the structures affected causes consid
erably different structural amplification factors over the peak ground 

acceleration; 3) large and small earthquakes are intermixed; and 4) a wide 

range of epicentral distances are used in the correlations. Obviously the 

paucity of data is the culprit in this case. As the data base grows so will 

the empirical correlations. It is anticipated that given adequate research 

support, the relationships required by regulatory agencies to draft criteria 

will be improved by the time an NEC is licensed. 

Site Response/Soil-Structure Interaction 

Five major areas will be addressed in this section. Once again it must 

be stated that these problem areas are not the result of lack of objectivity 

on anyone's part but merely from a lack of reasonable alternatives that have 

been adequately verified. It is hoped that additional effort in these areas 

will be productive and that NEC criteria will parallel any results. 

The first concern relates tD the soil measurements and modeling. The 

input required from an analyst is shear modulus (G) and damping factor (6) 
as a function of average strain, density, and Poisson's ratio for each sig

nificant layer above bedrock. Currently, the lack of in-situ measuring 

devices dictates that the information be generated in laboratory tests on 

cores. This results in uncertain estimates of average shear strain through
out the core, potentially large errors due to core sample disturbance and 

sample size effects, and tensional and compressional symme~ry in strain
dependent soil properties. Thus the mathematical formulation allows the 
soil to not only push the structures, but to pull them as well. To cir

cumvent this problem the regulations have had the insight to stipulate that 

the foundational level spectrum be derived from three separate soil response 

calculations to encompass possible minimum and maximum variations. It is 

interesting to note that this results in effectively increasing the surface 

design spectrum. It is anticipated that improvements in in-situ measuring 

55 



capabilities may preclude this procedure and the conclusion is that this 

is one very important applied research area. 

Another problem relates to site modeling based on borehole logs which 
delineate the stratigraphy. Some flexibility exists in the choice of a 

model and the characteristics of bedrock which can have a profound effect 

on final design parameters. It is hoped that criteria for an NEC would 

circumvent any non-uniqueness presented here. 

Another concern is the conversion of seismic response spectra into 

acceleration time histories. There are two major assumptions involved. 

First, there is a 0.1% damped response spectrum associated with the Fourier 

spectrum. This relation is tenuous, and the effects of a non-zero damped 

spectrum are not well understood. A second, and more important, assumption 
is that the spectral amplitudes control the soil structure interaction 

response and the phasing of the individual frequencies is random in nature. 

Thus, there is an infinite set of time histories that could represent a target 
spectrum. If phases were deemed an important parameter, it would be neces

sary to know the sensitivity of the system response. Additional work sh0uld 

be performed concerning the sensitivity to the particular phase spectrum 
prior to drafting NEC criteria. 

Finally, the equivalent linear method (ELM) is a major concern because 
of a lack of verification with real data, the basis of damping formulation 

and its extrapolation to strong motion earthquakes, and the statistical 
smoothing associated with superpositi0n of multiple records. Obviously the 
NRC recognizes these concerns as they have required that the foundation 

level spectrum be not less than 60% of the surface spectrum. However, for 

NEC criteria, additional work would be advisable. 

Structural Analysis 

Because the technology of structural analysis is extremely advanced 

relative to seismic risk analysis and soil-structure interaction, it is 

difficult to define areas where the advent of an NEC would change criteria. 
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However, one area that may deserve some additional effort is in the com

bination of loads. This occurs at two levels. First, the net earthquake 

load must be characterized, and this involves either combining individual 

structural loads from each of the three earthquake components or combining 

the three components vectorally and performing a more complex three

dimensional structural analysis. Whichever approach is taken requires a 

decision as to the orientation of the incoming seismic energy relative to 

the structure. This may force criteria as to facility spacing. Second, the 

NRC requires that the seismic loads be combined with operating loads, tran

sient loads, and abnormal loads. The manner in which all these loads are 

combined determines the final design loads on the structure and. equipment and 

thus can be considered the bottom line criteria. 

RECOMMENDED STUDY EXTENSIONS 

This study is designed to be preliminary and educational in nature. 

Such a composite description of existing procedure is not currently in 

print to our knowledge. However, recommendations as to an extension of 

this study appear appropriate. Therefore, the following areas are presented 

for evaluation: 

1) Development of hypothetical criteria for an NEe and a program to 

meet such criteria using Hanford as a test case. 

2) Prioritization, cost/benefit analysis, and availability screening 

of the identified tools and procedures 
3) Implementation of one or more of the most dramatic techniques such 

as site-specific earthquakes using Hanford as the test case. 

The site-specific element should be noted since we are of the opinion 
that any additional meaningful work under Items 2 and 3 must necessarily be 

site specific. 
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APPENDIX A 

BACKGROUND, REGULATORY GUIDES AND STANDARDS 

(Adapted from ASCE Manual, Ref. A-7) 

A. 1 BACKGROUND INFORr4ATION 

The requirements governing nuclear power plant design generally 
paralleled conventional design requirements until the early 1960 1 s. Begin
ning about 1965 the Regulatory Division of the Atomic Energy Commission 
(now NRC), in their review and approval of the Preliminary Safety Analysis 
Reports (PSAR) required considerably more detail. The Commission also 
began to require evaluation of extreme loads. In addition, the efforts on 
the ASME Boiler and Pressure Vessel Code Section III and the Joint ACI-ASME 
Committee on concrete containments and pressure retaining components and 
the standards development efforts of the American Nuclear Society (ANS), 
and the A.rnerican National Standards Institute (ANSI) as a coordinating 
agency, all combined to develop over the past 12 years a large quantity 
of new design criteria applicable to nuclear design. This development 
has proceeded to the point where there are over 75 different documents 
prepared by a variety of industrial and regulatory groups in the U.S. 
which have a direct bearing on safety related structural design and analysis. 

A.2 PHILOSOPHY OF PROTECTION AGAINST NORMAL AND EXTREME LOADS 

Nuclear structural design requirements are to a considerable degree 
unique. In no other structural system are extreme loads such as tornadoes, 
earthquakes effects, etc., typically in excess of any recorded historical 
data at a site, and postulated accidents down to the 10-7 probability 
range explicitly considered in design. The consideration of extreme 
loads of such low probability is warranted by the potential consequences 
of accidents associated with nuclear facilities (Ref. A-3). As a result. 

a much broader spectrum of extreme loads are considered in design of 
nuclear facilities compared to conventional ones. 
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It also should be understood that the overall reliability of a struc
tural system is not only a function of the applied loads but also the 
reliability of the structural response of the structure to that load. The 
quality assurance programs for the design and construction of conventional 
building structures typically have been based on informal or "in house II 
procedures which rely heavily on the integrity and competence of first line 
supervision. In such structures quality control has for the most part been 
based on visual inspection. Such procedures are in contrast to pressure 
vessel quality assurance and control procedures which require extensive 
audits, approval of quality assurance procedure, and third party inspection 
of quality control tests which include radiography, ultrasonic testing, dye 
penetrant and magnetic particle testing of as-built components. To a large 
extent many of the quality assurance and quality control measures tradition
ally used in pressure vessel design are now applied to concrete and steel 
safety class structures. 

The risk associated with the occurrence of a particular event in its 
most simplistic form is the product of the probability of occurrence of the 
event and the consequences of the event. For a desired risk level, as the 
probability of occurrence of an event decreases, the consequences may be 
allowed to increase. Thus increase in consequences in structural design 
may be associated with reduced safety margins in design of structures for 
low probability events. 

Central to this extreme load design philosophy is the reduction of 
structural safety factors a~ the probability of load occurrence is reduced. 
This requires that the response of structures to extreme loads must be 
predicted with a higher degree of confidence than is typically the case 
with conventional structures. As a result, quality control and quality 
assurance requirements are considerably more stringent than for conventional 
structures, and nonconventional analytical qualification may be required. 
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A.3 GENERAL CONSIDERATION IN DESIGN AND SAFETY CATEGORIZATION OF 
STRUCTURES 

The specialized requirement of structural design and analysis presented 
in this Manual are applicable to "Safety Class Structures." This section 
presents various safety classifications typically used to describe the 
safety classifications of structures, mechanical and electrical components 
(Ref. A- 4). 

The use of Safety Classes established by ASME and ANS standards should 
not be confused with the Seismic Category I classification established by 
Federal Regulation lOCFR100 Appendix A and further defined by the NRC in 
R.G. 1.29. In general the NRC Seis~ic Category I applies to all structure 
systems and components "important to safetyll which must remain functional 
in the event of an SSE. II Important to sa fety" is further defi ned by the 
NRC as those structures, systems, and components whose function is to 
assure: (1) the integrity of the reactor coolant pressure boundary, 
(2) the capabil ity to shut down the reactor and rna i nta i n it ina safe shut
down condition, or (3) the capabil~ty to prevent or mitigate the conse
quences of accidents which could result in offsite exposures comparable to 
the guideline exposures of lOCFR100. Because the safety classification of 
structures, systems and components defined by the NRC is restricted to 
earthquakes, there is a tendency to use the industry safety classifications. 

For structures, systems and components important to safety, five 
safety classifications are defined; two general classifications without 
gradation, one for structures and one for electrical systems and compon
ents, and three graded safety classes for mechanical systems and components. 

Structures, systems and components that are categorized in the five 
safety classes are designed to remain functional during all design basis 
events, unless it can be demonstrated that the structures, systems and 
components will not be required to perform their safety function during 

such events or that such events are precluded from interacting on the 
structure, system or component by an isolation or barrier system. Safety 
class structures, systems and components are subject to the Quality 
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Assurance requirements of Federal Regulations (Ref. A-S). Structures, systems 
and components not considered important to safety are designed Non-Nuclear 
Safety (NNS) and in general are designed to meet conventional requirements. 

The failure of any NNS structure, system or component may not lead to 
loss of function of any safety class structure, system or component. 

A.4 SUMMARY OF EXISTING CODES, STANDARDS AND REGULATIONS 

This section is presented to assist determining the sources of design 
criteria required for nuclear power plants. The role and purpose of various 
agencies, codes and standards groups are briefly discussed and references 
to source material presented. 

A.4.l Summary of Current AEC, ASME, AC1, ANS, AC1-ASME and IEEE Seismic 
Standards 

Figure A-l is a summary of the current codes, standards, and criteria 
generally applicable to the seismic design and analysis of nuclear 
facilities. Not included but playing an important role ;s the American 
National Standards Institute (ANSI). Through its technical society 
representation of the Nuclear Technical Management Board, ANSI determines 
the needs for, assigns, and schedules the development of standards. Many 
standards developed by sponsoring organizations also carry ANSI designa
tions. Where such designations are identified the corresponding ANSI 
designation is shown parenthetically. Reference A-6 contains a list of 
nuclear standards under the auspices of ANSI. 

A.4.2 Federal Regulations 

The most important of the NRC documents in the structural area are 
Federal Regulations 10CFR100 Appendix A and 10CFR50 Appendices A and B. 
These documents have the weight of Federal law to require compliance. 

A.4.2.1 10 CFR 100 Appendix A 

This document defines the aBE SEE and the way their intensities are 
determined. It also locates where the earthquake motion is defined and 
sets the width of fault zones as a function of fault length and defines 
capable and noncapable faults. 
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A.4.2.2 10 CFR 50 Appendix A 

This document defines General Design Criteria to be used in the design 
of safety class nuclear plant facilities. It contains the following 

criteria of particular interest: 

Criterion - Quality Standards and Records 

Criterion 2 - Design Bases for Protection Against National 
Phenomena 

Criterion 4 Environmental and Missile Design Bases 

Criterion 16 - Containment Design 

Criterion 50 - Containment Des i gn Bases 

Criterion 53 - Provisions for Containment Testing 

A.4.2.3 10 CFR 50 Appendix B 

This document describes the quality assurance criteria for nuclear 
power and fuel reprocessing plants. It is divided into the following 

areas: 

1. Organization 
2. Quality Assurance Program 
3. Des i gn Contra 1 
4. Procurement Document Control 
5. Instructions, Procedures and Drawings 
6. Document Control 
7. Control of Purchased Material, Equipment and Services 
8. Identification and Control of Materials Parts and Components 
9. Control af Special Processes 

10. Inspection 
11. Test Control 
12. Control of Measuring and Test Equipment 
13. Handling, Storage and Shipping 
14. Inspection, Test and Operating Status 
15. Nonconforming Materials, Parts or Components 
16. Corrective Action 
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17. Quality Assurance Records 
18. Audits 

A.4.3 NRC Regulatory Guides 

Reg~latcry Guides are prepal~ed by the NRC Divisicn of Regulatory 
Standards and are issued to describe methods acceptable to the NRC Regula
tory staff, delineate techniques used by the staff in evaluating specific 
problems or postulated accidents, or provide guidance to applicants. 
Regulatory Guides are not regulations and compliance with them is not 
required. Methods different from those in the guides are acceptable if 
they provide a basis for the findings requisite to the issurance or con
tinuance of a permit or license. 

Guides are issued in the following divisions: 

1. Power Reactors 
2. Research and Test Reactors 
3. Fuels and Materials Facilities 
4. Environmental and Siting 
5. Materials and Plant Protecticn 
6. Products 
7. Transportation 
8. Occupational Health 
9. Antitrust Review 

10. General 

In the following paragraphs a brief description of those Regulatory 
Guides of particular interest to the Civil-Structural Engineer is presented. 

A.4.3.1 R.G. 1.12 - Instrumentation for Earthquakes 

This guide defines the instrumentation required to record the effects 
of earthquakes. 

A.4.3.2 R.G. 1.29 - Seismic Design Classification 

This guide defines those systems and components which require verifica
tion of seismic design adequancy. Such seismic design adequancy is required 
to assure (1) the integrity of the reactor coolant pressure boundary, 
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(2) the capacity to shut down the reactor and maintain it in a safe shut

down condition, (3) prevent or mitigate consequences of accidents which 

could result in radiation release in excess of 10 CFR Part 100 guidline 

exposures. 

A.4.3.3 R.G. 1.60 Design Response Spectra for Seismic Design of Nuclear 

Power Plants 

This guide establishes the ground response spectra which will be used 
to seismically qualify structures located at ground and to qualify time 
history input motion which are used to develop amplified spectra for use in. 

design of components located within building structure. Horizontal as well 

as vertical spectra are specified. 

A.4.3.3 R.G. 1.61 - Damping Values for Seismic Design of Nuclear Power 
Plants 

This guide presents interim modal damping values which are currently 

acceptable to the NRC. Values are tabulated for both the aBE and SSE and 

different structures, systems, and components . 

. A..4.3.5 R.G. 1.70 - Standard Format and Content of Safety tl,nalysis Report 

for Nuclear Power Plants - LWR Edition 

This document identifies the principal information that should be 

provided by applicants in safety analysis reports for light-water-cooled 
reactors and defines a uniform format for the information. The Standard 
Format was developed in parallel with and is keyed to the Standard Review 
Plans prepared by the NRC Office of Nuclear Reactor qegulation. 

A.4.3.6 R.G. 1.91 - Evaluation of Explosions Postulated to Occur on Trans
portation Routes Near Nuclear Power Plant Sites 

This guide describes a method acceptable to the NRC Regulatory staff 

for determining safe distances from a nuclear power plant to a transportation 

route over which explosive material may be carried. It also provides data 

for the development of peak positive overpressure associated with accidental 

explosions as a function of distance and equivalent TNT charge. 
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A.4.3.7 R.G. 1.92 - Combination of Modes and Soatial Components in Seismic 
Response Analysis 

This guide provides a suggested method for combining seismic response 
effects between modes including closely spaced modes as well as spatial 
combinations considering independence of directional components of the 
earthquake. 

A.4.4 NRC STANDARD REVIEW PLANS, SRP 

Regulatory Standard Review Plans are prepared for the guidance of the 
NRC Directorate of Licensing staff responsible for the review of applications 
to construct and operate nuclear power plants. These documents are made 
available as part of the Commission's policy to inform the nuclear industry 
and the general public of staff scope and policies on Safety Analysis 
Reports. Standard Review Plans are not substitutes for Regulatory Guides 
or Federal Regulations and compliance with them is not required. Standard 
Review Plan sections are keyed to the Standard Format and Content of Safety 
Analysis Reports for Nuclear Power Plants, R.G. 1.70. Not all sections of 
the Standard Format have a corresponding review plan. 

The Standard Review Plans in general incorporate requirements of "Branch 
Position Papers" which in the past were informally issued for guidance in the 
preparation of Safety Analysis Reports. 

A.4.5 AMERICAN NUCLEAR SOCIETY, ANS 

The American Nuclear Society (ANS) typically prepares systems or 
functionality standards on nuclear plant design while ASME. AC1, etc., 
typically prepare hardware standards on the detailed design and stress or 
behavior analysis of specific components. 

A.4.5.1 ANS-2 - Site Criteria 

The ANS-2 committee covers the criteria which affect the plant and have 
their basis in natural phenomena. A list of guidelines prepared by this 
group is shown in Figure A-l. 
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A.4.5.2 ANS-50 - Reactor System Safety Criteria 

The second major ANS committee activity deve10ps the safety criteria for 
the design of the four major nuclear reactor types used in the U.S., i.e., 
Pressurized Water Reactors, Boiling Water Reactors, Gas Cooled Reactors, and 
Sodium Cooled Fast Breeder Reactors. In addition to the four major subgroups 
on each reactor type this committee is concerned with the plant process condi
tions of design and their load combinations including interaction with natural 
phenomena and the associated operating or design condition criteria and the 
safety classification of components. This committee also has two subcommittees 
developing missile and pipe whip and high en~rgy fluid jet effects design 
criteria. 
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APPENDIX B 

THREE-DIMENSIONAL FAULT MODEL 

B.l TECHNIQUE VERIFICATION 

The value of numerical computer methods for modeling earthquakes hinges 
on demonstrated credibility. Consequently, considerable effort has been 

devoted to testing and verifying the various methods that are used. 

On the most elementary level, the accuracy of the numerical scheme has 
been examined for propagating waves in a homogeneous medium. The conclusion 
is that, in the absence of material viscosity, waves travel slower in the 
finite element grid than in the continuous medium. This numerical dispersion 
is dependent on the number of element dimensions per wave length. For wave
lengths longer than six grid dimensions, the reduction in the propagation 
velocity of numerical waves is very insignificant and does not exceed 4%. 

The method for numerically simulating fault slip has been tested and 
verified in several ways: The first test was to numerically reproduc~ 
analytical results for a growing surface of dislocation in a full space. 
Excellent results have been reported by Geller and Frazier (1974) and more 
recently by Geller and Frazier (1976) using the SWIS code to model a 
propagating dislocation acting in a 2-D plane strain. The slip model has 
also been verified in 3-D by comparing with analytical results. 

Numerical simulations for propagating dislocations serve to verify the 
computer methods that are used for modeling slip. However, additional tests 
are needed to substantiate the computer models for simulating stress drop on 
a growing crack. This process is verified by numerically reproducing 
analytical results for the problem of a growing circular crack in a' pre
stressed medium (Kostrov, 1964; Burridge and Willis, 1969; Richards, 1973). 
The particle displacement that results from an instantaneous drop in shear 
stress is presented in Figure B-1 at various points along the path of 
rupture, which is expanding at 0.9S. Whereas the analytic solution applies 

for a self-similar crack that expands at a constant rupture velocity forever, 
the 3-D finite element code was used to simulate a circular crack that 
starts at a point, grows to a radius of ten element dimensions at a constant 
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rupture velocity, and then stops. The material was healed in a finite element 

model when the slip attempted to reverse directions. 

The accuracy that is achieved using 3-D brick elements is remarkable. 
Particle velocity is infinite immediately fo11owing rupture in this idealized 

model. Yet, the finite element model produces particle displacements that 

jump, with no apparent oscillation, to the analytical values in a single 
time step (the symbols +, in Figure B-1 designate the individual time steps 

of the SWIS code). 

Several other calculations have been performed to demonstrate the 

capabilities of the SWIS code for propagation P-waves, S-waves, and surface 

waves. More important, at this point, is the suitability of the computer 

methods for simulating physical rupture. 

B.2 STRIKE-SLIP CALCULATIONS 

Having verified the finite element code as a positive approach to 
simulating propagating ruptures, we have also compared finite element results 

with the laboratory results obtained by Archuleta and Brune (1975). First 

though, a finite element solution to a bilaterally propagating stress drop 
• 

over a semicircular plane embedded in a homogeneous, isotropic, elastic, 

half-space will be described. A cross section of that medium is shown in 

Figure B-2. The rupture originates at the free surface at the center of the 
semicircular arc and then propagates as a semicircular wavefront which has 
a speed of 0.9 of the shear wave speed. The fault plane is limited to a 
radius of 10 elements. Because of the symmetry of the displacement field 
and because the rupture is bilateral, only one quadrant of the half-space V 
;s needed to grid. Thus, Figure B-2 shows twice as much grid as actually 
used. (As a matter of notation, the direction of the shear has been specified 

as the Y1 direction; the direction normal to the free surface and towards 

increasing depth as Y2, and the direction perpendicular to the plane of the 

fault Y3 which form a right-handed system.) Figures B-3 and B-4 show the 

development of the horizontal particle velocity field 'on the free surface as 

the free surface as the rupture propagates and stops. The vector sum of the 

ul and u3 for all four quadrants is plotted where the dot denotes a time 
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derivative. The heavy dark line extends around the border of the rupture. 
One can see the compressional and shear lobes of the classical double couple 
radiation field; the propagation of waves from the ends of the fault. On a 
larger scale, one can discern the propagation of the near-field transverse 
motion propagating at the P-wave speed. Figure B-5 shows in greater detail 
the time histories of displacement and velocity of nodes 1-11. The nodes 
lie right on the fault trace at the free surface. Node 1 is at the origin 
(0, 0, 0), node 2 is at (1, 0, 0), node 3 is at (2, 0, 0). etc. The particle 
velocities illustrate more clearly the dynamics occurring as the rupture 
propagates and stops. First, all components of particle velocity exhibit 
an amplification as the rupture propagates. Secondly, the vertical (~2) 

component is comparable to the transverse component (U 3). An interesting 
phenomenon can be seen most easily in u3. (This phase 1S the emerging long
period signal clearly seen at nodes 2-6.) The second part of the stopping 
phase propagates from node lout through the other nodes. This occurs be

cause now the node at the origin has locked which generates this wave. 
(This wave is seen as the trough of the long-period wave most clearly 
visualized in u~ around nodes 2-6.) In addition to saving time histories 

~ 

of selected positions plus the time history of every point on the fault • 
• 

we also calculate and save the maximum horizontal and vertic1e particle 
velocity and displacements everywhere on the free surface. A contour plot 
of the distribution of maximum horizontal particle velocity is displayed 
in Figure B-6. The fault region is magnified and have plotted all four 
quadrants. The contours are labeled A-1. The number in parenthesis is 
the value of the particle velocity ir. cm/sec if the fault radius were 
equal t~ 10 km and had a stress drop of 100 bars, e.g., B(200) means that 
contour is for 200 cm/sec. For the most part, the area within one fault 
radius has peak particle velocities greater than or equal to 15 cm/sec. 
Quate striking are the high values of particle velocities in the two
lobed triangular region near the fault trace. 

Figure B-7 shows results obtained from a finite element run in an 
attempt to match displacement time histories measured by Archuleta and 

Brune (1975). Because this rupture was not bilateral, two quadrants of 
a half-space were used in this run. The fault plane is semicircular, but 
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only four elements on a radius were used instead of 10 used in the run dis
cussed above. Rupture velocity was set at 0.74 of the shear wave speed. 
The match between static amplitudes is close. The rise time of the foam 
rubber displacements are initially comparable to the finite element result, 
but the overall rise time in the foam rubber model is slower. This differ
ence which may stem from several causes, e.g., lack of uniform, prestress 
in the form rubber or time-dependent friction is not completely resolved. 

B.3 RUPTURE MODELING 

Rupture modeling in the finite element work is based on the widely 
accepted "stick-slip" concept of frictional instability (Brace and Byerlee, 
1966; Byerlee, 1970; Byerlee and Brace, 1968; Scholz, et ~., 1972). Basi
cally, the concept of the stick-slip model is that rupture initiates at a 
pOint when the shear stress exceeds a critical value Tk which is a function 
of the material strength and the stress component acting normal to the 
fault plane. When this critical state of stress is reached, the material 
rapidly losses some of its capacity for supporting shear, and consequently, 

the shear stress drops from 'k to a lower value 7f which is rather insensi
tive of the rate at which local processes (material alterations) occur. 
Material on the opposing faces of the fault begins to slide in the direction 

of the stress drop 'k - 'f as a resuTt of the imbalance that is created. 
The readjustment of material on a macroscopic scale accentuates the state of 
stress in any adjacent material that has not yet ruptured, and in this way 
the zone of rupture spreads. As the sliding and the locally stored strain 
energy is relieved, sliding decelerates due to opposing friction stress. 
At the instant the slip velocity reverses direction, shear stress drops 
below the shear carrying capac-ity of the material during sliding, 'f' At 
this point, microscopic failure processes are no longer exceeded, and the 
fault material appears to heal. Additional stick-slip failure can occur 
only if the shear stress exceeds the initial value Tk or some modified 
value slightly less than Tk. 

The failure process currently operating in the finite element code 
differs from the stick-slip model in one important respect: The onset of 
rupture is not determined from a failure criterion but rather from a 
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prescribed velocity. That is, the rate at which the rupture spreads into 
competent material is prescribed. This procedure has been adopted in the 
initial work to insure that the grid size does not have an undesirable 
influence on the rupture model. A new method based on fracture energy for 
spontaneously initiating new crack surface also has developed. It appears 
that the use of fracture energy as a criterion for creating new crack 
surface is far superior to stress criteria which depend rather strongly on 
grid size. However, it is intended to continue to prescribe rupture 
velocity until a spontaneous rupture model is developed which is insensitive 
to grid size. 

The three-dimensional computer model has considerable flexibility for 
including complexities, such as rate-dependent effects that may arise 
during actual earthquakes. 
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I. SUMMARY AND CONCLUSIONS 

.n.. nuc1 ear energy center characteri s ti ca lly wou 1 d have 1 arge amounts of 
electric generating capacity in a relatively small geographical area. For an 
HNEC (20 plants) in year 2005 this could amount to 30% of system capacity; 
typically utilities limit concentration of thermal plant generation to about 
15% of system requirements. For this reason it is appropriate to examine the 
reliability of generation at a nuclear energy center to determine if it could 
be less than at dispersed sites because of local conditions and the close 
proximity of many generating units. In this report, reliability of generation 
at a Hanford Nuclear Energy Center (HNEC)(a) is assessed by comparing it with 
that at Dispersed Sites (DS)(b) throughout the Pacific Northwest. 

Reliability as considered here is measured in terms of two sets of risks: 

Risk of forced outage, which is the probability of the occurrence of events 
that could cause plant outages, with the loss of generating capacity and energy 
that would otherwise be available to the system as the consequence. 

Risk of user power shortage, which is similar to the probabilitj of 
forced outage as defined above, but considers in addition the probable state 
of system reserves at the time of a forced outage. A surplus or a deficit of 
capacity and energy to serve system loads is the consequence in this case. 

Risk of Forced Outage 

Events that could cause greater and, or, more frequent outages in the HNEC 
case than in the OS case include earthquake, volcanic ashfall, release of 
.radioactive contaminants, flood, switching station failure from aircraft crash 
and sabotage, and tornado. Other types of external forces or internal failures 
(of which 12 were analyzed) would affect HNEC and OS equally, and were excluded 
from the risk comparisons. 

(a) 

( b) 

HNEC, a conceptual nuclear energy center containing 20 generating units 
of 1200 MW capacity each, located at Hanford, Washington. 
OS, an alternative concept; namely, 20 generating units of similar capacity 
in six clusters at sites alona the Columbia and Wil1amette rivers in 
Washington and Cregon. ~ 



The combined risk from these causes, is estimated in Table 1. Ine scenario 

considers a mature HNEC in the year 2005 with 20 units assumed in place. (a) 

TABLE 1. RISK OF FORCED OUTAGE 

1.1 

Probabil ity, 

Events per Year 

HNEC OS 
~0-2 1.1 

6.0 x 10-3 1.1 

1 .6 x 10-3 

x 10-2 

x 10-5 

a 

Consequent Generating Capability Loss 

Probable 

Capacity, G~~ Duration, Days 

5 7 

12 8 

24 40 

From the above comparison, the risk of a 5 GW outage at single clusters 

is approximately the same for HNEC and OS, but the risk of simul~aneous outages 

at two or mare clusters (12 to 24 GW) is substantially greater for HNEC. 

Although the risk of forced outage is greater for HNEC it may nevertheless 

be acceptable from the standpoint of the power user because of the effectiveness 

of reserves in the PNW system as reflected in the risk of power shortage. 

Risk of User Power Shortage 

The greatest possible forced outage is one involving 100 percent of the 

HNEC capacity on line, or 30 percent of the operating capacity on the system in 
the year 2005. If such an outage occurred instantaneously, it could be partially 

offset by spinning reserves and inflow of power over tie lines to the south; 
but system loads would have to be reduced by shedding some industrial load and 

about 20 percent of the system commercial and residential load. Additional 

reserves would be brought on line immediately following the onset of the outage, 

and a few hours later the system could enter a regime of management of an energy 

shortage of about 16 percent of normal usage, for a period of about four months. 

(a) No analyses of interim periods were considered. 
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The risk of user power shortage would be: 

Probability: 1 x 10-4 per year; once in 10,000 years. 
Consequence: Shedding of 20 percent of mixed loads for up to six hours, 

followed by a 16 percent energy shortage for four months. 

Instantaneous interruption of 30 percent of the system power flow would 
severely shock the system. If sufficient load were not shed, there would be 
substantial risk of system breakup, resulting in black-out pockets in the 
region for up to 12 hours duration. If black-outs did occur, they would 
threaten the health and safety of the public to some extent but probably not 
seriously if reasonable emergency procedures were in place and followed. 
Black-outs would not be a threat with instantaneous loss of 20 percent of the 
system capacity or less, or with a 30 percent loss in stages aver an hour or 
more. 

The impact of energy curtailment would be controlled by emergency measures 
now being put in place. With priority use of energy, the adverse economic 
effects of 16 percent curtailment are not expectEd to be severe. Lifestyles 
would be affected and real hardships can be expected for some whose employment 
would be curtailed. 

The risk described above is for the greatest possible outage. Lesser 
outages would occur more frequently but have diminished consequences. For 
example, the risk of interruption of half of the HNEC operating capacity, 
would be: 

Probability: 9 x 10-4 events per year; once in 1100 years. 
Consequences: Shedding of about 10 percent of mixed loads in PNW for 

tens of minutes until added reserves are placed on line, 
with no following load curtailment. (A 5% reduction 
in energy consumption resulted largely through conservation 
efforts as a result of the drought of 1976-77.) 

Danger of blackouts under such conditions is virtually eliminated, and 
societal effects would be considerably reduced. Societal risks from substanial 

generating loss at an HNEC are more meaningful when compared with those from 
natural disasters (rather than with OS risks). 
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As a general rule society seems to be willing to accept accident probabili-
-7 ties of 10 events per year or less where the consequences could be considerable 

loss of life, or probability in the range 10-6 to 10-4 where some loss of life 

may occur along with extensive property loss. Somewhat greater risks are 

acceptable where the property or economic loss would be moderate with little 

or no loss of life such as from a maximum HNEC outage. 

Under these criteria the HNEC reliability risks described above may be 

acceptable. However, if they are not, the risk may be reducible by a factor 

of 10 or more. Earthquake is the predominant contributor to HNEC risk. 

Reduction of that contribution by a factor of 10 would result in an overall 

reduction of the risk by approximately the same factor. Modifications to the 

NRC inspection requirements, along with designing essential power handling 

structures and equipment outside the reactor facility to an earthquake resistance 

level somewhat above that of the Operating Basis Earthquake (aBE), have reason

able prospects of being effective and feasible. 

CONCLUSIONS 

Conclusions reached as a result of this study are: 

1. The risks of forced outage of generating capacity arising from the 

kinds of events analyzed herein are greater for HNEC than for the OS case site 

configuration. 

2. With HNEC the probability of occurrence of the greatest capacity and 
energy shortages as felt by the power users is once in 10,000 years. The con
sequences would not be expected to include loss of life or great economic loss. 

3. If this risk is deemed unacceptable, it can be significantly reduced 
in ways now considered feasible. 

4. The reliability of energy centers relative to the risk of loss of 

power to users is definitely site-dependent. The HNEC has space available for 

relatively wide separation of clusters within the Center to increase their 

reliability by increasing the independence of each from activities at another 

cluster. More importantly, the HNEC has the advantage of being tied to a 

hydroelectric system with a large amount of energy storage capacity which lessens 

the consequences of large outages of thermal plants in the Pacific Northwest 
System. 
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5. The major uncertainties in this assessment are the risks from ashfall, 
due to sparcity of data; and the duration of outages from all catastrophic 
events, due to lack of statistics because of the rarity of such occurrence at 
major thermal power plants. 

6. The potentially most productive areas for additional study are: 
1) finding ways in which the safety of nuclear plants following an OBE (Oper
ating Basis Earthquake) but less than an SSE (Safe Shutdown Earthquake) could 
be assured without requiring immediate shutdown of operating plants for inspec
tion. Permission to stagger the inspections following an earthquake less than 
an SSE would reduce the probability of the greatest HNEC power shortage from 
once in 10,000 years to once in 40,000 years (perhaps information from seismic 

instrumentation in the facility will become sufficiently acceptable to relieve 
the current regulation to shut down immediately to inspect), and 2) estimating 
the monetary costs of designing the non-Category I portions of the plant 
essential to continuous generation, to earthquake resistance criteria somewhat 
above Code levels. 
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II. INTRODUCTION 

A nuclear energy center (NEC) would have a large number of generating units 
that could be affected simultaneously by natural disasters or that could experience 
cascading failures triggered by a serious accident at one of the units. In the 
nuclear energy center concept, a number of generating units are relatively 
closely spaced, and the reliability of the generation as a result of their 
proximity could have an important bearing on the feasibility of the concept. 
The risk of forced outage(a)of a large amount of capacity must be carefully 
assessed. Risk is a combination of the probability of occurrence of a 
causative event, and the consequences of that event. The consequences of a 
forced outage are its impact on the Pacific Northwest generating and 
transmission system, and on the power consumer if lost generation exceeds 
reserve capacity and loads must be dropped. 

These risks have been discussed briefly in prior studies on NECs. (1,2,3) 

In this report comparative risks between an energy center at HNEC and at dis
persed sites in the PNW have been analyzed in more detail. 

The reliability of a nuclear energy center at Hanford (HNEC) was compared" 
to that of a dispersed case (OS) consisting of sites at generalized locations 
in Washington and Oregon. HNEC is assumed to contain up to 20 generating units 
of 1200 MW net capacity each. The dispersed case is assumed to contain an 
equal number of units in six clusters of three or four units each. 

The base assumptions are similar to those adopted in prior studies of trans
mission for an HNEC. (b)(4,5) The analysis is not intended to apply generally to 
nuclear energy centers since its results are strongly influenced by regional 
characteristics and the unique configuration of the HNEC case. However, cer
tain inferences regarding a general case can perhaps be made as a result of 
the analysis. 

(a) The assumption that load growth in the region to the year 200S could be 
balanced by 24 GW of capacity at HNEC in addition to existing generating 
facilities at other sites. Thus future thermal plants, not now committed 
to other sites are assumed for this study to be located at HNEC. 

(b) A forced outage is defined 3S an unplanned loss of generating capacity 
which must be immediately replaced by reserve generating capacity. 
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Three generating units are under construction by the Washington Public 
Power Supply System (WPPSS) at Hanford. The characteristics of these plants 
are used as examples in the analysis. 

Under the assumptions adopted for the study, the generating capacity in the 
HNEC case would be in five clusters with distances between adjacent clusters of 
3 mi to 8 mi. 

In the OS case the capacity would be in six clusters, within a triangular 
area defined by Hanford, WA, Portland and Eugene, OR. 

Causes of forced outages in both cases may be categorized as internal or 
external, and man-made or natural. Exposure to failure from internal causes 
would be approximately equal for the two cases. With the exception of certai~ 
types of failure in a common switching station, a failure would affect only 
one plant at a time. If one unit fails within a cluster and transmits failure 
to an adjacent unit in that cluster, however, an internal failure could affect 
more than one unit. Whenever a failure transmits no farther than the confines 
of one cl uster, exposure is the same for the HNEC and OS cases. If the event 
could affect adjacent clusters at HNEC, a potential difference in risk between 
the HNEC and OS cases would result. Only one type of communicable failure for 
either case has been hypothesized, namely, a class 9 accident with consequent 
release of radioactive gases and particulates that are airborne to plants in 
adjacent clusters causing them to be shut down for evacuation of personnel. 

If disturbances due to external causes are sufficiently widespread and if 
the conditions generatad by them are beyond design levels, these obviously can 
affect more than one cluster in the HNEC case. For such causes to affect more 
than one such cluster in the OS case they would have to be extremely widespread. 
Severe earthquake, volcanic ashfall, and widespread floods are examples and 
these possibilities are examined in the report. 

A forced outage can occur through failure of either the nuclear Qr non
nuclear portions of the plant. For safety reasons, the nuclear portions 
are built to more rigid standards than are the non-nuclear portions, and can 
be expected to withstand greater stresses fro~ external causes witho~t failure 
than can the non-nuclear portions. ~owever, after an earthquake exceeding the 
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OBE level, but less than the SSE, shutdown for inspection is required whether 
the plant is damaged or not. This would constitute a forced outage and loss 
of generation as serious as any shutdown forced by damage to essential facilities. 

The concern here ;s the risk of losing more than one cluster at one time, 
thereby stressing the capacity reserves on the system, plus the risk of losing 
this capacity for long periods of time thereby depleting the energy reserves of 
the system. The loss of one cluster of four units is considered an acceptable 
(if undesirable) risk since it may have approximately equal probabilities of 
occurrence in either the HNEC or OS cases. Therefore, the difference in proba
bilities of concurrent outages of more than four units in either the HNEC or OS 
is the key element in the study. Note that the average forced outage rate of 
all the units studied over a period of years may be essentially equal between 
the HNEC and OS cases. (a) Further, if no single outage were greater than, for 
example,S GW from either case, the impact on the system would be manageable. 
If one single outage were to involve 15 to 24 GW, however, the impact would be 
serious. (In view Gf the consequences, the probability of the latter occurrence 
must be low for the risk to be acceptable). 

The consequences must be understood in the acceptance of even a very low 
level of probability of occurrence. The consequences of a forced outage of 15 
to 24 GW on the PNW system are examined as of the year 2005, when total system 
generating capacity is expected to total more than 80 GW. Assumptions that are 
made regarding the state of the system at that time and the measures that might 
have to be taken to manage such an outage are discussed later in the report. 
Societal impact following the power curtailment is discussed. Finally, consid
eration ;s given to possible modifications to the HNEC case that might result 
in reduction of probability of major outage or in reduction of the impact. 

(a) Any failures due to generic weaknesses in nuclear plant design or 
construction would involve equal capacities in the HNEC and OS cases. 
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III. DESCRIPTION OF HNEC AND OS CASES 

The HNEC case in its full development in the period 2000-2005 consists of 
twenty 1200 MW (net) units located at site areas 1 tnrough 5 shown in the map 
of the Hanford reservation, Figure 1. This assumes that essentially all new 
thermal plants on the system, other than those now committed elsewhere will be 
sited at HNEC. Output from the generating units is assumed to be fed into three 
switching stations which are connected to the 500 kV transmission network. The 
switching arrangement is shown in Figure 2. A preliminary analysis indicates 
that the critical time with respect to the reliability of the HNEC would be at 
or near its full development. The HNEC generation in terms of percentage of 
total generation in the system would be greatest. For this reason the risk 
comparisons betweenHNEC and DS cases are made with 20 units in place. 

The Dispersed Case deals with generalized rather than specific sites, 
since specific sites have not been designated or, to our knowledge, studied 
in detai1. They are intended to be representative of sites that might be 
selected in view of growth at load centers, availability of cooling water, 
seismicity, and other general siting criteria. 
taken from Reference 4(6) are shawn in Table 2. 

The generalized site areas, 
These general site areas are 

shown on the map, Figure 3. Orie switching station would serve each cluster. 

For purposes of this study the arrangement of generating units within 
each cluster ;s assumed to resemble that of the Palo Verde or Alan Barton plot 
plans for three or four units, or the Hanford arrangement of three to five 
units. 

TABLE 2. Number and Location of Dispersed Sites 

Site Areas Generating Units 
Hanford 3 (in addition to the 3 units 

presently committed) 
Pebble Springs or 
W. Roosevelt 4 

N. E. of Portl and 4 

',-Jill amette Va 11 ey, ,~ 3 

Willamette Va 11 ey, B 3 

17 + 3 = 20 
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FIGURE 3. General Locations of Dispersed Sites 
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IV. INITIATING EVENTS 

Events that conceivably could cause forced outages at more than one clus
ter concurrently were screened. Those considered are listed below. The 
reasons far excluding the events listed under that caption are developed in 
Appendix A. Briefly, either the probability of the event was too low to have 
any significance, or the risks associated with the event were approximately 
equal between the OS and HNEC cases. 

TABLE 3. Events Considered for Analysis 

Included 
Earthquake 
Tornado 
Ash fall 
Flood 

Natura 1 

Man-induced 
Release of airborne 

contaminants 
Aircraft crash 

(switching station only) 

Sabotage 
(switching station only) 

1 3 

Excluded 
New volcano 
Meteorite 
River channel blockage 
Extremely low river 

runoff 

Aircraft clash at generating 
plant 

Explosions: 
Industrial 
Sabotage 
Military action 

Toxic gases 
Fires, including 

sodium fire 
Failure of offsite 

station service 
High-current faults 



V. COMPARISON OF RISKS 

RELIABILITY STANDARDS 

Reliability in the larger sense includes the effects of both scheduled 
and forced unplanned outages. Any difference in reliability between plants at 
these sites would be in the number and length of forced outages. Scheduled 
outages would be expected to be equal for a plant of the same design whether 
it was at a center or a dispersed site. Scheduled inspections and repairs 
might be accomplished in less time at a center because of the greater work 
forces that may be concentrated there, but in this report no differences were 
assumed to exist. 

A nuclear generating plant of 1200 MW capacity has an expected forced 
( . ) 

outage rate of 5.5%, or 482 hr/yr. ,1 (System reserve needs are determined 
in part by this rate.) Of that total, less than two hours, on the average, 
are due to external events of the type of concern in this study. (2) The major 
cause of forced outage are equipment failures and malfunctions, and operator 
error. If HNEC outages from external events were to double or triple, it 
would make little difference in the 5.5% outage rate above, since the doubling or 
tripling would apply to just the 2 hr. On the other hand, if on rare occasions 20 
large generating units were to be affected by a single event, the temporary 
demand on system reserves could be enormous. The types of outages of concern 
here have very low probability but serious consequences. Adequate reserves 
for such contingencies cannot be maintained economically. The outcome of this 
study is to ascertain the extent to which normal reserves, based on conven-
tional forced outages of lesser magnitude, would provide for system service 
and stability in the event of the rare HNEC outage involving more than one 
cluster. 

It is apparent that there is no norm for forced outages of generating 
capacity of the magnitude of those to be discussed. The risks necessarily 
have to be evaluated on the basis of other risks assumed by society. The risks 
examined here pertain to power outages and energy shortages that could result in 
economic loss. Some loss of life could result, but such risk is expected to 
be minimal and was not studied in detail. 
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The major focus here is the loss of generation with its effect on the 
production of goods and services and the lifestyle of the power consumer. 

As a general rule society seems to be willing to accept accident probabil
ities of 10-7 or less per year where the consequences could be considerable 
loss of life, or probability in the 10-4 to 10-6 range when some less of life 
may occur along with extensive property loss. Somewhat greater risks are 
acceptable when the property loss would be moderate with little or no loss of 
life. For events of major magnitude, each case has to be examined separateiy 
in relation to the benefits of the endeavor versus its risks. (3) 

TECHNIQUE OF RISK ASSESSMENT 

A basic assumption in the assessment of difference in risk between HNEC 
and OS cases is that the risk of an outage of all units in one cluster is 
approximately the same in both cases. Any difference in risk arises from the 
effects of a single event on additional clusters at HNEC, effects which are 
avoided in most DS cases because of the greater distances between sites. The 
risk of forced outage of all units at a single cluster at different sites may 
be somewhat different, because of the site characteristics. However, these 
differences are compensated sufficiently in the plant design, and a)"e not 
included in this analysis. 

The causes of outages examined include those such as earthquake and ash· 
fall in which the effects may be felt over wide areas, and those such as tor
nado and accidental radioactive release in which the effects are more local
ized. In all cases, however, the techniques employed are similar. Two sets 
of probabilities are developed 1) that of the occurrence of the event, and 
2) that of multiple clusters being exposed to the event. These probabilities 
are combined to arrive at a cumulative probability distribution for the number 
of generating units at which design levels would be exceeded. A third set of 
probabilities is applied for earthquakes of various severity leveis resulting 
in failure of essential equipment other than Category I for the purpose of 
examining the effect of NRC post-earthquake inspection requirements. Estimates 
are then made of the time required to inspect and or repair the ~lants. 
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The probability of occurrence of the initiating event is taken from 
authoritative sources to the extent that such information is available for 
the PNW and specifically for the HNEC site in Eastern Washington. When such 
source information is too general or data are too sparse, the probabilities 
are modified through the use of records on local incidence, or through simu
lations based on available data. 

Probabilities of exposure of multiple clusters to events are obtained by 
compiling all possible ways in which 1 to 20 generating units can be affected 
by a single cause, and compiling a probability distribution of numbers of 
units forced out of service per event. The number of units exposed ;s a func
tion of configuration of clusters, tendency of the disturbing force to move in 
certain directions, and the distance over which threshold intensity is exceeded 
at exposed sites. In all cases, the probability of exposure of multiple units 
(sites) to an event is independent of the occurrence of that event. 

Certain assumptions were required to develop probabilities of exposure. 
For example, it was assumed that attenuation of earthquake ground motion be 
uniform in different directions from the epicenter, that tornadoes move in a 
straight line, and that wind direction during an accidental release of airborne 
contaminants will not change during the release so that deposition will be 
within a 22.5° sector. 

The results of developing the above probabilities are elements of histo
grams of P(E), where E is relative exposure in terms of units exposed per 
event, and P(F), where F is frequency of occurrence in terms of events per 
year. Combining these two elements gives P(N) where N is number of units 
forced down in terms of units per year: 

P(N) = P(E) x P(F) 

P(N) values are generated for each kind of event affecting more than 
one cluster. For example, consider exactly 7 units affected by tornadoes, 
[P(N)lJ. This is all cases of tornadoes of various wind speeds, direction, 
path widths acting on the HNEC and OS configurations of clusters to result in 

a forced outage of 7 units at either. All probabilities of P(N)7 are added 

similarly, probabilities of tornadoes forcing 2, 3, 4, 5, and 6 units out of 
service are discretely summed. 

1 6 



The above sums form histograms of numbers of units affected by an event, 
with which cumulative probability curves are constructed as it is detailed in 
later sections. 

The probability that a generating unit would be forced out of service 
when the design threshold conditions are encountered ;s taken as 1.0 for all 
types of events. For example, if an earthquake is at or beyond the aBE level, 
if flood waters reach a given level, or two inches of ashes have been deposited, 
it is assumed that there is a probability of 1.0 that the plant would have to 
shut down. However, in one case, that of earthquake, data are available on 
the probability of failure versus the degree to which the threshold has been 
exceeded. These data were used in supplementary caiculations to illustrate 
the probabilities of given amounts of generating capacity being forced out Qf 
se~vice by earthquakes in the absence of current NRC inspection requirements 
applying in such cases. 

Information on extent of damage versus intensity of the event was obtained 
partially from literature and discussions with operators of facilities who had 
experienced such incidents, and partially from engineers, plant operators, and 
maintenance people with knowledge based on the vulnerability of plant struc
tures and equipment. The estimate of repair time was approached by setting 
upper and lower bounds. 

The above procedures are carried out for each of the events considered, 

and the results added to arrive at the overall risk difference. 

i. 

2. 

3. 

REFERENCES V, Reliability, Standards, and Technique 

Pacific Northwest Coordination Agreement, Contract No. 14-02-48221, 
September 1964. 

EEI Equipment Availability Task Force, Etuipment Availability Fossil 
Component Cause Code Summary Report - 19 3. -

Chauncey Starr, Benefit-Cost Studies in Sociotechnical Systems, Per
spectives on Benefit-Risk Decision Making, Natl. Academy of Engineer
ing, Apr;l 26-27, 1971. 
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EARTHQUAKE 

Introduction 

Under certain circumstances, an earthquake could shut down all generating 
units at an HNEC. An estimate of the probability and consequences of such an 
event is made in this section, and the results are compared with those of a 
parallel study of effects of earthquake on dispersed plants. 

Earthquakes that would cause horizontal acceleration, at a site, at the 
aBE level (0.125 g at Hanford) would necessitate shutdown of a pl~nt at that 
site for inspection. If the ground shaking were above aBE horizontal accel
eration there would be some potential for damage to code-design equipment and 
structures. After inspection, and repair of any damage to essential facilities, 
the plants could be· returned to service. Safety-related facilities would have 
an extremely low probability of damage for accelerations below the SSE level 
(0.250 g at Hanford); i.e., too low to be of interest in this study. 

Definitions 

Appendix A to 10 CFR Part 100 defines the Safe Shutdown Earthquake (SSE) 
as "based on an evaluation of the maximum earthquake potential ... 11, and the 
Operating Basis Earthquake (aBE) as one that ", .. could reasonably be expected 
to affect the plant site during the operating life of the plant."II. 

The nuclear reactor and its appurtenances essential to plant safety are 
designed for ground accelerations corresponding to the SSE intensity level, 
and the remainder of the plant to building codes in which the design ground 
accelerations usually lie close to those of the aBE, (11) 

Criteria for HNEC Plants 

The following statements taken from Reference 3 present the basis for 
selection of the aBE and SSE design levels for existing Hanford plants(a) and 
presumably for all units at HNEC. 

(a) These are units 1, 2, and 4 under construction for the Washington Public 
Power Supply System (WPPSS). 
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!lThe maximum vibration level at the site from historic earth
quakes has been 0.015 g associated with the site intensity IV(MM) 
from the Milton-Freewater earthquake. The greatest vibration level 
expected at the site from the 'maximum earthquake' is 0.125 g.11 

"An 0.25 g vibration level is assigned as a value at ground 
surface in the site area. This value is consistent with the con
servatism previously adopted for design criteria at the Hanford 
reservation and is consistent with the vibratory accelerations asso
ciated with an intensity VII!(MM) earthquake ..... This earthquake 
is assigned to the Rattlesnake-Wallula alignment, the closest tec
tonic structure of significance to the site. Since no attenuation 
was taken in the selection of the SSE, tn~s is a conservative approach. 
0.25 g acceleration value is adopted for the SSE.II 

!IAn aBE equivalent to 0.125 9 (1/2 SSE) will be used in the 
design of all Seismic Category I structures. The chosen value for 
the aBE is based on the greatest vibration level expected at the 
site," during the normal lifetime of the facility. 

Criteria for Dispersed Sites 

Local seismic conditions at the OS sites maybe such that the design accel
erations could differ from those in effect at Hanford. The aBE design points 
for plants planned for western Washington are 0.16 g and 0.12 g. However, to 
simplify the analyses of this report it can be assumed that the aBE and SSE 
levels would be approximately the same as at Hanford. Small differences in 
the OBE and SSE levels from those in effect at HNEC would not affect the valid
ity of the analysis to follow. 

Analytic~l Techniques 

The objective of this part of the study was to estimate the probability 
of outage of (x) megawatts of capacity as a function of the probability of 
a) occurrence of earthquakes of different magnitudes, and b) two or more 
clusters being at a distance from the epicenter at which they would be sub
jected to horizontal ground acceleration of 0.125 9 or greater. 
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As a minimum, the outage time will be that required by NRC for inspection. 
As a maximum, the outage must include time for the above and necessary repairs 
from actual damage from an earthquake of probable intensity (above 0.125 g). 

A simplistic approach is the only one possible within the scope of this 

study. In this approach, computed free field ground movement at the study 
sites due to earthquakes centered in sensitive zones common to two or more 
clusters determines the probable number of generating units affected by a 
given earthquake. It is assumed that transmission of vibratory movement through 
rock ;s uniform in all directions, giving a circular isoseismic pattern. It is 
not expected that perfect circular isoseismic patterns would actually develop 
but, as discussed under Attenuation, such patterns would be true enough to give 
meaningful comparisons between the HNEC and OS case outage probabilities. 

Also, no cognizance was taken of known faults in the immediate vicinity of 
sites. Those at Hanford were, of course, taken into consideration in the set
ting of the SSE for WPPSS plants, but the effects of any faults near or between 
OS sites of this study were ignored. The possible effects of any vibratory 
feedback of plant structures to the soil was not examined, but it is assumed 
that these would not extend beyond the area containing a cluster. 

were 
Those areas in which earthquakes are expected to occur most frequently 
identified. (6) 

"Significant potential epicentral areas were defined based upon 
the seismic history of the region and a general consideration of known 
tectonic structures. The maximum earthquake magnitude that can reason
ably be expected to occur in each significant potential epicentral area 
was predicted by a statistical consideration of historical earthquakes 
of different magnitudes and a consideration of known fault conditions. 1I 

The location of sites relative to these seismicly active areas as shown 

in Figure 4 was considered in the adoption of earthquake frequencies to be 
described later. 

Earthquake Characteristics 

This study is concerned with single earthquake events. It is recognized 
that earthquakes can occur at different epicenters in the same region within 
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a short time interval, but such combinations of events are too improbable to 
consider. Also ignored are afterquakes of lesser magnitude, which may cause 
added damage to structures weakened by the first shock. 

It is recognized that earthquake resistant designs must take into consid
eration a number of phenomena other than ground horizontal acceleration. Among 
them are frequencies, velocities, displacements, vertical accelerations, and 
effect of different types of underlying material. Structural deSign in response 
to the ground shaking must take into account the damping, elastic limits, and 
other factors. It is assumed here that all of these aspects would have been 
adequately accommodated in the design, so that structures that respond to maxi
mum ground horizontal acceleration, responds similariy in all other respects. 

Earthquakes are classified by magnitude of energy release on the Richter 
scale, and by ground shaking intensity (at any distance from the epice~ter) on 
the Modified Mercali Intensity (MMI) scale. 
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"Earthquakes of i~MI greater than VI are of principal interest, 
because only these are strong enough to cause damage to structures.,,(i) 

Intensities above X (MMI) are considered to be greater than the earthquake 
potential at any of the study sites. 

Ground Characteristics-Attenuation 

"Seismic energy is not uniformly radiated from the source; in 
addition, variations in attenuation characteristics along the ray 
paths of the propagating waves cause nonuniform attenuation, hence 
the surface excitation pattern is not symmetric and in fact is very 
complex and difficult to predict. ,1 (6) 

Figure 5 from the same reference shows the patterns of attenuation of cer
tain earthquakes in the region of interest. The earthquake epicentered near 
Walla Walla has an approximately circular pattern, lending some assurance that 
the assumption discussed previously is acceptable for that area including HNEC. 
Some isoseismic plots, such as that of Figure 6 are very irregular, and in many 
cases are elongated on the east-west axis. This may be due to inconsistent 
reporting, to local faults, or to geological features that may have influenced 
the analysis. If elongation in the east-west direction is present, it would not 
reduce the conservatism of the analysis in that propagation in the north-south 
and northwest-southeast directions are of most importance in HNEC studies. 

The use of circular patterns from OS sites around Portland where histori
cal patterns are irregular is questionable. However, the study findings are 
less sensitive in Portland cases as only one cluster would be affected by irregu
lar attenuation rates. 

Attenuation curves used in this study are from Schnabel and.Seed. (5) 
Average values of attenuation in rock from this reference are shown in Figure i. 

Probability of Earthquake Occurrence 

The probability of occurrence of earthquakes encompassing the HNEC and OS 
sites was derived in the following way. The probable occurrence data for the 

calculations were based on the seismiscity of the western U.S.(2) Several 

curves are presented in this reference. The one chosen for use in this report 
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appeared to match data points well in the Richter 5.5 to 7.0 range of principle 
interest here. The correlation is: 

Log N = -0.662 - 0.881 M 

where N is the number of earthquakes equal to or greater than the magnitude 
point, and M is the magnitude on the Richter scale. 

This expectation, based on earthquakes over a wide area, was compared with 
a record of earthquake frequency experienced in the Puget Sound area. (7) 

Figure 8 contains plots of the two curves. The Puget Sound area has had more 
seismic events than areas east of the Cascades, and it would be expected that 

the frequency per unit area computed for 42,000 mi 2 of the Puget Sound area 
would be greater than for the western U.S. as a whole. Since the 121,000 mi 2 

of interest in the Pacific Northwest for this reliability study have large areas 

to the east and south of Puget Sound having a low level of seismic activity, it 

was concluded that the use of the western U.S. curve would be appropriate as an 

overall indication of seismicity in this region. As discussed below, this aver
age value ;s adjusted on the basis of the history of earthquakes in the site areas 

A record was obtained of known earthquakes in longitude range -125° to 
-115°, and latitude range 43° to 51°, an area considered representative of the 
western U.S. It covered maximum intensities equal to or greater than VI (MMI) 
or having a magnitude equal to or greater than M5.5.(10) Earthquake occurrence 
in the 1° rectangles containing the study sites were noted, and the western U.S. 
frequency curve data were adjusted by the ratio of the earthquake occurrence in 
that rectangle to the average occurrence over the entire region. For example, 
the HNEC site lies in a rectangle that had three earthquakes of the 77 listed, 
and the rectangle occupied approximately 1/80 of the region. The adjustment 
factor for that site was 3/77 7 1/80 = ~3 for intensities of VI to VII corre

sponding to magnitudes of 5.2 to 5.6. Factors for magnitudes 6.6 and 7.6 were 
set according to general seismic information concerning the site areas. The 
resulting factors are listed in Table 4. 

These factors are intended to be conservatively high, and also consistent 

with seismic data presented for sites that are being developed. 

2 4 



0.8 

FIGURE 7. Average Values of Maximum 
Accelerations in Rock 

oL-~ __ ~~~~~~~~~ 
1 4 6 

DISTANCE FROM CAUSATIVE !'AULT - MILES 

~ r 
~ I 

, 
"' , , , , , , , 

..... 

""", PUGET SOUND <141 

",/ 
"\ , 
" \ 

WESTERN USA1)1 \ , 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
. \ 

\ 

10 -31,-__ .l.-____ .l..i __ ~i __ :--:-_-:-::----.:-'. 

5.0 55 6.0 05 7.0 7.5 3.0 35 

x -·~AGNITUOE lRICHrER) 

FIGURE 8. Probability of Earthquake Occurrence 

2 :;, 



TABLE 4. Factors to Adjust Western U.S. 

HNEC 
Pebble Springs 
Portl and 
Willamette Valley 

Probability of Forced Outage 

Earthquake Data to Site Areas 

5.2 
3:0 
1.0 
3.0 
1.0 

l"'a9n itude, 
5.6 
3.0 
l.0 
3.0 
1.0 

Richter Scale 
6.6 
1J.i5" 
0.33 
3.0 
0.33 

7.6 
0-
o 
3.0 
o 

The overlap areas in which earthquakes occur to affect multiple clusters 

are presented in the maps of Figures Bl, B2, 83 and B4 of Appendix B. Calcula

tions of probability of outage of generating units by earthquake are also in 

Appendix B. The results of analysis are presented in Figure 9, Zone A. 

The immediate effect of an earthquake above the OBE intensity is a pro

grammed shutdown of the plant for inspection of all Category I systems. 

NRC regulations state: 

"If vibratory ground motion exceeding that of the Operating 
Basis Earthquake occurs, shutdown of the nuclear power plant will 

be required. Prior to resuming operations the licensee will be 

required to demonstrate to the Commission that no functional dam

age has occurred to those features required for continued operation 
without undue risk to the health and safety of the public." 

Forced outages to fulfill the inspection requirement have the probabilities 
shown in curve A, Figure 9. Curve B shows probable forced outages due to actual 

failure of structures or equipment from the effects of earthquakes. 

Probability of Forced Outage Through Failure of Essential Facilities 

If a structure built to Code standards is s,ubjected to its design accel

eration, (0.125 g at HNEC, the aBE) the probability of failure has been esti

mated at 0.03. (4) For the same structure subjected to twice this acceleration, 

namely 0.25 g, the probability of failure has been estimated to increase to 

about 0.25. The latter results from projections based on estimates of increased 

probability of damage to Category I structures at twice their design accelera

tion level. (11) For non-Category I structures the estimate is not based on a 

rigorous development but is assumed to be a reasonable approximation. 
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This probability of failure reflects the effect of factors of safety nor

mally used in designs, and the observed response of structures to earthquake 

forces. The intensities of earthquakes of interest here range from the OBE 

level (0.125 g) to about 90% of the SSE level (0.22 g). Values of 0.10 to 

0.25 have been used as the probability of forced shutdown because of damage 

suffered to Code structures from accelerations in the range 0.015 to 0.022 g. 

The probabilities of forced outage due to failure from an earthquake causing 

accelerations in this range are shown in Zone B of Figure 9. 

The comparative data shown in Figure 9 reveal that: 

• The probability that one cluster would experience ground acceleration 

exceeding 0.125 g is greater for the OS case because of the greater 

number of exposed locations. The probability levels-for single clusters 

are reasonably consistent with the definition of the OBE--an earthquake 

that could "reasonably be expected to affect the plant site during the 

operating life of the plant". 

• In this study six generating units is the maximum number that could 

be affected by one earthquake in the OS case, and 20 in the HNEC 

case. The probability of multiple clusters being affected in the 

OS case drops off rapidly to 5.5 x 10-4 events per year for six 
-3 units; for HNEC it drops off more slowly to 1.6 x 10 events per 

year for 20 units. 

• Outages following earthquakes of increasing intensities in the OBE-SSE 

range are from 10 to 4 times more likely to occur in fulfilling the 

inspection requirement, than to occur from the effects of damage to 

essential facilities. The inspection requirements significantly increase 

the risk of loss of large amounts of generating capacity. 

Probable Site Intensity 

Where one or more clusters (both HNEC and OS) are affected by one earth

quake, the most probable horizontal acceleration has been estimated as shown 

in Table 5. The estimates are made from computations of intensity at the site 

from earthquakes having epicenters spaced throughout the overlap areas, or, 

for single clusters, spaced throughout the annulus around the site. 
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TABLE 5. Probable Horizontal Accelerations at S;~es, 
Withtn the Range of 0.125 to 0.250 9 

Number of 
Clusters 

1 
2 
3 
4 
5 

Horizontal 
HNEC 
o. 142 
O. 151 
0.150 
O. 153 
0.220 

Acceleration, g 
os 

O. 167 
0.175 
0.180 

Estimate of Outage Period 

If the outage is solely for inspection, i.e., if there is no obvious dam
age and if no indications of damage are found in the course of the inspection, 
the time requirement estimate would be governed by the scope of the inspection . . 
That could range from a walk-tnrough visual inspection to a thorough-going test 
of system functions. 

The scope of inspection required to satisfy both the plant operator and 
the NRC has not yet been defined, nor have criteria for acceptance of test 
results been issued. NRC is currently preparing proposed criteria. 

Regulatory Guide 1.12, Instrumentation for Earthquakes Revision 1, tvas 
issued in April 1974. This guide sets forth the instrumentation considered 
desirable to detect and record the effects of seismic motion, from which floor , 
response spectra as well as other effects can be calculated. 

IIThis information wi1l be needed to determine 1) the conserva
tism in the modeling and design assumptions made for the structure 
and design input motion to the supported systems and components-, and 
2) the advisability of continuing the operation of the plant without 
a safety analysis following an earthquake. 11(21) 

It would appear that as a minimum, the inspection will include an analysis 
of all pertinent instrumentation readings and records; identification of the 
structures and facilities that are most likely to have been affected by vibra
tory motion at frequencies having ~igh amplitude; a thorough inspection of any 
vulnerable structures, equipment, vessels and piping; and perhaps tests on 
sa fety S:/S tem~. 
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The extent of the inspection will depend on the intensity of the earth

quake, unusual phenomena observed in plant operation following the earthquake, 

the extent of readily observable damage, and the preparation of the analysis. 

The work necessary to accomplish an inspection on the above general grounds, 

following a quake with a ground intensity in the range indicated was estimated 

for purposes of this report, at from 3 to 60 days. The inspection time asso

ciated with the most probable acceleration, 0.15 g, was estimated to be 7 days 

on the average. That period is used in the computations on energy production 

loss to follow. 

Estimates of damage caused by earthquakes, and time required to restore 
service, are based on certain assumptions: 

• That knowledge gained from analysis of well-instrumented and thoroughly 
analyzed earthquakes such as the San Fernando earthquake of February 1971 

would be applied in the designs of generating plants and switching sta

tions. (The San Fernando earthquake caused peak ground accelerations 

in certain areas of 0.30 to 0.50 g, considerably greater than the 0.125 g 
to 0.25 g range discussed here). (8) 

• That HNEC operation and maintenance forces would be prepared to cope with 
earthquake effects in a manner similar to that of California utilities. (9) 

• That temporary measures to restore service would be taken wherever possible, 
with permanent repair to follow, as technical specifications permit. 

If significant damage is suffered to non-Category I facilities, repair times 
will depend on the nature and extent, the availability and competence of repair 
crews, and the management of materials and spare equipment. 

Failure can take place either through malfunction of certain instruments 

or equipment causing automatic or manual shutdown of the plant, or through 

physical damage to structures, lines or equipment, causing automatic or manual 

shutdown. In a malfunction there may be little or no damage, and the principal 

work during the shutdown will be for inspection and analysis. In the event of 

physical damage, repair of obvious damage can proceed concurrently with inspec

tion of other portions of the plant. 
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Malfunction may be due to sensing instrument contacts closing or opening 
in error, the effects of sloshing iiquid levels on instrumentation, leaks in 
air pressure or hydraulic lines, vibration instrumentation on rotating equip
ment, or others. 

Damage to non-Category I facilities could result from: 

• Shifting of massive equipment on foundations, or failure of foundations 
with damage to interconnec~ing piping or conduits systems, and possible 
damage to the equipment itself. 

• Shaft bending in rotating equipment with consequent rubbing or bearing 
misalignment~ 

• Toppling of panel boards or tall slender structures net properly braced. 

• Secondary effects of broken pressure piping. 

• Structural failure. 

• Failure due to faulty materials or design (even though presumably designed 
to respond properly to the spectra of earthquake motion.) 

Non-Category I facilities of a typical LWR plant most vulnerable to earth
quakes in the OBE-SSE range were considered in relation to the probable inten
sity range given previously. The estimates of time required to repair damage 
to these facilities at an LWR, subjected to horizontal accelerations are: 

Maximum 
Minimum 
Probable 

0.150 9 

20 days 
3 days 
7 days 

0.22 9 
100 days 
15 days 
40 days 

These estimates are used in the calculation of loss of energy production 
due to earthquake. 

For example, an earthquake in the OBE-SSE range would result in:. 

• a programmed shutdown for an inspection expected to require 7 days, 
even if no malfunction takes place or no damage is suffered, 

• a damage repair requirement of 7 to 40 days which could run concurrently 
during much of the inspection time. 
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To arrive at a probability of loss of available energy, the capacity shown 
as the abscissa of Figure 9 was multiplied by the time to inspect, as a minimum, 
and possibly the time to both inspect and repair. For example, the loss of 12 
generating units (14.4 GW), shown on curve A of Figure 8 as having a probabil
ity of 5.3 x 10-3 events per year, is multiplied by the probable outage period, 
7 days, and by the assumed plant capacity factor, 87%, to give loss of available 
energy; 2105 GWh. Thi s energy 1 ass has the same probabil Hy as the capacity 
loss since it derives from the latter. 

Earthquake Risk 

Both the capacity and energy loss curves are shown in Figure 10, in terms 
of GW and GWh. 

From these curves, risk to earthquakes for several specific losses of 
capacity or energy are: 

Capacity Loss of Available Probabil ity of 
Loss, GW Probable Energy, GWh Occurrence/year 

8 500 (mi n) 0.0086 
8 3300 0.0086 

18 2600 0.0034 
24 20,000 0.0016 
24 50,000 (max) 0.0016 
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TORNADO 

Introduction 

This section contains an assessment of the risk of forced outage of gen

erating units at multiple clusters because of tornadoes. The probability of 

a tornado striking the first cluster is a function of the number of tornadoes 
experienced, and their path areas in the region. The probability of the same 

tornado striking a second cluster is a function of expected path length, the 

configuration of the clusters relative to each other, and to the prevailing 

direction of movement of tornadoes in the region. The number of units affected 

within a cluster is a function of path direction. It could also be a function 

of path width but the plant layout and probable path width are not sufficiently 

definitive to distinguish path width effects. 

The only tornadoes considered here are those that would move in such 

directions that they could affect more than one cluster at Hanford. As dis

cussed later, about 68% of the tornadoes in this area may be expected to move 

in a northeasterly direction, but the configuration of cluster sites is such 

that a single tornado moving in that direction could not strike more than one 

cluster. Therefore, the probabilities of tornado strikes that are developed 

herein do not include all strikes that could affect individual clusters in either 
the HNEC or OS cases. The only group of tornadoes considered (those other 
than the 68%) are the same for both the HNEC and OS cases to permit valid com
parisons. These are tornadoes with movement along northwest-southeast, and 
east-west axis, comprising only about 32% of all tornadoes. 

Nuclear Regulatory Commission Criteria 

Facilities essential to reactor safety must meet NRC requirements set 
forth in Regulatory Guide 1.76 with respect to resistance to tornado damage. (2) 

They must be designed and constructed to withstand a Design Basis Tornado (OBT). 

DBT characteristics are given in the following table from Guide 1.76. 

The Hanford reservation lies in Region III of the table. The peak tor

nado velocity estimated for the HNEC site is 214 mph, somewhat below the 

240 mph criterion of Region III. (3) :"e portions of plants authorized ~o da.te 

are designed to comply with the 240 mph criteria of the above table, and all 
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TABLE 6. Design Basis Tornado Characteristics 

Radius of 
Maximum Maximum Rate of 

Wind s~e}d Rotational Translational spe~d~) Rotational Pressure Pressure 
Region (mph) a ~eed (lIl~h) --Maximum Mlnlmum S~eed . (ft) Drop (psi) Dro~ (psi/sec) 

I 360 290 70 5 150 3.0 2.0 

II 300 240 60 5 150 2.25 1.2 

III 240 190 50 5 150 1.5 0.6 

(a) The maximum wind speed is the sum of the rotational speed component and the maximum transla
tional speed component. 

(b) The minimum translational speed, which allows maximum transit time of the tornado across ex
posed plant features, is to be used whenever low travel speeds (maximum transit time) are a 
limiting factor in design of the ultimate heat sink. The ultimate heat sink is that complex 
of water sources, including associated retaining structures, and any canals or conduits con
necting the sources with, but not including, the intake structures of nuclear reactor units. 
Regulatory Guide 1.27 (Safety Guide 27), "Ultimate Heat Sink," describes a basis that lIIay be 
used to implement General Design Criterion 44 of Appendix A to 10 CFR Part 50 with regard to 
the ultimate heat sink. 



future plants in HNEC would similarly comply. OS plants at the more westerly 

sites may lie in Region II. Reactor facilities wherever located would be 

designed to meet tornado conditions. The probability of exceeding the OBT 

( -7 ) therefore would be the same about 10 events per year for all sites. 

Non-Category I facilities are designed to withstand tornado windspeeds of 

up to about 100 mph and remain in service. Many of these may be essential to 

continued plant operation. This study is therefore concerned with the proba

bility of occurrence of tornadoes having a windspeed of 100 mph and above. It 

is assumed that design for pressure change and for impact of tornado-propelled 
missiles would be consistent with that for windspeed. Windspeed alone is a 

suitable measure of tornado intensity. 

A general correlation between windspeed and path area is given in Refer
ence 4, 

IIIf one knows the tornado area is z, then the best estimate of 
windspeed is w = 2400'(15 + e -0.41 lnz -1), and the windspeed will have 

a standard deviation of 25 mph around this best estimate ll
• 

Thus windspeed can be related to path area, z. Path area can then be related 

to probable width and length of path. Those windspeeds in excess of 100 mph 

determine the extent of damage and consequently the estimated repair time. 

Direction of Tornado Movement 

Pathways followed by tornadoes striking more than one cluster are shown 
in Figure 11. 

The direction in which tornadoes tend to move in the Hanford area is 
shown in Figure 12. An analysis of tornadoes experienced in the area gives 

the following percentages for tornado movement in different compass directions: 
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FIGURE 12. Direction of Movement of Characte~ized 
Tornadoes in 20-Year Period, 1950-69 
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Direction 
Toward 

NW 

NNW 
N 

NNE 

NE 

ENE 

E 

ESE 

SE 

SSE 

Percent of Total 
No. of Tornadoes 

13.6 
4.5 
4.5 

a 
68.4 

a 
4.5 

a 
4.5 

a 

Sites lying along axes parallel to the axis of the Iialleysll shown in 

Figure 12 have a greater probability of being affected in common by a tornado 

than sites, such as HNEC, lying along an axis at right angles to the axis of 

the alley. 

Tornado Start Points 

A tornado may start at any point inside or outside of a cluster of gen
erating plants. The probability of one tornado striking a second cluster will 

depend on the starting point as well as the path length. To deal with this 

aspect, the percentage of path length remaining after the tornado has struck 
the first cluster was taken as a random percentage of the path length. 

Regional Tornado Experience 

The data on which the following estimates are based consists of: 

1) records of tornadoes in the states of Washington, Oregon and Idaho 
over the period 1950-69. The size distribution of 46 tornadoes is 

given in Table 7 from Reference 4. 
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TABLE 7. Size Distribution of Tornadoes (Mc- 2) 

No. of Events Area Mi 2 

34 <0. 1 

2 O. 1 
2 O. 15 
2 O. 16. 

1 0.30 
1 0.50 
1 0.72 

1. 15 
2.7 

1 6.0 

2) a simulation of 200 yr of tornado incidence at a Hanford site, based 
on the above data.(4) The simulated tornadoes of interest in this st~dy, 
i.e., those having a probable path length as great as or greater than 
the distances between clusters, are used for risk computation. 

3) records over the period 1965-74 in the states of Washington, Oregon and 
Idaho, including length and width of path, and direction of movement. 
These data were used for path length and width correlation with the 
200 yr simulation. 

These records and simulations indicated that: 

1) The additional data on path areas of the 1965-74 record was consistent 
with the 1950-69 data with regard to the distribution of path size, 
except for the 0.001 mi 2 group which is not pertinent to this study. 

2) In the 1965-74 list, five tornadoes have a path length of 4 mi or greater. 
Consequently 13 tornadoes having a path length of 4 mi or greater are 
predicted when projecting the above record to a 200 yr period. In the 
1965-74 period, a path length to path width ratio of 50 occurred in more 

than 74% of the tornadoes. These 13 simulated tornadoes which were used 
in the study are given in Table 8. 
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TABLE 8. Tornadoes with Path Length over 4 Miles 

Path Path 
Area Width, Length, 
Mi 2 Yards Miles 

0.90 236 6.70 

0.48 172 4.90 

0.44 165 4.69 

l. 70 325 9.22 

7.80 695 19.74 

2.70 409 11 .62 

0.82 225 6.40 

0.45 167 4.74 

2.60 401 11.40 

0.30 136 3.87 

4.50 528 15.00 
0.29 134 3.81 

3.80 485 13.78 

ProbabilitL of Exposure to a Tornado 

The points most vulnerable to tornadoes are cooling towers, overhead lines 

and switching stations. Typical locations of those plant components are noted 

in connection with width and direction, to determine the probable number of 
units affected. 

Cooling towers of the forced draft type are reported to be costly to 
build to withstand windspeeds above 110 mph. At sites in western Washington 
and Oregon towers may be of the natural draft type which reportedly can be 
economically designed for higher windspeeds. Or at sites such as Pebble 

Springs, ponds may be used instead of towers. These feat~res might make 

marginal differences in tornado risks at OS sites but not in the analysis 

of effects of strikes at HNEC, where cooling towers presumably would be of 

the forced draft type but would have tall enclosures to reduce fog. They may 

have construction features similar to natural draft towers, and may be more 

resistant to tornadoes than conventionai forced draft towers. 
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Probability of Occurrence 

The tornado event probability was obtained by applying to the list of 
13 tornadoes having a path length sufficient to reach a second cluster, a ran
dom number designating the path length remaining after the tornado has struck 
the first cluster. This reduced the number of tornadoes likely to reach a 
second cluster to seven in 200 yr. Since each tornado occurred once in a 
lOO-mi radius area in 200 yr, the probable annual frequency of its touching 
any point would be: 

Probable Annual Frequency of Tornadoes = Path Area (mi2) 
1002n (mi2) x 200 yr 

This probable annual frequency was multiplied by the exposure probabili
ties associated with tornado paths. These products were summed over a11 com
binations of tornadoes associated with one, two and four generating units. 
Since a single tornado would occur only at anyone of five possible clusters, 
the sum of the combinations developed above was divided by five. 

The two clusters at Hanford which make up part of the OS case were 
treated in the same way. The other clusters in the OS case were too far 
apart to be affected by one tornado. 

It was assumed that the first cluster struck by a tornado would suffer 
the same effect in both the HNEC and OS cases. It was estimated that, on 
the average, two units of the first cluster may be affected in both OS and 
HNEC cases, by tornadoes strong enough to reach two clusters at HNEC. In 
figures to follow, two units (from the first cluster) were added to the number 
of units forced out of service in the ~econd cluster to give total capacity 
affected. 

Probability of Forced Outage 
-

The results of the analysis are presented i~ tables in Appendix Band 
in Figure 13. 

It will be noted that: 

1) In the HNEC case, four units are the probable maximum number forced 
out of service in clusters beyond the first, for a total of six. In 
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the OS case, two units are the probable maximum number forced out of 
service beyond the first cluster for a total of four; maximum. 

2) The probability of a second cluster in an HNEC being struck is very 
1 -8 10-7 ow, 7.5 x 10 in the OS case, and 2.5 x in the HNEC case. 

3) The results are somewhat sensitive to assumptions as to plant layout. 
If all clusters were as spread out as cluster No.1, the southernmost 
cluster, the total number of units to be struck would be less. 

4) There is only one combination involving three clusters at HNEC. 

5) A perspective on tornadoes as a cause of forced outage of multiple 
units may be gained from the following: 

• Tornado strike probability from map of 5° 
squares in the contiguous U.S. from Wash-1300(1) 
containing all tornadoes above 73 mph. 

• Windspeeds 100 mph or over, from simulation 
of Reference 4.. 

• Probability of second cluster at HNEC being 
struck by tornadoes in excess of 100 mph. 

• Probability of a Design Basis Tornado 

Windspeeds 

Probabil ity /yr 

3.7 x 10-5 

4 4 ',0-6 . x 

2.4 x 10-7 

x 10-7 

As noted previously the damage inflicted on a plant by a tornado is a 
function of windspeed. Windspeeds associated with the 13 tornadoes of inter-
est are given below in Table 9. Six of these have path lengths too short to affect 
units beyond those in one cluster. Then, the effects of only seven tornadoes 
are analyzed. 

These are all well below the Design Bases Tornado, 240 mph, however, ali 
except for one have windspeeds above the threshold of possible damage to 
facil ities. 

4 5 



TABLE 9. Tornado Windspeeds Associated with Path Area 

Path 2rea Windspeed 
Mi mph 

0.9 163 

0.48 137 

0.44 163 

l. 70 172 

7.80 149 

2.70 141 

0.82 154 

0.45 116 

2.60 153 

0.30 154 
4.50 117 

0.29 98 
3.80 179 

Tornado Risk 

Mandatory inspections following a tornado are not required by regulation. 

A plant struck by a tornado would shut down only if damaged to the extent that 

shutdown is actually forced or is considered prudent in view of the circumstances. 

Damage can occur because of wind forces, pressure differentials or wind 

driven missiles. Only missiles associated with normal plant operation are 
assumed available such as wood poles, timbers, small vehicles that could 

damage outside transformers, switchgear or similar equipment. No nearby con
struction is assumed in progress. 

Code design structures and equipment can expect to be affected, such as 
-- - - - -

cooling towers of the forced draft type, overhead electric lines, switching 
stations, high tanks, stacks and buildings with sheet metal sidings. (5) 

It is assumed that temporary repairs to restore service would be made 

wherever they are feasible. 

Under these conditions the estimated average forced outage times follow
ing tornadoes of the windspeeds listed are: 
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Oays 

Maximum 80 
Minimum 10 

Probable 40 

The "probable" estimate is used in the computation of loss of energy pro
duction capability. 

Risk of forced outage at HNEC is shown in Figure 14. The risk at selected 
po i nts is: 

Probable 
Capacity Energy Probabil ity of 

GW Loss, GWh Occurrence/~r 

4.8 1000 1.4 x 10-7 

4.8 4000 l.4 x 10-7 

7.2 6100 4.0 x 10-8 

7.2 11 ,500 4.0 x 10-8 

The analysis shows that the HNEC risk from tornadoes is very low relative 
to risk from other causes evaluated.in the study. 
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RADIOACTIVE RELEASE 

Introduction 

The risk to be assessed in this section is that of forced shutdown of 

generating plants due to accidental release of radioactivity from a class 9 

accident; i.e., a fuel melt and breach of containment at one of the nuclear 

generating plants. Such a release would occur only after failure of multiple 
safety systems. The chain of events would consist of 1) failure of contain

ment at one plant, 2) rapid shutdown of other plants at that cluster and 

immediate evacuation of personnel at that cluster, 3) orderly shutdown of 

plants at other clusters where the potential for radiation exposure will force 

evacuation of operating personnel, and 4) decontamination of these plants and 

their immediate environs, with resumption of operation when radiation levels 

are acceptable. The unit releasing the radioactivity is assumed to be no 

longer available. 

Before the full development of the 20-unit HNEC could be completed, it 

is possible that LMFBRs would replace some of the planned LWR generating units. 

In Reference 5, Proposed Final Environmental Statement, Liquid Metal 

Fast Breeder Reactor Program, the authors note that, "detailed probabilistic 

risk assessments have not yet been performed, although some preliminary studies 
nave begun. II The report refers to the Reactor Safety Study regarding LWR 

plants. It implies that some of the same phenomena tending to limit releases, 
and the very low probability of occurrence of large releases, may apply at 
LMFBRs also. 

Since, presumably, the LMFBRs would occupy the same sites (within the 
clusters) as the LWRs, be subject to the same wind conditions, and have the 
same order of probability of occurrence, the only Significant change in the 

event of a class 9 accident at an LMFBR would be the somewhat different radio

active releases. If it can be assumed that the affected plants could still 

be shut down safely and be decontaminated with comparable applied effort, 

then the risks to adjacent clusters from a class 9 accident at an LMFBR would 

be comparable to those from an LWR. 
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In this report, therefore, it is assumed that no difference in risk of 
forced outage from radioactive releases would exist by reason of a few of the 
LWR positions being filled by LMFBRs. 

One or two fuels reprocessing plants can be assumed to be in operation 

at or near the HNEC. The unit in existence currently, however, and associated 
with the weapons program is assumed to have been decommissioned by the year 
2000. Risks of loss of generation and of power shortages at an HNEC due to 
release of radioactivity following an accident exceeding the design bases at a 
fuels reprocessing plant are not included in this report. They are not included 
for two reasons. First, a source term, i.e., the amount of radioactivity that 
can be expected to be released following a major accident at a fuels reprocessing 
plant is not available. Preliminary reviews indicate that this source term 
would not exceed and probably be less than the source term from a fuel melt 
accident and release at a reactor. (1) The second reason is that probable 
sites for fuels reprocessing plants were not identified. Hence, these were 
not included in the meteorological model developed for the HNEC conditions 
(3). When these two factors become available, the contribution of a fuels 
reprocessing plant at an HNEC to the risk of loss of generation at an HNEC 
can be readily estimated. 

WASH-1400, Reactor Safety Study, a report of the NRC published in Cctober 
1975(2) contains the results of a comprehensive study on the subject of acci
dental radioactive releases from light water reactors and their probab1e effect 
on populations and property. While the safety of the general public following 
a reactor accident is always of paramount importance, such concerns are not a 
part of the current review. This reliability study on radioactive releases 
considers only two scenarios. The first is the potential for exposure to 
generating plant operating personnel during the passage of the radioactive 
cloud forcing their evacuation, thus causing plant shutdowns. Second, the 
number of plants forced out of service temporarily because of ground contamination 
following the accident may deny access or occupancy to control rooms or other 
parts of the facility and force a loss of generating capability. Decontamination 

(1) K. J. Schneider - Private Communication, 1978. 
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of the facilities and grounds sufficient to return them to operation in the 

shortest possible time is assumed and only activities addressed to maintaining 

or restoring generating capacity are considered. 

SOURCE(2) 

SOURCE TERM 
FROM APPENDIX V 

(REF. 2) 

METI:OROlOGY MODEl( 3) DOSE MODEl(4) 

HNEC ~ WEATl-lER DATA 

• ~I DOSIMETRY EMERGENCY 

r--+ ATMOSPHERIC HNEC STAFF EVACUATIONS AND 
DISPERSION DUE TO RECOVERY OF SOME 

1- f-+ CLOUD PASSAGE ~ GENERATl NG CAPACITY 
."ND GROUND PLUS DECONTAMINATION 

CLOUD D£PLETI ON DEPOS I TI ON AND RECOVERY OF MOST 
4 OF GENERATING CAPACITY 

~ 
GROUND 

~ 
CONTAMINATION 

FIGURE 15. Schematic Outline of Consequence 
Model Radioactivity Release 

As indicated by Figure 15, the source term was taken from the Reactor 
Safety Study. Any of the accident source terms identified in that study could 
be used to indicate the potential dose rates in reactor control reoms, (a) from 
the passing cloud following the accident; and (b) from ground level contamination 
during the period following deposition. Specifically, as an example, the class 

9 accident identified as release category PWR-2 was selected (Table 5-1, Ref. 2). 
This was judged to be as probable as any other event. It also postulates 
great or greater quantities of radioactive material released as any other 

accident. It can be considered as worst case. The tabulation of radionuc1ides 
released in this event is given in Appendix B. 

The HNEC model assumed that the containment breach resulted in a source 
100 meters wide which spread downwind over a 22 1/2 0 as it moved out from the 

point of release. Figure 16 illustrates one such release at Cluster ~o. 2 with 
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clusters 3 and 4 shown within a 22 1/2 0 sector downwind. The model integrates 

Hanford meteorological history and has provided a tabulation of the probabilities 

of one or more reactor sites having specific values of air concentrations 
normalized to release rate xlQ! .... Jith units of sec/m3.(3) 

HANFORD 
RESERVATI ON 

o REACTOR CLUSTER 

o SWITCHYARD 

\ 
I 

FIGURE 16. Sites and Areas Involved in 
Radioactive Release at HNEC 
(Example: Release at cluster 2) 
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As above, the dispersion of the radioactive cloud results in radiation 
exposure to those inside the facility during the assumed half hour passage of 

the cloud (referred to as the air submersion dose), and exposure to these same 

personnel from ground contamination following passage of the cloud. Inhalation 
of cloud debris or radioactive material resuspended from contaminated surfaces, 

are not primary factors. It was assumed that adequate filtering would be in 

place to isolate work areas and personnel from all airborne radioactivity. 

Similarly, short- and long-term health effects from drinking potentially 

contaminated water or eating contaminated food are assumed not to be significant 

for these scenarios. Only potential external exposures to occupational workers, 

i.e., staff members at the generating facilities, are assumed. These potential 

exposures are assumed to become a part of the routine administrative responsibili

ties that limit occupational exposures. Relaxation of administrative controls 

to facilitate a more rapid recovery of generating capacity is not assumed. 

The release of radioactive material during the accident is assumed to 

occur over a half-hour period (Ref. 2) and the subsequent radiation levels 
from the air immersion dose are assumed to persist for a one-half hour period 

regardless of the distance of each area from the source or the time it took 

for the cloud to arrive. 

PROBABLE CONSEQUENCES - AIR SUBMERSION 

The potential radiation dose to personnel who remain inside a facility 
such as a control room have been developed as a probability function of at 
least M reactors at an HNEC receiving a stated dose, given that a class 9 
accident of the PWR-2 type has occurred in one unit. The probability for the 
class 9 accident at anyone of twenty units is given as 1.6 x lO-4/year 

(Ref. 2, Table 5-1) or once every 6000 years. 

The conversions to potential dose as indicated in Figure 17 are made by 

using the following: 

Dose (rem) =(S~~7~j) x (& see/m3) 

= Rem, as a function of time after release, and, of Hanford 
meteorology 
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The Shielding reduces the calculated exposure received by those inside the 

buid1ing by a factor of 10 (Ref. 2, Appendix VI, Table 11-8). 

Table 10 below gives different probabilities of various radiation levels 
occurring at more than one facility given the condition that a PWR-2 accident 
has occurred in one and that 1000 seconds have elapsed since the release 
began. Time since release is a factor because of the distance the cloud 
can travel. assuming the average wind speed of 3 meters per second. (3) For 

example, at HNEC after one thousand seconds, reactors oniy in the cluster 
containing the affected unit could be exposed to the cloud. 
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TABLE 10. Dose to Personnel Remaining Inside M Reactors 
As a Function of Probability of M Reactors 
Being Involved 

Probability of 3, 4, 5 Units 
Dose, Rem Receivin~ Stated Dose 

3 4 5 

280 1.0 0.85 0.25 
130 0.85 0.26 

60 0.85 0.27 
28 0.85 0.29 
13 0.86 0.31 
6 0.88 0.37 

2.8 0.88 0.40 
1.3 0.88 0.41 
0.6 0.88 0.42 
0.3 1.0 0.88 0.42 

The tabulation indicates that the conditional probability of people in 
up ~a 3 units in the cluster receiving exposure varying from 280 rem to 0.3 rem 
;s 1.00. The difference would be caused by varying meteorology. Similarly, 
the probability of up to 5 units at a cluster receiving similar exposures varies 

from 0.25 to 0.42. The amount of exposure at nearby reactors and sites depends 
on the wind speed and wind direction at the time of the accident. It;s entirely 
possible for no reactors except the affected unit to be involved. 

The following, Table 11, tabulates similarly derived probabilites at 
10,000 seconds following the initiation of the release. During this interval 
the cloud would have had time to tr~vel to the most distant reactor assuming 
the event occurred at cluster 1 or cluster 5. See Figu~e 16. 
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Dose, Rem 

2.0 

0.93 
0.43 

0.2 

TABLE 11. Probability of Personnel Inside of M R~actors 
Receiving Stated Radiation Doses 

Dose Rate 
(Rem/Min) 

0.070 

0.030 
0.010 

0.007 

3,4,5 
At 1st 

Cluster 

7,8,9 
At 2nd 

Cluster 

1.00-0.8-0.4 0.16-0.13-0.08 

1.00-0.8-0.4 0.19-0.15-0.11 

11,12,13 
At 3rd 
Cluster 

0.01-0.01-0.01 

0.90-0.09-0.08 
Probability of 0.2 thru 2. 

16 - 20 
At 4th 
Cluster 

0.02 

0.02 

0.02 

0.03 

~O.l 

The above indicates that the probability of the people located at the four 
reactors in the most distant cluster (4th) receiving doses from 2 to 0.2 rem 
is either 0.02 or 0.03. This can be interpreted as saying that the probability 
of receiving at least 2 rem exposure in the control room after 10,000 seconds 
is at least 0.02, given that the PWR-2 accident occurred in the most distant 
cluster. The overall probability of the distant reactors being affected is 

-4 -6 7 1.6 to 10 x >0.02, or, >2 x 10 or at least about once per 5 x 10 years. 

Similarly, personnel in control rooms in the nearest 3 reactors can expect 
any dose up to 280 rem if they remain in the control room, given that a class 
9 accident has occurred. All units in this cluster would immediately shut down 
and all crews would rapidly evacuate (only if doses were significant). Further, 
emergency evacuation procedures will be followed by the operating staff in 
all units at an HNEC if a class 9 accident has occurred in any. Depending on 
the time for the accidental release to develop from the containment vessel 
following the accident and possible obvious meterological conditions, it may 
not be necessary to shut down many of the more distant reactors and evacuate 
personnel. Further it may be more prudent to stay put to utilize the building 
for shielding rather than evacuate and risk exposure to the passing cloud 
with the shielding of only an auto. However, in this review all reactors 

are assumed to shut down to at least a hot stand-by condition with an average 
electrical energy loss of 57.6 GWh (2 days) per unit. 
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Hence, the instantaneous loss of 1.2 GW from the affected reactor plus up 
to an additional 4.8 GW from units in the same cluster can be expected and 
probably without warning to the electrical grid system operators. iime would 
be available to notify the electrical grid system operators of pending emergency 
shutdowns at most of the remaining units. ihis has been assumed in the analyses. 

For the dispersed option the consequences from potential air submersion 
doses following a class 9 accident at anyone of the reactors is significantly 
less. iwo of the five clusters assumed to be located at the Hanford site in 
the dispersed concept are close enough to be affected if a class 9 accident 
does occur in a reactor in one of these two. ihe other three clusters, however, 
are separated such that an accident in anyone of these will not affect the 
operation of any reactors in any of the other four. 

Fallout Contamination 

ihe immediate consequences from the passing cloud are relatively short 
lived. Potential radiation levels within generating facilities (control rooms) 
from outside ground contamination from fallout from the cloud, however, may 
deny access to these facilities until decontamination efforts or radioactive 
decay have reduced the levels to acceptable amounts. io quantify this analysis, 
the following table compares the probabilities of having measurable control 
room radiation levels on the day of the accident prior to decontamination and 
before significant radioactive decay. 

For the assumptions made, note that the probability is about 1 in 8 (0.12) 
that at least 9 reactors will have a radiation level of 0.2 rem/hr in their 
control room from ground contamination. 

In the model shown in Figure 17, the concentrations of activity per square 
meter have been estimated (3) using the Hanford meteorological data as before 
including the appropriate deposition factors. ihe buildup of radioactivity 
deposited is assumed to have come to equilibrium during the passage of the 
cloud. ihe radiation levels within the facility were reduced by a factor of 
0.7 to account for normal ground terrain (non-smooth sur~aces). It is assumed 

that immediate efforts will be undertaken to reduce the dose rates due to 
contamination around the facilities. ihus an additional factor of 1/7 was 
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TABLE 12. Comparison of Probility That a Certain Dose Rate 
Would be Received in the Control Room From Deposited 
Material During the First Day Following An 
Accident 

Probabi 1 i ty 
Partial, ( i . e. , Total (including 

Dose Rate to Persons Given That An The Probabi 1 i ty 
At Un its In The Control Room Accident Occurs) Of The Event) 
2 through 3 (? rem/hr) l.0 l.6 x \~ 

(same cluster) 
2 through 4 (2 rem/hr) 0.88 l.4 
(same cluster) 
2 through 5 (0.02 rem/hr) 0.40 0.64 
(same cluster) 
7 or 8 or 9 0.2 rem/hr O. 12 O. 19 
(next cluster 
downwind) 

11 or 12 or 13 0.02 rem/hr 0.06 0.09 
(second cluster 
downwind) 
16 through 20 0.002 rem/hr 0.02 0.03 x 
(third cluster 
downwind) 

chosen (Ref. 2, Table VI 11-8) as a result of preliminary decontamination 

efforts at each affected facility. The potential exposures are thus reduced 

10-4 

10-4 

by a factor of ten. In addition, the sheilding afforded by the building to tnose 
inside further reduces their doses by a factor of 0.1 (Ref. 2, Table VI 11-8). 

For those isotopes of interest (see Appendix B), the effects of radioactive 
decay over 7, 14, 30, and 60 day intervals are shown in Table 13. 

The following tabulation shows that the third cluster (the first cluster 
includes the affected unit) and an average 15-18 km away, that the probabilities 

of units in this cluster having at least 1 mrem/hr in their control rooms 14 

days after the accident is only about 12 times less (0.08) probable than the 
accident itself. Stated in other words, after 14 days the probability of a 

dose rate of at least 1 mrem/hr in the control of reactors up to 15-18 km 

away is at least 1 in l~ (0.08). 
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TABLE 13. Probabilities of Persons in Control Rooms 
Receiving Dose Rates of > 1 mrem/hr at 
lJaring Intervals Following the Accident 

Number of Days Following Accident 
No. of 
Uni ts 0 7 14 30. 60 

3 l. 00 l. 00 l. 00 l. 00 1. 00 

1st 4 0.88 0.88 0.88 0.88 0.88 
cluster 5 0.42 0.42 0.42 0.42 0.42 

7 or 8 or 9 
2nd cluster 0.160 0.136 0.136 0.122 0.12 

11 or 12 or 13 
3rd cluster 0.100 0.08 0.08 0.06 0.06 

15 or 16 
4th cluster 0.030 0.023 0.023 0.018 0.018 

Decontamination efforts greater than those reducing the levels by a 

factor of 1!7 may have to be undertaken in many facilities. This appears 

entirely fe3sible. 

Fer this unit close to the affected reactor, extensive decontamination 

procedures of the environs around each facility will be required to reduce 

radiation levels inside the facility to acceptable amounts « 1 mrem/hr) so 
that these generating units can be restored to service. Table 14 shows these 

estimates. 

TABLE 14. Reductior of Expected Radiation Dose Rates 
To People Within a Control Room From G~o~nd 
Contamination With Time After Accident~a) 

Day 
0 7 14 30 60 

Control Rooms 
of Any of the 
Other 3 Units 2 0.220 o. 176 0.122 0.097 
(with in same 
cluster as 
accident) 

(a) Assuring a decontamination factor of 1/7 
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The data in the above table indicates that after an accident occurs, the 
radiation dose rate in the control rooms of adjacent reactors will not be 
acceptable for routine occupancy for at least 60 days. Thus, a loss of d.8 

gigawatts (entire site) for probably up to 2 months has the same probability 
of occurrence as the accident itself, unless additional decontamination efforts 
are applied to these facilities and their common site. 

SUMMARY 

The results are summarized in Figure 17. The three lower curves estimate 
the loss of energy in Gw-hr for various losses of generating capacity. The 
curves differ by the estimates of times to decontaminate and recover operating 
capability. For example, the maximum curve estimates 60 days to recover any 
capacity at the cluster in which the event occurred, that 5 units were located 
at the cluster, and that 45, 30 and 15 days were required at the other clusters. 
The minimum estimate was for 2 days for those units not affected at the site 
of the accident plus 7, 3, and 2 days for the other clusters. The probable 
estimate is that maximum estimated by severai utilities operating nuclear 
facil iti es. 
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FLOOD 

Introduction 

One hundred percent of the HNEC capacity and 70% of the OS case capacity 
would be on a single river, the Columbia. Of the 70% of OS capacity, the 20% 
at Pebble Springs is isolated from effects of floods on the Columbia because 
of its elevation and an independent water supply at that site. Other OS sites are 
not identified specifically and consequently site elevations or plans for cooling 
facilities are not available. A comparison of flood risk, therefore, can be drawn 
only by making the broad assumption that if 100% of HNEC capacity is affected by 
flood, 50% of the OS capacity would likewise be affected. 

Flooding of river pump houses is the only way operation of any of the plants 
would be affected. ' As will be seen, most of the critical HNEC facilities, with 
the exception of their river pump houses, are at elevations above the level of 
the Limiting Case Flood, as for example, the elevations set for WPPSS plants 
No.1, 2 and 4. 

The coaling pond at Pebble Springs, 60,000 acre-ft, provides coaling water 
for rcutine operation for extended periods. (1) Loss of river pump facilities due 
to flooding on the Columbia would not affect electrical generation at this site. 
Even with same use of water from the pond for irrigation, the plant could be 
expected to remain in operation for many weeks before the pond level, without 
makeup, would be too law for continued operation at full power. Consumptive use 
for twa generating units would average 6000 acre-ft per month, or 12,000 acre-ft 
per month for four units. 

At the Oregan OS sites, where makeup water for 30% of the OS capacity ;s 
assumed to come from the Wil1amette River or its tributaries, the possible effects 
of flooding is assumed to be noncoincident~ with' a Columbia River flood. 

The "probab1e maximum ll unregulated flood on the Columbia is 1,600,000 cfs, 
which as now regulated by flood control by existing dams is 1,400,000 cfs. (2) 

The largest known historical flood on the Columbia at river mile 352, (position 
of initial HNEC plants) had a peak discharge estimated at 800,000 cfs. These 
peak flows are considerably below ~he peak flow associated with Artificial Flood 
No.1, namely a breach of the Grand Coulee Dam. 
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Limiting Case Flood 

A Grand Coulee Dam failure has been established as the Limiting Case Flood 
(also, Artificial Flood #1) for the Hanford reach of the Columbia. It is based 
on a breach in which 25% of the face of the dam would be removed with a consequent 
outfall peak of 8,800,000 cfs at Grand Coulee Dam, and a peak discharge at 
Richland of 4,800,000 cfs. (3) The flow computation took into consideration an 

evaluati'on of the effects of the flood on downstream dams, with failure of 
earthfilled portions and subsequent release of storage pools. 

Elevations of the flood peaks for the floods described above are:(2) 

Elevation, MSL at 
River Mile 352 (HNEC) 

Probable Maximum Flood - 1,400,000 cfs 
Limiting Case Flood - 4,800,000 cfs 
Plant Elevations (level for water entry 

into plants) 
River Pump House Floor 

389 

424.5 

479 

389 

Category I structures of plants currently being built are designed to with
stand the static and dynamic forces of the Limiting Case Flood, the breach cf 
Grand Coulee Dam. 

Although future HNEC plants may have different elevations, it can be expected 
that they will maintain a comparable relationship with the Limiting Case Flood 
level at corresponding points on the river. The plant elevations cited above are 
for the reactor facility. It may be assumed that all code designed facilities 
essential to power generation will be built at or near this same elevation, 
except the river pump house. 

Probability of Exceeding the Probable Maximum Flood 

An estimate of the probability of exceeding the Probable Maximum Flood is 
given in Reference 4. That report refers to river mile 340, which is 12 mi 

downstream from the point at which the WPPSS plants are being built. The refer
ence report uses a Probable Maximum Flood of 1,320,000 cfs. The conditions and 

assumptions are sufficiently typical of those of HNEC that the findings are 

pertinent. Figure 18 from Reference 4 is a discharge f~equency curve for the 
Columbia River, applicable to the Richland reach. 
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NUMBER OF TIMES IN 100 YEARS DISCHARGES ARE EQUALED OR EXCEEDED 

FIGURE 18. Discharge Frequency Curve 
Columbia River Near Richland 

Extrapolation of curve B, Figure 1, to 1.32 millioncfs indicates a probability 
on the order of 10-7 events per year. (Willamette River flooding conditions 
were not reviewed. It was assumed that frequency would be the same as for the 
Columbia. This is believed to be a conservative assumption with regard to com
parative risk between the HNEC and OS. Flooding at the Willamette River involves 
the loss of only six generating units in comparing HNEC with OS. This loss has 
a relatively moderate impact.) 

Probability of Occurrence of Artificial Flood No.1 

There are insufficient data for an estimate of the probability of Artificial 
Flood No.1 Reference 5 contains an estimate of the probability of failure of 

1 · 1 -4 1 concrete arch dams, wor dWlde, of a events per year. Grand Cou ee Dam is a 
massive gravity-type concrete dam for which the only conceivable cause of fail
ure, other than military attack, is earthquake. It is located in an area of 
relatively low seismicity. (6) In the opinion of a Bureau of Reclamation spokes
man, "we can state that worldwide there is no record of any type of concrete dam 
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ever having failed due to an earthquake ("Catalog of Dam Disaster, Failures and 

Accidents", by A. O. Babb and T. W. Mermel). The probabilities of an earthquake
induced failure is therefore much less than 10-4 for Grand Coulee."(?) 

For purposes of this report is is assumed that the probability of such a 
failure is less than for the Probable Maximum Flood, and that it may be dis
regarded in the risk comparison. 

Probability of Forced Outage from Flood 

To sum up the findings on flood risk: 

1) A Columbia River flood that would effect 100% of HNEC capacity would 
be likely to affect 50% of the OS capacity. Possible floods at other 
OS sites would probably not be coincidental with Columbia River floods. 
A flood on the Williamette River could affect 30% of the OS capacity, 
but Willamette flood conditions were not reviewed since the sites them
selves are not specific. 

2) The HNEC facilities with the exception of the river pump houses are 
sited at elevations at or near the Limiting Case (Grand Coulee Dam 
failure) Flood level. The probability of this flood is believed to 

-? be less than 10 ,and hence possible effects from this flood are dis-
regarded. The risk lies in river pump houses being flooded at flow 
elevations that are greater than those of the Probable Maximum Flood, 
but less than the Maximum Case Flood. An extrapolation of discharge
frequency curves indicates that the probability of a Probable Maximum 
Flood is of the order of 10-?/yr. 

It is assumed that each group of plants would be affected as a block, i.e., 
ail units in the 20, 10 and 6-unit groups would ~e affected if a flood greater 
than the Probable Maximum Flood were to occur. A marginal flood might affect 
only part of the generating units in each of these blocks, but the available 

information does not justify making a distinction. The cumulative probabilities 

are constant since all clusters have equal probability of river pump house 

flooding in the event of the Probable Maximum Flood (lO-?/yr), with 10 units 
be~ng the maximum number that could be affected at once in the OS case, and 
20 units in the HNEC case. 
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Risk from Floods 

A flood that substantially exceeds the Probable Maximum Flood possibly / 

would incapacitate the river pump house through: 

• water soaking of electrical equipment, 

• silt deposits in equipment, 
• damage to structures caused by impact of water or debris, 

• washout of foundations or embankments, and/or 

• stress on connecting piping. 

The rapidity with which the facilities can be repaired may be governed by 

other flood effects, i.e., effect on transportation facilities, availability of 

spare equipment, availability of crews, and the like. The assumptions as to 

these possible effects and the extent of the damage enters into the estimates of 
upper and lower bounds, and probable time to return the units to service are 

given below: 

Maximum 
Minimum 

Probable 

Average Days of 
Forced Outage per 
Generating Unit 

45 

7 
20 

Figure 19 indicates risk of HNEC forced outage from generating capacity 
loss (curve A) and energy production loss (curve B). For capacity loss in 

the range of 0-12 GW there is no difference in risk between the HNEC and OS 

cases. 
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ASHFALL FROM CASCADE VOLCANOES 

Introduction 

This section develops the risks of HNEC and OS plants being forced out of 
service by ashfall. Difficulties are encountered in attempting to quanti~ such 
a risk in that information on the magnitude of ash discharges in the past is 
spotty, and the threshotd condition for a forced outage from this cause has not 
been defined. A threshold would be determined by the characteristics of the 
ash, and by any added measures taken in the design of the plant to tolerate this 
event. No record has been found of large thermal power plants having 
been subjected to such conditions. The only record obtained on the effects 
of ashfall on electric power generation, transmission, and distribution is 
that of the eruption of Mount Usu in northern Japan starting on August 7, 1977. 
The affected generating plants are hydroelectr~c, and the maximum trans
mission voltage in the affected area is 100 KV. (3) 

The frequency and severity of volcanic explosions of the type that could 
affect plants at the distances involved here can be estimated on the basis of 
the history of eruptions in the Cascades, although imperfectly so, because of 
the sparsity of data on the magnitude of ash discharges. The threshold condi
tions and the time that may be required to return the plant to service after 
an incident in which design conditions were exceeded are necessarily conjectural. 

Properties of Ashfalls 

In volcanoes, lithe magma is formed far below the earth's surface, where 
pressures are very high. The high pressure forces gases to dissolve in the 
molten rock, the most important being water, carbon dioxide, and sulfurous 
compounds. As the magma reaches the surface through volcanic vents, the pres
sure is reduced and the dissolved gases are released."(l) Ashes can be pro
pelled to elevations of 30,000 to 49,000 feet, or more. Sulfur dioxide "injected 
into the atmosphere by a volcanic explosion ... is converted through photochemi
cal processes into small droplets of sulphuric acid~lI(l) These dropiets and 
small ash particles remain in the stratosphere for long periods and are trans

ported many hundreds of mi1es. Other products remain below the stratosphere 
and settle of their own weight or are washed from the sky by clouds and rain. 
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The possible effects of both volcanic ash and droplets of sulphuric acid are 
to be considered. 

The ash from Glacier Peak, which is typical of that from the Cascade vol
cances, had an average glass content of 85% and an average crystal content of 
15%. Listed in order of abundance the crystals consist of andesine, hypersthene, 
hornblende, magnetite, and a trace of augite. (2) The median diameter of the par
ticles decreased from 500 ~ at Glacier Peak to only 22 ~ at a point 173 mi to 
the east, and to 24 ~ at a point 116 mi to the southwest (particles in the 
stratosphere are about 2 ~). The size of the particles deposited in the Han
ford area (from St. Helens and Mazama) is such that 58% are greater, and 42% 
less, than 74 ~. (5) 

After an erupt10n of the explosive type the ash carried by winds is depos
ited over wide areas. The distances over which Glacier Peak ashes were deposited 
are indicated above. Ash from the Mount Mazama eruption of about 7000 years 
ago (Crater Lake Oregon) deposited in the Pasco Basin to a depth of about 
six inches, demonstrating that with a major eruption, under the right weather 
cond,tions, great amounts of ash can be carried over 300 miles. 

Over the last 15,000 yr, in addition to the ashfall at Hanford from 
~ount Mazama noted above, there have been other substantial ashfalls, from 
Mount St. Helens eruptions of 13,000 and 1500 years ago. 

The ashfall from each event ranges from a fraction of an inch to 6 in. 
(or greater in spot locations) in depth in this area. Local winds and rainfall, 
and deposits carried in surface runoff, probably account for variation in 
thickness of ash deposits. Deposits in various localities could be much less 
or much greater than the average over a wider area. 

The pattern of deposits from the events discussed above suggests that the 
winds at the time of the eruptions were mainly from the southwest, but at times 
from the west-northwest and the east. Reference 2 contains a hypothesis of 
atmospheric conditions to give the observed deposition, in which a "l ow pres
sure area moving from the Pacific eastward over Glacier Peak during the erup
tion is the most likely situation that would account for the observed 
distribution ... ". 
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As to the duration of the eruptions, IIFrom sedimentary and petrographic 
evidence, it is abundantly clear that the eruption of Glacier Peak was single 
and short. It may have endured for only a few days or possibly for a few weeks . 
... Of these two possibilities the latter appears more plausible ... 1I (2) The 
probable duration of such eruptions is important in that the effect of an ash
fallon plant operations may be manageable if deposition is gradual. 

Probability of Occurrence 

Reference 4 contains a graph of the relative amounts of volcanic products 
discharged by lIevery Cascade eruption over the last 15,000 years so far dated by 
radiocarbon methods". The ash products shown on this chart were scaled (although 
lithe intensity scale is not an arithmetic progression, it represents the approxi
mate order of ranking of the estimated volume of volcanic products of known Cas
cade eruptive episodes") and a probability distribution of indexed amounts of 
ash release was prepared. The result is shown in Figure 21. 

Unfortunately, the 19 eruptions that are charted in Reference 4 do not 
include all that are known to have occurred from the Cascades. It is reported 
that within the last 12,000 yr there have been more than 30 eruptions at Mount 
St. Helens, three at Lassen Peak, 11 at Mount Rainier, and seven mudflows asso
cated with volcanic activity at Mount Baker. It is assumed, however, that most 
of the major ash eruptions are included in the chart. Also, the indexing of 
ash vol urnes as descri bed above is imperfect. liThe vol ume of the Mazama erup
tion, intensity X, was between three and five times greater than intensity 
IX."(4) These are the only two for which volume has been calculated. (The 
Mazama ash eruption is represented by the point of maximum intensity in Fig
ure 27. It is the only point that has a large deviation from the straight line 
defined by other points). Even with these defects the data on the 19 events 
were used since no other was found upon which to base probabilities of volcanic 
ash discharges. 

Proability of Exposure 

Whether a cluster would be exposed to ashes from a given volcanic eruption 
would depend on the amount of ashes expelled (as indicated by the above index), 
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the wind direction and velocity during the eruption, and the distance of the 
cluster from the volcano. The variability of high altitude winds and of rain
storms in the path of the plume sometimes cause the deposition to decrease 
nonuniformly with distance. In the 50-200 mi range, the deposition may be 
greater at a more distant point than at a point closer to the volcano. However, 
"Many deposits of this type (coarser debris in deposits, ten to hundreds of 
miles long) are almost linear, and their configurations reflect the direction 
of the reactor resultant wind above the volumes at the time of eruption. II (6) 

The procedure used to derive approximate probabilities based on available 
information is described in Appendix S, along with calculations of exposure 
and occurrence probabilities. The product, i.e., the probability of forced 
outage versus number of generating units affected, is given in Figure 22. 
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Effects of the Mount Usu Eruption(3) , 

The initial eruption of Mount Usu expelled ash to a height of 39,000 
feet, and following eruptions to lesser heights. Six major eruptions, each 
lasting from two to three hours, occurred over a period of seven days. Minor 
eruptions followed some of the major ones. Weather conditions were changeable 
during the period, windy, rainy, cloudy and fair. The wind direction at the 
time of the eruptions ranged over 180 degrees centered in the southwest. Wind 
velocity was up to 55 mph out of the northwest in dry weather, and up to 45 
mph out of the south in rainy weather. Ash was deposited to a depth of about 
two inches or more over a 20 to 25 mile radius in the windward direction. 
Ashfall near the volcano measured up to 40 inches in thickness. 

Most damage to the electric power system occurred where the ashfal1 was 
two inches or greater in thickness. Two hydroelectric plants at which opera

tion was affected were each about three miles from the volcano. Generation 
outages were caused by the intakes and penstocks being choked with pumice, and 
the outages were prolonged by delays in permission to clear the system by 
washing the pumice to streams that fed irrigation systems or that flowed into 
fishing grounds. A major thermal power plant 19 miles east of the volcano 
was not affected (the weather was dry when ash was blown in that direction). 

Transmission and distribution systems were damaged to the extent that 
service to some 500 homes in the region was interrupted for a total of two to 
three days, and to some 3000 homes for about 18 hours. These outages were 
caused largely by volcanic ash and rain, which after deposition would stick to 
surfaces and IIbecome like solid concrete. II It would cause insulators to fail 
electrically, poles and line conductors to fail structurally, and trees to fall 
into lines. The greatest damage occurred during periods of simultaneous 
eruption and rain. The bad effects of the ash-rain mixture on thermal generating 
plant insulators and lines of HNEC could be similar to that of the reported 
effects on the distribution systems in the vicinity of Mount Usu. The low 
probability of rain in eastern Washington, unless rain were caused by ash in 
the atmosphere, would lessen the risk of extensive damage from ashfall. 
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Risk from Ashfall 

The consequences of a given ashfall would, of course, be equal for HNEC 
and DS plants receiving equal ashfall. 

Corrective operations may involve: 

• Replacement of water inventories in open reservoirs that have been 
made too acid by the ashfall, 

• Replacement of clogged filters, 
• Removal of ash from heat radiating surfaces, 
• Washing of acid and ash residues from insulator surfaces or insulator 

replacement if the deposits have hardened, 
• Check of instruments that may have been affected by infiltration of 

ash particles where air is not effectively filtered, 
• Clearing of drifts from transportation routes, 
• Inspection of oil reservoirs and oil filters for admittance of 

abrasive particles, 
• Clearing of ash mud from cooling towers. 

An estimate of the cleanup time, and if necessary, time for repairs, 
fo 11 ows: 

Maximum 
Minimum 
Probable 

Days of Forced Outage 
2 to 8 in. of Ash 

7 

2 

3 

It is assumed that crews can be obtained to work on all of the shutdown 
plants at the same time. 

Risk of Outage from Ashfall 

The estimate of ri sk of forced capaci ty and energy outage from as·hfa 11 
is shown in Figure 23. Probability of occurrence is shown in curve A, and cor

responding energy production loss in curve B. 

From Figure 23, note that the probabilites of capacity loss from ashfal1s 
are constant. 
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SWITCHING STATIONS 

Introduction 

The reason for examining switching stations separately is to assess the 
risk of routing power from six or seven units through one switching pOint, as 
at HNEC, relative to that of routing of power from three or four units through 
a single switching station as at a OS, and to determine whether the vulnerability 
of the switching station is greater than that of the generating plants. 

The same disruptive event could interrupt more power flow when occurring 
at a switching station than when occurring at the generating stations. For 
example, an aircraft crash into a switching station could interrupt the power 
from six or seven units in the HNEC case, or power from three or four units in 
the OS case. If it crashed at anyone of the generating clusters, the shutdown 
would probably be limited to one or possibly two units at either an HNEC or OS. 

This section is confined, therefore, to an assessment of risk at a single 
switching station. If two switching stations were affected by an initiating 
event, the magnitude of the event is assumed to be great enough to simulta
neously affect all generating units feeding power to these stations. 

Station Vulnerability 

A typical layout of a 500 kV switching station using the breaker-and-a
half arrangement now favored by SPA and many other utilities is shown in 
schematic form in Figure 4 of Section III. 

One vulnerable point ;s the bus structure which runs throughout the sta
tion length. If the two buses in this structure are incapacitated at the same 
time, the "pooling" function of the station is lost, but power flow can be 
maintained from those generators that are in positions mutually occupied by 
lines interconnecting with other points in the network. Continuity of opera
tion would be sustained if the stricken buses were cleared by the two outer 
circuit breakers while the third (middle) breaker remains closed. If one end 
of the station were damaged, power flow at the other end may continue in this 
way. Power flow in the system would have to readjust to an incident of that 
severity. With readjusted flow the output of the station could still be the 
equivalent of several generating units even though power from some units was 
reduced. 
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All other localized damage would have less impact, cutting off one or more 
generators or lines while the buses, or at least one bus, remained in service. 
It may be concluded that to interrupt all power flow through the station, the 
event would have to disrupt functions throughout the entire station area. For 
example, a severe earthquake could disrupt all operations. 

The station service transformer used in common by three or four 
generating units(a) for the alternate supply is another vulnerable item. 

Although damage to this transformer would not shut the generating units down, 
a regulatory requirement would force shutdown if service is not restored within 
72 hr. 

Another vulnerable item are the battery DC supplies for relaying functions 
at the station. Damage to this power supply along with damage to the main 
buses or lines could prevent breakers from opening to isolate trouble. Conse
quently, one trouble point could involve the entire station if the DC supply 
were out. Stations as important as these would have redundant battery supplies, 
both of which would have to be lost. 

The area occupied by a 500 kV switching station for seven generating units 
at an HNEC would be approximately 1500 by 500 ft, transmitting 8.4 GW. The fol
lowing analysis concerns the risk of an event that would interrupt 50 to 100% of 
the power flow at the station. Events evaluated include those already consid
ered for the generating plants, namely earthquake, flood, tornado, releases of 
airborne contaminants and ashfall, plus aircraft crash and sabotage. 

Earthquake Effects 

Switching station structures and equipment are being designed by SPA for a 
horizontal ground acceleration of 0.24 g in the Puget Sound area and 0.12 g in 
the Portland area. In eastern Washington, with the exception of areas of greater 
than average seismic activity, the design of the stations is governed by wind 
resistance criteria rather than ground shaking criteria. The effective resis

tance to ground shaking is reported to be somewhat less than 0.12 g. For pur
poses of this study, it is assumed that the switching station's resistance to 
ground shaking is equivalent to that of a 0.10 9 , essentially code design.(2) 

(a) This applies to configurations typified by Concept B, Reference 1. 
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The probability of ground shaking of this intensity is: 
3 ~(3) 

3(7.93 x 10- ) = 2.4 x 10-' 
With a probability of 0.1 for significant damage to a code design facility, 

the probability of an earthquake disabling 50% or more of the switching station 
is less than 3 x 10-3 events per year (0.1 x 2.37 x 10-2 = 2.37 x 10-3). Three 
such stations are assumed at HNEC and the probability of losing anyone of the 

-3 -3 three is 3 x 2.37 x 10 = ~7 x 10 . 

The design of manufactured equipment affects the resistance of switching 
stations to earthquakes. The most vulnerable items are the heavy pieces mounted 
on post insulators, such as a live circuit breaker, lightning arrestors, and 

(2 \ potential transformers. J 

Power transformers are located at the generating plants at HNEC and are 
not considered switching station equipment. Damage to one transformer would 
affect only one generating unit. 

During the San Fernando earthquake of February 9, 1971, 
ing station, (a) which appeared to be clcse to the epicenter, 
erations between 0.35 and 0.50 g. The damage was severe. (4) 

the Sylmar switch
experienced accel

As a result of 
that incident, possible ways of increasing the resistance of equipment to 
ground shaking were studied with the expectation that stations built in subse
quent years would suffer less damage if subjected to identicai conditions. 
Although Hanford is never expected to experience ground shaking over 0.25 g, 
its station design should nevertheless benefit from that experience. 

Tornado Effects 

The switching stations footings are designed to 80 mph constant windspeeds, 
for use at any location, and equipment is designed with gust factors equivalent 
to 100 to 120 mph. (2) 

The probability of tornado windspeeds exceeding that level is 4.4 x 10-6 

strikes per year at points within the HNEC region. The median path width of 
tornadoes in this region is around 300 yd. Moving along the long axis of the 

(a) Refers to the switching station only, not the rectifier station which was 
even more seriously damaged. 
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station a tornado with windspeeds in excess of the above levels could pos
sibly disrupt station operation completely. Moving along the short axis it 
could disrupt some fraction of the power flow, perhaps 50 to 60%. The orienta
tion of the existing Ashe and Hanford stations is such that there would be an 

-
approximately 90% possibility that 50% or more of the positions would be affected by 
a tornado strike. The resulting probability of 50% or more of the power flow 
being interrupted is 4.0 x 10-6 per year. 

Radioactive Release Effects 

The assumption used in the preceding section on effect of releases on 
adjacent clusters of generating plants is that significant deposition would 
take place around the point of release regardless of wind direction. In the 

HNEC, anyone of the three switching stations each serving two clusters would be 
within a two mile radius or less of adjacent clusters it serves. 

Since the switching stations are not normally attended and since the 
functioning of the station would not be directly affected by the deposits, the 
station would not be forced out of service immediately following the passage 
of the plume or from deposition. Decontamination of the station could proceed, 
part of it while the station remains in operation, and part of it while sec
tions of the station are de-energized. Forced shutdown of parts of the station 
would take place only in the event of some equipment failure that would entail 
the use of work forces in a station bay before it had been decontaminated. 

In view of the above no significant contribution to the risk of forced 
outage of generators at the second cluster results from switching station expo
sure to radioactive releases. Outages necessary for cleanup could be scheduled. 

Ashfall Effects 

Ashfall could possibly cause some forced outage or a switching station, 
while the connected generating units remain fit for service, by 1) forming con

ducting paths around insulators in high voltage circuits, 2) placing a blanket 
of heat insulating material over heat radiating surraces, and 3) clogging fil
ters in equipment that required ventilation. 
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The probability of forced outage from this cause is estimated to be the 
same as that of the generating plants, 3 x 10-5 events per year. 

Aircraft Crash 

From information presented in Appendix A, the possibility of a large air
craft striking a nuclear power plant having a shadow area of 0.137 mi 2 is 
4.6 x 10-7. For the switching station alone having a shadow area of about 
0.05 mi 2 the probability would be 1.68 x 10-i. 

0.05 4 6 10-7 = 1 - 10-7 
0.137 x . x .1 X 

The risk is additive to that of the other causes acting upon generating plants. 

Sabotage 

Sabotage at the switching station could be more effective in forcing a 
number of generating plants out of service than if it were applied at the gen
erating plants themselves. For example, two explosives strategically placed 

anc set to detonate at the same time could incapacitate a station, and inter
upt the flow of power from up to seven generating units. There is no rational 
basis upon which to arrive at the probability of such an event. The probability 
can, of course, be reduced by maintaining adequate security under the provisions 
of 10 CFR-70. 

If sabotage were to be successful in interrupting power flow, the damage 
to equipment would not be expected to extend throughout the entire station, 
although it could be severe. Part of the station could probably be put back 
in operation relatively soon, and the remainder restored on a temporary or 
permanent construction basis. 

Flood 

The possible effects of flooding on switching stations is considered for 
the HNEC model in that some of the stations may be located at somewhat lower 
elevations than the generating plants. 
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The Ashe station site near Cluster 1 has an elevation of about 437 ft above 
sea level, 48 ft above the Probable Maximum Flood level for WPPSS plants, and 
12 ft above the level of Artificial Flood No.1 at that point on the river. 
Since no underground portions are at risk, the danger of flood interferring 

with station operation can be ruled out at Ashe. Further checking on relative 
flood vulnerability would be necessary at the Hanford stations and the proposed 
Gable Mountain site. 

Total Risk 

The risks discussed above are in two categories: 

A: Additive to the risk of loss of generation from the second cluster, 
in that either the generators in the second clusters or the switch

ing station could be the cause of the forced outage, and 

B: Occurring at the same time and from the same cause as the generat
ing plant outage in the second cluster, and, of significance only 
if the risk is greater at the switching station. 

The probability of a loss of more than 50% of the power through a switch
ing station and the associated outage periods are given in Table 15. 

The probabilities in Category A are additive to the generating plants, and 
assuming that sabotage risk is controlled, their sum is about 4.3 x 10-6 events 
per year. The repair time would range from 15 to 40 days, with a probable time 
of 25 days. This probability and their consequence are factors in the added 
risk of loss of power from a second cluster being affected by a single event at 
the switching station. 

In Category B, all the risks are less than or approximately equal to their 

counterparts in the generating plant assessment, add nothing to overall risk, 
and can be ignored. 

The resulting switching station risk is shown in Figure 24. 
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TABLE 15. Summary of Risk of Interruption of Power 
Flow at Switching Station 

Event 
Category A 
Tornado 
Aircraft crash 
Sabotage 
Flood 

Category B 
Earthquake 

Release of 
Radioactivity 
Ashfa 11 

Probability of 
Interrupi ng 50~b 

or More of 
PO'fler Flow/yr 

4 

4.Q x 10-6 

1.7 x 10-7 

Indeterminate 
10-7 

12 

X - CAP~CITY. GIGAWAr'S 

I 

I 
J. 

T 
I 

I 

i 
I 
I 
I 
I 
I~ 

Probab 1 e Re
pair Time/Days 

25 
40 

15 

15 

4 

FIGURE 24. Risk of Capacity and Energy Generation Loss 
Caused by Switching Station Outage at HNEC 
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Risk of Forced Outage, HNEC versus OS 

This section combines the data on probabilities of forced outage for an 
HNEC and OS, and compares the estimated lost energy production during outages, 
between the two concepts. 

Figures 25 and 26 summarize the results developed in prior sections. Here, 
gigawatts of capacity lost for HNEC and OS are plotted against the respective 

probabilities of these losses. The dotted line at the top of the figures is the 
total probability of 4 to 24 GW of capacity being lost through anyone of the 
causes shown separately in curves under the dotted line. The dotted curves for 
earthquake and ashfall are alternates related to administrative matters. These 
total probabilities for HNEC and OS are compared in Figure 27. 

The principal findings in this comparison are 1) the probability of loss 
of capacity in the OS case drops off rapidly after 6 GW; 2) although up to 
12 GW can be lost, the increment greater than 6 GW has a low probability and 
for practical purposes can be ignored, and 3) in HNEC, the probability of 
forced outage from earthquake is dominant, about 25 times the probability of 
all other causes combined. (If outages due to earthquake were forced by plant 
failure rather than an inspection requirement, the probability would be reduced 
tenfold for accelerations up to 0.175 g and fourfold for accelerations up to 

0.25 g~ as shown by the dashed curve of Figure 25. 

Other findings are: 

• Earthquake, ashfall, and flood could affect up to 100% of HNEC capacity; 
radioactive release up to 80%; and tornadoes and switching station fail
ure up to 35%. Flood could affect up to 50% of total capacity, tornadoes 
30%, and others 15 to 20% at much lower probabilities of occurrenCE. 

• After earthquake, ashfa1l appears to be the major contributor to proba
bility of outage. However, the basis of assessment of this cause is 
tenuous. 

• Radioactive release occupies an intermediate position on the scale of 

probability; but if an administrative requirement would shut down all HNEC 
plants if one were to have a release then tnis would become the major 
contributor after earthquake. 
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• Flood and tornado are unimportant risk ccntributors . 

• The probability of single clusters being forced out of service is some- ~ 

what greater for OS than for HNEC because of greater exposure to earth-

quake and ashfall. 
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The probable duration of forced outages under the stated assumptions are 
~abu1ated below: 

Maximum 
Earthquake 

(0.125 to 0.175 g) 20 
(0.22 g) 100 

Tornado 80 

Flood 45 
Radioactive release 60 
Volcanic ashfall 7 
Substation 40 

These time periods are used to establish 
shown in Figure 28 for HNEC (a similar figure 

Average Days 
Minimum Probable 

3 7 
15 40 

10 40 

7 20 
7 15 
2 3 

1 5 25 

potential loss of generation as 
for OS is net given because of 

low probability). Curve A of this figure is the composite capacity loss proba-· 

bi1ity curve of Figure 25. Curve B and the shaded zone around it show possible 
generation losses associated with different causative events. For example, an 
14 GW outage due to flood may have a probable outage time of 40 days while 
an 14 GW outage due to volcanic ashfa11 may have an outage time of only three 

days. That range is represented in the vertical dimension of the shaded zone. 
The "probable" line within the zone represents an estima-:e based on weighting 
of the probable repair times of each component cause according to its probable 
frequency of occurrence. 

Representative points marked in the diagram are tabulated below to indi
cate the range of size of the blocks of generation that could be involved 
versus probability of occurrence. 

Capacity Energy Probability 
MW GWh Events/Year 

6 250 0.011 
24 1 ,000 0.0016 
8 1 ,100 0.0087 

16 2,400 0.0043 
24 20,000 0.0016 
24 50,000 0.0016 
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INTRODUCTION 

VI. SIMULTANEOUS LOSS OF THERMAL 
AND HYDROELECTRIC CAPACITY 

In an investigation of risk of loss of generation at an HNEC vs that at 
dispersed sites, the questions arises, would an HNEC entail risk of greater 
loss of regional generation in the event of catastrophic conditions on the 
Columbia River than the loss that would be experienced with dispersed sites? 
This question is discussed below. 

Simultaneous loss of thermal and hydroelectric capacity could occur 1) if 
a flood were great enough to incapacitate downstream hydroelectric dams and at 
the same time, immerse the river pump houses supplying coolant makeup to ther
mal plants, or 2) if a drought were sufficiently severe and prolonged to reduce 

the capacity of hydrogeneration and also starve the thermal plants of coolant 
makeup. 

If either a severe flood or drought were to occur, the amount of hydro 
capacity that would be affected would, of course, be the same for the HNEC and 
OS cases. The amount of thermal capacity that would be affected in addition 
would depend on the flood or drought. For example, if the Columbia at HNEC 
were affected but not all tributaries, only a portion of the OS case capacity 
may be flooded or starved, while the remaining portion stays in service. 

Drought 

After consideration of the risk of a widespread and prolonged drought 
affecting both hydro and thermal generation coincidentally, it was concluded 
that there would be no substantial difference in the magnitude of the result
ing outage between the HNEC and OS cases. The reason is contained in the dis
cussion on extremely low river flow in Appendix A. Briefly, in a prolonged 

drought, time would be available to take emergency measures to provide coolant 
makeup to thermal plants in low-flow portions of the river system, whether they 
be at HNEC or at OS sites. 

River Blockage or Diversion 

Other events such as river blockage or diversion occurring in the middle 
or lower reaches of the Columbia conceivably could affect some thermal and 
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hydroelectric capacity, and the effects of such events on thermal plants of the 

HNEC and OS cases are reviewed in Appendix A. Effects on hydroelectric plants 

could include possible flooding of hydro plants ~pstream from the point of 

blockage, and temporary interruption of generation at plants downstream. In 

event of a blockage, the downstream hydro plants would net be damaged immedi

ately but could be damaged later by flood waters resulting from overtopping and 

disintegration of the blockage. 

The probabilities of occurrence of such blockages are discussed in Appen

dix A. Although there are no accurate bases avaiiable to evaluate this proba

bility, one may suppose that it could be of the same general order as that of an 

Artificial Flood No.1. 

The consequences of blockage, again with the exception of a major change 

of channel that could bypass some of the downstream dams, would be less than 

those of an Artificial Flood No.1. Fewer plants would be affected and with 

less damage occurring. For these reasons, this section considers floods from 

dam failure rather than river blockage as the events that could have the great

est effect on simultaneous loss of thermal and hydro generation. 

Floods 

Artificial Flood No.1 would incapacitate many plants, both thermal and 

hydro, and inflict much damage, causing long generator outages. The natural 

river floods discussed in the section on Floods, that affect river pump houses 

of thermal plants primarily, are not considered, as the hydroelectric generation 

would not be seriously affected. The hydroe1ect~ic generating resources that 
would be affected by a Artificial Flood No.1 in 1977, and estimated for 1987, 
are given in Table 16. 

From an Artificial Flood No.1 in the year 2005., 1) all hydro capacity on 
the Columbia below Grand Coulee would be forced out of service, and 2) 100% 
of the thermal capacity at HNEC or 50% of the OS case capacity would be shut 

down for lack of coolant makeup. 

The severity of damage at the dams downstream of Grand Coulee Dam would 

probably be such that comparatively long periods would be required for rebuild

ing. Since the major facilities of the thermal plants are above this flood 

level, their operation could be restored much more rapidly. 
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TABLE 16. Hydroelectric Capacity on the Columbia River 
from Grand Coulee to the River Mouth, GW 

January Peaking Capability, (a) GW 
Critical Period(b) Energy Produc
tion Capacity, Average GW 

1977 

16 

8.3 

1987(1) 

20.5 

8.4 

a. Peaking capability, the maximum ability of firm resources of the 
system to carry a peak load. 

b. Critical period, that multimonth period, determined for the 
Coordinated System under adverse stream flows of historical record, 
during which the least amount of estimated firm energy load can 
be served from firm resources. 

Risk of Forced Outage 

Regional generation that would be affected by an Artificial Flood No. 1 
in 1977, and by the same flood in 2005 with HNEC or OS in place, are given 
in Tables 17 and 18 respectively. Assumptions used in the preparation of these 
tables are 1) new hydro power developed after 1987 will be insignificant, 
2) data on resources include all peaking and reserve generating facilities 
in the region, 3) by 2005 the regional capacity reserves will be 20% of Jan
uary peak load, 4) peak generating capacity will total about 84 GW in 2005, 
5) a 75% average plant factor of thermal units, for computation of energy 
production capability, and 6) average system load factor will remain at about 
63%. 

TABLE 17. Generation Affected by an Artificial 
Flood NO. 1 in 1977 

January Peaking Capacity, GW 
Hydroelectric plants on Columbia, 
Grand Coulee to the mouth 
Thermal plants on the Columbia 
Other hydro and thermal plants 

Critical Period Energy Production 
Capability, average GW 

Hydroelectric plants on Columbia 

Thermal plants on Columbia 

Other hydro and thermal plants 
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TABLE 18. Generation Affected by an Artificial 
Flood No. 1 in 2005 

HNEC OS 
January Peaking Capacity, GW 

Hydroelectric plants on the 
Columbia, Grand Coulee to 
the mouth 20.5 20.5 
Thermal plants on the Colum-
bia 24.0 12.0 
Other hydro and thermal 
plants 25.5 37.5 --

70.0 70.0 
Critical Period Energy Produc-
tion Caeabi1ity, Average GW 

Hydroelectric plants on the 
Columbia 8.4 8.4 
Thermal plants on the Colum-
bia 18.0 9.0 
Other hydro and thermal 
plants 12.6 21.6 

39.0 39.0 

The percentage of total regional resources affected by the 
flood would be: 

Capacity 
Energy 

HNEC 
64 
68 

From information in the preceding tables: 

Percent 
OS 
46 
45 

1) In the year 2005 with the OS case the hydroelectric and thermal energy 
resources that would be affected by Artificial Flood No.1 would be 45% 
of the total resources in the region. 

2) In the year 2005 with the HNEC case the hydroelectric and thermal resources 
affected would be 68% of the total resources in the region, as determined 
by energy production capability loss. The OS case, therefore, has a marked 
advantage in potential for retaining a greater percentage of coth capJc~tj 
and energy generating resources in service following such a flood. 
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3) From Table 17, in the year 1977 such a flood would affect 64% of system 
resources, as determined by energy production loss. This may be compared 
with the 68% that would be affected with HNEC in 2005. The risk correspond
ing to 64% loss of generating capacity has societal acceptance; acceptance 
of a risk corresponding to 68% loss of generating capacity with HNEC is 
only slightly greater and with a probability of occurrence estimated at 

-7 less than 10 /yr. 

In the comparison, the HNEC case has benefited by the assumption that capac
ity reserves would have increased to 20% of peak load by 2005. If they had not 
increased to that extent the 68% figure for HNEC would be somewhat greater. 

In conclusion, an Artificial Flood No. is the only event for which the 
dependence on energy in the Pacific Northwest from an HNEC would cause a sub
stantially greater simultaneous loss of hydro and thermal energy resources 
than would the Flood with a OS case (68% vs 45%). The probability of occurrence 
of such a flood is extremely low. The loss Qf generation with HNEC would be 
68% of regional generating resources, as compared with 64% if the flood were 
to occur at the present time. The thermal portion of lost resources could be 
restored to service in perhaps two to three weeks; but the hydro portions would 
require dam and station repairs over many months to restore them to service. 

These cases of combined hydro and thermal capacity loss are not included 
in the following section on Impact of Forced Outages since the comparison is 
limited to the reliability of nuclear generation, not hydroelectric. 

REFERENCES - SIMULTANEOUS LOSS OF THERMAL 
AND HYDROELECTRIC CAPACITY 

1. Pacific Northwest Utilities Conference Committee, West Group Forecast of 
Power Loads and Resources, July 1976-June 1987, March', 1976. 
(Reviewed with issue for July 1977-June 1988, February 15, 1977) 
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VII. IMPACT OF HNEC OUTAGES ON SYSTEM OPERATION 

INTRODUCTION 

The impact of possible loss of generation due to HNEC outages is discussed 
with respect to ~) sudden capacity lass and its short-term effects, and b) loss 

of energy production capability with its longer-term effects. In extreme cases, 
the effects of capacity loss could resemble those of the northeastern blackout 

of 1965 and the New York City blackout of 1977 with their temporary disruption 

of normal activities in the blackout areas. The effects of energy shortage have 
not been experienced on a comparative scale, but plans are being made for coping with 
such shortages. For small shortages in which the reserves on the system are 

capable of meeting generation deficiencies, there would be no immediate impact 
on the power user, although if prolonged, there might be some impact on power 

costs. These possible impacts are considered in relation to probability of 

occurrence. 

In this discussion capacity or capacity loss means the total capacity of 

all units affected by an event, independent of their operating status at the 

time of the event, for example, the capacity of 20 HNEC units is 1.2 GW/unit x 

20 units = 24 GW. 

Generation loss means energy production capability that is not available 

to the system because of the loss of capacity over a period of time due to an 
event. It is assumed that the lost capacity would have operated at an average 
plant factor of 0.87 during the outage period. This is greater than the 0.75 

assumed annual plant factor, but it is used to take a conservative position 
with respect to the possible impact of an outage that occurred in winter months 
when the loads on thermal plants may be greater than the annuai average. For 
example, generation loss in the event of a loss of 24 GW oicapacity for 60 
days would be 24 GW x 60 days x 24 hr x 0.87 PF = ~30,000 GWh. 

Energy shortage means the amount of normal system loads curtailed (dropped) 

mandatorily because of insufficient energy resources. They are shown on 

Reserve Energy Planning Model runs as "negative energy surplus", i.e., as an 
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energy deficit. They bear a statistical relationship to the generation loss 
associated with the events being studied. System reserve energy would take the 

place of HNEC generation loss in varying degrees, as shown later. 

are: 
Loads assumed to be on the system in 2004-2005 for purposes of this report 

Load 

Average 
Average 

Peak 

January to April 
Annual 

45,600 MW 

42,125 MW 

70,000 MW 

Peak load estimated for 1986-87 in Reference 4 is 37,896 MW. The above 

70 GW estimate represents an annual increase of about 3.5% between 1987 and 

2005 as compared with the West Group Forecast increase at a 5.1%/yr rate from 

1977 to 1987. 

are: 

System resources assumed for 2005 including miscellaneous peaking facilities 

Total peak resources 
(other than HNEC) 

HNEC 
Total 

60,000 MW 

24iOOO MW 
84,000 MW 

Energy resources, with the addition of the thermal units, are assumed to be 
such as to provide an adequate margin over the 42,125 average MW load estimate. 
The relative energy resources in 2005 are reflected in the data from the Energy 
Reserve Planning Model to follow in this section. 

The resource estimates affect the results of this study in that they deter

mine how much system generating capacity remains in the system after the hypo

thetical HNEC outage has occurred, i.e., the percentage of system generating 

capacity that remains after up to 24 GW of capacity has been forced out of 

service. The foregoing estimates are considered to be middle-of-the-road, and 

therefore appropriate for the purpose of demonstrating the impact of the postu

lated generating outages. 
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In 2005, with the assumptions used in the HNEC case for purposes of this 

study, the status of generating resources would be: 

Tota 1 

HNEC (percent of 
total 

OS 4-unit cluster 
(percent of total) 

2005 Generating Resources 
Energy, 

Capacity, GW Average GW 

84 45 

24 (29~s) 18 (40~~) 

4.8 (5.7~s) 3.6 (8%) 

As noted previously, the outage cases of the HNEC study start with four 

units affected, and range up to the full 20 units. OS case outages range from 

3 to 10 units. 

Most of the causes of forced outages of interest were assumed to occur 

randomly throughout the year. 

The number ~f generating plants that would be operating at the time of an 

event, and their loading, would depend on the season of the year, how much 

reserve is assigned to thermal units, refueling schedules, and conditions on 

other parts of the system. Operating policy as envisioned for 2005 governed 
the inputs to the simulations of the thermal generation portions of the system. 

The outage probabilities computed in pri~r sections of the report were inserted 

into the simulations of thermal p1ant operation as perturbations of normal 
operations. 

A necessary assumption in describing the' effects of reduced energy produc
tion capability is that system loads as influenced by the severity of winter 

weather be normal or near normal. In the winter of 1976-77 in the New York
New Jersey area, space heating requirements were 30% above normal, whereas the 
fuel suppliers (fossil fuels in that case) had made provisions for only an 8% 
margin. If a major outage of the type to be described were to occur during an 

extremely hard winter in the Pacific Northwest the electric energy shortage 

effects (where much of space heating is electrical) would be exacerbated. 

There are numerous points on Figure 28 of the section on Composite Risk, 

the curve of capacity and energy loss versus probability of occurrence, that 
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could be used to illustrate the reliability risk of an HNEC. In discussion to 
follow, emphasis is placed on the maximum possible capacity loss, 24 GW, and 

a generation loss of 30,000 GWh (1.5 times the probable maximum). The impact 

of intermediate values of capacity and energy generation losses are also 

discussed. 

IMMEDIATE IMPACT OF FORCED OUTAGE 

Many factors would contribute to the impact of a catastrophic event at 

HNEC on the PNW system in the first hours following the event. The following 

analysis relates to system conditions anticipated for the year 2005. 

Outage Magnitude 

The number of generators operating at the time, and their loading, will 

vary with the seasons. In the winter months, at times of peak system loads, 

most of the HNEC units would be operating; in spring and summer months many 

units would be down for refueling and scheduled maintenance, with a greater 

percentage of the system load then being carried by hydro plants. An example 

of how such outages may be scheduled is: 

Season 

Aug - Nov. 
Dec - Mar. 
Apri 1 - July 

Number of 

Shut down 

4 

2 

14 

units Avg % of total HNEC 

for 2 months Capacity Available 

90 

95 

65 

Assuming that available generators are loaded to 87 percent of capacity 
at the time of the event, the loss of generation would be: 

Number of Units Probable Interrupted Power Generation 
Affected by an Event GW 

Aug-NOV Dec-Mar Apr-July 
8 7.4 7.9 5.4 

14 13.0 13.9 9.5 
20 18.6 19.8 13.5 
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Onset of the Outaae . 
The immediate impact of an HNEC outage on the system would depend to some 

extent on the amount of advance notice of shutdown, if any, and on the intervais 
between successive losses of power from affected generating units. Some of the 
outage causes would permit advance notice, for example, floods, ashfall, and 
radioactive release. Others would take place without notice, for example, 
earthquake, the first cluster hit by a tornado, and an aircraft crash into a 
switching station. Since earthqua~e is the most probable cause of outage, and 
since it would occur without notice, it is assumed in this discussion that no 
notice is given before the first generating units are forced out of service. 

The shutdown of units subsequent to the first unit or group may span periods 
of one or two hour~, for example: 

• An earthquake may cause failure of essential equipment that would cause 
simultaneous shutdown of eight units, followed within an hour or several 
hours by manual shutdown of perhaps another eight units which had been 
subjected to aBE conditions as verified by analysis of instrument records. 

• Ashfall accumulations rates would probably be such as to permit at least 
30 minutes between the shutdown of successive clusters. 

• A tornado may require tens of minutes to travel the distance between 
adjacent clusters. 

• Flood crests may take minutes or tens of minutes to travel the distance 
between adjacent pump houses. 

• Radioactive plumes may take tens of minutes to travel between clusters, 
the time depending on wind velocities. 

In all probability the initial loss of generation would not exceed the 
equivalent of that from two clusters, 9 to 10 GW, possibly followed by additional 
amounts within tens of minutes, and with all units involved in the outage 
dropping off or being shut down normally within an hour or two. 

The only incident visualized that could instantaneously affect more than 
10 GW is an earthquake with a probability of 4 x 10-4 events per year. 
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The distinction between capacity dropped instantaneously and that dropped 

over following minutes or hours is important with respect to the ability of 
the system to respond without instability and consequent separation of parts 

of the system. 

Capacity Reserves 

Capacity reserves in the Pacific Northwest are presently calculated at 

12% of the estimated system peak load. In the near future, this may be raised 

to 15%. Operating reserves normally are 7% of the peak thermal resources and 
5% of the peak hydro resources. One-half of the reserves are spinning, avail

able immediately, and one-half are available within 10 minutes. 

For planning purposes, reserves for unforeseen load growth are set at one 
half of a year's load growth for utility type loads. Utility type loads are 

those in commercial and residential categories which cannot be estimated as 

accurately as heavy industrial loads. Reserves for new resources that may not 

come into service as scheduled are called planning reserves, and represent the 

amount left over after Federal, Public, and Private system reserves have been 

determined under present methods. If reserves planned for these purposes are 
not yet in service, or if they are instailed but already loaded at the time of 

an event, the effective reserves would be: 

Reserves % of Resources GW 
"Spinning" 6 4.2 
Available in 10 min 6 4.2 

12 8.4 

If reserves planned for unforeseen load growth and possible delays in new 
generating capacity have not been absorbed, some reserves in addition to those 

listed above may be available. These would require substantial time periods 
to bring into service. 

Role of the.Hydro System in Providing Capacity Reserves 

The hydro system can provide capacity reserves beyond those described 

above, for short periods, during certain times of the year, summer for example. 
Stored water can be released through surplus capacity in turbine generators 
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to provide power on short notice. The degree to which this emergency resource 

can be utilized is limited by available water, and by the effects of rapid 
water release on river elevations below the dams and the consequent effects 

of high elevations. The curve in Figure 29 prepared by SPA, indicates the 

allowable duration of such usage. The 100% point on the ordinate corresponds 

to a system peak capacity, in 2005, of from 31 to 37 GW depending on reservoir 

elevations. The upper end of the curve is of principal interest here, i.e., 

the capability over the first few hours. 

Storage water withdrawals from the system for peaking in an emergency 

cannot exceed those defined by the curve; without significant spilling, nor 

extend beyond the l2-hour point. For example, with reservoir and river flow 

conditions corresponding to 32 GW at 100%, the normal use of the hydro system 

would be below 80%, or 26 GW. Ninety-two percent, or 29 GW, about 3 GW above 

normal maximum, could be taken for four hours. 

Role of Pumped Storage in Providing Capacity Reserve 

Sy 2005 there may be some 5 GW in pumped stotage on the system. Water 
in these reservoirs would also be available on short notice for emergency 

generation, if not already in service at the time of the outage. The duration 

of such generation could be for a few hours up to 40 hours depending on 

reservoir fill at the time of the incident. Such capacity serves as part of 
the forced outage reserve in the hydro system. 

Role of Thermal Plants in Providing Capacity Reserve 

Gas turbine driven generators are beginning to appear on the system, and 
may add a few GW to the peaking capacity of pumped storage units in 2005. The 

advantage of the gas turbines in an emergency as compared with pumped storage 
is that they can supply power for relatively long periods, (although the 
power would be costly). 

Some of the planned system capacity reserves, perhaps up to 55% nf 

operating reserves, may be in nuclear plants at that time. Allor part of the 

rese~ves allocated to HNEC would be negated with the HNEC Gutage. The distri

bution of thermal reserves would recognize such a possibility. 
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Other thermal plants on the system partialiy loaded or in hot standby 
could provide energy capacity rather quicklY, but in cold standby would require 
about 10 hours. 

Emergency Power Inflow Over Tie Lines 

. In the event of a sudden major deficiency in generation in the PNW system, 
power may be available from tie lines, provided that the effect of power with
drawals from the other systems does not affect them to the extent that the 

operators would disconnect the ties. 

The one DC and two AC lines to the southwest have a total capacity of about 
four GW. 

The pattern of diversity capacity exchange, if contracted between the 
regions, would be power flowing south from May through September, and north 
from November through March. Any capacity available to the PNW over these 
lines in an emergency would be additive to the reserve capacity within the PNW 
system if covered under contracted agreements. If a catastrophic event were 
to take place in the summer months when power is normally flowing south, the 
reversal of that flow could make a net 4 to 8 GW available to the ?NW. How 
long that flow could be sustained would depend on energy conditions in the 
California and Arizona systems. 

If the event took place in the winter months when power is flowing north, 
no change would take place if the lines are already loaded to capacity and if 
the line connections remain intact. If the lines were inadvertently opened, 
the PNW capacity deficit would be increased by 4 GW or whatever the power flow 
was at the time. If the outage occurred at an off peak point in the daily or 
weekly transmission load curves, some relief may be available even in winter 
months. 

A review of the month-by-month capacity exchange shews that these tie 
lines could make additional capacity contribution in an emergency as .follows. 
For example, in the summer months of June, July or August, the 8 GW is obtained 
by a reversal of 4 GW flow out to 4 GW flow into the PNW system. 

107 



G\~ 

Jan and Feb 0* 

March 2* 

Apri 1 4 

May 6 

June, Ju ly, Aug 8 (if available) 

Sept 6 

Oct 4 

Nov 2* 

Dec 0* 

*With additional capacity contribution if the event occurred in daily 

or weekly transmission light-load periods. 

Generation outages of the magnitude discussed here would be very rare, 
and it is assumed that the inter-regional agreements would allow adjacent 

regions to make exceptional contributions to the stricken area in such an. 

emergency, to the extent of thei r capabi 1 i ty \'Ji thout und,ue hazard to thei r 

own operltions. 

Ties with Canadian generating resources may permit a power flow of some 

three GW by 2005. Without a pattern of normal power flow, no emergency relief 
from this tie line can be assumed. 

Available generating capacity in Idaho and Utah would be relatively small; 

help in an emergency is expected to be insignificant. 

Load Shedding 

The immediate effect of a large loss of generating capacity may be a drop 
in system frequency below the level at which certain loads are shed to maintain 

system integrity. The first loads to be shed would be industrial loads totalling 

about four GW. An effort would be made to restore service to the non

interruptible portions of this load, three GW, within ten minutes or as soon 

as possible. If the frequency dropped further, additional loads would be 

dropped according to contingency plans. 
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Transmission System 

System integration is maintained through the transmission system. That 

system must have sufficient capacity and stability to accommodate the shift 

to reserve generating capacity wherever it is on the system. The ability of 

the PNW transmission system to respond to changes of the magnitude discussed 

here has not been substantiated by studies, but is assumed for purposes of 

this report. The scope of this report is limited to generation at an HNEC, 

and power flow through adjacent switching stations. The effect of losing 

substantial amounts of transmission capacity generating from HNEC may be 

equivalent to loss of substantial portions of HNEC generation, but should be 
evaluated separately. (1) 

Communications and Planning 

If an HNEC were to develop, there would be concomitant development of 

communications systems and planning procedures to appropriately handle major 

outages, however remote the probabilities of such outages. The costs associated 

with communications, monitoring, relaying, and load shedding systems would not 

be expected to be prohibitive. The objective would be to manage the system so 

that, with normal reserves, due operating reliability could be achieved, by 

judicious load shedding if necessary--not by providing additional costly 

reserves. 

Summary of System Responses to Large Outages 

In summary, immediate system relief in the event of large outage in the 
year 2005 would be provided by reserves, tie line transfers, and load shedding 
as in Table 19. 

Restoration Period 

The restoration of at least partial service to shed loads would follow 

the onset of the outage. It is estimated that steps taken to restore the 

system to a state of managed energy shortage could be accomplished within six 

hours in most situations, and within 12 hours in the worst situation, one in 

which some system breakup did occur in spite of load shedding and other measures 

to maintain stability and tie line connections. 
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TABLE 19. Summary of Generating Outage Relief Capabilities, 
Without Shedding of Commercial and Residential Loads 

Immediate Response 
Spinning reserves 
Transfer over tie lines 

",75% of the time 
",25% of the time 

Shedding industrial loads 
Subtotal 

Response after tens of minutes 
Operating reserves 
Additional temporary power 
from reservoir withdrawals, 
",50% of the time 
Pumped storage installations(3) 
Gas Turbines(3) 

Response after hours 
Planned reserves for unforeseen 
loads and late new generating 
resources, not already absorbed 

Total 
% of Total system capacity 

(84 GW) 

GW 

4.2 

4 to 8 
o to 4 

4 

8. 1 to 16. 1 

4.2 

a to 4 

a to 5 

o to 2 

4.2 to 15.2 

a to 5.6 

12.3 to 36.9 

15 % ( 1) to 44 ~~ ( 2 ) 

(1 ) 

(2) 

(3 ) 

Consistent with 12% operating reserves, and some additional relief from 
tie lines and load shedding. 
Compare with ratio of excess capacity at average load, to total capacity -
48% 
Part of this capacity may be in Operating Reserves. 
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The amounts in Table 19 would be reduced by the amount of operating 

reserves that may have been assigned to the HNEC thermal units affected by 
the outage. 

From the table: 

• Instantaneous loss of 8 GW could be accommodated, with 75 percent probability 

that 12 GW could also be accommodated without commercial and residential 

load shedding. 

• Instantaneous loss of 8 GW, followed in tens of minutes by additional 
loss of 4 GW, for a total of 12 GW, could be accommodated. 

• Instantaneous loss of 12 GW~ followed in tens of minutes by additional 

loss of 8 GW (the maximum probable HNEC outage) would have a 50 to 75 

percent probability of accommodation without additional load shedding. 

• Instantaneous loss of 12 to 20 GW (the maximum possible HNEC outage) 

would require automatic or emergency manual shedding of substantial 
amounts of mixed loads beyond the 4 GW industrial block. There would 

be a risk of system breakup, i.e., segregation of portions of the 

system. The segregated protions would have disproportionate loads and 

generation--some would continue in service and some would black out. The 

aim of the system operations would be to prevent such a breakup by wide

spread load shedding, either automatically or manually, since it is 

easier and quicker to restore shed load than to resynchronize a system 

from separate pieces. The duration of outages on the shed load portions 
of the system would depend on the ensuing events, i.e., the additional 
generation that may be lost in minutes or hours after the original 
instantaneous loss, and progress in bringing up operating and energy 
resources. 

To sum up this section concerning the immediate effects of HNEC forced 

outages: 

• Capacity losses could range up to 20 GW in period of high load on the PNW 

system (70 GW load) or to 14 GW in low load periods «44 GW load), i.e., 

to about 30 percent of generating capacity then on line. 
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• Instantaneous capacity losses of 12 GW and staged losses totalling up to 
20 GW could be accommodated without impact on the public at most times of 

the year. At the most adverse times (25 percent of total time) these losses 

would entail temporary shedding of perhaps 10 percent of commercial and 

residential loads. The probability of such loss is about 9 x 10-4 events 

per year, or once in 1100 years. 

• Instantaneous capacity losses of more than 12 GW would entail greater 
amounts of load shedding, to keep the system intact, perhaps 20 percent of 

the commercial and residential load on the system. The probability of such 

loss is about 1 x 10-4 events per year, or once in 10,000 years. 

• It is believed that adequate communications, control systems, and operating 
procedures can be developed to cope with the largest outage without system 
breakup or collapse, even though it might require load shedding of the 

proportions indicated above. Restoration to normal or to a managed energy 
shortage could be accomplished within six hours. However, if system 

breakup should occur, reintegration could be accomplished within 12 hours. 

• Following the first few hours, the management of the system would follow 
contingency plant for allocation of energy in a period of energy shortage. 

The impact on the system in the days and weeks following such an impact 

incident are discussed in the following section. 

FOLLOW-ON IMPACT OF FORCED OUTAGE 

A loss of energy production capability caused by events such as those dis
cussed previously resulting in capacity loss would affect the capability of the 
system to meet its firm and interruptible loads. 

This capability projected to the year 2005 has been estimated by the 

Northwest Power Pool Coordinating Group's Energy Reserve Planning Model described 

in Reference 2. This model, with minor changes to accommodate this study, was 

used to simulate the system when the HNEC is ass~med to reach maturity. 

Normally, the model is used for examining the capability of the Northwest 

Power Pool to meet growing loads as projected in and beyond the West Group 

forecast. For this study the model was used to estimate the effects of loss 
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of large blocks of generation. No load growth was assumed by this model for 

the years of interest: namely, those typical of the period following HNEC 

maturity. System resources were essentially those projected by the same forecast 

with 24 GW of this resource at either dispersed sites or at an HNEC. The 

program examined the system!s ability to meet firm load over a 16-yr period 

using randomly selected parameters such as reservoir storage, snowpack, rainfall, 

expected runoff, state of other thermal reserves, etc. 

Each year was divided into three 4-month periods; namely, hydro system 

early drawdown, August through November; late drawdown season, December through 

March; and system refill-hold, April through July. Five hundred trials (games) 

per case were run with data points summarized at each 4-month period. The per

iod of interest contained 6000 data points; namely, 4 yr x 3 periods/yr x 500 

trials/yr. It was estimated that any simulation by this model using different 

combinations of the randomly selected parameters would be within 2% of others. 
For insights useful in the analyses here, a single run accumulating 6000 data 

points was judged sufficient. 

The simulation of forced outages resulted from assuming that 30,000 giga

watt hours (GW-hr) of energy was not available from an HNEC during the 4-month 
periods, assuming the HNEC had a capacity to generate 24 GW. An annual plant 

availability factor of 0.75 was assumed with availability factors in each 4-month 

interval varying over a rather wide range, depending upon the chance combina

tions of the variable parameters. Outage cases less than 30,000 GW-hr were 

not separately analyzed in this model since their effects could not be clearly 
distinguished from the effects of other perhaps unexpected variations in the 
system operation not assessed here. Also, a review of the individual games 
indicated that on a number of occasions, an outage of 30,000 GW-hr could be 
absorbed with no system energy deficit (user energy shortage) while lesser 
outages sometimes resulted in deficits. 

Five Dispersed Sites were assumed, each with 4.8 GW capacity. The outages 

simulated for these clusters were for the full capacity of the cluster being 

down for 2 months out of any 4-month period; i.e., 6000 GW-hr. In most cases, the 
initiating events of concern would affect only one cluster of four generating 

units at a time. In a few trials, an event being wides~read could affect more 
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than one Dispersed Site. These did not occur frequently enough to justify 

added simulation to identify their effect. 

The comparative numbers of periods in which deficits of different magni

tudes occurred are listed in Table 20. 

From the model, energy deficits from HNEC occurred in 696 four-month periods 

(out of a 6000 four-month period population sample). Detailed examination 

indicated that 624 of the 696 were due to the 30,000 GW-hr loss at the HNEC. 

From a detailed analysis of the computer runs, the numbers of periods in 

which deficits among the 6000 game periods appear are: 

1. September through December 

2. January through April 

3. May through August 

Number of 4-month Periods 
Having Energy Deficits 
in 4 yr and 500 games 

HNEC OS 

379 345 

151 

166 

696 

56 

121 

522 

TABLE 20. Number of Load-Loss Events 
Due to Generation Outages 

Number of Energy Deficit Periods 
Load Loss, Average MW OS Difference 
Over a 4-month Period HNEC OS Adj usted (a) (HNEC-DS) 

a - 1 , 000 201 244 244 -42 
1 , 000 - 2,000 132 185 185 -53 
2,000 - 3,000 70 63 54 16 

3,000 - 4,000 51 19 a 51 

4,000 - 5,000 53 8 0 53 
5,000 - 6,000 39 3 ° 39 

6,000 - 7,000 41 41 

7,000 - 8,000 74 74 

8,000 - 9,000 29 29 

9,000 - 10,000 6 6 
696 522 

(a) Explained in Appendix C. 
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Most of the deficits occur in the early winter months when loads are fairly 

high and when information on snowpack to replenish stored water in the hydro sys
tem is not yet available. Since the forced outages occur at random, it would be 
expected that their occurrence 'tJould be almost equally shared by the three periods. 

The inequities in the number of deficit periods are due, therefore, to system con

ditions and response rather than to incidence of the outages. These observations 

apply to both the HNEC and OS cases. The greater numbers of HNEC deficit periods 

relative to OS in the second and third periods are to be expected. Even though 

conditions are more favorable in those periods with respect to response to out

ages (in spite of the fact that many refueling outages for thermal plants are in 

the third period), the greater magnitude of the HNEC outages will result in more 

load-loss situations. 

An analysis of the information shown in part in the foregoing tables reveals 

that for a 30,000 GW-hr HNEC outage: 

1) Of the 624 incidents of HNEC outages out of the 6000 trials in the sampling 

by the model, in 315 of these, the system effects in terms of system energy 

deficits were no worse than those of the OS case, i.e., the probability 

that a load loss would be no greater than in the OS case is 50%. 

2) In 120 trials the additional deficits caused by outages at HNEC were in 

the 20GO to 5000 MW range, i.e., a probability o~ 19% of causing a load 

loss of 5760 to 14,400 GW-hr. 

3) In 154 trials HNEC caused deficits in the 5COO to 8000 MW range, i.e., 

the outage would have a probability of 25% of causing a load loss of 
14,400 to 23,230 GW-hr. 

4) In 35 trials HNEC caused deficit periods in the 8000 to 10,000 MW range, 
i.e., an outage would have a 5.6% probability of causing a load loss of 
23,230 to 29,000 GW-hr. 

In effect, system reserves offset generation losses to the extent that 

curtailment of service to power users approximating the HNEC generation loss 

seldom occurred among the many trial situations of this study. 
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Load loss effects between the 6000 GW-hr and 30,000 GW-hr energy loss 
points are not identified by the available data from the simulation but are 

estimated by interpolation. 

Figure 30 is a plot of the cumulative annual probability of load loss in 

GW-hr, for the greatest probable generation losses of HNEC and OS. The curves 

were obtained by multiplying the probabilities of occurrence of the generation 

loss, as developed in prior sections, by the probabilities of system response 

as developed in this section, as explained in Appendix C. 

The area between the maximum probable OS and HNEC curves represents the 

added risk of HNEC. Curves for lesser amounts of capacity loss, and for lesser 

outage periods, at an HNEC would lie within this area. An earthquake outage of 

all 20 units for which the repair time is the maximum rather than the probable 

repair time would be represented by points outside of the shaded area of Figure 
30. 

It will be noted that a major energy shortage, 20,000 GW-hr, would have a 

maximum probability of 10-4 events per year. On the low end, an energy shortage 
of 6000 GW-hr would have a maximum probability of 3 x 10-3 events per year, 
depending on the character of the generation outage. Intermediate load loss 

levels would have probability ranges as shown in Figure 30. For example, a 

15,000 GW-hr load loss would have a maximum probability of 3 x 10-4 events 

per year. 

The shaded area of Figure 30 showing the difference in risk is the overall 
measure of added user risk from HNEC, as compared to OS. 

The results of the study emphasize the fact that the Pacific Northwest 
power pool is able to supply reserve energy in large amounts if the outage 

occurs at a time of favorable circumstances in the hydro system. Further, 

there are more years in which circumstances are favorable than when they are 

unfavorable. By simulating a large number of events, occurring at times when 

changing circumstances in the hydro system are encountered, the system capa

bility can be illustrated as in the foregoing tables and figures. In consider

ing the effects of large numbers of trials or games, tne reader must remember 

that the use of such numbers is for statistical purposes only. As noted in 
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previous sections, the probabilities of occurrence of major energy shortages 
are of the order of 0.0001 events per year. It is unlikely that one such event 
would occur in an HNEC lifetime. 

The results of several individual games, in which varying amounts of nega
tive and positive surplus energy occur, are given in Appendix C. The simulated 
performance of the system can be better understood from a review of these game 
results and the accompanying discussion in Appendix C. 

REFERENCES - IMPACT OF HNEC OUTAGES ON SYSTEM OPERATION 

1. Electric Power Transmission from a Hanford Nuclear Ener Center, BNWL-B-426, 
Batte e, PaCl lC Nortnwest Laboratorles, Rlchland, WA ·99352, September 
1975. 

2. Technical Coordinating GrouD Energy Reserve Planning Model Progress Report, 
Northwest Power Pool Coordinating Group, January 21, 1975. 
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VIII. SOCIETAL IMPACT 

Power outages of the type described herein could have adverse societal 

effects in the categories of health and safety, economics, and disturbance of 

1 ifestyl e. 

HEALTH AND SAFETY 

The health and safety of the public are more likely to be affected by com

plete loss of service than by the longer term periods of managed reduction of 

energy consumption. Building elevators, water and sewage systems, rail transporta

tion, traffic signals, lighting of public streets and many other necessities are 

dependent on electric power supply. The 1965 power blackout in the Northeast . 
and the 1977 blackout in New York City are examples of power outages that have 

affected the health and safety of the public to some degree. The adverse health 

and safety effects of the 1965 event were minimal, while the 1977 were consider

ably worse because of looting and deiiberate setting of fires in ghetto areas. 

Those incidents serve to warn of some consequences that could follow sudden 

power interruptions, but also to demonstrate that the reaction of the public 

can be salutary and that great hazards to health and safety do not necessarily 

accompany such an incident. 

The 1965 event affected some 25 million people, and the 1977 event 10 mil

lion. A 2005 forced outage involving more than 12 GW or 15,000 GWh could affect 

perhaps 15 million people over a much wider geographical area in the Pacific 

Northwest. 

In the 1965 blackout, power was restored to most of the affected urban 
areas in about 12 hr, and in the 1977 event in about 25 hr. Had complete loss 
of service persisted, more serious health and safety consequences may have fol

lowed. Assurance of ability to restore service within a reasonable period is 

important to the acceptance of such risk. 

The short term effects of major HNEC outages could resemble those of the 

1965 and 1977 events, 1f the instantaneous loss of HNEC power exceeded 12 GW. 
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As noted previously, an intense earthquake is the only event that could 

cause such a loss. Its frequency of occurrence is estimated at once per 10,000 

years. All other events would entail some time delay between the dropping of 

generating units at different clusters, with good prospects for avoiding any 

prolonged area blackouts, although mixed residential and commercial loads as 

well as industrial loads might be shed in certain areas until other reserves 

could be brought on line. Such shed loads would not exceed 25 percent of the 

total; and outages would not last more than six hours. 

In view of the rarity of all events involving more than one cluster at 

HNEC, and expectations for early return of electrical services to near normal, 

the risk to public health and safety is considered low. 

Economic Effects 

In the Pacific Northwest there is a strong linkage between the region1s 

economy and the region1s usage of electricity. Energy shortages for any 

reason for an extended period of time possibly would create considerable 

economic loss. Specific allocation of energy shortages has not been 

investigated as part of this analysis. Additional study is required to 
quantify the resulting economic consequences. Fortunately, there is only an 

estimated 0.0001 probability that severe energy shortages will result from 

HNEC shortages. 

The shortage of energy in an incident of the type being discussed is tempo
rary and would be felt mainly in then-existing industries. The situation should 

not be seen as one of chronic power shortage that i'lould discourage new industry 
from locating in the area. Prospective owners and investors would identify a 

shortage resulting from a rare incident as a freak occurrence, one that would 

not deter them from choosing what might otherwise be an attractive location. 

Economic losses would be suffered by 1) the industries and communities 

directly affected, 2) secondary support activities, and 3) indirectly by the 

general public. The public may be affected in a general way by suspended 

activity in ii1dustry, and the corresponding reduction in taxes paid into state 

and local governments; but also in any power rate increases or surcharges that 

may come as a result of the use of high-cost emergency generating resources or 
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through the effects of continuing fixed charges on plants that are not in use 
temporari ly. 

Under regional conditions where water reserves and alternative fuel supplies 
are at normal levels the economic impact of :l 20,000 GW-hr loss from HNEC could 
be considerably moderated through voluntary conservation and voluntary implementa
tion of contingency plans. In addition, arrangements may be made for the import 
of electricity from outside the region, arrangements not included in the system 
simulations of this study. 

In addition to voluntary exchange of electrical energy between regions, 
some of which has been assumed in the system simulation, the Federal Po~er 

Commission has asserted that it: 

" ... enjoys very broad emergency power to deal with an electric 
energy shortage. These powers extend to all generation of 
electricity throughout the United States, including federal 
agencies generating electricity. The FPC claims it has power 
to compel any generator of electricity to transfer power to a 
utility experiencing a deficiency of electric energy. It can 
control the terms of compensation to be paid for such transfer. 
It has served notice by Orders 520 and 520A that it will compel 
such transfers wherever excess power exists anywhere in the 
United States which can be practicably used to cure a deficiency. 
It has also indicated by implication, but refrained from 
stating outright, that it may order a transfer of power from 
one utility to another even if to do so will render the first 
utility unable to satisfy the requirements of its consumers. "(1) 

The primary economic impact of increasing the region's electrical supply by 
fuel switching, extending fossil unit operation, and by purchasing electricity 
from outside the region will most likely be an increase in cost of electricity 
for that period. 

Measures such as these for increasing supply, and conservation, may serve 
to satisfy individual and commercial requirements with little reduction in 
employment and production when enerqy deficits are of the order of 10%. Greater 
deficits, for example the 15% deficit (for four months) of the maximu-m probable 
outage may result in some economic loss other than increased electricity cost. 
The amount of possible loss has not been estimated. 
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Life Style 

This discussion on life style, as for economic effects, refers to the 

effects of an energy shortage over weeks or months rather than the short term 

disturbance of a 6- to l2-hr complete outage. 

The use of electricity pervades the home and working environment of most 

Americans, such as refrigeration, cooking ranges, water heaters, television, 
clothes washers and dryers, lighting, and for many, space heating and cooling. 

In office and commercial establishments are typewriters, copy machines, com

puters, lighting, ventilation, and communications. In terms of life style a 

shortage of energy for any length of time means curtailment of these uses, or 
a periodic interruption of use. 

This type of societal impact is of less importance than that of health 

and safety and economics, but it could have political repercussions, especially 

if prolonged more than a few weeks. Much of the public would not comprehend 

the logic of a very-low-probability event that had actually taken place. They 

would tend to criticize the utility and the local government. 

The excellent r~liability records of the U.S. utilities has conditioned 

the populace to near-perfect service. However, I'questions are being raised 

about the cost of very high reliability. Regulatory bodies essentially have 
left reliability standards to the judgment of utilities. Customers have little 

or no input. An important factor is that the cost of outages to consumers 
and the economy in general is very difficult to determine. Another problem 
is that the actual and planned levels of reliability are hard to determine 
for any given utility or to compare among utilities because of inconsistent 
data. What is needed is a much more complex and dynamic examination of 
optional reliability than has been done. I, (2) This includes the costs associ

ated with the levels of reliability. 

By the year 2005, in an era of higher energy cost the public may better 
understand the tradeoff between cost and reliability, and better accept tem

porary inconvenience if they are convinced that merits of energy centers can 

compensate for a very small degree of added reliability risk. If there are 
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. 
benefits, they will accrue to the public throughout the life of the project, 

whereas incidents of the type described herein would have only a small chance 
of occurring during the project's lifetime. 

The degree to which the economic and life style effects noted above may 

be felt in the event of an HNEC outage would depend on the size of the energy 
deficit. The maximum probable deficit arrived at in Section VII is 20,000 GWh, 

about 5.3% of the prospective total annual energy production in 2005, or about 

,6% of the average production over a 4-month period. In the Energy Reserve 

Planning Program simulations very few cases occurred in which systsm energy 

deficits due to an HNEC outage of 30,000 GWh are carried over into a following 

4-month period. It can be assumed therefore that the effects of an outage 

would be felt over a 4-month period, and that an approximate 20% shortage is 

the maximum that might be expected. 

When impacts of such outages were sustained over weeks or months, the 

necessary load reductions would be accomplished by managed curtailment of 

various uses as discussed previously. Plans for mandatory curtailment are 
taking form in northwestern states. (3,4) For example, in Washington the Emergency 

Power Bill was signed into law in June 1977. The law provides for two phases 

of effort to meet energy shortages, 1) an energy supply "alert", and 2) an energy 
supply "emergencyll. An alert, which can be declared by the governor for 90 

days, and extended with certain approvals, would affect mainly the public sector. 

An energy supply emergency can be declared for 30 days and extended with the con
currence of the state legislature, and can affect both the public and private 

sectors. 

Examples of the kinds of action that can be taken are: 

• Alert 

Appeal for voluntary reduction 
Suspend environmental standards 

Reduce consumption by state or civic entities 

Curtail school hours 

• Emergency 

Implement mandatory curtailment plans of utilities 
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Impose surcharges and fines 
Curtail outdoor lighting 
Allow only part time operation of certain commercial establishments 
Impose restrictions on comfort cooling 
Apply percentage cuts for all consumers 
Impose severe restrictions on all operations 
Authorize service interruptions or voltage reductions 

Some of these measures would reduce both peak and average loads. Rotat
ing blackouts would reduce peaks, and perhaps to a lesser extent the average 
loads. Some steps would be more effective in different seasons. 

Summary 

The societal effects of shortages are estimated in Table 21 along with 
probabilities of being experienced as taken from Figure 30 page 113. 

TABLE 21. Societal Impact of Energy Deficits 

Energy Deficit 
Gi-Jh \ 1000) 

2.5 

5 

10 

15 

15 to 20 

Soc i eta 1 Impact 
Alert declared, generation loss 
probably offset by voluntary con
servation at behest of government 
and util ities 

Probabil it i es , 
Events/Year 

0.0045 

Conservation, plus cutoff or inter
ruptible loads. Some economic loss 
enta~led 

Emergency declared. Above steps 
taken, plus governmental restric
tions on public, commercial and 
industrial use. Appreciable econo
mic loss 

Further governmental restrictions on 
nonessential uses as per emergency 
plan. Substantial economic loss 

Implementation of full powers of the 
emergency legislation, including 
some or all of the measures listed 
under "Emergencyll on page 133, econo
mic loss, and appreciable effect on 
lifestyle. 
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The table indicates that the maximum probability of substantial economic 
loss is no greater than 0.00035 events/yr once in 2850 years, and for substantial 
curtailment of power to residential users no greater than 0.0001 events/yr 
(once in 10,000 years). 

In searching for an historical event that had a comparable effect on the 
public as power consumers, the authors considered the drought of 1976-77. The 
actual consumption of energy with relation to the forecast, or to the norm, is 
influenced by both supply and demand. The supply of energy was affected by :he 
drought, but also by water conditions in periods preceding and following the 
drought. The demand could be affected by temperatures, by voluntary conserva
tion effects releated or not related directly to the drought, and by keeping 
interruptible loads off line. 

These combined effects resulted in the firm power energy consumption in 
that year being 4.6% below the forecast; and total consumption, including 
interruptible industrial load, being 6.8% below forecast. The 4.6% energy use 
reduction for one year, may be compared with the 16% reduction risk, from the 
maximum HNEC outage, for four months. Although no mandatory reductions were 
imposed on the public consumer during the drought, a 16% reduction may require 
mandatory reductions for a four month period. 

REFERENCES - SOCIETAL ASPECTS 

1. Emergency Contingency Planning, Northwest Energy Policy Projects, page 1I-24, 
Portland, Oregon 1977. 

2. Electrical Week, p. 5, February 7, 1977. 

3. Plans for Mandatory Curtailment Taking Final Form in States, Northwest 
Public Power Bulletin, No. 5, 197i. 

4. Proposed Regional Guidelines for Curtailment Planning, July 20, 1977, 
Pacific Northwest Regional Commission. 
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IX. CONSIDERATION OF REDUCTIONS IN THE RISK 

OF HNEC FORCED OUTAGES 

The probability of forced outage of HNEC has been indicated to be very 
low from all events except earthquakes. Because the subsequent consequences 

of large outages to the region can be substantial however, the potentials for 

some reduction of the risk (lower probability of occurrence and/or lesser con

sequences) are briefly considered. 

Figures 25 and 26 show the ranking of HNEC and OS risks, i.e., the ranking 

indicates for example that earthquakes result in higher risks of loss of loads 

than all others combined. The following gives the ranking: 

l. Earthquake (inspection requirement) 

2. Earthquake (repair requirement) 

3. Ashfall 

4. Radiation release 

5. Switchi ng station (all causes) 

6. Flood 
7. Tornado 

EARTHQUAKE 

Administrative Considerations 

The NRC regulation requires shutdown for inspection of nuclear-safety
related portions of the plant following any earthquake at or above the OBE 
intensity and less than the SSE. This is a mandatory requirement even if the 
plant continues in operation during the quake and has received no apparent 
damage. 

If essential facilities have not been damaged, shutdown of the plants can 

be reasonably orderly under emergency shutdown and load-shedding procedures. 

The time required for the subsequent mandatory inspection in this study 

was estimated to be a week. The HNEC ccncept would be adversely affected. 

Note that the risk from an earthquake on HNEC or a OS could be reduced by a 

factor of 10 in most cases and 4 for this instance of the SSE if the inspection 
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requirements were eased. Shutdowns with subsequent long delays for inspection 
could be avoided wherever earthquakes less than an SSE· occurred. 

Design Consideration 

Seismic instrumentation properly located may be or become adequate to 
give reliable assurances that the earthquake was less than the SSE and that 
the design has been adequate. Such instrumentation may supplemer.t or even 
replace the extended mandatory inspection. A substantial reduction in the 
risks of HNEC and OS outages from earthquakes would result. 

Risk of earthquake damage to the Code-design portions(a) of the plant would 

be reduced, of course, if those portions were designed to a horizontal accel
eration greater than 0.125 g, closer to the associatea criteria of the Cate
gory I portions of the plant. Whether the added cost would be justified would 
depend on the added values attached to the use of such a Center, along with 
the assessment of the risk that can reasonably be taken with respect to earth
quake effects. 

A somewhat greater spacing between clusters, or three units per cluster 
instead of four or five, would reduce the risk of earthquake effects somewhat, 
but the beneficial effect would be small and probably would not justify added 
costs. 

ASH FALL 

Knowledge of the possible effects of ashfall on plant operations is so 
meager that the quality of the assessment is highly uncertain. Further study 
analysis and experimentation on the effects could move the zone showr. in Fig
ure 30 in either direction. The dust storms occasionally experienced in the • 
Hanford area are good indicators of where trouble might be experienced with 
the much more voluminous mass of a two- to six-in. ashfall. Such studies 
would be recommended before any design changes to reduce risk be considered. 

(a) Code-design portions refers to facilities other than Category I features 
essential to power generation. 
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Following that, measures might be considered that would: 

• permit quick filter changes, 

• cover exposed water pools, 

• control possible ash drifts, 
• seal instruments and machines that could be damaged by ash 

infiltration, and 

• make provisions for insulator washing if the anticipated effects 
of acid deposits are adverse. 

If it can be shown that with certain economical preventative measures a 
nuclear plant would have a better probability of remaining operational under 

a 6-in. average ~shfall deposited over a 3 to 7 day period, the perceived 

risk would decreas~ in importance. 

FLOOD 

The vulnerable point of the HNEC plants to flood is their river pumping 

plants. The vulnerability of a Pebble Springs plant would be greatly reduced 

by the availability of stored water in the planned reservoir. An obvious way 

to reduce the effect of flood on HNEC plant operability is to provide a backup 

source of coolant makeup in the form of a pond, reservoir or well system that 

could serve a cluster of plants. This backup source need have only sufficient 

capacity to serve the plants until the river pump houses be restored, or tem

porary pumping facilities be provided to deliver makeup water from the river 
after the flood had subsided. 

The above pertains to natural floods that could incapacitate river pump 
houses. It could pertain also to Artificial Flood No.1, but first, one would 
have to make a more careful study to ascertain that in the event of such a 

flood, other impediments to continued delivery of power are not likely to 
appear, such as washed-out transmission line towers and consequent cutting of 

vital system connections. 

OTHER CAUSES 

Of the remaining causes, only two opportunities for risk reduction are 
worthy of mention: 
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1) Switching stations could be designed to handle the output of only 

one cluster, and 

2) Structures vulnerable to tornadoes, particuiarly vital overhead clus
ter lines, and cooling towers, could be designed to reduce the risks, 

i.e., by placing critical lines underground and by orienting lines of 

towers at right angles to prevailing tornado travel directions. 

An option that must be addressed is that of providing additional reserve 

capacity to the added reliability risk at a center. This alternative does not 

appear to be feasible becau~e s~ch a large amount of reserve capacity would be 

needed to make any appreciable reduction in the risk that it would be uneco

nomical. The preferred course would be to improve reliability at the Center 

via reduction of effects of earthquake. 

In enumerating the possibilities for reliability improvement over that 

of the model used for this study, no inference is made regarding justifica

tion, or regarding the need for improvement. If improvement is needed, efforts 

should be directed to the effects of earthquake, since a substantial imorove

ment in the effect from other causes would make little change in the overall 
risk. 
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· TYPES OF DISRUPTIVE EVENTS EXCLUDED 
FROM COMPARATIVE ANALYSIS OF RELIABILITY 

TYPES OF EVENTS EXCLUDED 

NEW VOLCANOES 

Eleven new volcanoes have formed on the earth since 1750 A.D. The proba
bility of occurrence of a new volcano that would affect a generating plant 
c1uster would be of the order of 10-9 to 10-11 events per year. Its estimated 
value within this range would depend on whether new volcanoes would appear at 
randcm over the entire face of the earth, or would tend to appear in locations 
which are presently active or contain recently extinct volcanoes. While the 
latter is the more reasonable, the probability of occurrence under either 
assumption is too low to be of interest in this comparison. Activity from 
existing volcanoes has been covered in the section on Ashfall Effects. 

METEORITES 

Data have been gathered on meteorite impact frequency.(l) Meteorites of 

iron and stone of a size of interest here range from 10 to 1013 tons in weight. 
The combined probability of meteorites striking a site would be of the order 

-9 -10 of 10 to 10 events per year. The chance of a meteorite having a destruc-
tive area of impact large enough to involve more than one cluster would be 
even less. (The probability of occurrence of 10 to 104 fatalities from a meteor
ite would be in the 10-4 to 10-7 range. (6) The probability of striking inhabited 
areas is greater than the probability of striking the much smaller land area 
occupied by power plants). 

A meteorite estimated to have had a weight of about 2.7 metric tons fe11 
in Kirin province, China, on March 8, 1976. The meteorite broke into three 
major fragments weighing 1.7, 0.4 and 0.12 metric tons. (3) The largest frag
ment left a pit in frozen ground measuring about 2 m wide and 6.5 m deep. 
Smaller fragments were scattered over an area of 50C km2. This example has 

a meteorite weight below the range indicated abOVE, but serves to indicate 
that for stcny meteorite types: 
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1) The area over which fragments can be strewn may be quite large and 
could involve more than one cluster, but 

2) The area of severe damage by each major fragment would probably be 
relatively small. Within each cluster, a major fragment striking 
critical plant facilities would probablY involve only one unit rather 
than all units. A very large meteorite conceivably could affect other 
clusters through ground shaking. 

Iron type meteorites would be expected to have less fragmentation and 
less probability of involving more than one cluster. 

Although HNEC may have slightly greater exposure than OS for the reasons 
given above, the probabilities are so low, and the possible number of units 
involved so small, that meteorite strikes were eliminated from the comparison. 

FLOODS OR LOW WATER LEVELS FROM RIVER CHANNEL D!VERSION OR BLOCKAGE 

A blockage of the Columbia or its tributaries in the past has occurred 
in these ways: 

1) Fo 11 owi ng an earthquake on December 14, 1872, liThe most important 
slide reportedly occurred just north of Entiat where a section of 
Old Broken Mountain fell into the Columbia River and completely 
blocked the flow of water for about 12 hr. The slide area is just 
above Entiat Rapids at what is now referred to as Earthquake Point. 
The section of mountain exposed by this slide is now called Ribbon 
Cliffs because of prominent basalt dikes in the crystalline rock 
face. II (13) 

2) IIIn historic times, no more than a few hundred years ago, a large 
landslide occurred on the southeast face of Table Mountain near the 
site of Bonneville Dam. The river was completelY blocked for a 
short period of time, raising the water about 200 ft above normal 
stream level, before overtopping the natural dam. II (14) 

3) IIOuring the last glacial period, about 15,000 yr ago, Clark Fork 

was blocked by ice in northern Idaho forming Lake Missoula extend
ing into Montana. At about the same period, ancient Lake Lewis 
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was formed by a blockage of the Columbia River near the present 
community of Hood River, downstream from the site (Pebble Springs). 
The cause of this blockage is not established, but may have been 
either ice, landslide or lava flow. II (i3) 

4) liThe Clark Fork was blocked at least twice in the last 20,000 yr, 
resulting in floods between 18,000 and 20,000 yr ago, and l3 r OOO yr 
ago. II (7) 

5) IIAncient Lake Lewis formed most likely as a resuH of hydraulic dam-
ming of the Columbia at three restrictions. Those are: 1) the Col
umbia Gorge downstream from Portland, 2) the gorge at Hood River, and 
3) Wallula Gap. If landslides, lava flows or ice jams were significant 
there should be some scars left. None have been reported. Instead, 
calculations show that the gorge could not pass water through those 
restrictions at the rate it was moving downstream. Hence, water was 
backed up at the three sites. Significantly the last flood (13,000 yr 
ago) appears to have been of the same magnitude as the eariier one, 
based on the nature of the deposits, but rose to only about 900 ft 
in the Pasco Basin versus 1150 for the earlier one. The reason is 
probably that the constrictions were reamed out by the earlier f1ood. II (10) 

The following opinions regarding the danger of djversion or biockage or 
the Columbia in the vicinity of Hanford and Pebbie Springs are found in safety 
analysis reports. 

II--The Columbia River is deeply incised and dces not meander so that 
cutoffs above the site are not possible. Ice formation is not of 
sufficient thickness to cause ice jams. There are no topographic con
ditions upstream of the site that would provide complete blockage of 
the river by 1andslide."(13) 

"In the vicinity of the site the river bed is well defined, and it is 
very unlikely that the river would be diverted from the present loca
tion by natural causes. Any possible effect on water supply to the 

makeup water pump house from river bed changes should come from extremely 

slow changes which can be corrected as they ~ccur. The river has not 
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frozen over in the Hanford reach during the past twenty-five (25) yr, 
and icing on the river has not been a problem at pump houses or out
fall structures associated with the Hanford plutonium production 
plants. II (14 ) 

The historical and prehistorical river blockages have been attributed to 
ice, lava flow, and landslides or, for Lake Lewis, hydraulic damming at river 
flow restrictions. No evidence was found to indicate a significant risk of ice 
blockage in the river either in reaches of interest here or in upstream areas. 
Similar risks would result from lava flow. Lava flow conceivably could occur 
near the river in the vicinity of Mount Hood. Blockage at this point, however, 
would affect only the Portland site of the OS case, and would have no effect 
insofar as multiple-cluster outages are concerned. 

Landslides can occur 1) from earthquakes in either rock or soil formations 
near the river, 2) from undercutting soil bluffs by river flow, and 3) from 
possible effects of irrigation water on soil shear strength, weight, and stability. 

North of the HNEC site as far as Grand Coulee the river bank formations 
are mostly rocky. Earthquake-induced slides from these rock formations could 
occur in this portion of the river. The slide at Ribbon Cliffs noted above is 
an example of an earthquake-induced rock slide. Complete blockages in this 
portion of the river could reduce river water elevations at all of the HNEC 
sites and some of the OS sites in this study. Partial river blockage above any 
of the storage dams upstream of the sites would not seriously affect either 
HNEC or OS. 

White Bluffs on the eastern side of the Columbia River opposite HNEC are 
Ringold Formation sediments that are subject to some undercutting, and, more 
importantly, to the effects of irrigation. In recent years perched water in the 
bluffs along the river edge has developed from irrigation and is appreciably 
above the river level. The loss of shear strength in the clay-rich sediments, 
and added weight of the water, and their effect on the stability of the soil, 
are factors in studies of possible soil movement. If portions of these bluffs 

should slump into the river, blockage may occur. 
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In documentation in support of safety studies for the Fast Flux Test Facil
ity (FFTF) near HNEC the conclusion is reached that "Geo10gic evidence indicates 
that the FFTF site has not b~en inundated for perhaps several thousand to many 
thousands of years (by large earth avalanches or landslides). No evidence indi
cates that even the 1araest slides that have occurred in tne White Bluffs area 
have had more than rela~iVe1Y local impact on the area. II (8) 

After a brief investigation of the White Bluff condition a soil mechanics 
firm noted that "There are two possible modes for landslides, i.e., 1) a series 
of shallow steep slides which would cascade into the river with the material 
pulverized and rapidly eroded by the river, or 2) a few very large, massive and 
slow moving slides which would move into the river diverting it away from its 
east bank and which because of the mass would require some time for erosion by 
the river to restore its original channel. With the advent of irrigation we 
believe the second mode of landslides is the more critical and based on limited 
information the more likely.II(9) 

Although the historical evidence indicates that any slides that have occurred 
have not been large enough to have had widespread effects, the new factor--irriga
tion on the Bluffs--may increase the probability of large slides. The tendency to 
slides in the White Bluffs area can be monitored. (9) Possibly, irrigation prac
tices could be modified to limit excess drainage, or be curtailed if the potential 
risks were great enough. 

In the event of a major slide, the extent of blockage would depend on the 
amount of material dislodged, how quickly the temporary dam breaks after over
topping, and the river flow at the time. During concurrent high-river flows, 
large amounts of soil could be washed downstream with no effective blockage of 
river flow. During concurrent low flows, the river run may be completely 
blocked. The blockage may occur below some HNEC sites and above others. River 
bed contours in the White Bluffs area indicate that slides from the bluffs 
would be more likely to block and be overtopped than to divert the river flow 

to a permanent channel west of the slide. 

The possible effects of a White Bluffs landslide of approximately one 

million cu yd on river flow and elevations were considered, with given assumptions 
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as to the time for the earthdam to fail after it was overtopped, and the river 
flow rates. (The effects of wave action from downstream backwater flow were 
ignored.) For example, if flooding occurred simultaneously with a bluff slump
ing into the river, the approximate elevation of the flood wave crest in the 
vicinity of the southern HNEC cluster would be about 400 ft above Mean Sea 
Level (MSL), for a river flow of 600,000 cfs, (1 in 200-yr flood) and about 
410 ft for a river flow of 1,400,000 cfs [the Probable Maximum Flood {PMF)J. 
These elevations of flood waters would be above the Probable Maximum Flood 
elevation, 389 ft, and below the Limiting Case Flood elevation, 424 ft. They 
would flood the river pump houses but not the major plant facilities. Water 
elevations upstream from the blockage would rise gradually until the dam is 
overtopped. At the 1,440,000 cfs flow these levels would already be close to 
the maximum tolerated at the river pump houses. At this extreme flow the river 
pump house at both upstream and downstream plants would be affected by the 
slide. 

For these assumptions and flood conditions to occur, the drainage area for 
the Columbia would have to produce a river flow close to or exceeding the his
torical maximum, and, in addition, the conditions at White Bluffs would have to 
be such as to induce the slide. 

The probabilities of occurrence of such a combination of conditions have 
not been estimated. The combination would include the probability of high 
river flow with recently completed or projected large flood control projects on 
the river, that of conditions at White Bluffs to induce a slide, and that of 
the slide being of sufficient volume to completely block the channel. The 
probability of the occurrence of a 600,000 cfs flow has been estimated at 
once/700 yr, and that of a Probable Maximum Flood has been estimated at once 
per 107yr . Since other factors in the probability equation would also have low 
values, it would appear that the combination may be below the area of interest. 
This assumption is necessarily conjectural lacking further information on the 
likelihood of collapse under the conditions at White Bluffs. 

The probabilities of a slide occurring at low flow may be much higher but 

for equal dam height the elevation of the flood crest above and below the block
age would be less than for high flow, with less chance of flooding the river 
pump houses. 

A.6 



r 

Returning to the earthquake-induced rock or earth slide, historical events 
indicate that three changes cf major features on the Columbia River may have 
been from landslides, which may have been induced by earthquake (one is known 
to have been earthquake-induced) during the last 15,000 yr. These occurred at 

~ different points and would not have affected the entire river. For example, 
the Ribbon Cliffs slide was above the confluence of the Snake and would not 
have seriously affected the lower Columbia; and the Table Mountain event wouid 
not have affected upper portions of the mid Columbia. 

~ 

The probability of three such events occurring where the same portion of 
the river would be affected, based on these data, would therefore be much less 

-4 than 3/15,000, i.e~, much less than 2 x 10 events per year. 

Although this analysis of river blockage probabilities and consequences is 
very rough and preliminary, it indicates that the risk may be less than others 
analyzed in the report, and need not be included in the quantitative evaluation. 

EXTREMELY LOW RIVER FLOW 

Lack of available makeup cooling water at the river pump suction intake 
point could occur in the event of very low flow in the river because of freak 
weather conditions in the drainage area, or in the event of blockage or diver
sicn of the channel as discussed above. Extremely low precipitation would 
affect these river systems supplying cooling water for these sites: 

Site River 
HNEC 

Hanfo~d Columbia River 
OS 

Hanford Columbia River 
Pebble Springs Columbia River 
Portland area Columbia River (or 

possibly Cowlitz or 
Kalama) 

Oregon Willamette River or 
tributaries 

Some 70% of the OS Case ge~erating capacity and 100% of the HNEC Case capacity 

would depend on Columbia River water. 
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The HNEC points of withdrawal of river water are above the confluence of 
the Columbia and Snake Rivers, while Pebble Springs is below it. The Portland 
area site is near the mouth of the Columbia and the Oregon sites are on a 
Columbia River tributary, the Wi11amette. Even though HNEC is upstream of some 
of the major tributaries flowing into the lower river, it is on a reach of the 
river carrying drainage from large areas in the northwestern U.S. and Canada 
and furthermore, it is downstream of the major storage dams. 

River surface elevation necessary for reliable pumping opposite the WPPSS 
plants under construction is 343 ft MSL (river mile 352). The flow here corre
sponding to that level is 36,000 cfs. If river flow dropped much below that 
amount, the HNEC plants would be incapable of sustained operation. 

Flow is now regulated by Grant County PUD at their Priest Rapids Dam so 
that "it will not result in flows of less than 36,000 cfs of water at the Han
ford Works of the Atomic Energy Commission except when conditions are beyond 
the 1icensee ' s control II. (15) 

Historical records of the USGS gauging station (R.M. 394.5) located 
2.6 mi downstream from Priest Rapids Dam show low daily average flows of 
20,000 cfs in January 1937. At that time there were only 1.19 million acre-ft 
of upstream storage on the river as compared with 38.2 million acre-ft at pre
sent, and 51 million potential. (16) The 20,000 cfs flow in 1937 may be con
sidered as a historical low in natural river flow in the Hanford reach prior to 
the building of the major upstream storage dams. This flow may be considered 
as having a probability of 1/75 or 0.013 events per yr. A 14,800 cfs natural 
flow would have a probability of 0.001 events per yr, again without use of 
stored water as indicated in Reference 13. 

The total usable storage of dams from Grand Coulee Dam to the Columbia 
River headwaters now totals about 38.2 million usable acre-ft. Some additional 
storage below Grand Coulee would bring the total to around 40 million acre-ft. 
Disregarding withdrawals above Hanford this amount of storage would sustain a 
flow of 36,000 cfs for 559 days. From full reservoirs the release of stored 

water could supplement the 1000-yr low flow of 14,800 cfs, to achieve a level 

of 36,000 cfs at Hanford, for 947 days if used for that purpose alone. 
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The above statistics are presented only to place the amount of storage in 
perspective. There wculd be competing uses for stored ~ater that mayor may 
not be compatible with maintaining a 36,000 cfs minimum flow at HNEC. These 
uses include irrigation, power at hydroelectric dams, navigation and fisheries 
accommodations. The water consumption for 20 operating plants with wet cooling 
towers would be about 1100 cfs. If an HNEC were in place its importance to 
the region would justify a high priority in the scheduling of use of the 
water. It is evident that the upstream reservoirs provide the means of sus
taining adequate flow during a substantial drought period. Starting full, and 
with no other withdrawals, they can sustain a 36,000 cfs flow for 947 days. 
Starting partially full, and with other withdrawals, they could probably sus
tain minimum flows through at least a one-yr drought. 

Plants with reservoirs of their own, such as the cooling pond and irriga
tion reservoir proposed for Pebble Springs, could tolerate low water periods 
of many weeks duration in which makeup water from the river were cut off. The 
length of the period would depend on irrigation withdrawals. 

Finally, if a prolonged drought should empty the upstream reservoirs and 
drop the natural flow below the point at which suction can be maintained on 
the river pump intakes, the time taken to reach that stage would be sufficient 
fer other emergency measures to be taken. These could take the form of exten
sions to intake pipes, temporary booster pumping stations, or drilling of wells 
to provide makeup water. 

In summary, 

1) The Columbia River could supply makeup coolant to 100% of the HNEC capacity 
and 70% of the OS capacity; 30% of the OS Case capacity takes makeup from 
the Willamette River which mayor may not be affected by drought at the 
same time, 

2) In view of the nature of the river system, and the stored water at upstream 
dams, the probabilities of flows dropping to critical levels are extremely 
low. However, if flows were to drop to that degree, the progression to 

that stage would take enough time that contingency plans to provide makeup 

water could be implemented at either the HNEC or the DS sites. 
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For these reasons the difference in risk from this cause is considered too 
low to be included in these comparisons. 

AIRCRAFT CRASH 

The annual probability of an aircraft striking a nuclear power plant is 
estimated to be:(2) 

Aircraft Size 

Sma 11, < 12,500 1 b 
Large, >12,500 lb 

Location of 
Beyond 5 mi 
of Airport 

1.4 x 10-5 

4.6 x 10-7 

Pl ant 
Withi n 5 mi 
of Airport 
3.3 x 10-5 

1. 1 x 10-6 

These probabilities would apply whether the plant were part of a cluste~ 
or sited alone. 

Since HNEC sites would be more than 5 mi from an airport, and presumably 
the OS sites would also, the 4.6 x 10-7 probability would apply. Furthermore, 

in view of the limited impact area, no mechanism can be visualized whereby more 
than one cluster could be affected by an aircraft crash other than by a c~ash 
into a switching station carrying the output of multiple generating units (pre

viously discussed). 

The extremely low probability of affecting more than one cluster is the 
reason for exclusion of aircraft crash at the generation plant from the study. 

EXPLOSIONS 

Explosions can occur at tanks at industrial complexes, tank cars or trucks 
on rail or highway, on tanker ships on waterways, or bombs from military or 

saboteur operations. Tanker ships can be excluded since explosive cargo is 
not carried on the Columbia River at the plant sites and, if it were, the 
distances would provide adequate protection except for river bank pumping or 
outfall facilities. Military explosives are excluded as a matter of policy. 

Conceivably, industrial complexes could be attracted to a nuclear center. 

Since there are none now, and since any that may be placed in the Center in 

the future would be sited so as to be compatible with the generating plants, 
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expos~re of multiple clusters to possible explosions can be avoided. NRC 

criteria would ensure that the safety of the nuclear plants is maintained. 

A nuclear plant is considered safe at a distance of 8 to 10 km from an 
explosion.(4) It would be feasible to ~aintain such distance from possible 

explosive sources in the Hanford reservation. The chance of more "than one 

cluster being affected under the controls which are both necessary and feasible 
would be extremely remote. 

The same precautions could and would be taken with respect to potentially 

explosive materials transported in the plant vicinity by rail or over highways. 

As for DS sites, it is assumed that whether industrial plants existed in 

the vicinity of the site before its development, or were planned after the ger

erating plant came into service, adequate controls would be exercised therE 

also. There mayor may not be the flexibility of siting that exists at Hanford. 

In any case, it was concluded that no discernible difference in risk from indus

trial explosions existed between the HNEC and DS cases. 

With respect to bombs placed by saboteurs, certain conclusions were reached 

by the authors of References Sand 6 which are significant: 

IIProtection of nuclear power reactors against sabotage is provided 

both by the nature of the nuclear process and by explicit protect~ve 
actions of licensees in accordance with AEC regulations.II(S) 

The massive shielding, radioactivity of the process, sealed containment vessel, 
and redundant safety systems are noted, along with deterrents to unauthorized 
entry. 

"Successful sabotage of a reactor at an NEC or Dispersed quad would 
require a sequence of several events, each of them quite improbable, 
and even then the severity of the results would depend on the state 

of the reactor core and cooling systems as well as the weather at 
the time."(S) 

IIIt-Ji th the impl ementati on of current security measures it appears 

that the probability of successful sabotage is low, and further 

reductions in probability can be anticipated in the future.,,(6) 
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Our study is concerned with the probabilities of success of sabotage of 
all generating units at one cluster plus one or more units at another cluster, 
at the same time. A sabotage plan conceivably could include two clusters at 
an HNEC or two at distant OS sites. Tactics for carrying out such a plan might 
differ for the two cases, but there is no fundamental reason why the prospects 
of success should be much different. The prospects of success would be extremely 
low, given that the successful sabotage of even one generating unit would be as 
difficult as indicated above. These statements were oriented primarily to the 
reactor and its safety systems, and perhaps less so to the non-nuclear facili
ties. However, the security measures apply to both. 

If sabotage of a single generating unit were successful to the point that 
radioactive contaminants were released, the effects on other units would be the 
same as though the release were caused by equipment failure. Those effects are 
included in the comparative analysis. 

For those reasons, bomb blast sabotage has been excluded from detailed com
parison, except for the possibilities at switching stations, which are discussed 
in another section. 

TOXIC GASES 

The danger from toxic gases from nearby industrial plants cannot be evalu
ated without knowledge of the industrial process. However, since power genera
tion would be the principal activity at a nuclear energy center, it can be 
assumed that controls would be exercised to limit this risk to very low levels. 

At LWR and LMFBR generating plants, the only source of toxic gases other 
than radioactive releases and sodium fires discussed elsewhere is stored chlo
rine for water treatment. The amounts of chlorine stored and the separation 
of clusters at HNEC is such that a chlorine release at one cluster would be 
greatly diluted if carried by wind to an adjacent cluster. 

FIRES 

For multiple clusters to be affected, a fire would have to be widespread 

and difficult to control, such as a major forest fire. HNEC has minimum 
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exposure in this sense. No industrial fire within the plants can be visualized 
that would extend to other clusters. 

A sodium fire at an LMFBR is a special case in which the fire itself 
would not involve other clusters, but the airborne products from the fire 
might affect them. 

SODIUM FIRES 

Since LMFBRs may supplement LWRs in the 1990s, at the HNEC or OS sites, 
the possible effect of sodium fires on generating units in an adjacent HNEC 
cluster was considered. This discussion is limited to the burning of sodium 
that would come from the primary or secondary coolant circuits in its normal 
operating condition, i.e., not following a fuel melt accident. The latter 
type of accident is discussed in another section of the report. 

Some radi oacti vi ty will be present in the sodi urn. liThe pri nci pa 1 source 
of act i v ity i n 
sod-i urn itself. 
concentrations 

the primary sodium is from neutron activation in the primary 
Neutron capture in 23 Na forms 24Na (15 hr half-life). Smaller 

of 22Na (2.6 yr half-life) are formed by (n, 2n) reactions with 
23 Na . Depending on the number of fuel failures that may have occurred duri~g 
prior plant operations and on the amount of corrosion of irradiated cores struc
tural members., other radioactive species may also be present.1I liThe sodium in 
the secondary coolant circuit is not normally radioactive except for tritium 
that has diffused through the intermediate heat exchanger tubing.ll(ll) 

Reference 12 contains the results of analyses of a) releases of sodium 
from the primary system, into an inert atmosphere, and b) releases of sodium 
from the secondary system into air-filled spaces. With reference to the lat
ter, IIrelease of sodium and of its oxides to the environment is a relatively 
minor consideration due to its low chemical toxicity.1I In the section describ
ing tests, 1I0.S;b of the spill mass was released from the cell as aerosol parti
cles ll

, and when a coverplate was used, IISmoke release from the cell wa's O.03~~ 

of the spill mass .... 11 

These references describe the measures that can be t3ken ta limit the rate 

of combustion, confine the combustion products, and extinguish fires that may 
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occur. The possibility of a sodium fire in the waste heat exchangers of FFTF, 
which was assessed in connection with the licensing of WPPSS plants at Hanford, 

would not exist in a commercial LMFBR since the sodium coolant circuit would 

all be within the confinement vessel. 

The response of such containment systems is expected to limit releases to 
the extent that radiation levels beyond the site boundary for a 1000 MW LMFBR 

would be a 2-hr, whole-body dose of 12 mrem at a distance of 2000 ft, and a 
30-day whole-body dose of 4.5 mrem at 2 mi. (11) 

The releases of radioactivity would be greater in the event that primary 

sodium burns and the containment systems fail. No estimate is available pre
sently as to the plume characteristics for a commercial LMFBR. A calculation 
has been made for FFTF. (12) Although the primary sodium inventory at a 1000 MW 
LMFBR would be greater than at FFTF, the amount of the release would not be 

proportionately greater because of plant design features to limit the size of 
possible pools. 

To summarize, in the rare event of accidental release of the combustion 
products of a large sodium fire: 

• If the burning sodium were from the primary circuit, and ifall fire 

control and containment features failed, there could be a radioactive 
plume which, if the wind conditions were right, could be carried to 
adjacent clusters. A quantitative assessment has not been made. The 

effects can be judged by studies of FFTF potential releases. The radio
active sodium deposition in the 1000 MW olant case is estimated to be 
no greater than that computed for FFTF, and is of course, much less 
than the total radioactive deposits that would result from LWR releases 

following a fuel melt. In the unlikely event that some radioactivity 
were deposited, continued operation of adjacent clusters is believed 

to be possible if operating personnel have available air packs for 

outside operations if needed until the plant could be decontaminated. 

• No problems would be created at adjacent clusters if the sodium were 

from the secondary circuit since little or no radioactivity would be 

present in the combustion products. 
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For these reasons sodium fires were excluded for consideration as an 
added risk at HNEC. 

LOSS OF OFFSITE STATION SERVICE POWER 

Loss of offsite station service power would force shutdown of a plant 
within 72 hr for safety reasons. The probability of occurrence of such loss 
was assessed for the HNEC and OS cases. 

Several possible ways in which HNEC could receive offsite station service 
power from the network in the vicinity were explored in Reference 17. These 
included the 220 kV system as a source, as for the WPPSS plants under construc
tion, and the 500 kV system over which the output of the center would be fed 
into the bulk power network. Similar alternatives would exist at most of the 
dispersed sites. 

The reliability of offsite power supply would depend on that of 1) the 
network from which the power is drawn, and 2) the circuits carrying power from 
the network to the station service transformers. The reliability of the net
work is a function of the number of independent sources of power on the network 
that would have a good chance of remaining connected to the HNEC switchyards in 
the event of system faults or disturbances. The greater the number of generat
ing stations in the vicinity of each cluster, and the shorter the interconnect
ing transmission lines, the greater will be the reliability of the net\."ork as 
far as that one particular cluster is concerned (assuming that relaying on all 
lines and in all situations is equally dependable, and that the lines and termi
nals are constructed to the same standards). From this standpoint, the relia
bility of the network source to HNEC should be greater than that to isolated 
clusters if the 500 kV system is used as the source of power. If the 220 kV 
system is used as the source, the reliability of service to HNEC should be 
equal to or better than that to the typical isolated cluster. 

Turning to the second element, the circuits connecting the network with 
the station service transformers, the most significant fact is that failure of 

a circuit or piece of equipment could not involve mere than three or four gen

erating units. Any event, such as a severe earthquake, that could affect more 
than one cir~uit or one transformer would also act to shut down plants in 
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other ways--ways that are discussed in the sections of the report concerned 

with switching stations and overhead lines from the switching stations to the 

station service transformers at the operating plants. 

It was concluded that: 

1) with offsite power supply from the 500 kV system there is no way in 

which more than one cluster could be affected at HNEC other than 

collapse of the network in eastern Washington. If that should occur, 

the operation of the plants would be interrupted anyway. The effect 
of loss of offsite power is additive to the risk of loss of genera

tion at a Center only if the cause of the trouble is apart from 

causes that can force shutdown in other ways, 

2) with offsite power supply from the 220 kV system, the reliability 

of service would be equal to or better than that to the typical 
isolated cluster, 

3) the prospects of having offsite power available for restarting from 
the hot or coid state are approximat1ey equal for the HNEC and OS 
cases, 

4) failure in a circuit from the network to a station service system 

could in no case affect more than four generating units. 

For these reasons loss of offsite power was not quantitatively assessed as 
a source of differences in risk between the HNEC and OS cases. HNEC is con
sidered to be in an advantageous position with respect to reliability of sta
tion service power. 

FAULT CLEARING 

One of the characteristics of an energy center is that currents would be 

greater for faults on the transmission system near a center than for faults 

near a dispersed site, requiring power circuit breakers of greater interrupt

ing capacity than are now available. The probiem of reliable clearing of 

faults has been considered in prior studies of transmission from energy cen
ters. (5,6) Although the problem may be properly categorized as one of trans

mission rather than generation, it concerns generator protection and access of 
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generation to the transmission system as well as its impact on system stability 

and reliability; and it should be included in an investigation of generat~on 
reliability differences between OS and an nNEC. 

The state-of-the-art with respec~ to such devices is summed up as follows: 

Certain cases examined in regional studies (of energy centers) would have 

an available fault current of up to 86 kVA which is in excess of interrupt~ng 

capacity of available circuit breakers. Within the last two decades the inter
rupting time of circuit breakers has been reduced from eight cycles of the 

power frequency to two cycles, and at 500 kV the standard rating is 40 kVA and 

two cycles. Breakers capable of interrupting up to 63 kVA in two cycles at 

voltages up to 800 kV are being developed and should be available within the 
next few years. Development of a synchronous interruping device capable of 

interrupting faults at the first current zero is proceeding. Further research 

is expected to extend interrupting capacities and shorten fault clearing times. 
However, when designing for interruption of extremely large fau1t currents, 

additional strengthening of many associated equipment components to withstand 

very large mechanical stresses may also be reauired. Other approaches may be 

less costly. 

Another ac circuit breaker development which could benefit NECs is the 

current limiting breaker. It or an extremely fast (one cycle) relay and cir

cuit breaker system could provide a way to mitigate many of the extremely high 

fault current difficulties. More generators could thus be tied together nor
mally at an NEe switchyard. This could reduce the number of transmission lines 
required for reliability purposes. (17) 

Among the alternatives open to the designer in the 1990s will be 1) to 
apply adequate interrupting capacity breakers if these have been developed by 
that time, 2) to use current limiting breakers, 3) to install extremely fast 

sectionalizing breakers to reduce fault levels, or 4) to design generating 

stations and their interconnecting transmission lines so as to limit fault 

currents to the interrupting capacity of equipment then available. The choices 

will take into account economics, reliability, and environmental impact. 
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The question is--would the higher fault currents, with the equipment and 
system design that would be used to interrupt the current and isolate the 

fault, be likely to cause greater generating outages than the lesser fault 

currents with the conventional equipment of the OS case? In the HNEC case 
the designer would aim for the same level of reliability as in the OS case, 

and only if equal protection became economically prohibitive would the aim be 

lowered and the reliability consequences accepted. With the alternatives 

expected to be then available it is considered likely that an equal level of 
reliability could be achieved economically. 

However, if there were some doubt as to the level of reliability that 
could be achieved, the consequences of breaker failure should be evaluated. 

A fault on a transmission line near a HNEC switching station would be 
cleared at the switching station end by two circuit breakers in a breaker-and
a-half bus arrangement. If one of them failed it would be backed by a breaker 

or by 2 group of breakers in parallel. In this sequence not more than one gen
erator would be dropped. If a failure occurs in the backup, a third line of 

breaker protection is available, but by that time the stability of the system 

could be threatened, with possible outage of all generating capacity at the 

station. The difference in probability of such an outage at HNEC versus that 
at OS is a function of the product of the probabilities of successive failure 
of two circuit breakers in each case, or of one circuit breaker and one in a 
group of six parallel breakers. 

Modern 500 kV heavy duty circuit breakers have a failu~e rate of about 
one failure in 200 attempts, a probability of failure of 0.005. The proba
bility of successive failure of two breakers would be (0.005)2, or 2.5 x 10-5, 

and that of one breaker and six in parallel, 1.5 x 10-4. The probability of 

an outage of up to 20 generating units because of such a sequence of failures 

would be the product of a) the annual occurrence rate for transmission system 
. ) -5 -4) faults near the stat10n, b the factor 2.5 x 10 or 1.5 x 10 ,and c the 

probability that the system would become unstable under the circumstances, and 

that x generators would separate from the system. Good estimates of factors 

a) and c) are not available, but the presence of the 2.5 x 10-5 or 1.5 x 10-4 
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factor ensures that the probability of occurrence of such events per year 

would be low enough that overall reliability of generation would not be affected 

significantly. If the probability of failure of a higher capacity breaker were 
~ 

greater than 0.005 its square would be greater than 2.5 x 10- J
, but the increase 

in probability of failure would have to be substantial to change the general 

conclusion. 

The additional question can be asked--if the fault occurred on a tie line 

between two HNEC switching stations, and if the system did not become unstable, 

could outage of generators occur at both stations? In that event both stations 
would be affected in the same way at the same time, the probability of double 

circuit breaker failures occurring at both ends is the square of that of occur

rence at one end, placing this risk below the area of interest. 

For the reasons given above the high-fau1t-current characteristic of the 

Center is deemed a reliability risk that would not significantly alter the 

risk level set by other contingent events. 

SUMMARY 

A summation of all of the exclusions discussed above follows in Table A-1. 

Finally, although an effort was made to anticipate all the sorts of risks 

that may enter into a comparison of Centers and Dispersed Sites, some generic 

problem not now foreseen could arise in future years to affect the risks of 

plant outages in anyone area. This is an intangible risk difference, which 
diminishes as more experience is gained with nuclear plants, and as the seismic, 
hydrological, meteorological and other characteristics of the area become bet
ter understood. There has been 34 yr of operation of noncommercial nuclear 

facilities at Hanford, and considerable experience has been gained elsewhere 
in the operation of light-water reactor commercial plants, so t~e intangible 

risk of unforeseen generic problems in the HNEC model is believed to be 

acceptably low. 
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N 
0 

Cause 

New volcano 

Meteorite 

River channel 
blockage 

Extremely low 
ri ver y'unoff 

Aircraft crash 

Explosions 

Toxic gases 

Fires-general 

Fire-sodium 

Offs ite station 
service fa i1 ure 

Fault c 1 eari ng 

TARLE A-1. Summary of Effects of Miscellaneous 
Outage Causes 

Probabil ity of 
Occurrence, 

Events per Year 
10-9 to 10-11 

10-9 to 10-10 

low 

low 

1 0 -6 to 10 - 1 0 

con tro 1 to low 
1 eve1 

control to low 
1 eve1 

high at one 
cluster 

intermediate 

intermediate 

low 

Probability That an 
Event That Occurred 
Would Affect More 

Than One HNEC Cluster 

high 

intermediate 

high 

high 

zero 

low 

low 

zero 

low 

low 

high (if incident 
triggers instability) 

Corrment 

Highly improbable 

Even if one more than one cluster 
were affected, probably not all 
units in each cluster 
Insufficient data to quantify 

Large upstream storage protects 
minimum flow, and there would be 
time to take emergency measures 

App1 ies equally to HNEC and OS 

Risk can be controlled at Center 

Risk can be controlled at Center 

Absence of combustibles between 
clusters 

Reduce hazard by control of pool 
size 

If it occurred, could affect only a 
few units immediately; 72 hr wait 
for repair. Risk difference small 
but in favor of HNEC 

Depends partially on improved equip
ment development, or greater expendi
tures to gain reliability 
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.~PPENDIX B 

COMPUTATION OF PROBABILITIES OF HNEC AND OS OUTAGES 

This appendix contains computations of probabilities of x generating units 
being affected by one event. Computations for earthquake, tornado, release of 
radioactive contaminants, and volcanic ashfall are included. 

EARTHQUAKE 

Earthquake effects were analyzed as follows: 

1) Circles were d~awn around each cluster site on a map, the radius being 
the computed distance at which an earthquake of magnitude ~1 would pro
duce a free field horizontal acceleration of 0.125 g. Quakes of magni
tude M with epicenters lying within the circle would c~use a shutdown 
of the plant, while those outside the circle may be felt but would not 
affect plant operations. 

2) In areas where circles ov~rlap, an earthquake of magnitude M would 
affect twa or mare clusters (Overlap Areas). 

3) When this area is multiplied by the probability of occurrence of quakes 
of magnitude M per unit area (including an adjustment for proximity to 
active earthquake areas), it represents the probability of forced shut
down of x generating units. 

4) The above procedure, carried out for the full range of magnitudes 
applicable to this region, accumulated and plotted, generates a curve 
of annual probability of x generating units being subjected to accel
erations in excess of the OBE. 

5) The probable horizontal acceleration resulting from earthquakes -in the 
overlap areas was calculated, using distances from the site center. 

6) Another factor was applied to account for the probability of failure 
of essential facilities if the structure were subjected to accelera
tions at dnd above their code design. 
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7) The time required to inspect the plant and, if necessary, to repair 

damage following the incident (caused by the probable acceleration) 

was estimated. 

8) A curve of probable generation loss as a result of the forced outage 

was prepared from the information obtained. 

Figures B-1 through 8-4 are maps of the critical (overlap) areas for magni
tudes Richter 7.6, 6.6, 5.5, and 5.2, respectively. These maps also indicate 

the boundaries of the most active earthquake areas in the Pacific Northwest as 

reported in Reference 14 in the Earthquake section. 

Table B-1 contains data for calculation of probabilities of x generating 
units being affected by an earthquake of given magnitude occurring in the over

lap areas. In Table B-2 the probabilities of n, n + 1, etc. units are grouped 

and added, and cumulative probabilities derived. These are probabilities of 
outages as required by current inspection requirements. 

Table B-3 contains calculations for probability of outages as forced by 

failure of essential plant equipment. 
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,. II. OF SITE AREA 

FIGURE B-1. Circular Areas Within Which an Occurrence of 
an Earthquake of Richter 7.6 Cause Horizontal 
Accleration ~ 0.125 9 at the Center 
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FIGURE B-2. Circular Areas Within Which an Occurrence of 
Earthquakes of Richter 6.6 Cause Horizontal 
Acceleration> 0.125 9 at the Center 
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FIGURE B-3. Circular Areas Within Which an Occurrence of 
Earthquakes of Richter 5.6 Cause Horizontal 
Acceleration ~ 0.125 9 at the Center 

FIGURE 8-4. Circular Areas Within Which an Occurrence of 
Earthquakes of Richter 5.2 Cause Horizontal 
Acceleration> 0.125 9 at-the Center 
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Ti,BLE B-1. Calculation - Outage Probabi 1 iti es, 
Earthquake, HNEC 

Probable 
Number ~1agni tude A~2a Freqyency ,L\dj. Frequency 

Sites of Units Richter m1 10-o1Lr Factor .10-6/ir 
a b c d e c x d x e 

OS \-JV-A 3 7.6 4469 0.044 0 
Case 'vJV-B 3 4469 I 0 

WV-A&B 6 1892 I 0 

P 4 6361 3.0 840 

PS 4 5133 0 
PS-Hl 7 1316 0 
PS-H2 7 820 0 
PS-Hl-H2 10 1020 i 0 

I 
Hl 3 208 I 0 
H2 3 416 t 0 
Hl-H2 6 T 4925 0 

WV-A 3 6.6 1946 0.301 1.0 r-1"\1 :lC. 

WV-B 3 1946 1.0 584 
P 4 1946 3.0 1757 
PS 4 1946 0.33 193 
Hl 3 226 0.75 51 
H2 3 226 i 0.75 51 
Hl-H2 6 t 1663 t 0.75 375 

WV-A 3 5.6 804 2.35 1 .0 1889 
\~V-B 3 804 1.0 1889 
P 4 804 3.0 5668 
PS 4 804 1.0 1889 
Hl 3 123 3.0 867 
H2 3 I 123 3.0 867 I 

Hl-H2 6 , 682 t 3.0 4808 
Wl 3 5.2 64 3.30 1.0 211 
W2 3 64 1.0 211 

I P 4 64 3.0 633 

j PS 4 64 1.0 211 
Hl 3 33 3.0 326 
H2 3 t 33 3.0 326 , 
Hl-H2 6 31 

,. 
3.0 307 

HNEC Hl 5 7.6 359 0.044 0 0 
Case H5 4 359 I Hl-H2 9 

I H4-H5 7 
I 

Hl ,2,3 13 I I , i 
H3,4,5 11 ! I 

Hl,2,3,4 16 t t + 
H2,3,a.,5 15 
Hl,2,3,4,5 20 4925 
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TABLE B-1. (contd) 

Probable 
Number Magnitude A~~a Freq~ency Adj. Frequency 

Sites of Units Richter m1 10- /'l.r Factor 10-6/'l.r 
a b c d e c x d x e 

HNEC Hl 5 6.6 208 0.301 0.75 47 
Case H5 4 208 47 

(contd) Hl-2 9 r 
H4-5 7 I 

Hl-2-3 13 I H3,4,5 11 
Hl,2,3,4 16 

1 H2-3,4,5 15 t 
Hl,2,3,4,5 20 1114 T 251 
Hl 5 5.6 124 2.35 3.0 874 
H5 4 124 

t Hl-2 a 124 "" 
H4-5 7 124 
Hl-2-3 13 151 1064 
H3-4-5 11 I 151 1064 I Hl-2-3-4 16 I 124 874 I 

H2-3-4-5 15 ~ 124 874 
Hl-2-3-4-5 20 198 1395 
Hl 5 5.2 33 3.30 3.0 326 

I 
Hl-2 9 26 257 
Hl-2-3 13 6 59 

! H2-3 8 25 247 i 

I 
H2 4 32 317 
H3-4 7 i 3 30 

I H4 3 I 27 267 

t H4-5 7 I 36 356 
H5 4 t 27 267 
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TABLE B-2. Probabilities of aBE Acce erations Being Exceeded 
at n, n + 1, etc. Ge~erat ng Units 

OS Case HNEC Case 
Number P P Cqm Number P P Cgm 

of Units 10-6 10-0 of Units 10-6 10-

3 584 4 47 
584 874 

51 317 
51 267 

1889 T505 11 ,253 
1889 
867 5 47 
867 874 
211 326 
211 1247 9,748 
326 
326 7 47 

7856 24,537 874 
30 

4 840 356 
1757 1307 8,501 

193 
5668 8 247 7,i94 
1889 

633 9 47 
211 874 

11,191 16,681 257 
1178 6,947 ,. 

375 0 

4808 n 47 
307 1064 

5490 5,490 TIlT 5,769 
13 47 

1064 
59 

1170 4,658 

1 5 47 
874 

92T 3,488 

16 47 
874 
921 2,567 

20 251 
1395 
1646 1 ,646 
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TABLE B-3. Probabilities of Outages Forced 
by Failure of Essential Facilities 

Total P 
No. of D P Cu~. I 

Units 10-6 Factor 10-6 10-

OS 
3 7856 O. 1 786 2454 

4 11,191 O. 1 1119 1668 

6 5490 O. 1 549 549 

HNEC 
4 1505 O. 1 151 1372 

5 1247 125 1221 

7 1307 131 1096 

8 247 25 965 

9 1178 118 940 

11 1111 111 823 

13 1170 117 712 

1 5 921 
I 

92 595 

16 921 92 503 
+ 

20 1646 0.25 411 411 

TORNADO 

Exposure probability was computed in the following way: 

1 ) On an HNEC map, slots were drawn enclosing vulnerable facilities for 

each pair of clusters as in Figure 2 of the Tornado section. A tor-
nado that would affect two or more clusters would be confined in the 

slot. 

2) The angles that tornado paths would take within the slot boundaries 

were measured, and the percentage of tornadoes traveling in those 

directions were noted. 

3) The number of generating units that would be forced out of service by 

tornadoes moving through a cluster having one of the standard plot 

plans was estimated. The estimate was based on typical plot Dlans 
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... 

for 3, 4 and S unit clusters. The orie~tations chosen for clusters 

other than No.1 in Figure 11 were with the long axis of the cluster 

lying generally northwest-southeast. Cluster No.1 has no predominant 

axis. 

4) The distances that a tornado would have to travel to strike a second 

or third cluster after it had struck anyone of the five clusters were 

measured. The percentage of tornadoes moving in given directions, and 

numbers of units ~ffected in all possible combinations of direction, 

length and cluster configuration were arranged in descending order of 

distance. This provided the combination of generating units that would 

be affected by a tornado having a given effective path length. The 

probabilities of occurrence of tornadoes of given path length were then 

applied to the generating unit combinations to obtain the probabilities 

of a given number of units being forced out of service by tornadoes. 

TABLE B-4. Possible Paths in which a Tornado Could 
Affect Two or More Clusters 

Percent of 
Direction Percent of Tornadoes in 

Cluster Number Distance, Tornadoes Tornadoes in Reverse the Reverse 
To From ~1i 1 es Head To".,ard This Direction Direction Direction 

5 17.54 SE 4.5 NW 13.6 
4 15.72 SE 4.5 NW 13.6 

3 7.86 SSE 0 NNW r: c:: 
'+.~ 

2 4.83 SSE 0 NNH 4.5 
2 3 4.23 SE 4.5 NW 13.6 
2 4 12.34 SE 4.5 NW 13.6 
2 5 14.88 ESE 4.5 WNW 0 

3 4 8.83 SE 4.5 NW 13.6 
3 5 11 .49 ESE 4.5 WNW 0 

4 5 3.75 E 4.5 W 0 
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TABLE B-5. Arrangement of Numbers of Units A~fected, 
in Descending Order of Distance(a 

Percent of 
Tornadoes 

Involved in 
Distance, Numbef ~f This Length 

From To Miles Units b and Direction 
1 5 17.54 4 13.6 
5 1 17.54 " 4.5 c.. 
1 4 15.72 2 13.6 
4 1 15.72 1 4.5 
2 5 14.88 2 a 
5 2 14.88 2 4.5 
2 4 12.74 2 13.6 
4 2 12.74 4 4.5 
3 5 11 .49 2 0 
5 3 11 .49 2 4.5 
3 4 8.83 2 13.6 
4 3 8.83 2 4.5 
1 3 7.86 4 4.5 
3 1 7.86 2 a 
1 .2 4.83 4 4.5 
2 1 4.83 2 0 
2 3 4.23 2 13.6 
3 2 4.23 2 4.5 
4 5 3.75 2 0 
5 4 3.75 1 4.5 

(a) Tornado of effective length x will have a probability of 
reaching all combinations below x in the table. 

(b) Beyond first cluster. 
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T,~BLE 3-6. Everlt Probabil ity(a) 

Effective Probability 
Path Area Path I .. Jidth Pa th Length Randor.l Path Length of 09curre)ce 

10- /y..r(c Mi1es 2 Yards ~1il es Percent ~1i1es(b) 

(a) 

(b) 

(c) 

0.44 165 4.69 0.90 4.22 0.7 

1. 70 325 9.22 0.90 8.30 2.7i 

7.80 695 19.74 0.20 3.95 12.41 

0.82 225 6.40 1 .00 6.40 1. 31 

2.60 401 11 .40 0.40 4.56 4.13 
4.50 528 15.00 0.90 13.50 7. 16 

3.80 485 13.78 1. 00 13.78 6.05 

For tornadoes from Jaech 200-yr simulation having sufficient path area 
for a path length of 3.75 mi or more, using a length/width ratio of 50, 
compute effective path length and event probability. 
Remaining length after striking first ciuster, path length multiplied 
by random number. 
Path Area (mi.2) 

100 mi 2
rr x 200 yr 
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TABLE B-7. Combined Probabil iti es 

Tornado 
Effected Exposure Event Outage 

Path Area Length Probabi 1 it~ Probabi 1 ity Probabil ity 
mi 2 Miles Units P1~ ~N 10-8 10-8 

---t-

0.44 4.22 2 O. 136 7.0 0.952 
2 0.045 t 0.315 
1 0.045 0.315 

1. 70 8.30 4 0.045 27.1 1 .220 
4 0.045 

j 
1 .220 

2 0.136 3.685 
2 0.045 1 .220 
1 0.045 1 .220 

7.80 3.95 1 0.045 124.1 5.584 
0.82 6.40 4 0.045 13 .1 0.589 

2 0.136 

1 
1 .782 

2 0.045 0.589 
1 0.045 0.589 

2.60 4.56 2 0.136 41. 3 5.617 
2 0.045 ~ 1.858 
1 0.045 1.858 

4.50 13.5 2 0.136 71. 6 9.737 
4 0.045 3.222 
2 0.045 3.222 
2 0.136 9.737 
2 0.045 3.222 
4 0.045 3.222 
4 0.045 

I 
3.222 

2 0.136 9.737 
2 0.045 ~ 3.222 
1 0.045 3.222 

3.8 13.78 2 0.136 60.46 8.222 
4 0.045 2.721 
2 0.045 2.721 
2 0.136 8.222 
2 0.045 2.721 
4 0.045 2.721 
4 0.045 2.721 
2 0.136 8.222 
2 0.045 t 2.721 
1 0.045 2.721 

C.12 



TABLE 6-8. Collection of Like Numbers of Units Affected, HNEC 

1 Unit 
0.315 

1 .220 

5.584 

0.589 
1 .850 

3.222 

2.721 
15.509 

2 Units 

0.952 

0.315 

3.685 

1 .220 

1 .782 

0.589 

5.617 

1.858 

9.737 

3.222 

9.737 

3.222 

9.737 

3.222 

8.222 

2.721 

8.222 
2.721 

8.222 

2.721 

87.724 

-8 x 10 

(~5) Cumulative Probability: 

3.101 17.54 

24.811 21.71 

8.13 

3 Units 

0 

4 Units 

1 .220 

1 .220 

0.589 

3.222 
3.222 

3.222 

2.721 

2.721 

2.721 

20.858 

4. 17 
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RADIOACTIVE RELEASE 

1) Air Submersion Case - (Passing Cloud) 

a) Selection of Radionuclides - The radionuclides used were those selected 
for the reference report, Reference 2 of the text and Table VI 3-1 of 
that report. The tabulation is repeated below as Table B-9. The model 
used to convert these radioactive species into external body dose was 
SUBDOSA. (4, Text) The results are given in the following table, 

Table 8-10, where body dose is given as a function of time after release 
Note that for the times shown, to 20,000 sec, the external body dose 
does not vary significantly. 

b) Dose Calculation - The external total-body dose for this accident 
in rem/(s/m3) was converted to a radiation dose in rem as a function 
of a probability by using data in Table 4, Reference 3 of the text. 
For example, for the first 1000 seconds following a release, the 
radiation dose factor is a constant; namely, 1.4 x 10-8 rem/(s/m-3). 
The associated normalized concentrations (x/Q) that range from 
1 x 10-5 (s m- 3) to i x 10-8 s m- 3 >ave varying conditional probabili
ties of involving three or more reactions as shown in Table 4, Refer
ence 3. The radiation level inside a facility associated with a x/Q 
of 1 x 10-5 s m-3 during the first 1000 seconds for example, is 
1.4 x 10-8 rem/(s/m3) x 1 x 10-5 sec m- 3 and including a shielding 
factor of 0.2 yields 280 rem. These conversions for several values of 
x/Q for the first 1000 seconds are given in Table B-12, following. 
During the first 1000 seconds, units in only the same cluster as the 
accident would likely be affected. Thus, from Table B-12, the proba
bility of personnel at three or more reactors receiving a radiation 
dose of at least 280 rem say in their control room is 1.00. From the 
same data, the probability of five or more having this radiation level 
is at least 0.25. Five or more assumes that the single cluster with 
five units was involved. Similar calculations can be for other concen-

? 

trations in the air as a function of meteorology and distances, and are 
( ,.. ) 

summarized in Table B-ll. \~ 
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3 
4 
5 
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7 
8 
9 

10 
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12 
13 
14 
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16 
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I~ 

20 
?' "', 
22 
23 
24 
25 
26 
27 
28 
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32 
33 
34 
35 
36 
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45 
46 
47 
48 
49 
50 
51 
52 
53 
54 

TABLE 8-9. Initial Activity of Radionuclides in the Nuclear Reactor Core 
at the Time of the Hypothetical Accident (Reference 2) 

Radionuclide 

Cobalt-58 
Cobalt-60 
Krypton-85 
Krypton-85m 
Krypton-87 
Krypton-88 
Rubidium-86 
Strontium-89 
Strontium-90 
Stronti um-91 
Yttrium-90 
Yttrium-91 
Zirconium-95 
Zirconium-97 
Niobium~95 
Molybdenum-99 
Technetium-99m 
Ruthenium-103 
Ruthenium-lOS 
Ruthenium-106 
Rhodium-lOS 
Te 11 uri um-l27 
Tellurium-127m 
Tellurium-129 
Tellurium-129m 
Tellurium-131m 
Tellurium-l32 
Antimony-127 
Antimony-129 
Iedine-l31 
Iodi:'1e-132 
Iodine-133 
Iodine-l34 
Iodine-135 
Xenon-133 
Xenon-135 
Cesium-134 
Cesium-136 
Cesium-137 
Sarium-140 
Lanthanum-140 
Cerium-141 
Cerium-143 
Cerium-144 
Praseodymium-143 
Neodymium-147 
Neptunium-239 
Plutonium-238 
Plutonium-239 
Plutoniurr.-240 
r:lutonium-241 
Americium-24l 
Curium-242 
Curium-244 

Radioactive Inventor'! 
Source (curies x 10-B) 

0.0078 
0.0029 
0.0056 
0.24 
0.47 
0.68 
0.00026 
0.94 
0.037 
1.1 
0.039 
l.2 
l.5 
l.5 
l.5 
1.6 
1.4 
1.1 
0.72 
0.25 
0.49 
0.059 
0.011 
0.31 
0.053 
O. 13 
1.2 
0.061 
0.33 
0.85 
1.2 
l.7 
1.9 
1.5 
l.7 
0.34 
0.075 
0.030 
0.047 
l.6 
1.6 
1.5 
1.3 
0.35 
1.3 
0.60 

16.4 
0.OC057 
0.00021 
0.00021 
0.034 
0.000017 
0.0050 
0.00023 
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Half-Life (days) 

71. 0 
1,920 
3,950 

0.183 
0.0528 
0.117 

18.7 
52.1 

11 ,030 
0.403 
2.67 

59.0 
65.2 
0.71 

35.0 
2.8 
0.25 

39.5 
0.185 

366 
1. 50 
0.391 

109 
0.048 
0.340 
1. 25 
3.25 
3.88 
0.179 
8.05 
0.0953 
0.875 
0.0366 
0.280 
5.28 
0.384 

750 
13.0 

11 ,000 
12.8 
1. 67 

32.3 
1.38 

234 
13.7 
Tl. 1 
2.35 

32,500 
8.9 x 106 
2.4 x 106 
5,35,] _ 

1.5 x 10;) 
163 

6,630 



EXTERNAL TOTAL-BODY DOSE FROM RSS ACCIDENT PWR-2 

The external total-body dose has been calculated for the release inventory 
of the Reactor Safety Study (WASH-1400) accident PWR-2. The calculated dose is 
normalized to a time-integrated air concentration of 1.0 sec/m3. The dose ;s 
presented as a function of time after release in the table below. 

TABLE B-10. External Total-Body Dose for Accident PWR-2 

Total-Body Dose 
Time, Seconds rem/(sec/m3 2 

0 1. 4 x 108 

100 1. 4 x 108 

200 1. 4 x 108 

500 1.4 x 108 

1 ,000 1.4 x 108 

2,000 1. 3 x 108 

5,000 1. 2 x 108 

10,000 1.0 x 108 

20,000 8.0 x 107 
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TABLE B-11. Conditional P~obabi1ity that Personnel in at Least 3 or 4 
or 5 Reactors Would Experience the Stated Radiation Doses 
from the Passing Cloud Following a Release from a Reactor 
Accident at an HNEC 

Radi a ti on Dose Conditional Prababi 1 iti es 
Assuming Shielding for Numbers of Reactors 

Factor of 0.2 3 4 5 --
280 1.000 .850 .250 

130 1.000 .852 .256 

60 1.000 .853 .268 

28 1.000 .853 .290 

13 i .000 .865 .313 

6 1.000 .876 .369 

2.8 1.000 .878 .397 

1.3 1.000 .881 .409 

0.6 1.000 .884 .417 

0.28 1.000 .884 .421 

O. 13 1.000 .884 .<127 

Ground Contamination 

a) Selection of Radionuclides - The radionuclides used were also those 

selected in the reference stuay. (4) This selection, important to 

external exposure from ground deposition, was based on the radio-

active half-life and the type and the energy of the emitted radiation. 

For purposes of this study, the selected nuclides were divided into 
two groups according to half-life as shown in the following table, 

Table 8-12. Section of the table lists the relatively long-lived 
species whose contribution to the radiation level is essentially con
stant over the time period of interest here; namely, 60 days. Section II 
contains the short-lived species whose contribution will decrease over 

the times of interest, some very rapidly. 
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TABLE 8-12. Ground Level Summation 

Section I " 

Long Term Isotopes Used for the Study Where e-At % 

Conversion Factor z x 109 

Ha 1 f-L ife x 109 m rem~ 2 m rem~ 2 
Soecies Days hr 11m hr 11m , 

Cs137 1100 9.87 

Cs 134 750 67.5 77.35 

Ru 106 366 0.75 78.10 x 10 

Co 6O 1920 0.1 78.2 

Co 58 71 O. 1 78.3 

Section II 

Shorter Term Isotopes at Time Zero 

Conversion Factor L x 109 

Ha If-L ife x 109 m rem! 2 m rem~ 2 
Soecies Days hr 11m hr 11m , 

Cs 136 13 22.5 

I131 8.05 166.6 189. 1 
Ru 103 39.5 39.5 228.6 

Zr97 0.71 3 231.6 

Zr95 65 3 234.6 

Hb95 35 3. 1 237.7 
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where 

see 

b) Dose Calculations - The External Dose Conversion Factor as shown in 
Column 3 was developed for each isotope used in this analysis as 
follows. DR is derived from the Conversion Factor as follows. 

CR = 

DR = 

OF = 

D/Q = 

S = 

e-\ t 

OF x D/Q x S x -\ t e 

Dose Rate, m rem/hr 

Dose Factor, a value in m rem/hr/p C;/m 2 

= 

Normalized surface concentration (11m2) as a function of 
Hanford meteorology--Reference 3, Table 5 

Source Term, given in p Ci for each isotope--Reference 
Table VI, 3-1 as modified by Table I, 5-1 

Correction for radioactive decay. 

The DR as a function of D/Q are given in Column 3 for time equal to zero, 
and summed in Column 4. The long-lived component is essentially constant and 
can be summed with the short-lived component at the times of interest. For 
these studies, the times are shown in the following table with the correspond
ing conversion dose. For example, at 120 days, the total conversion dose of 
84 m rem/hr/m2 consists of the long-lived component 78.3 m rem/hr/m2 plus the 
short-lived component 5 .. 91 m rem/hr/m2.(5) 

TABLE B-13. External Dose Conversion Factor vs. Time 

Days After Event 
a 7 14 30 45 60 120 

Conversion 
Dose 
m rem/n 2 316 226 176 i43 123 105 84 

hr m 
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At the times shown, these Dose Conversion Factors, when related to the 

normalized concentrations, Table 5 (Reference 3 of the text) yield the radiation 
doses from ground contamination and the associated probability that a given 

number of reactors will be affected. These values modified by shielding factors 

resulting from the deposition is on uneven surfaces (Reference 2, Vol. VI, 
Tables 11-7, -8) and afforded by the building are given in the left column of 

Table 8-14. This table depicts radiation levels inside a facility and the 

probability that three or four or five, etc. facilities may be involved. From 

this table, it can be seen that the probability that nine or more reactors have 
I 

a radiation level of at least 2 m rem/hr(.002)/hr is 0.08. Similar tables were 
developed for 0, "7, 30, 45 and 60 days following a radionuclide release.(5) 

These in turn were the basis for the development of the probability of loss of 
electrical energy in GWh from a release of radioactive material. (5) 
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TABLE 13-14. ----- Probabilities of 11 or More Reactors Having Different Radiation Levels 
14 Days Following an Accident Assuming Preliminary Decontaillination 
Efforts Have Reduced Radiation Levels by a Factor of 10 

Radiation 
Level Cluster 1 Cluster 2 Cluster 3 Cluster 4 

-.!~~111/ h r __ 3 4 5 -y--8----9- --11 12 --1-3-- -----16--20---
--- -- ---- -----

0.176 1.000 0.850 0.250 

0.08 1.000 0.852 0.257 0.001 

0.038 1.000 0.853 0.268 0.021 0.008 0.008 

0.018 1.000 0.853 0.290 0.046 0.028 0.016 

0.000 1.000 0.865 0.313 0.069 0.035 0.024 (1. 011 0.011 0.011 

0.004 1.000 0.876 0.369 0.126 0.088 0.044 0.030 0.016 0.016 

OJ 0.002 1.000 0.878 0.397 O. 158 0.127 0.081 0.066 0.059 0.056 0.018 
N 0.0008 1.000 0.881 0.409 0.172 0.138 0.098 0.085 0.079 0.073 0.023 

0.0004 1.000 0.884 0.417 0.182 0.148 0.102 0.090 0.082 0.075 0.024 

0.0002 1.000 0.884 0.421 0.188 0.155 0.108 0.095 0.086 0.078 0.025 

1.000 0.884 0.427 0.194 0.165 o. 121 0.108 0.100 0.090 0.030 



ASHFALL 

The estimation of probabilities of ashfall at the plant sites was made 
without explicit information on the volume of ash discharged from volcanoes 
in historic events. A relative index of volume was used in the .following way. 
A family of curves was prepared that conformed as closely as possible with 
observed deposition of ash in the Hanford vicinity from the three eruptions 
noted in the body of the report. It is assumed that an average deposition of 
less than about 2 in. in one event would not force shutdown or would be com
patible with staggered outages one at a time for corrective action. Since the 
historical data are very sparse, the curves are based mainly on hypothetical 
relationships between the volume of ash expelled, the mean wind velocity off 
the coast and the ~istance of the nuclear plant site from the volcano. 

The curves of Figure 8-5 indicate that for a cluster having a distance from 
a volcano equal to or greater than that shown on one of the family of curves, a 
combination of x wind velocity and y relative volume of ash discharged would 
cause a shutdown if the corresponding point lies to the right of the curve, but 
would not do so if it lies to the left of the curve. 

To assess the probability of forced outage: 

1) A 30° sector centered at a volcanic peak was drawn on a map of the area 
with the centerline of the angle on one site (HNEC or OS). If more than 
one OS site is within the sector all are included in the effects of one 
eruption. (It is assumed that an ashfall at HNEC would have the same 
effect on all clusters). 

2) The compass directions enclosed by the sector were noted, and from 
Figure 8-6 the enclosed wind vectors and their corresponding mean wind 
speeds were recorded. 

3) The distances between the volcano and the enclosed sites were measured. 

4) From Figure B-5, the index of magnitude of ash released to the atmos
phere required to force shutdown at the site under the wind and dis

tance conditions was found, together with its probable occurrence 
frequency (from Figure 27 in the Ashfall section). 
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pOlms TO RIGHTOFCURVE PROBABLY 
CAUSE SHUTDOW .'~; POi NTS TO L£FT OF 
CURVE !NDICATE CCNT!~JUOUS OPERATION 
OR STAGGERED SHUTDOWN IN 'NHICH NO 
1\-IORE THAN ONE CLUSTER I S DOWN AT ANY 
ONE TI :v'E. 

!2) AseVE ApoUES TO DI STANCES EAST OF 
PEAKS' TO THE WEST, WITHIN 25 !vIILES, 
SHUTDOWN I S ASSUMED ,!\T A RELEASE 
I NDEX OF 3.0 AND GREATER. 

FIGURE 8-5. Threshold Conditions for Forced 
Outage from Ashfall 

5) This procedure was carried out for each volcanic peak in succession. 

The probabilities of occurrence and exposure and the number of units 
affected were listed for each possible source and wind direction. 

6) Probabilities for each set of x units were summed up, and cumulative 

probability curves constructed. 

Tables 8-15, 8-16 and 8-17 contain probability computations for Figure 28 

in the section on Ashfa11. 
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TABLE 8-16. Probability of Outage from Ashfa 11 , OS Case 

Wind Index Ii Occurrence Outage Number of 
Distance. AnJJ Ie / De~!:ee s Velocity. of Ash PosHion(d) Probability Probabi! 1 ty Generating 

Source Site Miles 10 rom Month Knots ~olulI~ f!obability x lO- x 10- Units --------- ------ --------- -----
Bdker Hanford 194 138 168 July II 2.5 2.9 2.9 6 

228 138 168 
194 138 168 June 4 
228 138 168 June 4 

Pebble Springs 228 151 181 
Portland 177 188 218 
WV-I 282 188 218 
WV-2 337 188 218 

Rainier Hanford 112 98 128 March I 3.5 0.5 1.7 0.85 6 
Pebb I e Spri nys 116 128 158 March 7 3.5 0.5 1.7 0.85 4 
Pebb I e Spd ngs September 6 4.0 I 1.3 4 
Portland 61 220 250 
WV-I 163 200 230 
WV-2 214 200 230 

St. lIelens Hanford 136 76 106 April 7 3.9 1.4 6 
Pebble Springs 112 HIO 130 March 7 3.5 1.7 4 

(P POI"t1 and 24 180 210 
WV-I 109 200 230 

N WV-2 160 200 230 m 
Addlll5 Hanford 94 6') 99 Apri I 7 3.0 2.2 6 

Pebble Springs 75 108 138 Marcil 7 3.3 1.9 4 
Pebble Springs 75 108 138 Septelliber 6 3.8 1.5 4 
Portland 61 272 302 
I-IV-I 129 213 243 
W'J-2 180 213 243 

Hood lIanford 129 48 78 March 14 I. 95 I 3.9 4 
lIanford 48 78 April 7 3.8 0.33 I. 45 0.48 4 
Pebble Spdngs 81 73 103 April 7 3.0 0.33 2.2 0.73 4 
PS + H 129 63 93 April 7 3.8 0.33 I. 45 0.48 10 

Mazama II + PS 2"/2 27 57 February 18 2.4 1.0 3. I 3. I 10 
Pebble Springs 215 27 57 November 19 1.8 1.0 4.2 4.2 4 
Port land 228 350 20 January 9 0.33 
Portland December 20 loB 1.0 I.B 1.8 4 
WV-I 133 333 3 January 9 3.3 0.33 1.9 0.63 3 
WV-2 94 310 340 
WV-I t WV-2 133 320 350 ,January 9 3.3 0.33 1.9 0.63 6 



T/\I3LE B-16. (contd) 
~----------- --

Wind Index ~ Occurrence Outdlje NUlliher' of 
Ili stance. ~~r~J~jDerr'~~ Velocity. of A~h Posit ionIa) Probability Pl'obah i ! i ty Gellerdl illl) 

SOllrce Site Hi les To rom Month Knots Volume P!'9!Ja!J jl i ty x lO- x 10- llllits -- - - .-. - ---------- - - - _ .. _-- -- .... ----_ .. _-
Shasl.a Pebble Springs 313 18 48 Februdry HI 2.7 1 l.65 4 

1\ t DS 370 18 48 February 18 3.3 1 1.9 10 
Pebble Springs 3]) 18 48 November 19 2.5 1 2.7 4 
1\ t DS 370 18 48 November 3.1 1 l.l 10 
WV-l 230 355 25 December 20 1.7 0.5 4.5 2. 2~) 3 
Po. t WV-l 328 355 25 December 2.4 0.5 3.1 1. 55 7 
WV-l 230 355 25 February 18 2.3 1 3.25 3 
Po. t WV-l 328 355 25 February 2.75 1 2.5 7 

Shasta WV-2 182 331 7 ,Ianudry 9 4.0 0.5 1.3 0.65 3 
WV-l t WV-2 230 337 7 ,January 
WV-2 182 345 15 January 3.8 0.5 1. 45 0.73 3 
WV-l t 2 230 345 15 ,J,lfluary 
Po. WV 1 & 2 328 345 15 January 
WV-2 182 345 15 December 20 1.5 0.5 5.0 2.5 3 
WV-l t 2 230 345 15 DecGmber 1.8 0.5 4.2 2.1 6 

Po. t WV-l & 2 328 345 15 December 2 r. 0.5 2.7 1. 3<., 10 .J 

OJ 
lassen Pebble Svrings 360 11 41 February 17 3.2 1 2.0 2.0 4 

N H t PS 419 11 41 February 17 3.7 1 1.55 1.55 10 
'--J WV-2 251 15 45 December 12 3.8 1 1.45 1. 45 3 

WV-l t 2 345 15 45 December 12 4.0 1 1.3 1.3 6 

(all others too distant) 

-~-----

(a) Probability of angular orientation occurring withill one month. 



TABLE B-17. Sum of Probabilities for n Units Affected, 
OS Case, Probabilities, 10-4 

Generating Units 1 4 6 7 10 '" 
0.63 0.85 2.90 2.55 0.48 

2.25 1. 30 0.85 2.50 3.10 

3.25 1. 70 1.40 1 .90 

0.65 1. 90 2.20 2.10 

0.73 1. 50 0.63 1. 55 

2.50 3.90 2.10 1 .35 

1 .45 0.48 1. 30 

4.20 

1. 80 

2.65 

2.70 

2.00 

0.73 
11 .46 25.71 11 .38 4.05 10.48 

Divide by 8 x 12 = 96 0.119 0.268 0.118 0.042 0.109 

Cumulative 0.656 0.537 0.269 O. 151 0.109 
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APPENDIX C 

EXAMPLES OF PACIFIC NORTHWEST SYSTEM RESPONSE TO HNEC AND OS OUTAGES 

This appendix contains descriptions of example "games" taken from computer 
runs of the Energy Reserve P1 anni ng r~ode1. The "games II are intended to expl a in 

why the system visualized for the period of interest could sometimes ~rovide 

reserve energy for the maximum postulated HNEC outage without any load being 
dropped, while at other times with a OS outage of much lesser magnitude would 
be unable to supply all loads. 

Examples 1 and 2 are for 30,000 GWh outages at HNEC that result in large 
energy deficits (load dropping); examples 3 and 4 are for 30,000 GWh outages 
at HNEC that are absorbed without any effect on loads; and examples 5 and 6 
are for 6,000 GWh outages at OS that result in dropping of some load. 

EXAMPLE 1 - HNEC, 7161 AVERAGE MW DEFICIT PER (OVER FOUR MONTHS) 

Period 1, September to December: 

Comment 

Run of river 
Draft 

Hydro total 
Thermal 

Total generation 
Load 

Defi cit 

Generation (Deficits) 
r~w, Average 

5,638 
5,393 

li,031 
24,433 

35,464 
42,625 
(7,161) 

This event took place during the early drawdown period, September through 
December. The natural river flow during that period was low, providing only 

5638 average MW over the 4-month period. Storage was drafted to provide 5393 

average MW, including 313 average MW of provisional energy (energy borrowed 
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from the following period reserves with agreement of participants). This is 
the maximum allowable. The thermal energy production with the HNEC out for 
two months was 24,433 average MW, whereas without the outage it would have 
been about 33,000 MW. The total thermal and hydro energy production fell 
7161 MW below the load. The combination of the low natural river flow in 
this particular year, and the MNEC outage, resulted in the energy deficit. 

EXAMPLE 2 - HNEC, 7518 AVERAGE MW DEFICIT 

Period 3, May to August: 

Comment 

Run of river 
Draft 

Hydro tota 1 

Thermal 
Total generation 

Load 
Defi ci t 

Generation (Deficits) 
MW, .A.verage 

17,134 
(5,140) (Refill Reservoirs) 
11 ,994 

18,638 

30,632 

38,150 
(7,518) 

This event took place in May through August, the refill and hold period. 
The natural river flow was moderately high, but the draft of stored water in 
the previous period had been large and it was necessary to refill reservoir 
in this per'iod to fulfill Coordination Agreement requirements. The maximum 
provisional energy (313 MW) was taken, however, to support the loads to the 
maximum allowable extent. The thermal generation in this period was reduced 
even below the amount caused by the HNEC outage, indicating that some of the 
other thermal capacity on the system was also down during the period on planned 
or unplanned outages. The load loss was due, therefore, to a combination of 
low stored water at the start of the period, ~nd other thermal generation hav
ing outages in the same period, possibly for refueling since this activity is 

concentrated in this period. 
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EXAMPLE 3 - HNEC, 6533 AVERAGE MW SURPLUS 

Period 3, May to August: 

Comment 

Run of river 

Draft 
Hydro total 

Thermal 

Tota 1 generation 
Load 

Surplus 

Generation (Refill 
Reservoirs) MW, Average 

33,314 
(8,000) 

25,314 

19,369 
44,683 
38,150 

6,533 

This event took place in May to August, the refill and hold period. The 
natural flow was very large during this period in this year. No drafting was 
required, reservoirs could be refilled to replace a substantial draft in the 
preceding period. The thermal generation was somewhat lower than would be due 

to HNEC alone, indicating some other thermal plant outages. The leads in this 
period were less than in winter months, the generation requirements (load) 
being only 38,150 MW as compared to ~2,625 and 45,600 in other periods. The 

combination of low load and high river flow placed a very low requirement en 
the thermal system in this case. Even with the HNEC outage there is a surplus 
of 6533 average MW. 

EXAMPLE 4 - HNEC, 1300 AVERAGE MW SURPLUS 

Period 2, January to April 

Run of river 

Draft 

Hydro total 
Thermal 

Total generation 
Load 

Surplus 

C.3 

Generation 
Ml,oJ, Average 

12,981 

10,874 

23,855 
23,045 

46,900 
45,600 

1 ,300 



Comment 

This event occurred in January to April, the late drawdown perl00. The 
natural river flow was average, providing 12,891 MW over the period. A rela
tively large draft of reservoirs could be made, generating 10,874 average MW. 
Thermal generation with the HNEC outage was 23,045 MvL Loads were relatively 
high in this period 45,600. The result was a surplus of 1300 average MW. The 
relatively high loads of the early winter season were met in this case, even 
with the HNEC outage, through a combination of heavy use of available stored 
water, a moderate river flow, and most other thermal capacity being on line. 

EXAMPLE 5 - OS CASE, 1842 I~W DEFICIT 

Period 1, September to December: 

Comment 

Run of river 
Oraft 

Hydro total 
Thermal 

Total generation 
Load 

Defi cit 

Generation (Deficit) 
r~w, Average 

8,188 

3,875 

12,063 

28,720 

40,783 

42,625 

(1,842) 

The thermal generation in the period ind~cates that at least one OS clus
ter was down, and possibly other system thermal units with planned or unplanned 
outages. The run of river flow was relatively low. With provisional energy 
the total draft was only 3875 average MW. The c~mbination of low thermal gen
eration, moderately low run of river hydro capability, and limited draft in a 
period of substantial load resulted in a deficit of 1843 average ~W in the 
peri od. 



EXAMPLE 6 - OS CASE, 1098 MW DEFICIT 

Period 1, September to December: 

Comment 

Run of river flow 

Draft 

Hydro total 

Thermal 

Total generation 

Load 

Defi cit 

Generation (Deficit) 
1,1W, ,:.\verage 

7,327 

2,120 
9,447 

32,078 

41 ,527 

42,625 
( 1 ,098 ) 

In the period previous to this one in the simulation, the maximum provi

sional draft had been taken, and in this period the equiva1ent to 872 average 

MW was returned to storage (not shown above). The run of river flow was rela

tively low. With the negative provisional energy restriction, the draft could 

be only 2120 MW. Not more than one OS cluster could have been down, but the 
relatively low run of river flow, together with the low net draft energy, 

could not meet the early winter loads. This period had followed a period in 

which thermal' generation had been very low and the reservoirs had been drafted 
to the limit. 

RATIONALE FOR ADJUSTMENT OF NUMBERS OF DEFICIT PERIODS IN OS CASE, TABLE 15 

In the simulation of the OS case, each of the five clusters had approxi
mately 2500 situations in which extended outages caused by the rare events 
analyzed in this report occurred. These 12,500 situations (5 x 2500) took 

place in a total of 24,000 four-month periods covering the entire span of the 
study. With 12,500 situations occurring at random in 24,000 periods more than 

one precipitating rare event occurred in a number of periods. A sampling of 

games indicated that two events occurred in the same four-month period on 6.6~ 

of the periods; and three events in a four-month period occurred in 0.33% of 
the periods. 
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Although the OS case does have potential outages that involve more than 

one cluster, the actual probabili:y of such occurrences is less than the 6.6 

and 0.S3 percentages that were experienced in the computer run through random 

distribution of the events. If analyses of the contributions from the os 
case is to be limited to 6000 GWh outages, the effects of the multiple cluster 
outages (>6000 GWh) should be removed. 

This was accomplished by ra~oving about 7% of the greatest OS deficits 

from the OS column of number of deficits in Table 14. Perhaps not all of the 

greatest deficits were caused by these multipie-cluster outages, but it is 

judged that most of them were. The adjustment described above gives an ade

quate approximation to a OS case, limited to single-cluster events, as a 
reference base for HNEC comparisons. 

Calculations from Table 15 

In Table 15, some of the items in the Load Loss column were not caused by 

simulated HNEC outages. A count of the HNEC outage events from the computer 
runs gave 2497 events in 24,000 periods, or 10.4 percent. Applied to the 

6000 trials, the number of events is shewn to be 624. The foilowing amounts 

are added: 

1) 35 events in which the deficits were in the SOOO to 10,000 MW range, 

2) 154 events in which the deficlts were in the 5000 to 8000 MW range, and 

3) 120 events, by which the number of HNEC deficits exceeded that of OS, in 
the 2000 to 5000 MW range, 

for a total of 309 events, and subtracted from the 624 total number. The 
result is 315 events in which the effect of HNEC on user energy shortage was 

no greater than that of OS. 

Calculation of User Energy Shortage Probabilities 

The data for construction of Figure 30 were computed in the following manner: 

• From the computer runs for a 30,000 GWh loss at HNEC, and a 6000 GWh loss 

at OS, curves were drawn with the abscissa being the ratio of energy short

age to generation loss, and the ordinate being incremental probability 
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of occurrence. Thus two bounding curves were available, with interpolations 

between them being possible for intermediate values of generation loss 

between 30,000 and 6000 GWh. 

• A 20,000 GWh curve was developed from the above data, and from that curve 

incremental probabilities were obtained for steps from 0.2 to 1.0 in the 

ratio of energy shortage to gene~ation loss. From Figure 28 a point was 

selected on the 20,000 GWh curve, for example, at 0.8 on the abscissa, 

having a probability of 0.14. This point would correspond to a 

0.8 x 20,000 = 16,000 GWh user energy shortage. From the curve of 

Figure 28 the incremental probability of an energy shortage of the 

20,000 GWh is 1.68 x 10-3. The probability of a 16,000 Gwh user shortage 

on the 20,000 GWh curve ,is 0.14 x 1.68 x 10-3 = 2.4 x 10-4 . Other points 

on the 20,000 GWh can be obtained in the same manner. The corresponding 

cumulative probability value for this point is 3.07 x 10-4. 

• A similar procedure is followed for curves of 15,000, 10,000 etc. GWh and 
plotted on the curve of energy shortage versus cumulative probability_ 

• The several curves form an envelope that defines the area of probable 
risk difference of Figure 30. 
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TABLE C-1. Data for Figure 30, Comparison -- -
of Risk of Energy Shortage 

HNfC 

CUIII,(Pl)(a) 
------- ------ --l~aTl 0 

Gen. loss, Increment Gen. loss Shtg. , In{. Increltle~t Cum. 
GWh _ fJJl!!re 2~ -fl---- ShOr-tage=: GWh lli~ _~) c {P31 __ ---.-------
a b c d e f (c x f) g 

20,000 1.68 x 10-3 1.68 )( 10-3 O. 1 2,000 0.35 5.88 x 10-4 . -4 
17.78 x 10 

0.3 6,000 0.23 3.86 11.90 
0.5 10,000 0.20 3.36 8.04 
0.7 14,OOU 0.18 3.00 4.68 
0.9 18,000 0.10 1.68 1.68 
1.0 20,000 0.04 0.67 -0.67 

13,000 1.68 x 10-3 1.68 x 10-3 O. 1 1,300 0.44 7.39 25.70 

I 
0.3 3,900 0.36 6.04 18.31 
0.5 6,500 0.31 5.21 12.21 
0.7 9,100 0.27 4.54 7.06 n 
0.9 11 ,700 0.15 2.52 2.52 

0:) 
1.0 13,000 0.08 1. 34 1-:34 

b,OOO 2. 1 x 10- 3 1.68 x 10-3 O. 1 600 0.53 8.90 35.60 
0.3 1,800 0.48 8.06 24.70 
0.5 3,000 0.42 7.06 16.64 
0.7 4,200 0.35 5.88 9.58 
0.9 5,400 0.22 3.70 3.70 
1.0 . 6,000 0.12 2.02 2-:--02 

---- os ---
10-3 700 -3 0.5 350 0.62 6.96 x 9.65 11 .23 x 10 

1.0 700 0.24 2.69 2.69 

1 ,051 5.50 0.5 525 0.61 3.35 4.50 
1. a 1 , 051 0.21 1. 15 1. 15 

1,752 0.011 0.5 876 0.57 0.0063 0.0082 
1.0 1,752 0.17 0.0019 -0.0019-

--"-"'._."-

(d) P1 - Probability of generation outdge. 
(b) P2 - Probability of ratio, energy shortage to gelleration outage. 
(c) P3 - Probability of energy shortage. 

"" .. • " 
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METEOROLOGICAL EVALUATION 
OF MULTIPLE REACTOR CONTk~INATION PROBABILITIES 

FOR A HANFORD NUCLEAR ENERGY CENTER 

J. V. Ramsdell and D. I. Diebel 

INTRODUCTION 

One alternative in the siting of power plants is the energy 

center, where 10 to 40 power plants are located at a co~~on site. 

within the energy center the individual generating units are 

generally grouped in clusters of about 4. The Pacific Northwest 

Laboratory has been studying the application of this concept to 

th D t t ~ E 'H f d for several vears(1-3) e epar men OL nergy s an or area ~ . 

The conceptual Hanford energy center is composed of nuclear 

power plants, hence the name Hanford Nuclear Energy Center (HNEC). 

Previcus topical reports have covered a variety of subjects 

related to the HNEC including: electric power transmission (4) , 

fuel cycle(S), and heat dispcsal(6-8). This report discusses 

the probability that a radi2tion relEase from a single reactor 

in the HNEC would contaminate other facilities in the center. 

The risks, in terms of reliability of generation, of this 

potential contamination are examined by Clark and Dowis(9). 

The grouping of power generating facilities increases the 

possibility that several, or all, of the facilities might be 

disabled by a single event. If the energy center contains a 

nuclear power plant, a reactor accident could lead to the 

shutdown of other units. Significant reactor accidents are 

highly improbable, but could result from the successive failure 

of reactor safety features. These are discussed in References 

(10) and (11)*. Significant releases of radioactivity could 

also occur from a nuclear fuels reprocessing plant, however 

releases from reprocessing plants have not been considered in 

this analysis. 

*Appendix A contains a description of the various classes of 
reactor accidents, and Appendix B describes reactor accidents 
involving reactor cores. 
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To evaluate the risks associated with multiple reactor 

contamination following a release of radioactivity, it is 

necessary to estimate the probability that more than 1 reactor 

or cluster will be contaminated at some level as well as estimate 

the probability of an accident at a single reactor. Reference 

(11) and Appendix B provide information needed to estimate 

the probability of an accident in a single reactor. This report 

concentrates on the estimation of the probability of multiple 

reactor contamination assuming that a release will occur. 

The following section presents an outline of the theoretical 

problem and its solution. It is followed by a description of 

the Hanford .Nuclear Energy Center and its climatology. The 

results of the study are then presented and sensitivity of the 

results to changes in variables is explored. Finally conclusions 

drawn from the work are summarized. 

THEORETICAL DEVELOPMENT 

In case of a reactor accident involving a significant 

release of activity in an energy center, the mUltiple reactor 

contamination problem resolves into two types of questions. The 

first deals with determination of the number of reactors direc.tly 

downwind of the accident, and the second deals with the concen

tration of material in the plume or deposited on exposed sur

faces in the vicinity of each reactor downwind of the accident. 

Once the locations of reactors in an energy center are specified, 

the number of reactors directly downwind of an accident is 

determined by the location of the accident, the wind direction, 

and the plume width. The contamination at each reactor in the 

plume is determined by its distance from the accident, the 

amount of material released and variables that control the 

diffusion and deposition of atmospheric contaminants, such as 

wind speed, stability and mixing depth. Thus, the probability 
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needed in risk assessment must be specified in terms of number 

of power plants and level of contamination. In this section, 

a general method will be developed for making estimates of this 

bivariate probability. 

Basic Assumptions 

As estimating the required probability depends on numerous 

assumptions, the validity of the estimates are no better than 

the underlying assumptions. Therefore, basic assumptions made 

in the development of the general method of solution are stated 

explicitly here. 

It is postulated that significant accidents are equally 

probable in all nuclear power plants in an energy center, and 

further that the probab~lity of two accidents occurring 

simultaneously is negligible. This leads directly to the 

assumption that the probability cf a significant accident in 

a nuclear energy center is: 

( ~ , .L, 

wtiere PA is the probability of an accident in the center, P(l) 

is the probability of an accident in any given reactor and Nt 

is the total number of reactors. Determination of P(l) is the 

province of reactor design and safety engineers, therefore P(l) 

will be assumed to be known. The probability P(M,I) of M power 

plants being contaminated at a level I is given by 

P(M,I) = P(M,I\A)PA 

where P(M,IjA) is a conditional probability assuming that an 

accident will occur. This conditional probability is a 

function of energy center geometry and climate. 

3 
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Theoretically, the conditional probability can be deter

mined by considering all permutations and combinations of 

individual reactors, discarding those which cannot occur for 

geometric reasons, and weighting the possible combinations by 

the frequency of occurrence of wind direction, wind speed and 

atmospheric stability. However, as the Nt increases, this 

procedure rapidly becomes impractical because the number of 

permutations which must be evaluated is proportional to Nt!. 

To reduce the number of combinations, it has been assumed that 

the power plants in a cluster may be treated together; if one 

reactor in a cluster is contaminated following an accident, all 

are. The conditional probability that an accident will occur 

in a given cluster, PS!A' is 

n s P I = 
slA Nt 

where n is the number of reactors in the cluster, again s 
assuming that an accident will occur in the energy center. 

Development 

( 3 ) 

If an accident occurs in a given reactor in an energy 

center under known atmospheric conditions, standard diffusion 

models can be used to determine the nQ~ber of downwind clusters, 

and to estimate the concentration of radioactive materials in 

the air and deposited on the surface at each cluster. As the 

distance from the release point increases the number of 

clusters potentially involved will increase, but the concentra

tion in the plume and on the surface will decrease. Thus, to 

define the number of reactors significantly affected following 

an accidental release it is necessary to first define a minimum 

significant contamination level. 
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The atmospheric diffusion of non-depositing materials has 

been studied extensively, and currently accepted models are 

d °b dOd d f ' (1.2,13) A ' t escrl e In stan ar re erence worKS . genera~ sec or-

average model has been developed for diffusion computations 

with respect to the HNEC(B). This model is: 

3/2 
(21T) 0 ux z 

t {exp [( Z-h+2~H) 2J 
° -20 J=-oo z 

+ r (z+h+2jH) 2l

J
} 

exp L 2 
-20 z 

(4 ) 

where: 

is the average air concentration at a distance x 

from the source a~d a height z above ground divided 

by the release rate 6. 
h 

n is related to the assumed plume width, ¢ , by 
o 

A 

n = n/¢ when ¢ is in radians. 
00-

0z is a vertical diffusion parameter related to 

atmospheric stability. 

u is the wind speed. 

h is the effective release height, and 

H is the height of the mixed layer. 

In the present context both z and h can be assumed to be 

zero, and Equation (4) simplifies to: 

3/2 
(2/i) 0 UX 

Z 
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And, as a practical matter the infinite sum can be truncated 

after j=2 without significant effect. 

As the material released during an accident is carried 

downwind, it will deposit on surfaces. Since the deposited 

material is no longer in the plume, air concentrations should 

be reduced from the values computed using Equation (5). 

Van der Hoven(14) describes the correction that is usually 

made. In that correction, the source term becomes a function 

of d~stance, and is reduced as distance increases, 

exp {_ 2 
12TI U 

Q(x) is the depleted source term, Q is the initial source 
o 

( 6 ) 

te~, and Vd is the ratio between the flux of material to the 

surface and the air concentration near the surface. This 

correction, in effect, depletes material from the whole plume. 

A more realistic correction model (15) depletes the material at 

the surface and diffuses a concentration deficit vertically. 

The two corrections have been compared by Horst(15). On the 

basis of t~is comparison, the source depletion model was 

determined to be adequate for the current study. 

Incorporating the deposition correction, the air concen

tration at the surface for a depositing material is given by: 

= (~\ exp { -2 
Q(x)) I2IT u 

where xl is the distance from the virtual to real source and 

x 2 is the distance from the virtual source to the receptor. 

By definition the amount of material deposited is: 

6 
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where w is the surface concentration in gm-
2 

and Qo = QoT. 

T is the duration of plume passage (assumed to be equal to the 

release duration) . 

Contamination following an accident is now defined by 

Equations (7) and (8). Clearly there are two conditional 

probabilities of interest, one with contamination defined in 

terms of (xjQo) and the other defined in terms of (w/Qo). The 

first will be denoted by PI (M,IiA) and the second by P 2 (M,Ji A). 

- . 
Since (x/Qo ) and (w/Qo) are continuous variables it is 

necessary to establish ranges of involvement before the 

conditional probabilities are defined. If, for (x/Qo) the 

range limits are denoted by a., i~l, and for (w/Q ) they are 
l 0 

denoted by b., j~l, then we let 
J 

and 

I=i for a. ~ (x ) < a 
l 00 i+l 

J=j b. 1 J+ 

(9a) 

(9b) 

The number of power plants involved is equal to the total num

ber of power plants in the source cluster and in downwind 

receptor clusters with I and/or J greater than some predetermined 

value. 

If there are several clusters downwind of a release there 

will be several pairs of M and I or J for which probabilities 

can be estimated. The first pairs will be M=M =n , where n o 5 s 
is again the number of reactors in the source cluster, and I, 

J = maximum values. 
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number of power plants in the closest receptor cluster. This 

value of M will be paired wi~h values of I and J determined 

for the receptor cluster. If there is a second receptor cluster, 

a third set of pairs will have M=n
s

+D l +D
2

, and I and J determined 

for the second receptor cluster. The existence of m
2 

implies 

the existence of rn l and rno where rn
2

>ml >rno ' It also implies the 

existence of higher degrees of contamination for rn l and mo' 

Given a source cluster, wind direction, wind speed, 

atmospheric stability and receptor cluster locations, values 

for M, I and J can now be computed. Computation of conditional 

probabilities associated with the given conditions requires 

the frequency of occurrence of the given meteorological condi

tions. Denoting that frequency by f(3,u,st), where 9 represents 

wind direction, u represents wind speed and st represents 

atmospheric stability, the conditional probability for each 

pair of values is given by the product 

P IAf('3,u,st) 
Sl 

For the energy center the conditional probabilities are 

estimated by summing over all sources and atmospheric conditions. 

Thus, 

PI (M,liA) =LLLL 
s3 u st 

and 

p.,(M,JiA) .. =LLLL 
s 8 u S1: 

? :"f(8,u,st) 
s 1"-" 

P
SiA

f(8,u,st) 
; 

(lOa) 

(lOb) 

where M, I and J are determined as before. Equations (lOa) 

and (lOb) are not the final forms on which the HNEC analysis 

was based. Rather the analysis was based on the cumulative 
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probabilities that at le~s~ k power plants would be contaminated 

at level £ or greater. These cumulative probabilities result 

from the summations 

N Q t ~max 

* (M,IIA) L:L: Pl = P
l 

(!vI, I A) (lla) 

M=k 1=£ 

N £ t max 

* (M,J I A) L:L: P2 = P2 (M,J A) ( Ilb) 

M=k J=£ 

The astrisks are used to indicate the double slli~ation where 

these conditional probabilities are discussed in the remainder 

of the report. 

THE HANFORD NUCLEAR ENERGY CENTER 

During the HNEC conceptual studies nQ~erous sites have been 

considered as potential cluster locations. Figure 1 shows the 

boundaries of the Hanford area and 14 of the locations considered. 

Analysis of the HNEC concept is currently concentrating on a 20 

power plant center with clusters located at sites 1 through 5. 

In this report, HNEC specifically refers to power plant clusters 

at these locations. Table 1 gives the make-up of each cluster 

and its position in the computational grid. 

In the computational scheme, the reactors within a cluster 

are treated as a single entity; no effort has been made to 

examine intra-cluster variations. When a cluster is assumed 

to contain the reactor that is the release source, the cluster 

is represented by a structure located at the cluster position 

which has dimensions typical of power reactors. The horizontal 

dimension assumed is 100 m, and the vertical is 61 m. When a 

cluster is considered as a potential receptor following release 

in another cluster, it is represented simply by a point. 
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TABLE 1 . Make-Up and Position of the HNEC 
Reactor Clusters 

Number Grid Position 
Cluster of Reactors N-S E-W 

1 5 6.10 7.50 

2 4 5.50 7.20 

3 4 4.70 6.70 

4 3 3.70 5.40 

5 4 3.70 4.90 

The source-receptor geometry is shown in Figure 2. The 

source cluster is located at point A with its horizontal dimension 

perpendicular to the wind direction. The sensitivity of results 

to variations in model parameters, including source width, will 

be examined in a later section. The receptor cluste~ is ~ocated 

at point C. Because the dif=usion model used (Equation 5) is 

for point sources and the actual source is assumed to have a 

finite width, it is necessary to determine a virtual point source, 

B. Points A and C are determined when the physical configuration 

of the energy center is established, but point B must be dete~

mined relative to A from the source width, the wind direction 

and the angular width of the plume. Determination of whe~her 

or not a particular receptor is in a particular plume is 

described in Reference 8. 

In addition to characterizing the HNEC by its physical 

dimensions, it is necessary to characterize. it climatologically. 

The basic reference on Hanford Climatology is Climatography of 

the Hanford Area(16). Additional information relative to the 

conceptual HNEC is given in Reference 8. In general, the 

climate is typical of a mid-latitude desert-steppe. The pre

vailing wind directions are northwest and southwest, with 
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~ -1 speeds averaging between 2 and ~ ms However, despite the 

relatively low averages, there are occasional periods with 

high speeds. 

Atmospheric diffusion is related to wind and atmospheric 

stability as shown in Equations (4) and (5). A joint fre-

quency distribution of wind direction, wind speed and atmospheric 

stability is required for diffusion computations involving 

specific sources and receptors. Table 2 gives this distribution 

for Hanford. The relationship between Hanford atmospheric 

stability classes and the more familiar Pasquill-Gifford classes 

is given in Table 3. This table also gives the specific relation

ships used to compute a as a function of stability and distance z 
from the source. These relationships were developed by Briggs(17) 

Examination of the models described in the previous section 

shows that several additional meteorological parameters must be 

specified. These are: the plume width, the height of the 

mixing layer, and the deposition velocity for depositing 

material. 

Selection of the angular width for the sector-average plume 

model is governed by the form of available wind direction infor

mation and the assumed duration of releases of interest. The 

compilation of the joint frequency wind data in Table 2, strongly 

suggests that a minimum sector width of 22.5 be used. This 

choice is further recommended when the requirements of various 

Regulatory Guides issued by the Nuclear Regulatory Commission 
are considered(18,19). 

The mixing height tends to vary both daily and seasonally. 

The greatest mixing heights are generally found on the summer 

afternoons and the lowest on winter nights. However, for com

putational purposes a constant value of 1500 m has been assumed 

for this study. This value is probably low for summer and 

high for winter. 
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'I'JI..BLE 3. Relationship Between Hanford and Pasquill
Gifford Stability Classes and Determination 
of Sigma z 

Pasquill- a 
Hanford Gifford z 

Unstable B .12x 

Neutral D . 06x/ (l + .0015x)1/2 

Slightly Stable E .03x/(1 + .0003x) 

Moderately Stable F .02x/(1 + .OO03x) 

The deposition velocity is a function of the density of 

material, the size of particles (if a particulate), atmospheric 

turbulence characteristics, and height of reference concentra-

t
. (20) lon . Many observed values of deposition velocity for 

. 1 ~. ~ b b t 0 01 -1 (1<1-21) A ~aterla s or lnterest tend to e a ou . ~ ms . s a 

result, it is reasonable to assume a constant value of 0.01 ms- l 

and accept the accompanying uncertainty in the computations. A 

more sophisticated treatment of deposition velocity would prob

ably not yield significantly better results with respect to 

the basic problem under consideration. 

Although constant values have been assumed for many of the 

geometric and meteorological parameters for the primary evaluation 

of the probability of multiple reactor involvement, the sen

sitivity of the results to variations in these parameters has 

been examined. The results of the sensitivity studies are pre

sented in the next section following presentation of the primary 

study results. In general the primary results are relatively 

insensitive to small changes in any of the model parameters. 

RESULTS 

The results of this study are presented in two sections. 

The first section presents the primary results, i.e., the values 
* * of Pl(M,JiA) and P2(M,JiA) computed with Equations (lla) and 
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(llb). The second section prese~ts the results of the sen

sitivity studies. 

Primary Results 

The primary results of the probability computations are 

presented in Tables 4 and 5 for ground level air and surface 

contamination, respectively. It is iIT~ediately obvious that 

the tables are identical except fbr the definition of contamina

tion and the order of magnitude of the concentration. The rea

son for this lies in the relationship expressed in Equation (B). 

However, it is important to remember t~at the deposition velocity 

affects the air concentration as well as the surface concentra-

tion (Equation (7)). 

The probability that more than a single reactor cluster will 

be contaminated at some level following a release of radioactivity 

in the HNEC is .194. This is seen in Tables 4 and 5 for I or 

J ~ 0 and M ~ 7. Similarly the probability of involvement of 

3 or more clusters is .10B. These probabilities should be 

evaluated relative to the conditional probability that a given 

reactor will be the source of the release, which is .05. 

If an air or surface concentration of significance is 

identified and a source term is estimated, Tables 4 and 5 can 

be used to estimate the probability that ~ or more reactors 

will be involved at the significant level or at a greater level. 

ASSQ~ing that the ratio between a significant air concentration 

and release rate is 10-7 sm- 3 , Table 4 shows that the probability 

of 5 or more reactors being involved is .397. The probability 

of 7 or more being involved is .158, and the probability of 13 

or more is .056. Table 5 can be used in a similar manner when 

a significant surface concer.tration is defined and the total 

release is estimated. 

If, for some reasor., the probability that exactly y 

clusters will be contaminated is of interest, it can be conputed 
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TABLE 4. Conditlo::1al Probability That at Least M 
Reactors Would be Contaminated Following 
an Accident at an HNEC. Contamination 
Defined by Normalized Air Concentration 
Equal to or Greater than Tabled Value 

Normalized Number of Reactors 
Concentration 

(srn-3) 3 4 5 7 S 9 11 12 13 16 

1.00 x 10 -5 1.000 .S50 .250 

4.64 x 10 -6 1.000 .S52 .256 .006 

2.15 x 10 -6 1.000 .853 .26S .021 .OOS .OOS 

1.00 x 10 -6 1.000 .S53 .290 .046 .02S .016 

4.64 x 10 -7 1.000 .S65 .313 .069 .035 .024 .011 .011 .011 

2.15 x 10 -7 1.000 .876 .369 .126 .088 .044 .030 .016 .016 

1.00 x 10 -7 1.000 .878 .397 .158 .127 .081 .066 .059 .056 .018 

4.64 x 10 -8 1.000 .881 .409 .172 .138 .098 .085 .079 .073 .023 

2.15 x 10-S 1.000 .884 .417 .lS2 .148 .102 .090 .082 .075 .024 

1.00 x 10 -S 1.000 .884 .421 .188 .155 .108 .095 .086 .078 .025 

>0 1.000 .884 .427 .194 .165 .121 .10S .100 .090 .030 
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TABLE 5 . Conditional Probability That at Least ~1 

Reactors Would be Contaminated Following 
an Accident at an HNEC. Contamination 
Defined by Normalized Surface Concentration 
Equal to or Greater than Tabled Value 

Normalized Number of Reactors Conce.'1tration 
(m-2) 3 4 5 7 8 9 11 12 13 16 

1.00 x 10 -7 1. 000 .850 .250 

4.64 lO-8 
x ..... 1. 000 .852 .256 .006 

2.15 lO-8 x _ 1. OGO .853 .268 .021 .008 .008 

1. 00 x 10-8 
1. 000 .853 .290 .046 .028 .016 

4.64 lO-9 x _ 1.000 .865 .313 .069 .035 .024 .011 .011 .011 

2.15 x 10-9 1. 000 .876 .369 .12G .088 .044 .030 .016 .016 

1.00 x 10-9 
1. 000 .878 .397 .158 .127 .081 .066 .059 .056 .018 

4.64 x 10-10 
1.000 .881 .409 .172 .138 .098 .085 .079 .073 .023 

2'- 10-10 
• .J.~ x 1.000 .884 .·H7 .182 .148 .102 .090 .082 .075 .024 

1. 00 x 10-10 1.000 .884 .421 .188 .155 .108 .095 .086 .078 .025 

> 0 1.000 .884 .427 .194 .165 .121 .108 .100 .090 .030 
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from the information in Tables 4 and 5. This probability is 

equal to the probability ~hat y or more clusters will be con

taminated minus the probability that y+l or more clusters will 

be. For example, the probability that exactly 2 clusters in an 

HNEC would be contaminated following a radioactive release is 

.194 - .108 = .086. 

Appendix B provides information for estimating source terms 

for each release category for several radio-nuclides. Signifi

cant air and surface concentrations can be determined in relation 

to dose rates. 

Model Sensitivity 

In the preceeding section the tables presented give the 

conditional probabilities that at least M reactors will be 

involved at or greater than a given level assuming that a re

lease takes place. A number of assumptions with respect to 

model parameters were required in the computations that pro-

duced the estimates. In this section we examine the effects of 

varying the parameters. The HNEC case described earlier will 

serve as a basis for comparison. 

The effects of variation of the parameters on air and sur

face concentrations can be identified by examining Equations 

(5) through (8). However, our primary interest is in probabil

ities, air and surface concentrations are only part of the 

problem. The summations indicated in Equations (10) and (11) 

tend to mask many of the changes that might be expected on 

the basis of considering concentrations. In other cases the 

effects are as expected but somewhat more diffused. 

Mixing Height. When probability computations were made for 

assumed mixing heights of 500, 1500 and 2500 m, the resulting 

variations in probability estimates were judged to be insigni

ficant. Decreasing the height to 500 m or increasing it to 

2500 m caused changes in probability of less than .01 from the 
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values in Tables 4 and 5. In most cases the changes were .001 

or .002. 

Source and Plume Width. Intui ti vely,' increas i:1g either the 

plume or source width can be expected to decrease concentrations 

at any given distance from the source. Increasing the source 

width increases the distance from the virtual point source to 

the real source and the receptor. 2quation (5) shows that this 

decreases the uncorrected air concentration. However when the 

correction for deposition is considered in Esuation (7) 1 the 

relative increase in the distance to the real source is more 

than that to the receptor. As a result the value of the integral 

in the exponential term is reduced and the exponential term 

approaches unity. This serves to counter the reduction of the 

uncorrected concentration when the actual air and surface con-

centrations are estimated. The net effect of increasing the 

source width may be either an increase or decrease in concen

trations. 

The effect on the conditional probabilities of i:1creasing 

source and plume width are shown in Table 6. For both 22.5 and 

45 degree plume widths, increasing the source width from 100 

to 400 m has no apparent effect on the probability. I:1creasing 

the source width to 1600, with a 22.5 degree plume, i:1creases 

the probability that two or more clusters will be contaminated by 

about 7% and probability of involvement of 3 or more clusters 

by about 37%. With a 45° plume, increasing the source width 

to 1600 m increases the probability of contamination of 2 or 

more clusters by less than 2%, and does not affect the probability 
that 3 or more clusters will be involved. An increase in plume 

width from 22.5° to 45° results in a significant increase i:1 

conditional contamination probabilities. For either a 100 or 

400 m wide source the maximlli~ i:1crease in probability is just 

under 18% for ~ ~ 9. For an assumed source width of 1600 m, 

the maximum increase is about 12.5 % for ~1 ~ 9. 
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TABLE 6. Variation of the Conditional Probability That 
at Least M Reactors Would be Contaminated Following 
an Accident at an HNEC With Source and Plume width. 
Contamination Defined by Air or Surface Concentra-
tion Greater than Zero 

Source Plume M 
Width width 

(m) (0) 3 4 5 7 8 9 11 12 13 15 16 17 20 
-

100 22-1/2 1.000 .884 .427 .194 .165 .121 .108 .100 .090 .030 .030 

400 22-1/2 1.000 .804 .427 .194 .165 .121 .108 .100 .090 .030 .030 

1600 22-1/2 1.000 .092 .529 .297 .245 .193 .141 .108 .108 .048 .040 

N 100 45 1.000 .926 .569 .344 .300 .300 .240 .190 .101 .120 .120 .083 .043 
~ 

400 45 1.000 .926 .569 .344 .300 .300 .240 .190 .181 .128 .120 .083 .043 

1600 45 1.000 .926 .580 .362 .318 .318 .240 .190 .181 .120 .120 .083 .043 



Table 6 is cO:1cerned only '",i t.~ t.he probabil i ty t.ha t r.eactors 

will be in the plume following an accident. It is not concerned 

with the concentration of material in the plume or on the ground 

at the reactors. The effects of changes in source and plume 

width on both plume coverage and concentration are shown in 

Table 7 for a relatively high level of involvement. The concen

tration intervals in the computation used prevent a detailed 

evaluation of the effect on concentration, but trends are evi

dent in the Table. 

Assuming a basic plume width o~ 22.5°, an increase in the 

source width from 100 to 400 ill slightly i:1creases the probability 

of 7 or more reactor involve~ents as seen in Table 7. Since 

Table 6 does not show an increase In i:1volvement, the increases 

in Table 7 must result from increases in concentration due to 

reduction in deposition near the source. Further increasing 

the source width to 1600 m continues to increase the probability 

of 2 or more clusters being involved, but the increases are less 

than those due to the increased plume coverage. As a result 

they cannot be attributed to increased concentrations. The only 

exception to this is for M ~ 5, where the increase is .093 

greater than that due to increased plume coverage. 

For a plume width of 45°, Table 7 indicates that increases 

in source width from 100 to 400 and 1600 m are accompanied by 

small changes in probability. When M is greater than 9 the 

increases must be attributed, in part, to i:1creases in concen-

tration. Changes in probability due to increases in source width 

are generally less than 1% for a 45° wide plume. 

Increasing plume width from 22.5 to 45 degrees increases 

the area covered by the pl~~e by a factor of 2. HmoJever, it 

also reduces the distance between the virtual and real source. 

The net effect is an increase in probability that is less than 

would occur if only the areal increase were considered. 
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TABLE 7. Variation of Conditional Probability That at 
Least M Reactors Would be Contaminated Following 
an Accident at an HNEC With Source and Plume 
Width. Contamination Defined by Normalized Air 
Concentration Greater Than 10-7 sm- 3 or Normalized 
Surface Concentration Greater than 10- 9 -2 m . 

Source Plt.IIre 
Number of Reactors Width Width 

(M)" (0) 3 4 5 ,7 8 9 11 12 13 15 16 --
100 22.5 1.000 .878 .397 .158 .127 .001 .066 .059 .056 .018 .018 

400 22.5 1.000 .878 .397 .160 .129 .081 .067 .06] .057 .019 .019 

1600 22.5 1.000 .886 .492 .259 .203 .153 .096 .066 .066 .027 .022 

100 45 1.000 .908 .519 .286 .210 .180 .128 .07.3 .063 .009 

N 
w 400 45 1.000 .908 .517 .284 .210 .181 .129 .081 .070 .020 .010 

1600 45 1.000 .906 .522 .295 .228 .200 .136 .082 .071 .021 .011 



Energv Center Configuration. The sensitivity of the 

results given in Tables 4 and 5 to the configuration chosen for 

the HNEC was examined by comparison with results of computations 

for 6 other configurations. In each case the average separation 

between adjacent clusters was set at 12.7 km, the same as for 

the HNEC. The configurations selected were a circle, (all 5 

clusters on the perimeter), a cross in which the clusters were 

arranged on perpendicular lines with 3 clusters each, and lines 

with different orientations. The HNEC configuration is nearly 

a line oriented NW/SE. 

Table 8 shows the variation of the conditional probability 

with configuration. The effect of configuration on the maximum 

number of reactors contaminated following a release is 

immediately obvious. If the risks associated with the con

tamination of 3 or more clusters are excessive, a circular 

configuration can eliminate that probability. However, Table 

8 shows that the probability of 2 reactor involvement is 

relatively high for a circular configuration when compared with 

the other configurations. Similar results are seen for the 

cross configuration. 

When a linear configuration is used, the probability that 

all reactors would be involved following an accident will always 
. + 

eXlS~. But, in general, linear configurations have relatively 

low probabilities of 2 cluster contamination. Comparison of 

the probabilities for M ~ 7 shows that variation of line orienta-

~ion has a significant effect. ~otating line orientation 43° 

from N/S to m~/SE increases the probability of 2 cluster involve

ment by a factor of 3 and 3 cluster involvement by almost a 

factor of 3. 

While the variations just discussed appear to be real, the 

basic model used in the computations combined with the climato

logical resolution of wind direction can lead to unreal 

variations. A small «10°) reorientation of a configuration 
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TABLE 8. Variation of Conditional Probability That at Least 
M Reactors Would be Contaminated Following an 
Accident at an HNEC with NEC Geometric Configura
tion. Contamination Defined by Normalized Air or 
Surface Concentration Greater than Zero. 

Configuration 

lJNEC 1.000 .884 .427 .194 .165 .121 .108 .100 .090 .030 .030 

N/S Line 1.000 .862 .300 .063 .055 .055 .049 .039 .039 .033 .023 .019 

NH/SE Line 1.000 .086 .390 .190 .160 .160 .152 .112 .112 .104 .064 .058 

E/W Line 1.000 .867 .321 .111 .098 .098 .070 .053 .053 .048 .031 .027 

NE/SW Line 1.000 .066 .319 .104 .095 .095 .064 .050 .050 .043 .030 .024 

Cross 1.000 .091 .471 .265 .216 .178 .033 .033 

Circle 1.000 .881 .406 .236 .183 .091 



with respect to prevaili~g wind directions may significantly 

alter the probabilities computed. And in some cases can alter 

the ma~imum number of clusters that could be involved following 

a accident. Reorientation of the HNEC by a few degrees (or 

changing the orientation of the sectors in which wind directions 

are reported) would increase the maximum number of reactors 

involved to 20. These changes are artifacts that limit the 

utility of the results in a quantitative sense. 

Cluster Spacing. The conceptual HNEC is not typical of 

many energy centers because it is relatively widely dispersed. 

Therefore each of the seven cases was reevaluated with spacing 

between clusters reduced by a factor of 4. Reducing spacing 

by a factor of 4 reduces the distance from the virtual point 

source to the receptor without changing the distance between 

the virtual and real sources. This increases both the corrected 

air and surface concentrations by more than a factor of 4. 

However, the reSUlting changes in probability are generally 

less than a factor of 2. 

Table 9 shows the conditional probability for a relatively 

high level of contamination for both close and wide spacing. 

Relatively small increases in probability are shown for 2 

cluster involvement when the spacing is red~ced. The increases 

in probability are relatively large for 3 and 4 cluster involve-

ment. 

For a more detailed examination ef the effects of spacing 

Table 10, which gives results for the ENEC configuration with 

close spacing, can be compared with Table 4. With close spacing 
- . 

the highest level of 2 cluster contamination occurs at X/Q. > 

-5 -3 
4.64 x 10 sm ,while fer the standard H~EC it occurs at 

x/Q ::: 4.64 x 10- 6 sm- 3 In general, for a given M and a fixed 

probability, the level of contamination is about an order of 

magnitude greater for the closely spaced ENEC that it is for 

the widely spaced center. 
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TABLE 9. 

Configurati?n Spacing 

N/S Line 

Mv/SE Line 

E/W Line 

NE/SW Line 

Cross 

Circle 

C 
W 

C 
W 

C 
W 

C 
W 

C 
W 

C 
W 

C 
W 

variation of Conditional Probability That at Least M 
Reactors Would be Contaminated Following an Accident 
at an HNEC with Configuration and Spacing Between 
Clusters. Contamination Defined by Normalized Air 
Concentration Equal to or Greater than 10-7 sm- 3 or 
Normalized Surface Concentration Equal to or Greater 
than 10-9 m- 2 • 

Number of Reactors 

3 4 5 7 8 9 11 12 13 15 16 20 

1.000 .884 .427 .194 .165 .121 .108 .100 .090 .030 .030 
1.000 .878 .397 .158 .127 .081 .066 .059 .056 .018 .018 

1.000 .862 .300 .063 .055 .055 .049 .038 .038 .032 
1.000 .860 .293 .055 .040 .032 .021 .011 .011 .002 

.022 .017 

.001 

1.000 .886 .390 .190 .158 .156 .145 .105 .105 .095 .059 .050 
1.000 .881 .370 .162 .121 .110 .090 .041 .041 .016 .009 

1.000.870.340.130.098.097.068.052.052.046.029.025 
1.000 .865 .314 .102 .081 .075 .042 .018 .018 .005 .005 

1.000 .866 .319 .104 .093 .092 .059 .046 .046 .038 .026 .020 
1.000 .862 .304 .081 .062 .056 .024 .012 .012 .002 .001 

1.000.891.471.265.216.178.033.033 
1.000 .885 .433 .216 .173 .137 .019 .019 

1.000 .881 .428 .258 .205 .091 
1.000 .877 .386 .206 .159 .082 



TABLE 10. Conditional Probability That at Least M 
Reactors Would be Contaminated Following 
an Accident at an HNEC, Assuming Close 
Spacing. Contamination Defined by 
Normalized Air Concentration Equal to or 
Greater t~an Tabled Value. 

Nonnalized Number of Reactors 

Contration 3 4 5 7 8 9 11 12 13 

(sn-3) 

1. 00 x 10 -4 1.000 .850 .250 

4.64 x 10-~ 1.000 .852 .257 .009 .005 .005 

2.13 x 10-5 1. 000 .853 .268 .021 .012 .008 
,.. 

1.00 x 10-=> 1.000 .853 .285 .040 .024 .014 

Q.64 x 10-6 1.000 .861 .313 .070 .038 .019 .004 .004 .004 

2.15 x 
,-

10-0 1.000 .872 .353 .114 .070 .037 .022 .016 .016 

1.00 x 10-6 
1. 000 .380 .398 .163 .129 .075 .061 .052 .052 

4.64 x 10-7 1. 000 .881 .414 .179 .148 .103 .090 .082 .074 

2.15 x 10-7 1.000 .884 .420 .187 ,--._=>:l .112 .099 .090 .080 

1. 00 x 10 -7 1.000 .884 .427 .194 .155 .117 .104 .095 .084 

>0 1.000 .884 .427 .194 .165 .121 .108 .100 .090 
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Deposition Velocity. The deposition velocity is the last 

of the model parameters evaluated in the model sensitivity 

studies. Equation (7) indicates that the corrected air concen

tration decreases as the deposition velocity increases. The 

variation of surface deposition is more complex as shown in 

Equation (8). Differentiation of Equation (8) with respect to 

deposition velocity i~dicates that surface concentration is 

maximized for some value of deposition velocity. The deposi

tion velocity that maximizes surface concentration is a function 

of wind speed, atmospheric stability, and the distances of the 

real source and receptor from the virtual point source. 

Figures 3 and 4 show the effect of deposition velocity on 

the conditional probability with contamination defined by air 

concentration. Figure 3 is for M ~ 7, while Figure 4 is for 

M ~ 11. Both figures show that small deposition velocities 

have little effect on air con6entrations over the range of 

distances in the HNEC. They also show that increasing deposi

tion velocity has more effect at high levels of contamination 

than at low levels. Both of these results are expected. 

Comparison of the figures shows that the reduction of 

probability at large deposition ve"locities occurs more 

gradually for M ~ 7 than it does for M ~ 11. This can be 

explained as a result of the summation over all possible com

binations of sources, receptors and atmospheric conditions. 

Since more source-receptor combinations lead to M ~ 7 than 

lead to M ~ 11, the variation of probability with Vd should be 

more gradual for M ~ 7 as shown. 

- -7-3 As a practical matter, for x/Q ~ 10 sm or less, air 

concentrations computed with Vd ~ .01 ms-
l 

can be assumed to 

be equal to those for non-depositing material. 

The variation of conditional probability with deposition 

velocity when contamination is defined by surface concentration 

is shown in Figures 5 and 6 for M ~ 7 and M ~ 11 respectively. 
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These figures show the general trend that would be expected on 

the basis of the discussion of Equation (8). Again the effects 

of Vd are most pronounced ~or the highest level of involvements, 

and they are more gradual for M ~ 7 than for M ~ 11. 

The predicted maximum in surface concentration is reflected 

in the broad peaks in probability in Figures 5 and 6. These 

peaks occur at deposition velocities of about .01 ms-
l

. 

CONCLUSIONS 

As part of the conceptual evaluation of a Hanford Nuclear 

Energy Center, the reliability of generation is being assessec. 

The purpose of the work discussed in this report was to provide 

meteorological estimates of the probability of multiple reactor 

contamination following an accidental release of radioactivity. 

In this context the primary results of the study are contained 

in Tables 4 and~. This section summarizes the results in 

these tables and in the section on model sensitivity. 

The conditional probability that contamination would be 

confined to the reactors in a single cluster in the HNEC is 

.806 if it is assumed that an accident will occur. The prob-

ability that reactors in two or more clusters would be con

taminated is .194, that for three of more is .108, and that 

for four or more is .030. 

If contamination is :urther de:ined by normalized air or 

surface concentrations at downwind reactors. the probability 

that two or more clusters would be involved at a relatively 
-7 -3 high level (normalized air concentration ~ 10 sm or sur-

-9 -2 face concentration ~ 10 m ) is .1S3. The probability that 

three or more clusters being contaminated at these levels is 

.066. Thus, the probability for two or more clus~ers being 

involved is about 3 times the probability that a given reactor 

will be the source of the release, and the probability of 
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three or more clusters beir.g involved is somewhat larger than 

the probability of a given reactor having the accidental 

release. 

Sensitivity studies indicate that the probability estimates 

presentee in Tables 4 and 5 can be altered significantly by 

changing several of the model parameters. However, the model, 

as applied to the HNEC, is not sensitive to increases in the 

thickness of the atmosphere's mixing layer when the layer 

thickness is greater than 500 m. 

Increasing the assumed width of the source from 100 to 

400 m has no effect on the probability that M or more reactors 

would be downwind of the accident. But, it did increase the 

level of contamination slightly by decreasing the plume depletion 

due to deposition near the source. A further increase in 

source width to 1600 m increases probabilities close to the 

source (small M) by increasing the plume coverage and increases 

probabilities at a distance (large M) by decreasing deposition. 

Increasing plume widths from 22.5 to 45 degrees decreases 

concentrations and increases plume coverage. The net result 

is increases in conditional probability of up to .128 and .047 

for 100 and 1600 m source widths respectively when a relatively 

high level of contamination is considered. 

Changing the energy center configuration can have a signi

ficant affect on the probability of multiple reactor contami

nation. Variations in the conditional probability of factors 

of 3 and more can be obtained by changing the configuration 

and its orientation with respect to the prevailing wind 

directions. In using configuration changes to alter the condi

tional probability, trade offs are required. Reduction in 

the probability of involvement of two or more clusters may 

increase the probability of involving 3 or 4 clusters. 
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Decreasing the spacing between clJsters increases the 

level of contamination significantly, if the number of reactors 

and probability a=e predeter~ined. However, there are only 

small increases in the probability of contamination at a given 

level and number of reactors when spacing is decreased. 

Finally, the model results are sensitive to the choice of 

deposition velocities. Deposition velocities above .01 ms- l 

decrease air concentrations significantly, and this is reflected 

in a decrease in conditional probabilities. They also affect 

the amount of material deposited. The probability of involve-

ment, where involvement is defined by surface concentration, 

is a maximum for the HNEC for deposition velocities of about 
-1 .01 ms As a result, the use of a deposition velocity of 
-1 .01 ms which is consistent with observed values for reactor 

effluents of interest, yields conservative predictions of 

contamination through both air and surface concentrations. 

In the light of the results of the model sensitivity 

studies, the estimates of the conditional probability that M 

or more reactors would be contaminated following a release of 

radioactivity at an HNEC presented in Tables 4 and 5 are con

sidered to be reasonable. Although the estimates can be 

altered by changing meteorological parameters in the models, 

there are no compelling reasons to change them, nor are there 

significant benefits to be gained if the parameters are 

changed. Energy center configuration and spacing are the only 

reasonable means for use in altering the conditional prob

ability of multiple reactor contamination following a release 

of radioactive material. 
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Appendix A 

Reactor Accident Classes 

37 



* 

010. of 
Class 

1 

2 

3 

4 

5 

7 

8 

9 

TABLE AI. Classification of 20s~ulated 
Accidents and Occurrences* 

Description 

Trivial incidents 

Misc. small releases 
outside containment 

Radwaste system 
failures 

Events that release 
radioactivity into 
the primary system 

Events that release 
radioactivity into 
secondary system 

RefuelinG accidents 
inside containment 

Acciden~s to spen~ 
fuel outside contain
ment 

Accident initiation 
considered in design
basis 
Evaluation in the 
safety analysis report 

Hypo~he~ical seque~ces 
of failures 
More severe t~an 
Class 8 

Example(s) 

Small spills 
Small leaks inside 
containment 

Spills 
Leaks and pipe breaks 

Equipment failure 
Serious mal=unction or 
human error 

Fuel defects during 
:1ormal operation 
Transients outside 
expected range of 
variables 

Class 4 and Heat 
Exchanger Leak 

Drop fuel element 
Drop heavy object onto 
fuel 
Mechanical malfunc~ion 
of loss of cooling in 
transfer tube 

Drop fuel element 
Drop heavy object onto 
fuel 
Drop shielding cask -
loss of cooling ~o cask, 
transportation incident 
on site 

Reac~ivity ~ransien~ 
Rupture of primary 
piping 
Flow decrease - steam
line break 

Successive failures of 
~ultiple barriers 
normally provided and 
maintained 

From Reference 10 
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Appendix B 

Accidents Involving Reactor Cores 
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PWR 1 

PWR 2 

PWR 3 

PWR 4 

pm 5 

PWR 6 

PWR 7 

PWR 8 

PWR 9 

BWR , 

BWR 2 

BWR 3 

BWR 4 

BWR 5 

TABLE Bl. Release Ca~egories Following Reactor 
Accidents Involving Core* 

Pressurized Water Reactors 

Stearn explosion due ~o mol~en U0 2 falling in~o water 
followed by missile rupturing containment. 

Core melt and failure of radioactivi~y removal systems 
followed by rupture of con~air.ment. 

Similar to PWR 1 and 2 but involves partial success 
of radioactivity removal systems. 

Core melt with containment not fully isolated, con
tainment radioactivity removal systems have failed. 

Similar to PWR 4 except removal systems operative. 

Core melt through bottom, above ground containment 
intact. Radioactivity removal systems inoperative. 

Similar to PWR 6 except radioactivity removal 
system operating. 

Core doesn't melt, release of activity in the gaps 
of fuel rods, containment fails to isolate properly. 

Similar to PWR 8, except containment isolates 
correctly. 

Boiling Water Reactors 

Similar to PWR 1. 

Core melt after containment over pressure rupture 
caused by loss of decay heat removal systems~ limited 
deposition of radioactive materials. Release directly 
to atmosphere. 

Similar to BWR 2 except ~aterial released through the 
reactor building to the atmosphere. 

Core melt, containment =ai13 to operate properly 
and the leakage is enough to prevent containment 
over pressure rupture. 

Core does not melt, but activity is released from 
the gap of the f~el rods. Activity passes t~rough 
reactor building gas treatment system and is 
released to t~e at~osphere through a tall stack. 

From Reference 11 
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TABLE B2. Parameters of Releases Following Reactor 
Accidents Involving Core* 

Probability Release Warning Fraction of 
Release per Reactor Duration Tiine Core Inventory Released 

Category Year (Hr) (Hr) Xe-Kr I Cs-Rb "Ba-Sr 

PWR 1 9xlO-7 
0.5 1.0 0.9 0.7 0.4 0.05 

PWR 2 8xlO- 6 0.5 1.0 0.9 0.7 0.5 0.06 

PWR 3 4xlO- 6 
1.5 2.0 0.8 0.2 0.2 0.02 

PWR 4 5xlO-7 3.0 2.0 0.6 0.09 0.04 5xlO- 3 

PWR 5 7xlO-7 4.0 1.0 0.3 0.03 9xlO- 3 lxlO- 3 

PWR 6 6xlO- 6 10.0 1.0 0.3 8xlO-4 8xlO -4 9xlO- 5 

PWR 7 4xlO-5 10.0 1.0 6xlO-3 2xlO- 5 lxlO- 5 lxlO- 6 

8 4xlO- 5 0.5 N/A 2xlO- 3 -4 5xlO-4 lxlO-3 
PWR lxlO 

~ 

4xlO- 4 3xlO-6 lxlO-7 6xlO-7 lxlO-ll I-' PWR 9 0.5 N/A 

BWR 1 lxlO-6 2.0 1.5 1.0 0.4 0.4 0.05 

BWR 2 6xlO 
-6 

3.0 2.0 1.0 0.9 0.5 0.1 

BWR 3 2xlO- 5 3.0 2.0 1.0 0.1 0.1 0.01 

BWR 4 2xlO- 6 2.0 2.0 0.6 8xlO-4 5xlO -3 6xlO- 4 

BWR 5 lxlO- 4 5.0 N/A 5xlO-4 6xlO-11 4x10 -9 8xlO-14 

,.-
From Reference 11, Table 5.1 
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ELECTRIC POWER TRANSMISSION 

FOR A 

HANFORD NUCLEAR ENERGY CENTER (HNEC) 

INTRODUCTION 

A study of nuclear energy centers was conducted by the Atomic Energy 

Commission and reported in WASH 1288, Evaluation of Nuclear Energy Centers, 

January 1974. The portion of the study covering a Hanford Nuclear Energy 

Center (HNEC) was conducted by Battelle-Northwest, and a preliminary study 

of transmission of HNEC power was prepared with the assistance of the 

Bonneville Power Administration (BPA). 

In 1975 the Energy Research and Development Administration (ERDA) requested 

a more detailed study of the HNEC, one aspect of which focuses on the trans

mission system. The transmission system was developed through a series of 

technical discussions with BPA personnel responsible for transmission system 

planning. The purpose of the discussions is to further develop a concept of 

a system which will transmit power from HNEC to markets in the Pacific North

west, and to compare it with a system to serve the same loads from dispersed 

generating capacity; the major portion of the dispersed capacity would be in 

the general vicinity of load centers. The latter alternative would follow 

conventional siting practice and is referred to as a distributed (DIST) 100% 

system or case for 1998, and (DIST) 150% case for 2002. 

The planning of a power transmission system is an iterative process 
developed over a considerable time period. This report is an initial itera

tion, and substantial further studies will be required to firm up a trans

mission system from an HNEC, should such a generation expansion develop. 

Some of the required additional studies are presented in the last section of 

the report. 

For purposes of formulating a concept, thermal generating capacity at 

HNEC is assumed to reach 15,000 MW by 1998 (100% case). A transmission system 



to accommodate growth of generating capacity to 23,000 MW by 2002 (150% case) 
or earlier if the rate of load buildup is greater than forecast, is also 
studied. Lastly, general consideration is given to potential expansion of 
system capacity to transmit up to 50,000 MW from HNEC should it be required 

in the more distant future. 

Since the original issuance of this report the Nuclear Regulatory Com
mission completed its study, NUREG-0001, IINuclear Energy Center Site Survey-
1975,11(1) which contains information from this and other transmission studies 

for nuclear energy centers. 

In updating this HNEC study the authors have taken cogniznance of infor
mation and opinions given by other contributors to the NRC study which are 
pertinent to the transmission situation in the Pacific Northwest. Direct 
comparison between the results of this report and those of referenced reports 
can seldom be made since many of the hypothetical energy centers of other 
studies are not benefitted by being in an existing high-capacity transmission 
network. 
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SUMMARY ANO CONCLUSIONS 

Approximately 75% of Pacific Northwest loads are west of the Cascade 

Range, and are now primarily served by hydroelectric plants east of the 

Range. In the future, energy will be supplied primarily by thermal plants, 
and peaking capacity by the hydro system. In 1975 it was estimated that in 

a currently projected development of new thermal generation on the system, 

some 65% of the capacity installed between 1988 and 1998 would be at sites 
to the west, and some 35% at sites to the east of the Range, part of the 
latter coal-fired. In 1978 it is estimated that substantially more than 35% 

of new capacity will be east of the Cascades, but the earlier estimate was 

allowed to stand to better illustrate the effects of distance of generating 

stations from load centers. Under this distributed (OIST) concept the total 

cross-mountain power flow in January 1999 from hydro and thermal plants is 
estimated to be 24,000 MW. Under the HNEC-100% concept the flow would be 

31,000 MW, and under the HNEC-150% concept, 37,000 MW. The estimated West 

Group Area load used for the OIST and HNEC-l OO~~ alternates (January 1999 

peak load conditions) is 56,500 MW. The comparable load assumed for the 

150% cases (January 2003 peak load conditions) is 64,000 MW. 

This study assumes that the resource schedule developed by the Pacific 

Northwest Utilities Conference Committee (PNUCC) will be implemented: that 
all thermal plants scheduled through 1988 will be completed on schedule and 

that generation reserve requirements will be satisfied. Only those plants 
scheduled after 1989 will be free to be located either in distributed sites 
or at the HNEC. 

The major issues examined in the comparison of the OIST and HNEC trans
mission concepts are: (1) type of transmission to be employed and an assess
ment of its technical feasibility, (2) availability of rights-of-way, 

(3) economics, (4) environmental impact, and (5) overall reliability of the 

transmission system. 

The type of transmission selected for bul k power transfel~ from an HNEC 
for the time period studied is overhead AC, 500 kV double or single circuit, 
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a voltage currently used in the PNW system. This type of system can accom

modate growth up to at least 23,000 MW of thermal capacity at an HNEC. 

Significant additional transmountain capacity needs would require 1100 kV 

transmission, which should be technologically proved by the mid-1980s. 

No extensive underground transmission is contemplated during the period 

of this study. Conditions at HNEC terminal switching stations do not require 

it, and throughout the system no right-of-way contingencies are indicated 

that would compel any more than localized undergrounding. 

The major transmission system additions for each concept studied are: 

Number of Cross-Mountain 
500 kV Double-Circuit Miles of 

Case Transmission Lines Line Added 

DIST-100% 2 365 

o 1ST - 150% } 
HNEC-100% 3 545 

HNEC-150% 4 725 

In alternate cases one 1100 kV line could substitute for one or two lines of 

the HNEC-100% case, and two 1100 kV lines could substitute for three of the 

four lines in the HNEC-150% case. In the 1100 kV alternatives, lines of that 

voltage level would be constructed rather than 500 kV lines for those high

capacity circuits to be constructed after 1100 kV technology is sufficiently 

developed (energization by the latter 1980s). There are no plans to replace 

in-service 500 kV lines with 1100 kV lines. Only lines of 345 kV and below 

would be retired for replacement by higher-voltage, higher-capacity lines. 

Transmission switching station bus arrangements shown in the report 

would accommodate line terminals and generating units up to the 23,000 MW 

level in three stations spaced along an l8-mile axis in the Hanford reserva

tion. Power concentration of that level could result in fault currents near 

the limits of circuit breakers now available. Additional development to 

increase interrupting capacity ratings and reduce clearing times is expected 

to be accomplished by the time of HNEC need. 

Rights-of-way are available across the mountains assuming that present 

ones can be utilized and widened as necessary in localized areas. By 
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replacing existing 230 kV and 345 kV lines with 500 kV, and later with 

1100 kV, the transfer capacity of the corridors could be increased up to 

about 87,000 MW. Assuming a 50,000 MW development at HNEC, the cross

mountain capacity required to transmit power to the west from eastern thermal 

and hydro generation would be about 60,000 MW. 

The economics of the alternative concepts are summarized below. The 

costs are for transmission facilities added after 1988, estimated in constant 

1978 dollars. Capital investment required for lines, switching stations, 

series capacitors, and reactive compensation, including interest during con

struction, is estimated to be: 

015T-100% Case 

DI5T-150% Case 

HNEC-100% Case 

HNEC-150% Case 

Investment 

275 

458 

446 

655 

$ Million 
Interest During Construction 

84 

140 

137 
200 

Total 

359 

598 

583 

855 

The difference between the 015T and HNEC-100% case estimates--including 

fixed charges on the above investment, system energy losses, and costs of 

supplying reactive power to the system--is a measure of the added transmis

sion cost burden of the HNEC case. The annual cost differences range up to 

$74 million in 1998 as generating capacity at an HNEC increases from 3600 MW 

to 15,000 MW. Under peak load conditions system losses are 300 MW greater 

for the HNEC-100% case over the 015T-100% case and 550 MW greater for the 

HNEC-150% case over the 015T-150% case. 

The effective added unit cost, i.e., the costs of the added transmission 

plant going into service after 1988 divided by the capacity of, or energy 

from, HNEC plants coming on line after 1988 is estimated at: 

$6.80 per year per kilowatt of capacity, or about 
1.0 mill per kilowatt hour at 75% plant capacity factor. 

The added cost burden estimated above is one measure of the penalties 

that must be offset by the benefits of an HNEC, if HNEC is to be attractive 

from an economic standpoint. This unit cost burder. is average for all HNEC 
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plants and corresponding system loads. Individual HNEC generating plants 

with output wheeled to specific load centers may have greater or less added 

unit transmission cost. 

The estimated costs of the HNEC-150% case were compared with preliminary 

estimates of the OIST-150% case to ascertain whether the added transmission 

cost for an HNEC would increase or decrease with expanded generating capacity 

and expanded transmission capacity. As generating capacity increased from 

15,000 to 23,000 MW, the transmission cost per unit of energy transmitted 

decreased, thus indicating that the 500 kV transmission system described is 

an attractive economic choice. 

Environmental factors can be summarized as follows: 

• 4500 acres in new rights-of-way for OIST versus 4745 acres for HNEC-

100% and 5405 acres for HNEC-150%. The HNEC cases require greater 

acreage in agricultural, range, and forest land than the OIST case, 

but somewhat less in residential/industrial land. 

• More visual intrusion in cross-mountain corridors caused by (larger) 

500 kV towers replacing 230 kV towers--one additional line for the 

HNEC-100% case and two additional lines for the HNEC-150% case, as 

compared with the OIST case. 

System reliability factors can be summarized as follows: 

• With respect to internal failures and common hazards, up to and includ

ing loss of all lines in a corridor, the HNEC system could be designed 

to have a reliability essentially equal to that of the 01ST system . 

• Several events such as tornado, major earthquake, etc., could conceivably 

destroy one or more of the three switching stations at the HNEC. However, 

the risk of loss of generation because of station failure does not add 

significantly to the risk of generating plant outage or transmission 

line failure from the same event. 

The heaviest power flows for the OIST and HNEC cases are in the corridor 

running southwest from HNEC. Reliability effects of interruptions of flow 
in this and other corridors have been studied, and the results of the studies 
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have been used in developing a transmission system concept for each alternate 

which would meet the Western Systems Coordinating Council's (WSCC) and the 

Bonneville Power Administrations's reliability criteria. The matter of relia

bility as affected by disastrous events at HNEC also concerns the generating 

plants and is factored into those studies. 

The conclusions, summarized from the above findings are: 

• Transmission of up to 23,000 MW from HNEC markets is considered feasible 

from the standpoints of technology and access to rights-of-way. Tech

nology for the 500 kV concepts is now at hand except for breakers of 

higher interrupting capacity, or solutions for limiting fault current. 

Technology for the alternative 1100 kV transmission should be proven 

by the mid-1980s. 

• The HNEC transmission system concept may have an additional environmental 

impact over that of distributed generation. 

• The estimate of added transmission cost burden of the HNEC case (1.0 mill 

per kilowatt hour) is of the order of 5% of cost of bulk power delivered 

to load centers. 

• Although pverall HNEC system reliability has not been analyzed in detail 

nor its relative level computed, it appears to be as acceptable as that 

of the DIST concept. 

• Looking to the more distant future, 50,000 MW generated at HNEC could 

be transmitted across the Cascade Range. assuming successful development 
of 1100 kV technology. utilizing available rights-of-way with widening 
in some i}laces. 

As indicated by the conclusions, we recommend the following items for 

further study: 

• A more detailed study of the electrical characteristics of the generat

ing plants at HNEC to determine the limits of transient stability and 

economy of size 
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• A detailed study of transmission system requirements to provide station 
service for the plants at the energy center. (This study was conducted 

and is reported in Reference 2.) 

• A more complete study of an HNEC development beyond the 23,000 MW level 
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GENERAL APPROACH 

As the Pacific Northwest electric power system grows~ concentrating new 
thermal generating capacity at Hanford would result in a different average 

transmission distance than would dispersing such capacity~ i.e. ~ placing 

nuclear or coal-fired plants at acceptable sites closer to load centers. 
Economic and environmental penalties due to added transmission requirements 

would be weighed against the advantages of the energy center. 

To assess the differences in transmission investment~ power and energy 

losses~ and land requirements~ between HNEC and distributed generation (DIST) 
alternates~ assumptions must be made on rate of load growth~ probable loca

tion of new thermal generating capacity under usual processes of site selec

tion~ and the availability of rights-of-way for new transmission lines. 

LOAD GROWTH 

An energy center could serve (1) loads dispersed throughout the region~ 

(2) industrial loads concentrated at HNEC~ and (3) loads outside the region. 

In this study~ loads in the two latter categories are ignored~ except to the 

extent that loads at HNEC could affect transmission switching station design. 
Loads attracted to HNEC, which would not exist in the region otherwise~ would 

affect only internal transmission requirements. Transmission to loads out

side the Northwest would involve a different alternative supply than that 

assumed for the regional loads. However~ the study does include the effects 
of presently allowed exchanges over existing tie lines to the Southwest. 

Tables 1 and 2 contain schedules of thermal capacity assumed to be 
installed at HNEC. The tables include all new thermal capacity for the 
region (other than that now committed to other sites) required to meet system 
load growth including allowance for adequate system reserves. It is assumed 

that all units would be of 1250 to 1300 MW gross capacity. 

If the trend is toward more use of coal-fired plants at sites other 

than Hanford, the dates for reaching the designated generating capacities 
of the HNEC 100% and 150% cases would be delayed. This would not invalidate 
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TABLE 1. Assumed Plant Additions at HNEC in Megawatts 

100% Case 150% Case 
Calendar Year Incremental Total Incremental Total 

Through 1988 3,600 3,600 

1990 1,250 4,850 

1991 1 ,250 6,100 

1992 1 ,250 7,350 

1993 1 ,250 8,600 

1994 1,300 9,900 

1995 1 ,300 11 ,200 

1996 1,300 12,500 

1997 1,300 13,800 

1998 1 ,300 15,100 15,100 

1999 1,300 16,400 

2000 2,600 19,000 

2001 1 ,300 20,300 

2002 2,600 22,900 

TABLE 2. Assumed Plant Additions at Hanford 
for DIST Case in Megawatts 

Calendar Year 

Through 1988 

1995 

1997 

2000 

100% Case 
Incremental Total 

1,300 

1,300 

3,600 

4,900 

6,200 

10 

150% Case 
Incremental Total 

1 ,300 

3,600 

6,200 

7,500 



the results of this analysis, however, since the coal-fired plants would be 

incorporated into both the HNEC and D1ST cases and their transmission require
ments met in both. The incremental transmission needs of the nuclear plants 

would still approximate those of the HNEC and DlST cases with generating 
additions timed as in Table 1. 

DISTRIBUTED GENERATION (D1ST) 

In a conventional development of thermal generating resources, utilities 

would select sites that are licensable and that tend to be near load centers. 

Numerous alternatives exist, but from developing trends, it would appear that 

throughout the 1988-98 period about 65% of the new thermal capacity would be 

located west of the Cascade Range in Washington or in Oregon, and 35% would 

be east of the Range, probably in the Mid-Columbia area. These general trends 

have been used in the 01ST cases. 

In 1978, the expected trend in thermal plant siting is toward substan

tially more than 35% of new capacity being located east of the Cascades. 

However, for purposes of this report the DlST sites originally chosen for 

comparison with HNEC are allowed to stand. These original sites are probably 

optimistic or idealistic with respect to closeness to load centers. More 

DlST sites in eastern locations would entail more transmission than for 

western locations. The difference in transmission requirements between HNEC 

and DlST would then be reduced, i.e. become more favorable to HNEC. Use of 
the original D1ST sites in the updating of the report results in the estimates 
of HNEC transmission penalties remaining conservatively high. 

Generating capacity conceivably could develop in a variety of ways, one 
of which could be the installation of coal-fired plants in the Wyoming and 
Montana coal fields with their output transmitted to Pacific Northwest loads. 
This alternative would involve a choice on the part of the responsible utility 

of accepting the costs of transmission in preference to the costs of coal 

shipment. The transmission costs associated with transmission of electrical 

energy from Montana could be much greater than those of either the 01ST or 

HNEC cases because of the greater distances. However, to have any economic 
significance the combined coal-fired plant and its transmission system would 
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have to be compared with the HNEC and its transmission system. This is 

beyond the scope of this study, which evaluates only the transmission dif
ferences between nuclear plants dispersed and nuclear plants concentrated 
at HNEC. A coal plant with its coal transported such as the coal-fired 
plant planned for Carty Reservoir near Boardman, Oregon, could be substituted, 
if competitive, for nuclear plants at any of the study sites. 

AVAILABILITY OF NEW RIGHTS-OF-WAY 

The power system of the Pacific Northwest may be characterized as having 
its major generating facilities, now mainly hydroelectric, east of the 
Cascade mountain range, and its major markets west of the range. Power is 

transmitted westward and southwestward through seven mountain passes. A con
centration of new thermal generating capacity at HNEC would add to the pres
ent power flows through the passes. In forming a concept of a transmission 
system to accommodate HNEC power flow, an important goal has been to confine 
the new lines to existing rights-of-way wherever possible, particularly in 

mountain crossings and other scenic areas. 

This study assumed that corridors through mountain passes would be 

limited to those now available, but that these rights-of-way could be slightly 
widened as necessary. Further, it has been assumed that in the OIST and HNEC 
cases, additional rights-of-way could be obtained as necessary to tie generat
ing plants at new sites in with the existing network. 
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TRANSMISSION SYSTEM DESCRIPTION 

The marketing area for power generated at existing plants, and power 

to be generated in the future in new facilities at HNEC or at distributed 
sites, is that covered by the West Group Area utilities. The members of 
this group are Bonneville Power Administration, Pacific Power and Light Co., 
Portland General Electric Co., Puget Sound Power and Light, Washington Water 
Power Co., and 104 public agency customers of BPA. The areas served are 
shaded on the map of Figure 1. West Group Area loads include BPA and PP&L 
loads in western Montana and BPA loads in southern Idaho. Other loads in 
these areas are in the East Group. 

IDAHO 

OREGON 

c:::::J WEST GROUP AREA 

FIGURE 1. West Group Area of Northwest Power Pool 
Source: Power Outlook, BPA, U.S. Department of Interior, December 1970. 
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HNEC SITE 

The Hanford reservation covers approximately 600 square miles, part of 
which is unavailable, it being used for government facilities, arid lands 
ecology studies, and similar purposes. 

Tentative sites selected for nuclear plants are shown in circles on 
the map of Figure 2, and general areas suitable for the construction of, 
or expansion of, transmission switching stations are shown as squares. 

Corridors considered suitable for transmission lines are also shown. 

Construction of or planning for three nuclear plants by WPPSS in 
area No.1 is in progress, with some switching station equipment now 
installed at the Hanford Station and some planned for the Ashe Station. A 
transmission line right-of-way is being established between the Hanford and 
Ashe Stations. The transmission plant to accommodate up to 23,000 MW at 

HNEC would be expanded from that already in place or planned. 

As shown in Figure 2 the three terminal stations are separated by dis
tances of approximately 6 and 12 miles, with the end stations being 18 miles 
apart. Separation of stations is an element in reliability analysis dis
cussed later in the report. 

It is assumed that only power plant group sites No. 1 through 5 would 

be involved through 2002 and that the higher-numbered sites, or other possible 
locations in the southern portion of the Hanford reservation, would be devel
oped only if expansion beyond 23,000 MW in generating capacity were to take 
place. Each of these general site areas are assumed to accommodate at least 
four 1300 MW units. Terminal switching arrangements and capacity in outgoing 
lines are based on these assumptions. 

DESIGN CRITERIA 

Criteria used in the planning and design of the transmission systems for 

both the DIST and HNEC cases conform with the reliability criteria of the 
Western Systems Coordinating Council and the BPA Basic Planning Assumptions. 
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Criteria used to determine the extent, if any, to which underground 

transmission may be required are: 

(1) At Hanford, underground transmission would be utilized only if 

congestion made necessary clearances impractical, or if needed for 

reliability purposes, i.e., to avoid exposure to common mode fail

ure of multiple major lines. 

(2) At receiving ends, underground transmission would be used only 

when rights-of-way for overhead lines would be unavailable for 
environmental, zoning, or economic reasons. 

DEVELOPMENT OF COMPARATIVE CONCEPTS 

Growth of the existing transmission system as already planned to the 

year 1988 would precede any divergence in growth between the OIST and HNEC 

concepts. The initial divergence in the nature of the physical plant would 

begin to appear in 1989, to accommodate the first of the new nuclear plants 

(beyond the three units now planned for the Hanford location) that would 

begin the HNEC buildup in generating capacity. Differences in initial 

capital outlays between DIST and HNEC concepts would begin to occur about 

1985 in the design and construction of transmission facilities that would 

go into service in 1990. 

All major elements of the comparative system concepts have been considered, 

including lines, switching terminals at the sending and receiving points, 

voltage transformation, reactive supply, generating plant in-house service 
supply through transmission system branch lines, and subtransmission systems 
served from receiving points on the main transmission grid. 

Subtransmission systems and system costs could be affected by the voltage 
levels and by the location of transmission stations at receiving points. 
Costs differences in these portions of the systems could become significant 

if the character of the main transmission system caused greater or lesser 

amounts of subtransmission equipment, including underground cable, to be 

required, or caused the voltages of these cables to be greater or lesser than 

those of the comparative concept. 
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However, in this study of the concepts to be described, no appreciable 

difference in the nature of, or costs of, subtransmission systems in the 

load areas was found. The principal reason is that with the main power 

transmission circuits of the HNEC concept remaining at 500 kV during the 

period studied, which is the same voltage visualized for the OIST concept, 

conditions at the receiving terminals would be similar, and subtransmission 

systems would also be similar. Any underground subtransmission that would 

be required would arise from local conditions and not from the character of 

the main transmission grid. 

Before descriptions of the HNEC and 01ST concepts are presented, it 

should be noted that: 

(1) all lines in both concepts are of overhead construction--in no 

case did application of the foregoing criteria require underground 

transmission in the Pacific Northwest system; and 

(2) although higher voltages were considered for the HNEC concept, 

and 1100 kV remains an alternate, the 500 kV double-circuit line 

was selected, in this study only, for economic comparisons through 

the year 1998; therefore, the voltage of main lines in both the HNEC 

and 01ST concepts is 500 kV, which is presently used in the system. 

DESCRIPTION OF TRANSMISSION SYSTEM CONCEPTS 

The transmission system of the Pacific Northwest as planned to 1988 is 

shown in Figure 3, which includes major transmountain lines to be constructed 
between 1978 and 1988, listed in Table 3. Additions and modifications to 

this base system to accommodate a OIST-100% concept are listed in Table 4 

and shown in Figure 4 over the background of the 1988 system. Additions to 

accommodate the HNEC concept are shown in Table 4 and Figure 5 and 6 for the 

100% and 150% cases, respectively. 

Figure 3 shows only one DC transmission line to the south. A second 

line is in the BPA budget but its construction is not committed. If it is 

built, the load flow diagrams to be presented herein would be modified some

what, but the required east-west transmission lines for the respective HNEC 
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Year 

TABLE 3. Major Cross-Mountain Line Additions(a) 
Between 1978 and 1988 

in Service Miles Descri~tion 

1980 71 Ashe-Slatt 500 kV High-
Capacity Double-Circuit 

1980 155 Slatt-Marion 500 kV High-
Capacity Double-Circuit 

(a) Several smaller system reinforcements are not included 
in this table. 

Note: The above are common to all cases. 

TABLE 4. Major Cross-Mountain Line Additions(a) Between 1988 and 2002 

Year in Service 

La te 1 980s to 
Early 1990s 

Mid-1990s 

Late 1980s to 
Early 1990s 

Early 1990s to 
Mid-1990s 

Mid-1990s to 
Late 1990s 

2000-2002 

180 

185 

180 

185 

180 

180 

Description 

Distributed Case-100% (1988-1998) 

Ashe-Portland Area, 500 kV High
Capacity Double-Circuit 

Grand Coulee-Snoqualmie, 500 kV 
High-Capacity Double-Circuit 

HNEC - 100~ (1988-1998) 

Ashe-Portland Area, 500 kV High
Capacity, Double-Circuit 

Grand Coulee-Snoqualmie, 500 kV 
High-Capacity, Double-Circuit 

Gable Mt.-Portland Area (No.1) 
500 kV High-Capacity Double-Circuit 

HNEC - 150% (1988-2002) 

Lines as in the HNEC-100% case plus the 
following: 

Gable Mt.-Portland Area (No.2) 
500 kV High-Capacity Double-Circuit 

(a) Several smaller system reinforcements are not included in this table. 
(b) Approximate distances. 
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and D1ST cases would not change. Also, the differential transmission losses 
between the HNEC and D1ST cases would be expected to remain approximately the 

same with or without an additional DC line. The primary use of the DC lines 
in the future will be for capacity exchange. The flow in the DC lines at the 

January PNW peak load as shown in the following load flow diagrams, would be 

into the PNW system rather than out of it, except in years in which there 
would be considerable excess hydro energy. This circumstance would not sig

nificantly change the cross-mountain transmission requirements of the compara
tive cases. 

Power flows in corresponding corridors are shown (Figure 7 through 10) 

under January peak load conditions for the level of development of each case. 

In addition to the major cross-mountain 1 ines listed in Table 4, other 

sections of lines will be needed to connect the dispersed generating plants 

with the transmission system as well as to augment local system capacity. 

For the period beyond 1988, the following line additions are common to both 
the DIST and HNEC cases: 

• A single-circuit 500-kV line from Grand Coulee to Bell Substation 
(Spokane), 85 miles. 

• A second single-circuit 500-kV line between Raver and Monroe Substations 
in the Puget Sound area, 40 miles. 

• A second single-circuit 500-kV line from Pebble Springs to John Day, 
35 miles. 

• Portland area reinforcement: 

Harris-Rivergate 500-kV single-circuit line, 15 miles. 

Troutdate-Harris 500-kV double-circuit line, 10 miles. 

In addition to the lines described above, the following lines will also be 

needed for the DIST-100% case: 

• A single-circuit 500-kV line of approximately 30 miles from a Western 
Washington plant site to the Allston Substation (south of Longview). 

• A 50-mile single-circuit 500-kV line from a western Oregon plant site 

to the Lane Substation (near Eugene). 
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For the HNEC cases, an SO-mile line from Marion Substation (near Salem) 

to Lane Substation will be needed. The line construction requirements of the 

several cases are summarized in Table 5. (Some of the smaller line segments 

common to all cases are eliminated in the capital cost estimates to follow.) 

Series compensation would be added to some of the new and existing lines 

as the line loading increased. Capital cost estimates, which follow later 

in the report, include the costs of such equipment. 

Reactive supply equipment also is added as needed. The amount of 

reactive supply required in the various cases, and assumptions made with 

respect to the sources of supply, are discussed under the following section 
on losses. 

The systems generally defined by the above maps (Figures 4-6) and descrip

tions from the bases for the following cost estimates. Peak load power flows 

in January 1999 (Figures 7, 8) and in 2003 (Figures 9, 10) may be compared 

with the total nominal capacities of corresponding parts of the system as 

augmented by the lines described above. For distances involved in this 

report, the approximate nominal maximum capacities of the lines are: 

500 kV 

500 kV 
500 kV 

double-circuit, high-capacity 

single-circuit, high-capacity 

single-circuit, std. capacity 

5000 MW 
2500 MW 
1500 MW 

These nominal ratings are for transmission lines of 150 to 200 miles in 
length within an establ ished 500 kV network. The "standard capaciti' 1 ine 
has 3-Bunting cgnductors per phase and no series compensation. The "high 
capac ity" 1 i ne has 3-Chu kar conductors per phase and 50% seri es compensa ti on. 

The ratings conform with the Revised Line loadability curve of Reference 3. 
Under normal system conditions the peak line loadings would approach the 
nominal capacity around the year 2000. Under outage conditions on parallel 

lines, or with outages in parts of the system such that power flow in an 

alternative path is increased, the flows temporarily could exceed the nominal 

capacity ratings given above, but would not exceed the thermal limits nor 

experience intolerable phase angle differences. 
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TABLE 5. Summary of 500 kV Line Construction (Beyond 1988) 

Double-Circuit (Miles) 

Ashe - Portland 
Coulee - Snoqualmie 
Harris - Troutdale 
Ga b 1 e M 0 u n t a i n - Po r t 1 and No. 1 

Gable Mountain - Portland No.2 
TOTAL 

Single-Circuit (Miles) 

Nuclear (Western Oregon) - Lane 
Harris - Rivergate 

Raver - Snoqualmie - Monroe 
Nuclear (Western Washington) -
A 11 ston 
Coulee - Bell 

Slatt - John Day 
Marion - Lane 

TOTAL 

Total Line Miles 
Total Circuit Miles 

LOSSES 

D1ST (100%) 

180 

185 

10 

375 

50 

15 

40 

30 

85 

35 

255 

630 

1005 

HNEC (100%) 

180 

185 

10 

180 

555 

15 

40 

85 

35 

80 

255 

810 

1365 

HNEC (150%) 

180 

185 

10 

180 

180 

735 

15 

40 

85 

35 

80 

255 

990 

1725 

Under peak load conditions the system losses in the respective cases, 
including the D1ST 150% case, are tabulated in Table 6. 

The peak losses are system-wide, for both the January 1999 and 2003 peak 
load conditions. For purposes of this study it is assumed that the loss 
difference will follow a smooth curve from zero in 1988 through the computed 

points. To convert the peak real power losses (Table 6) to average energy 
losses, the peak loss figure has been multiplied by a loss factor of 0.55 

since the losses are mainly a function of the square of the current, and the 
current is related to the system load factor which ranges from 70% to 75%. 
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TABLE 6. System Pea k Losses 

MW MVAR 
1 OO~b Cases 

(56,500 MW Load Level, 
January 1999) 

HNEC 1850 14,200 
DIST 1550 10,100 

Difference 300 4,100 

150% Cases 
(64,000 MW Load Level, 

January 2003) 

HNEC 2380 21 ,000 
DIST 1860 14,000 

Difference 520 7,000 

Certain assumptions regarding the sources of supply are necessary in 

order to evaluate the effect of differences in MVAR requirements. For 

instance, it is assumed that 25% of the reactive supply will come from the 
generators of the new thermal plants, and 75% from capacitors. Again, it 
is assumed that that buildup of the difference in MVAR requirements will 
follow a smooth curve from zero in 1988 to the designated values in the late 
1990s. 

TERMINAL SWITCHING ARRANGEMENTS 

Conceptual bus arrangements at the HNEC line terminals are shown in 

Figures 11 and 12 for the 100% and 150% cases, respectively. Each station 

allows for one or two generating plants to supply possible local industrial 

load, and one or two positions for outgoing lines to local load centers. 

Generating units up to a total of eight (including one or two for local loads) 

could possibly be accommodated in each station, assuming that interrupting 

duty can be held within acceptable limits. Beyond that, more concentration 
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of power in the switchyard would aggravate problems regarding handling fault 

currents; it would also be inadvisable with respect to exposing too great a 

portion of the system generating capacity to complete failure of a switching 

station. 

Growth of capacity at HNEC beyond 30,000 MW would require a fourth switch

ing station at an appropriate location with respect to the remaining nuclear 
plant sites. 

Safety requirements for nuclear plants specify that two independent off

site sources of power for in-house use be available to each reactor. In modern 

power plant design the normal source is the generator bus. When the generator 

is down, power can flow from the 500 kV system to the station service trans

formers via t~e generator bus. At HNEC the alternate source can be the 230 kV 

system lines in the vicinity of the plants, or the 500 kV system when two or 

more lines terminate in the switching station. The alternates are discussed 

in Reference 2, in which it was concluded that "Either of the two alternate 

curcuit concepts, Concept A or B (230 or 500 kV), studied in detail would be 

acceptable based on safety and operability." Satisfactory station service 

power could be obtained as economically at HNEC as at a OIST site, perhaps 

more so. (Although Figures 11 and 12 do not contain detailed information on 

station service arrangements, such detail can be obtained from Reference 2). 

Bus arrangements for the one, two, or three-unit plants of the OIST con

cept would be of a conventional type. 

CONSTRUCTION 

The construction peak would occur in the period 1988 to 1992 when trans
mission expenditures in the HNEC 100% case would average $17 million per year 
higher tha~ in the 01ST case. This increment of added demand on construction 
markets would be a relatively small fraction of the total regionwide generat

ing and transmission plant construction work anticipated at that time. 

The only added construction complications due to HNEC-100% would be the 

construction of one line, Gable Mountain to Portland, in addition to the other 

two cross-mountain lines to be built in the OIST case. Conditions in various 
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rights-of-way are different, but usually the construction of a 500 kV double

circuit line would entail removal of an existing 230 kV line. Since most of 

the rights-of-way are shared by two or more lines, the 230 kV line must be 

removed and the 500 kV line built without interference with an adjacent active 

line. 

Similar line replacement has been accomplished between Grand Coulee and 

the Puget Sound area. While the degree of difficulty varies with the terrain 

and the line configurations in a given locality, there appear to be no insur

mountable obstacles to the successful completion of such projects. 

By the time this construction is scheduled, there should be ample alterna

tive routes over which the power then being carried on the 230 kV line could 
be carried, while maintaining necessary spare capacity in the transmission 

system for emergencies. No extraordinary system operations managment problems 

are anticipated. 

THE 50,000 MW HNEC CASE 

In a long-term examination of an energy center, it is necessary to judge 

the limitations of the transmission system that would have evolved, specifically 

with respect to continuing growth of the energy center beyond 23,000 MW in 

generating capacity. To this end, some consideration is given in the report 
to expansion or adaptation of the 2002 system to accommodate net power export 

of up to 50,000 MW from an HNEC in the more-distant future. 

If 75% of the added thermal generation would flow to the west, the total 
flow over the Cascade Range from thermal and hydroelectric sources at peak 
load would be about 60,000 MW plus flow from any added eastern peaking 
generation. 

Table 7 gives the potential capacity of rights-of-way available over the 

Cascades if 4 of the 12 rights-of-way are occupied by high-capacity double

circuit 500 kV lines, and if the remaining 8 rights-of-way are occupied by 

single-circuit 1100 kV lines. 

A transfer capability of 87,000 MW is shown in the table, against the 

somewhat lesser requirement of the HNEC 50,000 MW case, indicating ample 
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TABLE 7. Cascade Pass Right-of-Way Capacity 

Convert Cross-Mountain Lines 
{345 kV and bel oWl to: 

Tota 1 Ca~acit~ 
4-5 GW Lines 

Pass 1970 1976 12-5 GW Lines 8-10 GW Lines 
MW MW MW MW 

Stevens 1 ,500 2,600 6,500 11 ,500 
Snoqualmie 550 550 5,000 10, 000 
Stampede 3,700 3,700 17,700 22,700 
Columbia River 950 2,250 11 , SOD 16,500 
Lolo 1,950 1 ,950 11 ,200 21,200 
Mt. Wil son 1,500 1,500 11 , SOD 16,500 
Breitenbush 500 500 5,000 10,000 

Total Capacity 10,650 13,050 68,400 108,400 

System Transfer 
Capabi 1 ity(a) 8,000 10,500 55,000 87,000 

(a) Includes'margin for reliability. 

potential for transfer capacity in available rights-of-way. The total system 

capability for transfer of power east to west allows a 20% reduction in the 

summation of pass capacities for imbalance in loading and for reliability. 
In this analysis the need for the 1100 kV lines would come late enough that 
the technology may be expected to be well advanced and tested. 

Handling that amount of power from one general area would involve many 
questions of system design, some of which are noted in the section on Proposed 
Additional Studies. However, no absolute technological barrier to the accom
modation of 50,000 MW at HNEC is apparent from a transmission standpoint. 

Growth of transmission capability along the lines discussed above would be 
compatible with the system visualized for 23,000 MW, and could progress with

out disruption of system operation. 
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ECONOMICS 

Additional hydro capacity and some pumped storage east of the mountains 
are expected to come on line during the 1988-98 period. The transmission 

system concept for either DIST or HNEC would serve both the new hydro capacity 
and the new thermal capacity at its designated location. Although the new 
transmission facilities will not serve the new thermal plants exclusively, the 

estimated transmission cost difference between the DIST and HNEC-100% cases is 
a result of site selection for the thermal plants only, and therefore repre
sents a true cost burden chargeable to HNEC. For this reason, the emphasis 
in the discussion of unit cost burden is placed on differences between OIST 
and HNEC 100%. In the HNEC-150% case, costs are examined as an extension of 
HNEC-100% costs. 

The capital cost estimates include transmission lines, switching stations 

and series compensation. They exclude (1) transmission lines, other than the 

high capacity lines, which are common to all alternates, (2) transformers, 

(3) subtransmission costs that would be the same for the comparative cases, 
and (4) some costs t~t may be different for the comparative cases but of 
relatively little economic significance, such as 230-kV or 115-kV transmission 

lines for in-house service of generating plants of the DIST or HNEC cases. 

In all cases the estimates are for a series of costs that come from the 
system additions described above, incremental to the base system costs of the 
transmission plant in place in 1988, and that would be incurred to accommodate 
the series of new thermal generating plants to be installed in the alternative 
concepts. 

ECONOMIC GROUND RULES 

1. Estimates are given in constant 1978 dollars. 

2. Losses are to be charged on the basis of cost of new nuclear gener

ating capacity to offset losses, plus estimated nuclear fuel cost 

over the 1988-98 period unescalated from 1978. The resulting esti
mated unit cost of power losses is $112 per kilowatt of demand, plus 

5.5 mills per kilowatt hour. 
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3. Present worth of transmission line cost is computed at an 8.25% dis

count rate representative of anticipated future cost of money to BPA. 

4. The composite annual cost ratio applied to capital cost to obtain 

annual charges is 11.8%. It includes interest and amortization, 

capital replacement, charges for supporting general plant operation 

and maintenance, and general overhead. 

ESTIMATES 

Capital investment is estimated to be: 

Investment 

DIST-100% Case 275 

DIST-150% Case 458 

HNEC-100% Case 446 

HNEC-150% Case 655 

$ Million 
Interest During 
Construction 

84 

140 

137 

200 

Total 

359 

598 

583 

855 

Figure 13 shows the timing of capital expenditures for HNEC-100% case 

versus the DIST case. The difference in capital investment is $171 million. 

The shaded areas represent the added capital expenditures of HNEC over those 

of DIST. The shaded area would be reduced by the areas in 1987 and 1990 when 

DIST investment would exceed that of HNEC, to arrive at the net added invest

ment of $171 million for HNEC, without interest during construction. With 

interest during construction '~he estimated added investment of the HNEC-100% 
case is $224 million. 

Figure 14 is a plot of the differences in value of losses, and fixed 

changes on capital presented in Table 8, which contains estimates of total 

cost differences between the DIST and HNEC-100% cases. 

Energy losses at the assumed unit value of energy increase until the 

added losses due to HNEC reach $41.6 mill~on in 1998 or 56% of the total dif

ference in cost between the two cases. The costs of reactive supply are rela

tively low. 
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TABLE 8. Added Transmission Cost(a) Burden for 
HNEC-100% Case Versus DIST-100% Case(b) 

Fixed Cost of Tota 1 
Charges on Transmission Reactive Discounted 

Year Capita 1 Losses Supply Total to 1989 

1989 2.4 0 0.5 2.9 2.9 
1990 2.4 2.8 1.1 6.3 5.8 
1991 0.4 6.9 1.5 8.8 7.5 
1992 21. 5 11. 1 2. 1 34.7 27.4 
1993 21. 5 15. a 2.7 39.2 28.5 
1994 1.8 19.4 3.3 24.5 16.5 
1995 26.3 24.2 4.0 54.5 33.9 
1996 26.3 29.8 4.6 60.7 34.8 
1997 26.3 35.3 5.3 16.9 35.5 

1998 26.3 41.6 6.4 74.3 36.4 

372.8 229.2 

(a) millions of (1978) dollars 
( b) difference between case estima tes 

Figure 15 shows year-by-year the unit cost difference derived by dividing 

the extra transmission costs for the HNEC case by the energy delivered to the 
system by HNEC generators added after 1988. The varying costs and line load-
ings at the beginning of the la-year period result in fluctuating unit cost 

differences which stabilize at about one mill per kilowatt hour when all lines 

are in service and become well loaded. The levelized (at 8.25%) HNEC unit 
cost burden for the period would be about 1.0 mill per kilowatt hour as shown 

in Figure 16. 

In a preliminary comparison of the 15m~ cases, the added annual transmis

sion cost burden of the HNEC in 2002 was found to be approximately the same 

as for the 100% cases in 1998, and the added cost burden per unit of energy 

transmitted less than that of 1998. Prior to the end of this period some 

1100 kV lines may come into service, which could modify the economics of 

transmission. 
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A summation of the economic effects of the HNEC follows: 

• Additional transmission capital investment with interest during construc

tion in the HNEC-100% case over that of the 0IST-100% case would be 

$224 million over the 1985-95 period. 

• Added cost burden on the HNEC-100% case including losses would be: 

- Annual costs ranging up to $74 million in 1998. 

Unit costs of $6.80 per year per kilowatt of capacity in generating 
plants added after 1988, or about 1.0 mill per kilowatt hour generated. 

• For the HNEC-150% case, estimated capital investment would increase from 
the $446 million of the 100% case to $655 million. The difference in 

annual costs between the HNEC and 01ST 150% cases indicates that cost of 

transmission per unit of energy transmitted would decline as the HNEC 

capacity increased from 15,000 to 23,000 MW. 
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ANALYSIS OF SYSTEM CONCEPTS 

This section of the report briefly examines the reliability, reserve, 

technological development and environmental aspects of the OI5T and HNEC 

concepts. 

RELIABILITY 

The reliability of the 01ST and HNEC transmission concepts can be compared 

by examining the probability and consequences of system disturbances in each 

case; i.e., the probable frequency of outages, the amount of load to be drop

ped, and the duration of the service interruption. 

The economy of system design requires that although many kinds of dis

turbances and equipment failures can be accommodated without any loss of load, 

other kinds would involve temporary loss of load in certain areas in the pro

cess of isolating the troubled area and thereby protecting the rest of the 

system. Criteria governing the design of the syste~ determine where the line 

is drawn between accepting some loss of load and investing in more capital 

plant to avoid any loss of load. In general, the reliability criteria now 

in effect would apply to both concepts, but the method of interconnection 

to conform to the reliability criteria could result in greater expectation of 

load loss in the HNEC case because of the system configuration. 

In addition to differences in configuration, differences in technology 
could affect reliability, at least temporarily, through the learning-curve 

effect taking place as equ1pment of the new design is placed in commercial 

service. However, consideration of such effects is not included here, first, 

because the 500-kV system involves a minimum of as-yet-unproven technology, 
and secondly, because the ongoing expansion through the use of 1100-kV (con

sidered an alternate) is an extension of present overhead transmission tech

nology rather than a new departure, and its use can be deferred until adequate 

testing programs are conducted. 
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Exposure 

Exposure to transmission system outages, which mayor may not involve 

load outages, would be greater in the HNEC case because of (a) more miles of 

transmission line, (b) more power carried over certain rights-of-way, and 

(c) a greater concentration of both switching station equipment at HNEC and 

of transmission lines in the general vicinity of the Center. Category (a) 

could add some exposure to line equipment failure, but such failures would 

normally be accommodated without load dropping in both OIST and HNEC concepts 

and may be eliminated as a source of potential difference in reliability 

between the two concepts. 

Exposure to damage from external causes is of more concern. Possible 
causes that could act upon exposure categories (b) and (c) are listed below: 

Possible Cause of Failure 

Tornado 

Flood 

Avalanche 

Brush fire 
Icing from storms 

Earthquake 
Aircraft crash 
Sabotage 
Ashfall from Cascade volcanoes 
Abnormal condition at adjacent 
nuclear plants; radioactive dis
charge as affecting accessibility 
Militaryattack(a) 

All Lines in 
Rights-of-Way 

x 

x 
X 
X 

x 
X 
X 

X 

Switching Stations 

x 
X 

x 
X 
X 
X 

x 
X 

(a) Consequences of military acts are to be considered in other studies. 

Line Outages 

Line outages as discussed here include both circuits of a double-circuit 

line. The following statements refer to steady-state conditions with load 

shifts made under stable conditions. Transient stability effects are dis

cussed in a latter section on stability. 
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Both the HNEC and OI5T system design concepts respond to the loss of any 

line without interruption of service to loads on any part of the system. In 

the HNEC-150% case the most heavily loaded line to the Portland area would 

have a peak load of about 4500 MW with 23,000 MW of capacity at HNEC. Load 

on that line, or on any other line considered crucial, would be shifted to 

other lines of the network without any loss of load. Although a particular 

line may be more heavily loaded in the HNEC than in the OI5T case, more spare 

capacity is provided in other lines in the network, and the consequences (no 

load loss) would be the same for the OI5T and HNEC cases. 

Loss of All Lines in a Right-of-Way 

The design criteria permit some controlled dropping of interruptible and 

firm load in the event of loss of all lines in a right-of-way. In some situ

ations this could cause loss of more load in the HNEC case than in the OIST 

case. However, if a single right-of-way would have only one major line, along 

with one or two 230 kV single-circuit lines, 80% of the capacity in the right

of-way would be in the major line. If system design is such that the loss of 

the major line could be accommodated without any loss of load, the chances are 

that in most situations simultaneous loss of the minor lines could also be 

accommodated. 

If the major lines described heretofore were placed in separate rights

of-way, the difference in reliability of the two concepts for loss of all 

lines in a right-of-way would probably be insignificant. 

Loss of an Entire Switching Station 

Under the design criteria, loss of an entire switching s~ation could 
entail dropping of some interruptible and firm load, and dropping of generators. 
In the HNEC case, since more generating capacity is connected to a single 
switching station than in the OIST case, more load may be dropped. 

However, here again extenuating circumstances exist in that the two 

adjacent thermal generating groups and the hydro plants in the eastern part 

of the state with their reserve capacity may be able to pick up most or all 

of the generating deficit. All generators on one switching station would con

stitute from 10 to 14% of total on-line system generating capacity depending 

on the stage of development and the point in the loading condition at the time. 
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Although loss of an entire switching station could have more serious 

reliability consequences with the HNEC c~ncept, the probability of such a 

loss is very low. The switching structure and apparatus would be spread 

over many acres, and under ordinary conditions it is highly unlikely that a 

section in trouble could not be isolated; thus, the amount of generation 

lost in a specific incident may not be more than in a DIST situation. 

The risk of interruption of up to 8.4 GW power flow at an HNEC switch

ing station serving seven generating units, because of a disastrous event 

affecting the station, is evaluated in Reference 4. The probability of occur

rence of such events is given in Table 9 taken from the referenced document. 

From the table, the probability of a major power interruption at a switching 

station because of the occurrence of any of these events is 4.3 x 10-6 per 

year, or·once in 230,000 years. The estimated probable time in which the 

station could be returned to service following such an event is 25 days. 

The risk of interruption of pmver at a DIST switching station is some

what higher, but the maximum power interruption would be 4.8 GW instead of 

8.4 GW. 

TABLE 9. Risk of Interruption of 50% or More of the 
Power Flow through a Switching Station 

Tornado 

Aircraft Crash 

Flood 
Earthquake(a) 

Radioactive Release(a) 
Ashfall(a) 

Probabil i ty, 
Events/Year 
4.0 x 10-6 

1.7 x 10- 7 

1 0 1 0
-7 . x 

Probable Outage 
Time, Days 

25 
40 

15 

(a) Failure of a switching station from such events would 
add nothing to the risk of loss of generation on the 
system arising from the impact of the same event on 
the generating plants feeding into the switching station. 
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From these estimates, HNEC switching station exposure to external events 

would not significantly reduce the reliability of the transmission system. 

One further point is to be noted: the Gable Mountain station is shown 

as having two major outgoing lines (HNEC-150% case). If a station incident 
opened both lines, the load drop consequences could be greater than for 

potential incidents of this type in the D1ST case. These lines are to be 
kept in separate rights-of-way for obvious reasons. 

Simultaneous Loss of Two HNEC Switchinq Stations 

As analyzed in Reference 4, single events that are sufficiently wide

spread to impinge on two switching stations simultaneously (limited to earth
quake, ashfall, and flood from a Grand Coulee Dam failure) would also cause 

failure of the generating plants. Therefore, the switching station risk 

adds nothing to the overall risk of loss of generation to the system. Con

ceivablya single tornado could strike two switching stations without affect

ing the generating plants, but the probability is very low, of the order of 
1 x 10- 7 events per year (once in 10 million years). 

Failure to Clear High-Current Faults 

As noted under a following section on IITechnological Development Aspects," 

the high fault currents of an HNEC with the bus arrangements shown would be 

close to the limit of present state-of-the-art interrupting capacity. It is 
assumed that future development effort will further increase the capacity 

I 

ratings and reduce clearing times. If so, the reliability of fault clearing 
equipment would presumably be as great as that of circuit breakers applied 
in the DIST alternative. If adequate development results have not been 
achieved by the time of need, the design would have to be such as to limit 
fault currents by subdivision of buses, use of reactance, or other measures, 
at added cost. 

The extent to which an HNEC might be more vulnerable than D1ST to major 

power interruptions from failure to clear high-current faults is explored in 
Reference 4. The major concern is that the first two circuit breakers in 
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the protective sequence would fail to clear the fault thus precipitating 
system instability. The probabilities entering into a comparison of HNEC 

and DIST risk are: 

(1) The probability of occurrence of the causative event, i.e., a 

heavy short circuit or ground on the transmission system, 

(2) The probability of successive failure of two breakers for any 

reason (same failures are not due to high fault currents), and 

(3) The probability of the system becoming unstable before further 

backup breakers have cleared the fault. 

In the comparative positions of HNEC and DIST with respect to these 

probabilities there is no clear difference in Items (1) and (2), but there 
is some disadvantage to HNEC in Item (3). The disadvantage would be with 

the uncleared fault being near a larger block of generation. Estimates of 

the numerical value of probabilities (1) and (3) were not available. The 

value of item (2), the failure rate of modern circuit breakers, is 0.005 

(once in 200 attempts) for each breaker. 

Even though HNEC is at some disadvantage in the above comparison, the 

frequency of a fai1ure-to-clear event would be very low as determined by 
the presence of the factor (0.005)2 = 0.000025. It can be concluded that 

under the above assumptions the reliability of the transmission system would 
not be significantly downgraded by HNEC exposure to greater fault currents. 

Stabi 1 ity 

The Pacific Northwest system of 1988 with its "distributed" hydro and 

thermal generation will be a closely coupled system, with internal inter
connecting transmission lines of relatively high capacity, thus enhancing 

internal system stability. The greatest stability problems would be those 
concerned with angular swings between the Pacific Northwest and Interconnected 

adjacent systems, those of California, Canada, Idaho and Montana. 

System conditions consistent with internal stability will remain in the 

DIST case if interconnecting ties between the new distributed generating 

stations and existing stations are of sufficient capacity. In the HNEC case, 
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internal system stability will be maintained if the total capacity of the 
ties between HNEC and existing generating stations are proportionately as 

great as that which now exists in the interconnections between Grand Coulee 
and other generating plants. Preliminary studies indicate that the require
ment would be met by the systems described heretofore for both cases. 

Although thorough stability studies have not been conducted on the HNEC 
cases, preliminary studies indicate that the angular swings occurring when 

major loads or lines are lost would not be excessive and could be kept within 
acceptable limits by means now employed in various places on the system. 
These include fast fault clearing (one cycle breakers), dynamic braking resis
tors, fast relaying, and controlled dropping of generators and/or loads. 

The results of the preliminary study on stability are summarized bel 0\1/: 

• Internal system stability could probably be maintained without great 
difficulty in either the DIST or HNEC concepts. 

• Stability between the PNW and adfacent systems will be affected in much 
the same way by both concepts, the major consideration being the total 

increase in generating capacity relative to the capacity and loading of 

tie lines with other systems. 

To summarize the foregoing section on reliability: 

• HNEC would be exposed to a very-low-probability class of events that 
could affect reliability adversely relative to DIST, and that class of 
events could not be compensated reasonably by system design measures. 

• In other exposure classifications the HNEC and DIST concepts have 
essentially equal reliability. 

RESERVES 

The existence of a nuclear energy center conceivably could affect the 

amount of the reserves that would be necessary because of 1) a transmission 
pattern that would be different than for distributed generation, and 2) a 

potentially better situation in which to maintain generating plants and make 
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emergency repairs on them. Only the first of these possible influencing 

factors is considered here, the second being a part of the larger HNEC study. 

The Pacific Northwest Utilities Conference Committee (PNUCC), in which 

the Bonneville Power Administration is a participant, has adopted a criterion 

of determining reserve requirements based on the larger of either 1) a reserve 

margin of 12% of estimated peak load for the coming year of a resource schedule, 
increasing by 1% each year until a 20% margin is reached, or 2) the reserves 
required to maintain an annual probability of load loss equivalent to 0.5 plus 

one-half year's load growth. In the first method, the lower reserve levels 
in the early years reflect the predominance of inherently more reliable hydro 

generating units in the system. The higher levels in the later years are 
intended to reflect the impact of adding large thermal plants with higher 

outage factors to the present system. 

It is expected that in the future the reserves will be provided largely 

by hydro plants and pumped storage installations, but that under certain 

conditions reserves will also be maintained in thermal plants. The reserve 

capacity has been and will be available to loads throughout the system under 

the same transmission conditions prevailing normally. 

The amount and placement of reserve capacity are therefore largely 

independent of the placement of thermal generation for both spinning and 
other operating reserves. In either the 01ST or HNEC case large amounts of 
peak power would flow from the Upper Columbia region. Therefore, the availa
bility and cost of reserve power are estimated to be roughly equivalent for 
the comparative cases. 

TECHNOLOGICAL DEVELOPMENT ASPECTS 

In the HNEC concept, in which 4 to 8 generating units may feed into one 

switching station, and with adjacent groups of plants that could make impor

tant contributions to current at a fault near the switching station, fault 

currents could exceed the ratings of circuit breakers now available. 

The 150% case allows an available fault current of 86 kA which is in 
line with the interrupting capacities for the most recent circuit breakers. 
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Within the last two decades the interrupting time of circuit breakers has 

been reduced from 8 cycles of the power frequency to 

500 kV the standard rating is 40 kA and two cycles. 

interrupting up to 100 kA in two cycles at voltages 

two cycles, and at 

Breakers capable of 

up to 800 kV are available. 
Additional research is proceeding in the development of relay-breaker combina

tions at above rating capable of interrupting faults within one cycle after 

initiation. In line with these advances, further research is expected to 

extend interrupting capacities and shorten fault clearing times to one half 
cycle. 

ENVIRONMENTAL IMPACT 

The HNEC transmission concept presented herein, i.e., one limited to 

500 kV AC overhead lines, would have environmental effects similar to those 

of the DIST case, mainly in the categories of visual impact and the amount 

of land ~sed for rights-of-way. 

Differences in visual impact would occur wherever 500 kV towers were 

added or where they would replace 230 or 345 kV line towers. These towers 

are larger than the lower-voltage towers (Figure 17). In the HNEC-100% case 

there would be one additional cross-mountain line of approximately 180 miles 

replacing lower voltage lines over and above that of the DIST case; and in 

the HNEC-150% case, two lines, for a total of 360 additional miles of line. 
Although the higher voltage towers are larger, they have only minor added 

visual impact on most observers when seen in open countryside without a frame 
of reference for size. 

Amounts of land that would be required over and above that already in 
use for transmission rights-of-way are listed in Table 10. The land use 
requirement for the HNEC-100% case is only 5.4% greater than the DIST case. 
It is somewhat greater than that of the DIST case in the agricultural, range

land and forest land categories, but somewhat less in the residential/ 
industrial land category. The requirements of the HNEC-150% case, relative 

to those of the HNEC-100% case, are 14% greater, the major portions being 

in agricultural land. 

51 



(Jl 

N 

STANDARD CAPACITY 
500 KV SINGLE CIRCUIT 

1500 MW 

STANDARD CAPACITY 
230 KV SINGLE CIRCUIT 

300MW 
R. O. W. 125 1 

R. O. W. 125 1 

HIGH CAPACITY 
500 KV DOUBLE CI RCUIT 

5000 MW 
R. O. W. 135 1 

HI GH CAPACI TV 
llOO KV SINGLE C I RCU IT 

10,000 MW 
R. O. W. 1701 

FIGURE 17. EHV-UHV Tower Configuration, Capacity, and Right-of-Way Requirement 



TABLE 10. Summary of Land Use for New 
Rights-of-Way Beyond 1988(a) 

Land Use (Acres) DIST HNEC (100%) HNEC (150%) 

Agricultural 2040 2190 2635 
Rangeland 1695 1785 1%5 
Forest Land 490 555 570 
Residential/ 
Industrial 275 215 215 

TOTAL 4500 4745 5405 

(a) Assumes utilization of existing right-of-way by 
replacing existing lower voltage lines with higher 
capacity lines. 

The use of the large towers will result in increased risk to migratory 

birds. Mortality resulting from collision with radio and television towers 

located along migration routes has been well documented but has not been 
shown to significantly affect population levels. These collisions normally 

occur at greater heights than the planned transmission towers. The role of 
transmission facilities in the electrocution of birds is difficult to evalu
ate since there is little quantitative information available concerning 
mortality. Electrocution involves simultaneous touching of two conductors 
or one conductor and ground. Large hawks and owls are more susceptible to 
electrocution than smaller birds. Recent studies have shown that there is 
little danger of electrocution for even large birds of prey on steel towers 
since these towers have widely spaced conductors. 

The prairie falcon and American peregrine falcon are two species 
threatened with extinction (U.S. Fish and Wildlife, Resource Publ. 114) that 
are likely to come in contact with the proposed transmission corridors. The 
prairie falcon nests in the bluffs along the Columbia River and forages out 
over nearby grassland areas in search of prey. The American peregrine falcon 

also nests along bluffs and cliffs, but it is more secretive. There are no 

known peregrine nests in the vicinity of the transmission corridors but 
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adults may cross them during migration and while foraging. Several pairs of 
nesting prairie falcons have been seen near Hanford along the Columbia River. 
Construction and maintenance activities along the transmission line corridors 
are not expected to have any adverse affects on either species. 

The potential exists for some environmental degradation associated with 

the removal of existing 230 kV circuits and construction of 500 kV double cir
cuit lines. Erosion can occur as a result of vegetation removal and road 
construction activities. Generally, erosion is more of a problem in forested 
areas with heavy rainfall, but the slow rate of vegetation recovery in semi
arid regions can result in significant wind erosion problems. Both soil ero
sion and increased exposure to direct sunlight can adversely affect aquatic 

environments by increasing turbidity and sediment load which lowers overall 

stream productivity. The clearing of cover along stream banks exposes the 
stream to direct sunlight resulting in increased water temperatures. Higher 

water temperatures reduce the oxygen-holding capacity of the water and 
increases the metabolic rate of water-dwelling organisms. These effects are 
minimized by maintaining suitable cover along stream beds. 

Maintenance of transmission line right-of-way would be expected to have 
only a minimal effect as compared to the original construction impact as long 
as vegetation is permitted to become re-established beneath the lines. Vege
tation control beneath the lines serves to maintain the plant community in a 
permanent successional stage but does not greatly reduce the availability of 
suitable wildlife habitat. 

Little environmental impact is anticipated under either the 01ST or HNEC 
design. Greater potential exists for adverse impact with the HNEC configura
tion since greater transmission line mileages are involved for agricultural, 
rangeland and forestland habitats. There are no rare or endangered species 
that would be adversely affected by construction of either design. 
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ALTERNATIVES 

1100 kV AC 

In the Pacific Northwest situation the only real contenders at present 

for bulk power transmission, other than the 500-kV double-circuit lines of 
the preferred HNEC concept, are 1100 kV or combinations of 500 and 1100 kV 

overhead AC lines. With a 500-kV grid already existing, 1100 kV was selected 
at the next overlay voltage level to be considered since this would provide 

greater transfer capacity and more efficient use of existing rights-of-way 

than 800 kV. The 1100 kV line also reflects the criterion that the overlay 

voltage should be twice the existing system voltage level. 

Preliminary review of the feasibility and economy of several alternate 
solutions indicated that 500 kV double-circuit overhead lines would provide 

the necessary capacity and reliability. With transmission additions confined 

within available rights-of-way, HNEC generation levels in excess of 23,000 MW 

can be transmitted with 500 kV lines. Since technology and rights-of-way for 

a 500 kV transmission development are available, it was decided to limit the 

basic alternatives under study to this level. However, since future load and 

resource patterns beyond the year 2000 may require greater transmountain 

transfer capacity than the 500 kV lines would provide, several 1100 kV alterna
tives were studied and compared with the 500 kV cases. This was done to 

anticipate longer-range needs and to compare on a preliminary basis the tech
nical, economic, and environmental requirements and impacts in a combined 
500 kV and 1100 kV development. 

In the study of possible solutions, it was assumed that 1100 kV overhead 
lines and equipment would be available for operation by the middle 1980s. 
Development of technology of 1200 kV lines and equipment has been in progress 
in the U.S. since 1967. BPA has built and operated a 1.3 mile 1100 kV test 
section of line adjacent to the Santiam Substation since December 1976. An 

unenergized test section for mechanical tests was built near Moro, Oregon in 
the same period. It is expected that design parameters for an 1100 kV line 
will be established by the fall of 1980. After two to five years more for 

final development and planning, construction of lines could commence in the 
mid-1980s. 
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Among the problems of the 1100 kV line under study are radio and audible 
noise, other induction effects, biological effects on plants and wildlife, 

and mechanical stresses imposed upon multiple-conductor bundles of the configu
rations planned for 1100 kV. Designs are proposed for electrostatic gradients 
at ground level no greater than for existing 500 kV lines. 

SPA studies thus far indicate that the 1100 kV development appears feas
ible. Assuming positive results from the BPA 1100 kV test program and others 

in progress, a program of 1100 kV system design and development may be imple
mented with the goal of an operating 1100 kV line by the latter 1980s or 
early 1990s. 

For the above reasons, 1100 kV transmission was considered a viable 

alternate, although not the desired choice for widespread use in the 1989-99 
period, primarily because of present economic and technological uncertainties. 

Preliminary work on the merits of different alternatives produced 

Table 11 of comparative losses. Although the cost of losses would be reduced 

by use of 1100 kV, the amount of capital requirement and its timing are dis
advantageous. However, preliminary SPA studies indicate that the 1100 kV 
system would compare favorably with 500 kV on an economic basis. 

TABLE 11. HNEC Alternatives - Loss Comparison 

Description Losses(a) 
MW 

100% Cases 
Three 500 kV double-circuit lines 1850 
One 11 00 kV 1 i ne, One 500 kV double-circuit line 1810 
One 11 00 kV line, Two 500 kV double-circuit lines 1700 

150% Cases 
Four 500 kV double-circuit lines 2380 

2140 Two 1100 kV lines, One 500 kV double-circuit line 

MVAR 

14,200 
13,300 
12,000 

21 ,000 
18,500 

(a) Losses shown are for the total system. Not included in the table are 
two 500 kV high-capacity, double-circuit lines to be completed by 1985. 
These are of the same type as the 500 kV lines in the table but are deleted 
since they are (1) common to all alternatives. and (2) scheduled for com
pletion before 1985. 
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UNDERGROUND TRANSMISSION 

As indicated previously, in the Pacific Northwest region underground 
transmission is not competitive economically with overhead transmission in 
any portion of the comparative systems. However, its use may be required 
for environmental or other reasons in certain portions of the system on a 
limited basis for either the HNEC or DIST system. It is recognized that 
underground transmission that would be feasible in certain circumstance is 
under development in cryogenic and other forms, but it has no place as an 

alternative in this study. 

HIGH VOLTAGE DIRECT CURRENT TRANSMISSION 

An 800 kV DC overhead line is in service between the Pacific Northwest 
and California, but this type of line is economically feasible only over dis

tances greater than those used for bulk transmission within the Pacific North

west marketing area; therefore, it was not considered an alternative to over
head AC. 
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PROPOSED ADDITIONAL STUDIES 

Topics for additional study are suggested implicitly in the foregoing 

discussion. 

(1) A detailed study of the electrical characteristics of thermal gen

erating plants, particularly in the context of a nuclear energy 

center. Among the items to be studied would be transient and 

steady-state stability, short circuit requirements, and economy of 
size, as well as how machine characteristics would effect the 

design and operation of the transmission system. 

(2) A detailed study of transmission system requirements to provide 

station service for the plants at the energy center. Items to be 

studied should include the design of the system, reliability con

siderations including common mode failures, transformation required, 

and the number and type of lines required to augment the present 

system. (This study was conducted, and is reported in Reference 2). 

(3) A more complete longer-range study which will examine development 

of the HNEC beyond the 23,000 MW level and the transmission system 

necessary to accommodate such a development. The study may also 

help in determining a limit on the feasible capacity at the Center 

based on advanced technological and system-design considerations. 
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m,J CLCCDI~JESS .~El r:TSOLATlm,J 

J. V. ~a:nsdell 

Pacific Northwest Laboratory 
~ichland, Washi~gton 

I~TRODC'CTION 

Reactor cooling syste~ e=fl~ents could, ~~der SOQe 

conditions, contribute to an increase in cloudi~ess and a 

decrease i~ insolation (solar radiation received at the earth's 

surface). This report presents the results of an evaluation 

of the potential impact. of a Han':ord Nuclear Energy Center 

(HNEC) on cloudiness and insolation. It is one of a series 

of reports prepared by the Pacific :-rorthwest Laboratory (PNL) 

In the course of an evaluaticn of the energy center concept 

as it might be applied to the Department of Energy is Hanford 

Area in Washington State(1-3). Previous topical reports in 

the series deal with a variety of subjects i~cluding el~c~=ical 
+- .• (4) f' 1 ( 5) h ... d' 1 (6- 8) • 
~ranSmlSSl.On , ue.J.. cyc_e ,. ea~ l.sposa_· .. a.:1Q 

! 0-10' 
reliability of generation\J ) 

The energy center concept involves the grouping of a large 

number of power plants at a cornmon site. An energy center rr'.ay 

also include fuel production and waste disposal facilities. 

Typically the number of power plants considered ranges from 10 

to 40. In the conceptual evaluation of a rtanford Nuclear Energy 

Center both 20 and 40 generating unit centers have been con

sidered, with the 20 unit center receiving the most attention. 

Within an energy center the individual power plants are gener

ally grouped i~ clusters of about 4. 

Thermal power plants cooling systems ultimately release 

a significant amount. of energy to the atmosphere. In current 

desig~s this energy is primarily released as latent heat 

of evaporation of water and sensibl.e heat in the ':orm of 
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inc:r-eased a iV" -.. temperat.ure. 30th the addit.ic:1 'tiater 

inc:r-ease in temperature can c8ntribute to the formation of 

clouds by i~creasing the i~stability of the atmosphere and 

triggering natural cloud for~ation processes. The additional 

water vapor may also contribute to the for~at.ion of clouds by 

directly bringing the air to saturation. 

Increasing the cloudiness will, in turn, alter the balance 

of shor~ wave (solar) and long wave (terrestrial) radiation . 

. An increased cloud layer will increase the fraction of incoming 

solar radiation reflected p:r-ior to reaching the surface. Some 

of the reflected solar radiation will reach the surface as 

diffuse radiation and some will be lost to space. The i:1creased 

cloudiness will also absorb an increased fraction of the long 

wave terrestrial radiation. ~uch of this energy is reradia~ed 

toward earth and is thereby retained in the earth-atmosphere 

system. 

Specifically this re?ort estimates the change in sky 

and the resulting change in solar radiation. It does not attempt 

to distinguish between direct and diffuse solar radiation, 

and it does not deal with the impact of increased cloudiness on 

long wave radiation. 

The report is divided into four sections. In the first 

section we will develop the approach followed in the study, 

starting from estimation of the distributions of cooling 

system effluents, proceeding through estimation of changes in 

sky cover, and ending with estimation in changes in insolation. 

In the second section we will briefly describe the HNEC and 

discuss the aspects of the climatology of the Hanford Area 

that re late to sky cover and solar radi ation. ~ile will then 

develop the specific relationships required to make actual 

estimates of the changes. In the final sections we will examine 
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the estimated c~a~ges, compare ttern ~lth ~or3~ case estimates, 

discuss their s~atistical sig~ifica~ce. and disc~ss the can-

clusions reached. 

Estimating changes in sky cover and solar radiation is a 

complex problem. If approached rigorously as a tiree varyi~g, 

three dimensional problem in atiliospheric diffusion and transport, 

therrnodynwl1ics a..'1d radiative trans fer , it would require resources 

beyond those currently available. Therefore, we approach the 

problem in a series of steps, each of which is treated with 

simplified "back of the envelope" models. Frequently it is 

necessary to resort to use of probability arguments. 

Sky cover is one of the variables included in stand~rd 

weather observations. It is the fraction of the sky covered by 

clouds and is expressed in ten~hs. The amount of sky cover 

reported is a subjective estimate of the observer and net the 

result of a precise measurement. Sky cover observations 

i:1clude the estimated or me.asured height of each cloud layer. 

A ceiling is said to exist when the total sky cover is 6/10 or 

greater. Some weather observations also include cloud types. 

7he cooling system effluents from an HNEC might alter any or all 

of these cloud characteristics. In this study we will concen-

trate on estimating the change in the total sky cover. However, 

in the process of estimating these changes \V'e will postulate 

certain, limited cha:1ges in cloud height and type. 

Changes in sky cover are potentially related to a nlli"TIber 

of factors including: wind direction and speed, atmospheric 

stability, air temperature and h~idity profile, the magnitude 

and distribution of the cooling syste~ effluent releases, the 

time of day and year, and the initial sky cover. To a large 

extent the sky cover change will be a f~'1ction of the magnitude 
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by the co~bi~ed effl~e~ts =~o~ t~e cooli~g SySt2~S. 

t~e change ~ill be a==ected by atmosche~ic stability, temperature 

and h~midity, and the location of the change will be a function 

of wind direction and geometric configuration of the source. 

Finally the increase in total sky cover cannot exceed fraction 

of the sky that is clear. 

Our basic approach is to fi~st t~eat the problem of atmo

spheric diffusion and transport of cooling system effluents to 

identify the location where changes are most likely, and to 

esti~ate the nagnitude of the atmospheric ~erturbation caused 

by the effluents. This is done using a multiple-source, sector-

average, Gaussian diffusion nodel. We will then use the esti

mated magnitude of the perturbations at each location in the 

effluent plume to estimate the fractional increase in sky cover 

at the location. Finally we will use the probability of occur-

rence of the modeled atmospheric conditions (wind direction, 

wind speed and atmospheric stability), and the fractional in

crease in sky cover to modify the climatological sky cover 

probability distribution. The climatological distribution of 

sky cover is assumed to represent current conditions in the 

entire area and is therefore independent of position, but the 

revised sky cover probability distribution is a function of 

position. The revised sky cover distribution is then used to 

estimate the change in insolation at each location. 

The undepleted insolation passing through a plane normal 

to the sun's rays at the top of the earth's atmosphere is 

about 1.95 ly min- l (cal/cm2 -min). This is called the solar 

constant. The solar energy reaching the earth's surface is a 

function of latitude, time of year and day, cloudiness and air 

quality. Usually the energy flux is significantly less than 

the sola~ constant. Hm.,rever, occasionally the combination of 

direct radiation and radiation reflected from clouds can cause 

the energy flux at the surface to approach the solar constant 
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for s:-:o=::--:' periods. sola.::- rac..ia-:'icn 

depends on a nUI:lber 0:: ::ac::o::::-s incluc.ing, t.:J.e arr:ou::t. cf sky 

cover, cloud types, and cloud height.. T~ere are several types 

0:: sola::::- radiat.ion rneaSl.:r2f."len::s, hOWe'l2r -:':J.e ;nos-:. cor.unon is 

measuremen~ of total incoming s~or-:'-waV2 radiat:"OIl received 

a horizont.al surface at -:.he ea::-th's surface. measur2men~ 

does not distinguish between direct and di::fuse ::::-adiaticn. 

To estimate the c~anges in solar radiation reSUlting froT 

increased sky cover, we will make use of -:.he revised sky cover 

probability distribution and empirical relationships between 

sky cover and solar radiation. ~hese relationships, develooed 

using insolat.ion data collec"t:ed at Hanford, provide an estimate 

of the solar radiation that would be expected at each location 

based on the revised cloud distribution. The decrease in 

insolation can then be estimated by comparing current. clirr:ato

logical average values wit~ those estimated from the revised 

cloudiness distribution. 

We will now develop each of these concepts in detail. 

The Diffusion Model 

The multiple-source diffusion model used in this study was 

developed for an earlier HNEC study and is described in de-:.ail 

in Reference (8). It is a sector-average, Gaussian model that 

incorporates reflection at the surface and at an optional upper 

boundary. Individual sources are treated as virtual-point 

sources, and the concentration at each receptor point is 

esti~ated by combination of the concentrat.ions from all sources. 

The sector-average model is described in Section 3.3 of 

Meteoroloav and At.omic Energv - 1968(11), while t.he treatment 

of the reflecting lid is based upon Section 6.6 of Csanady's 

Turbulent Diffusion in the Environment (12) . 

For pu::-poses of this st.udy we will use wat.er as an indica

tor of the modification potential of the cooling system 
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ef~luents. A la~ge increase in at~os?heric ~ater conten~ is 

assumed correS90~d to a ~igh potential for increasing sky 

cover. However, we ~o not claim that the modification wil! be 

caused by any specific process, l.e., saturation or triggering 

an instability. 

The model used to estimate increases in water content 

(assumed -~o be water vapor) is: 

~;here: 

(60 ) 1 • vn 

Q. 
1. 

n 

c 
Z 

u 

x 

z 

h. 
l 

H 

t lexpr(Z-hi+~jH) 2] .l-

. 1- -20 
J=-OO ~ Z 

e.."<Pl(Z+hi +2jH) Z"'J! 
-20 2 

Z 

(1) 

is the increase in water vapor concentration 

at receptor k due to source i, 

lS the water vapor release rate of source i, 

is re!ated to the assumed plume width, ~o' 

by n = IT/~ when ¢ is the radians, 
o 0 

is the vertical dispersion .parameter, 

is the wind speed, 

is the distance between the receptor and 

virtual point source, 

is the height above the ground, 

is the effective height £or source i, and 

is the height of the reflecting lid. 

Equation 1 can be simplified if any or all of z, hi and 

H are zero. The greatest simplification occurs if H is zero. 

In that case the infinite sum is eliminated. If h. is zero 
l 

the two exponential terms can be combined. If z=o the infinite 

sum is twice the s~~ from 0 to 00. if all three are 

zero, the infinite SQ~ and the exponential ter~s are eliminated. 

6 



I~ t~e current applicati8n none 0= ~~ese si~?li£ications is 

ap!?~opriate, b1':-:' the i:1::ini-=e su.rn is tr~J.ncated at j==2. 

In the case of cooli~g t~wer effluents the effective 

height of release is the act'Jal release height plus pl'J.lTIe rise 

due to buoya~cy. 
( 1 "<) 

plune :=ise -- . 

Brigg's for:nulae a:=e used to estimate fi.:1a: 

I~ model com?utatio~s, the B=igqs' 
( ., 4 ) 

for::1'Jlations\- , 

cr are used. ~able 1 gives the Hanford stability classes used, z 
the corresponding Pasquill-Gifford stability classes, and the 

Briggs' n for:nulations. ~z 

T2\BLE 1. Relationships Between cr 7' Atmospheric 
Stability and Distance f:=om the Virtual 
Point Source to Receptor 

Stability Class 
G 

Z 

Pasquill-Gifford Hanford 

A 

B 

C 

D 

E 

F 

G 

Unstable 

Neutral 

Slightly stable 

Moderately stable 

.20x 

.12x 
i /2 

.08x/(1+.0002x)-1 

.06x/(1~.0015x)1/2 

. 03x/ (1+. 0003x) 

.02x/(1+.0003x) 

.012x/(1+.0003x) 

During high wind speed conditions, a standard wake correction 

is applied to the values of a • z 

The Skv Cover Model 
+ 

In the current application, the diffusion model is run for 

each combination of wind speed, direction and at:nospheric 

stability. A~ the c~mpletion of each ~~~ the increase i~ water 

content is used to estimate the increase in cloudiness as a 
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f".l..."1ction of position. T~e climatological c~ange in sk:.r co,:er 

is estimated by s1.l."TL."TIing the resul-:.s fo-= eac~ combination of "."ind 

speed, direction and stability weighted by frequency of occur-

rence of the 'I' ~. COmDlnac..l.On. Fer tl:is initial study we assu..."Tle that 

sky cover is statistically independent of these factors. If a 

more detailed study is warranted, the statistical independence 

will be examined and taken into account as necessary. 

The relationship between the cooling system effluents anc 

increased cloudiness a-=e not well established. A number of 

studies, e.g., References (15) through (17), have used numerical 

models to predict tl:e extent clouds and plumes produced by 

cooling towers. In general these models require more input 

data than is readily available for an HNEC. In addition, the 

models' abilities to adequately handle the synergistic effects 

of multiple effluent sources are open to question. As a result,_ 

we will treat the relationship between effluent concentration 

and increased cloudiness in a highly parameterized fashion. 

We will aSS1.l.~e that an increase in water content at a point is 

directly related to a fractional increase in cloudiness. The 

relationship will be entered in the sky cover model as a table. 

As ::'etter information becomes available, the table can be 

altered and more realistic relationships can be formulated. 

If we let SC represent the sky cover, the amount of the 

sky available for increased cloudiness is (lO-SC). The increase 

in sky cover is then the product of the sky available and the 

fractional increase, f., resulting from a given cooling system 
l 

effluent concentration, i.e., 

~SC* = f. (lO-SC) 
l 

And, the estimate of the corresponding sky cover ass1.l."Tling an 

operating HNEC, SC* is 
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SC* = SC + f. (:'0-5':::) 
l 

~'Je ',viII aSSll.'TIe that. t::e sky cove1:" obser',la~ions at the 

Hanford Meteorology Station are representative of ~he whole 

(.., \ 
\..) ) 

~id-Col~~bia Region so that SC is not a f~~ction of pcsi~ion. 

fractional increase in s~y cove= is a -',,~,-- .. - ...... - --_. '- -~ -~-
of position. Therefore, SC* is alsc a fUJ."1ction of ?cs:.~.:..J::. 

We will treat the temporal variation of average sky cove~ 

by use of probability distributions for SC. These distributions 

will be changed on a ~onthly basis. Systematic diurnal variations 

in sky cover exist, but in the Mid-Columbia region t~ey are small 

compared to the annual variation represented by the monthly 

probability distributions. As a result, they will be neglected. 

It seems reasonable to assume that the relationship betyleen 

cooling system effluent concentration and fractional increase 

in sky cover should have both annual and diurnal variability. 

Because of the limited information on which to base this 

relationship, we will neglect any diurnal variations and treat 

the ann~al variations by altering the conversion table seasonally. 

In the winter we will allow a relatively s~all increase in 

water content to make a relatively large fractional increase 

in sky cover; in the summer a relatively large increase in 

water content will make a relatively small fractional increas2 

in sky cover, and the spring and fall will be treated in an 

intermediate manner. We will examine the sensitivity of the 

sky cover model to changes in the conversion table by modeling 

each season with a "worst case table" in which a small increase 

In water content results in an overcast sky condition. 

After the change in sky cover is estimated at each position, 

the sky cover probability distribution at each position will be 

updated. If we let P (SC) be the climatolocical orobabilitv of o ~ - -
sky cover, SC,and Pw be the joint probability of the given wind 

speed and direction, and atmospheric stability, the c~ange in 
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sky cover 9~~babili~y 'n ~~ SC lS 

t:.?:.C = ? (SC)P ::: a 'IV-
(4 ) 

~~e t:hen update the sky cover probabil.ity distributions at each 

position usinS SC and SC* as indices: 

p~,(SC*) = P~, (SC* ) + ::'P SC 
( 5) 

lJ l' ...J 

and 

( 6 ) 

where P~, (SC*) and P~, (SC) are updated carts of the sky cover 
lJ lJ ~ 

probability distribution at position i,j. Prior to the first 

uodate,P~, (SC) are set equal to P (SC); as the number of 
~ lJ - 0 

conditions modeled increases they take on their own character-

istic s . 

When all atmospheric conditions have. been modeled, we 

compute a new mean sky cover =or each position using Equation 

(7) : 

SC,,¥, 
lJ =L 

SC* 

SC * P,!, ,( sc * ) 
lJ 

( 7 ) 

The initial average sky cover is computed using SC and P (SC). 
o 

Finally we estimate the increase in sky cover as: 

uSC" = SC*" - SC 
lJ lJ 

( 8 ) 

The outputs of the sky cover model are, then: an updated 

probability distribution of sky cover, an estimate of the 

average sky cover assuming an operating KNEC, and an estimate 
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of t~e i::1crease i::1 cli:nato-

logical value. Each cf these ite~s va=ies f=em mcnth ~o ~cn~::1. 

The Solar Radiation ~odel 

The literature en the relationshi? between skv cover and 

solar radiation is relatively extensive and much of it is 
(1 8 \ 

applicable to the current problem. Geiger'- I indicates that 

the ratio of solar radiation on clear days to that on cloudy 

days is about .25 in 

annual average about 

the '."i:1ter, . 5 0 in the Slli"T'mer, and has an 
(19-23) . 

. 40. More recent wc=ks glve 

quantitative relationships between sky cover and radiation. In 

general there relationships show a quadratic decrease , ..., ........ 

radiation with increasing sky coVer. A wide range of m.L.'11erical 

ccnstants in the relationships indicates that the equations are 

rather sgecific to the particular data set used in their 

development. As a result we will use solar radiation and sky 

cover data from Hanford to develop our own relationship. 

The lit~rature (e.g., 20, 24-27) clearly shows that, i:1 

addition tc total sky cover, cloud tYge is a significant factor 

in determining the reduction in solar radiatio:1. In particul3.r 

high, thin cirrifor:n clouds are significantly less effective 

in reducing solar radiation than are lower, thicker clouds. 

The use of total sky cover, including cirriforrn clouds in 

estimating solar radiation tends to underestimate in solar 
radiation(20,25). L~~d(24), and Lund and Shanklin(26) indicate 

that the probability seeing the sun is 6 to 20% greater than 

the probability of a cloud-free line of sight. The difference 

is largely a result of cirriform clouds. Finally Angell and 

Korshover(27) indicate that high, thin cirrus clouds have no 

effect on sunshine. As a result, our treatment of the sky 

cover probability distributio:1 will distinguish between sky 

and low ceilings. 

clouds. 

High ceili::1gs will be treated as cirriform 

, , 
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We will esti~ate the solar radiation at anv ti~e during 

operation of an HNEC as the product of the solar radiation in 

the absence of the ~T2C and a fu.,."1ctio::. tha-= relates sky cove::-

and solar radiation at Hanford. Tha-= l3: 

SR~. = SR ~(SC*,SC) 
lJ 0 

( 9 ) 

where SR~. is an estimate of the solar ::-adiation at ~,J given 
lJ 

sky cover SC*; SRo is the average sola::- ::-adiation and FfSC*,"5"e') 

relates solar radiation and sky cover. 

The average solar radia~ion for a g~ven period of ~l8e is 

found by weighting the estimates of the past HNEC solar radiation 

by the probability of SC*. This is shown in Equation (10): 

SR~. 
lJ 

F(SC*,SC)P~~SC*) 
lJ 

(10) 

where SRo is the appropriate pre-HNEC average. The decrease in 

solar radiation is then simply the difference between SR~. and 
lJ 

SR . 
o 

Prior to developing the table that specifically relates 

cooling system effluent concentration to increased sky cover 

and a mathematical expression for F(SC*,SC), we will discuss 

the HNEC configuration and the Hanford area climate. 

THE HANFORD NUCLEAR ENERGY CENTER 

The conceptual HNEC configuration and the climatology of 

the Hanford area are important because the results presented are 

specific to the HNEC, although the approach described is 

general. 
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The Hanford area situated. , ,..., 
..J... ...... the southern port.io:1 0:: 

Eastern Washington near the Oregon ~or~er as shown in Figure 1. 

The Colurnbia River, \.;hich runs th=ough t::e area, provic.es an 

adequate source of water for the cperation of wet cooling systems 

i:1 the center. 

During the HcJEC conceptual studies nlli"7lerOUS sites have 

been considerec. as potential cl~ster locations. ;'.nalysis of the 

HNEC concept is currently concentrating on a 20 power plant 

center with clusters located at sites 1 through 5 in Figure 2. 

In this report, HNEC specifically refers to pO':.;er plant clusters 

at these locations. Each cluster consists of four power plants 

that assurned to use mechanical draft tOvlers for coolir.g. 

In the computations, the cooling systems for the power 

plants in each cluster a=e treated as a single entity; no 

effort has been made to examine small scale effects. When a 

cluster is to be the effluent source, a virtual point source 

is found using wind direction, stability and an actual source 

\vidth of 1609 !'rl (l mi.). It is assurnec. that each cl:.1ste= will 

occupy approximately 2.6 Km2 (1 sq. mi.). The height of the 

cooling towers is assumed to be 25 ID. Receptors are treated 

as points. A detailed discussion of the source-receptor 

geometry is contained in Reference 8. 

Hanford Diffusion Climatology 

The basic reference on Hanford Climatology is Climatography 

of the Hanford Area(28). Additional information relative to the 

conceptual HNEC is given in Reference 8. In general, the 

climate is typical of a mid-latitude desert-steppe. The pre

vailing wind directions are northwest and southwest, with speeds 
-1 

averaging between 2 and 3 m s and occasional periods of high 

speeds. 
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FIGURE 2. The Hid Columbia Area and Potential 
Cluster Locations for an HNEC. 
Spacing is 8000 M. 

Grid 

Atmospheric diffusion is related to wind and atmospheric 

stability as shown in Equation (1). The joint frequency distri

butions of wind direction, wind speed and atmospheric stability 

required =or diffusion computations involving speci=ic sources 

and receptors are given in Tables 2-5 for Hanford by season. 
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TABLE 2. Spring Percentage Frequency Distribution of Wind Speed 
and Wind Direction aL 200-Foot Level vs. Atlnospheric 
Stability 

_____________ . ___ . __ NNE. ____ Nf ___ EtiE._._.f ____ EsE. __ SE ___ SSE. ___ .S. __ .sSH __ ._SW. _w!w __ 101 __ WNW. __ NIl._NNW ____ N .... VJ..H •. _CJ.LtLIOJAl. . 

o • ..L-ll.Lllt-D-5~~L.Il.l JlLJl t-D-LL.Q.L.L.Q2....D.,.O Lo..ll. ;Lo._~ D..LL] L 0. ~ OJ_o. .. U ___ O ,_ll.6....Jl .... D 6....Jl-t ll. U~] 5...Jl.;] La ~ll. L......L.6 L 
MS 0,16 0.20 0.13 0.14 0,26 0.29 0,18 0.16 0.17 0.22 0.160,31 0.27 0.32 0.31 0,27 n,16 n,22 3,99 

______________ JC_0,~6._D.1L012~.0,JIr_O,-~LDJ-~~--D,09._DIU. Q,1LO,j.7._0;U.O.2~O,1~ 0_.21'_0,34 _Od~~,:S'O.11._1,~L 
U 0.35 O.~o 0.24 0.31 0.23 0.26 0.12 0.11 0.10 0.06 0:01 0.10 0.09 0.16 0.20 0.~4 0.31 0.02 3.72 

. - .~, ~~-. 7- ----v -S -0 ; 0'1 --0 : -01- -Ii • II i . II ,- -.- -0-; '04 -0 ~ -0 (, --ii -,-Ii 4 -0 ; ii -4 -'0 ~ '01'0 ~ -{ 2- -D': i2 0'. i 0 . -° ~ 22- -0 -: 19- -0'; i 1 -'0 • 05 0,·' -. n°. -. ---1 ~ 2 ft 
____ ---.l1Lll~.lJLD~6 0., J 0 .. 2.L.Jl . ..2LL!L..n. .. 2L.n.~.J2_ 0.27 o ... 3LD..t 11L1. nLl.o.J _LD.5....Jl_,62.Jl 1-H--.Q ,nLn._-1 t 3!L 

N 0,33 0.,9 0,~1 0,36 0.28 0.51 0.26 0.34 0.27 0.36 0.33 0.40 0,52 0.73 0,59 0,55 0,00 O. 6,6~ 
_. ______________ U __ .0.7ILQ.1l1.Q~!lLO .. H_O_ •. U_.Q.!HLO,39.D.04Z_l.~HLQ._H.0.26_0.27 0.36 __ 0 .• 62 O.7fLO.90 Q.17 D •. __ 6.H. 

____ !L~..12.. ___ VS O~O1_ 0.01..0.0._0 •. __ 0. • .110_ 0~QLO.06....0.02_!L1I1_ 0.0'-.0.13_0.20 Q,2e 01~9_0;1;S.o."12 Q; _ D •. _1;~~ 
Ms 0,16 0.19 0.16 0~1~ 0.13 0.27 0,31 0,2~ 0.26 0.42 0.96 1.9~ 2,95 1.81 0,61 0.27 0, O. 10,78 
tL_O ,2L.Jl....1.6....Jlt-1.L.O, 11 0, 1 O-L.l.LJl ... .1lL..J421~.lLjl.5LO~~-1l.fll_n. .. 8LO ... 2.Lll,.2LD...2LD t __ D .• ___ 5 t6L. 
U 0,43 D.a7 0.1~ 0.11 0.09 0.23 0.21 0.20 0.40 0,55 0;46 0.27 0.52 1.07 0.~1 0,~3 0,00 O. 5.91 

-'--1-3~-i8' -... VS -0 ;---- -O~-----O-.----· O-~-O-O--O-;-----o~-oi--o~-oi -1I-:----i~o-1--0~-OO--O ;05-0 .11- 0; 2-6-0~-7D-ii;1l7 ·0 ,0C-O-; --- 0, 1; 25 
__________ . ___ MS_0.1O_~.D7 __ 0.Q'_.0_~01--0-~0.2-j).1?- .. 0,Z6.0,09--(l.14_.o.,-H __ l;15 __ 1.611_~,fl~ 2.ZJ 0,21 O.le_ 0,._. 0. __ 1D.~9 

N 0,19 0.08 O.OJ 0,01 0,01 0,05 0,11 0,17 0.32 0.60 0,63 0,61 1,25 0.95 0,06 0,10 0, 0, 5;,9 
_____ -1J_Jl • ..J5.....L..1L.L..n.L'O"..ll-D.JL.O...._H.~'06.-"O" .. 02_L..aL.L.6~.Q~LL'O.2l.-L7..L'O' .. -2.L~_.1L.D_ .. 2'O_...12.. __ 1l. L2~L 

_12~24 _VS 0,-. _ Q. ___ 0J. ___ Q, ____ .Q, ____ 0~OO __ 0,.01.0.01.ll.. _____ 0. ___ 0 •. _(I.Ol0/Q5_0.1LO~OL D •.. -.a;--- 0,-_.0;22. 
MS 0,02 0.01 0,01 0,02 O. 0.02 0,07 0,05 O.l! 0.28 0.47 0.23 1,27 0.96 0,02 0,01 0, 0, 3,54 

.. __________ N __ 0,08 a.OLO,Dl __ O'_o __ O.DO_Jl.o.J 0,05 __ 0,09-11.25- 0.56_0.66 .0.33-1,n¥.O.e7. 0,02.0,D4Q,---. O!--.-"t14 
U 0,09 0.05 0,01 0.01 O. 0, 0.01 0,04 0.19 0.46 0;55 0.18 0.47 0.69 0.02 0.03 O. D. 2.61 

OVER 24 VS O~ 0, 0, 0, 0, O. 0, O. O. 0.01 0;00 0, 0, 0.00 0; o. 0; D. 0;01 
_____________ . _ JoI S _ D , 01 _11 • 0 L 0 L ___ O.f- ____ 0 .. _ _ _ 0 1 ____ 0 ,_ _ _ _ 0 • 0 2 _ 0 ,OS _ 1I.H _ .0 • 11 _ 0 • O;? 0, HQ .;n 0, ____ 0 I 0 1. Jl , _____ Il •. _____ 1 , 11_. 

N 0,02 0.01 OIOg 0,00 0, O. 0,01 O,O~ 0.20 0.63 0.41 0.08 0,66 0.76 0,00 0,00 0, n. 2,84 
_____________ U ___ O_101..0.D~_Jl.ltLQ.I _____ O ... ___ DL. __ Q'__ __ .O"O1.0 .• 14_0.71_0.04.'1 0.1;\ .9.33.0.?1. a.oOO.OO.fl. __ .. !l'- ___ ~.~?_ 

---I au L.s_~S-1l~ .... O'L1U.JlLll.JI LJl ... OLJI. .... H _.D. .. l LJl .. 1LIL..1 2-0 .. 2 Lll~.J LO .. 6. 2 -.o.,Jl L.L1l Lll. ~ J 2....0 • .12.. 0_: llL.D .• 0. ~ ~1 L 
MS 0,62 0.63 0,47 0.57 0.70 1.15 1,07 0.8~ 1.03 1.90 3;41 5.28 9.53 6.71 1,76 1,16 0,18 0.22 37.2~ 

. _____________ N ___ l,15-1.1LO'7LO.,6~-D.7.Ll.Of> _0,69 1.0l1.5.7_.2.86 2;88 2.~!j 4.534.55 1,31.1d2 0,430 1 11_29;0 
U 2.02 1.iJ 0,9a 0.91 0.74 1.10 0.78 0.67 1.49 2.89 2.52 1.23 2.47 4.22 1.53 2,00 o.~a n.02 26.1A 



TABLE 3 . Summer PercentacJe Frequency Di s t r ibu t ion of \\1 ind Speed 
and Wind Direction at 20D-Foot Level vs. Atmo~)pheric 
Stability 

.-.- NN~ _ Nf __ fttf ... f;_ .. __ ~S_E .. ~~ .. S~~_ ... _~ __ .SS\.j. SIL.wfiw_.I:I. __ "!NIl __ .NlL_HNI-I. ___ ~. __ ._I[M1;_GAlt~_JQrAL 

-.Q..~ _3 ___ YS_ 0 ,O~_hQ t_J!.L.-D.l.OL.L.ItLOJ l?_Q ,.01..0._0. Z_g ~ 01_hO ~ __ a .1lLDLQ LQ.~O.LOJO LO;!l L~_L1!.2_D ~Ol_.JI_ • ..o.1_._0 ~:a . 
MS 0,10 0.09 0,07 0.09 0.10 0.1) 0.07 0,10 0.06 0.12 0.16 0.25 0,20 0.24 0,12 0.16 0,10 0.10 2,2ft 
N _.0.~7.QJ~~ h?Q O.?~.O,~5 O,~7.01990t~9 QJ1LO,1!.O_~12 o,11.Q,l-4 _O •. 19 __ 0,?~ Q.~_O_ qr~~ _O.O~._ .~,~:~ 
U 0.36 0.47 0,20 0.24 0.26 0.30 0.18 0.21 0.12 0.20 0~16 0.17 0.12 0.27 0.22 0.43 0.61 0.03 4.55 

4 '·7 vS i,-;o-1-0~-0-i-ri-,-oCO·.O-l-·0·:0-1·-o~62--o~·03·0.0J 0.01 0.04 0;08 0.17 O;16-0-:09"-();-06·0;n·j·o;oo o. 0;7fl 
______ . __ t1L_~1-!7 __ Q.!J~_Q.l! Ul!L!I~-~53_~~1!L ~.!J.L._~!.1.L.Q-!..~.L.Q.:..i;! _ Q..!.~J .!I.I- ~~_.Q..!..~~ __ Q •. 4-4_~ 12 L_~ ,-0 ~ __ ~ L __ 5l~~. 

N 0,38 0.40 0,25 0.34 0. 41 0, 0.29 0.36 0.30 0.41 0.40 0.4 M- 0.46 0.67 0.5) 0,55 0.20 O. 7.00 
U 1;~2_1,a~ _O,H_O.(I.9 o,n 0,91.0,56 o,n1o,n o,80.0.?9.Q,64 Q.t.>l 1_.~1 1.08 l,~I}Q;47 0, _ 1~;B/i 

6 ~t~_. V!l P. o,U _9 .. _0, _ 0,01 O,OLOJOl O.O~ 0,01 0,02 0,06 0.2 3 0,33. Od2 o~p O.o~ n;. 0, t;33 
~S 0.20 0.20 0.10 0.14 0.19 0.16 0,22 0,11 0.09 0.26 0.77 1,93 2,96 1.43 0,37 0,23 n, 0, 9,3ft 

- .. -- -- - _lL_ 0, ~L_O-1-1~-_i.J_n.U~O~_!lJ.1Lh'!ULO_~.h.U? __ O.tJ.L_D.d~ . ...D.,.2LJl_L~~._n I?f!_n~~_!! ~~~_. 0,1 ?_P_I_ _0 J. ___ ~ ;7?_ 
U 0,66 0,49 0,20 0.18 0,15 0,20 0,13 0,16 0.42 0,86 0.75 0.42 0,73 1.47 0,52 0,55 0.01 0, 7.91 

13-18 VS 0; 0;-· ·0-,---·-0·,·· ·o-~·----o~·o·ti--o-,-oi·-o~---· 0:0(0-,01 Oioi-0-;09·0;2;f·0~·86 0,07 0, 0, 0, 1;21'1 
MS 9,07 D,07 .. ~j~~._9,Q~ __ 0_!01._0105 .. Q,l~ .9 •. QJ.O~9~ 0,14 0~56 1,27 ~,9?_ ?_26 9.19 0,07 0, ~J 9,91 
N 0,07 0,0 5 o,oJ 0,01 0.00 0,0) 0,06 0,04 0,11 0,35 0,69 o,7~ 1,60 0.94 0,07 0,06 0, n, 4,8~ 

-------- -- U __ O ,~L~Ll ~9jJ)L.O.I.H_Q.J...!l.~~..Lrr....Q.LOJ_Q.J_o.1-J!.Llt . ...o.~!_~_!Lo.J~!L.Q..I.!U __ lL.~'LQ.J_Q.~_ . .QL! !L..Q J __ .!lL_ ~ J.'!L 

.VS (l, 
HS 0,01 

_ N. 0 I 03 
U 0,04 

_ 0;20 
3,84 
4,l H 
2.60 

·OVtR-24VsO:---O~---0 .-0-,---0-;--0;- 0, 0, o-;--o-,---o-.--o~-----ri~·-iio-D~--o;·--rf;---o-;-o~----·--0;-00·-· 

. , __ .. I-!S_.9. 0,01 0 •. 9 .. ____ 9.t. ___ P,oo .. 0. __ 9,oo 0,9~_0,O~. Q;_Q~ 9.00 p,32 0.63 Q,09 9 ..... 0. _ 0,_ 0,99 
N 0,00 0.01 0.00 0, 0, 0, 0,01 0,01 0,01 0.0 6 O.l~ 0,0 5 1,19 1.19 0,01 0, 0, 0, 3,2B 
IJ _ P.,QO._O.O~_.Q.I)_~._QL ___ 9_ •. __ .0! .. _QI-..o. __ 9_.92.0L14._0~gQ O.9~ .9t2~._1!9?"Q,O! 0, .. !], 0L __ ~I?:'i_ 

Q~Q~_O_tl_LOJ2~_ OJ4~_~1.·1?_\!...?Ltl.;~H _O,IP.li,Q! _Dl.~L~;~fl_ 
0,40 0,89 2.02 4.5110,89 7.06 1,14 0,68 n,14 n.l0 31,86 
0,74 ,.69.?27 2,3 6 5,86 5.981,11 1,10 0,61 0.Q8 27,71 
1.45 2,92 2.65 1,71 2.9' 6.62 1.92 2.17 l,jO 0.03 36,~7 



1--' 
00 

'l'ABLE 4. Fall Percentage Frequency Distribution of Wind Speed 
and Wind Direction at 200-Foot Level vs. Atmospheric 
Stability 

___ ~_.!._ 3_~LQ,Q«LO.DfLQ .• 0l_Q..j lli....Q~ 1 LlLIJ'LJlJ.1J--'otlLQ.~nU...l 06 -hOt-A. 1!._D~lZ_D ... 1 L.tl~l1JL1..Ln_~2._L~.a.~2.~1;! __ ._ 
HS 0,42 0.39 o,l' 0,40 0,'4 0.'8 0.36 0.39 0,31 0. 35 0.3~ 0.51 0,51 0.75 0,67 0.65 0,36 1,00 9,13 

... __ .. .-ND,~I) O,Q? O .• ~i.O,~5. a.n .o.~~ Ot.J~_Pl2.4. O.l? .0,l? 0;14o.I2LO~29 .. D ..... U_O,n .o..H __ O,2LO,O~ __ ·Qt}~---·--
u 0,52 0.,6 0.~9 0,48 0.31 0.34 0,12 0.09 0.06 0.09 0.07 0.0' 0.09 0.19 O,JO 0,41 0.23 0.06 4.37 

4 • 7 'YS-O'; 0" "0. -0; '0-.-04' 0';0'4' 0-;05"0 ;'14" o-,-i;;- 0'; 1;--0':'10 --o~lJ 0.23'0; 3-CO~ 31'-O-:J5' 0; 20" ° .o-9--o~-oi- o'~'------2;4~
._--,-,-I'1",,-S _!J-~U~.!..!.tlU~.L!.l~.Lh~_Q.29._Q.t~g.....Q ~Ut1.~_j~LL.l1_S .2!...1.!1_~! Lh~UtJlUL-.1.Q-,E.~-_ 

N 0,38 0.36 0,25 0,31 0.50 0,51 0,27 0.19 0.20 0,22 0,23 0,27 0,46 1.05 0,61 0.58 0,03 0, 6~61 
_ U ___ D 16(Lll. ~~ _ .OJ.1L 0.;;)7 _.II, '.Q _OJ H __ hl tt .. O •. 14 ] .11La .1 L 0 ~1 L It.l~ __ Q. 26D-,_~ ~ __ (I. {I~ _ Jh ftLQ. Q 0_0. . __ .4 •. 1 ~L __ 

_ 6 .. ~.~?_ 'IS D.~O\ .. Q.Qo __ Q.L_O.o1 __ 0 .... Q,g: __ 9.t~P.P,9~_Q'P~.QIQ6 .. 0~.17 __ j)d~.Q~1~ g,}3 P~?Q J!,.!l1_1!~ __ .0.,-- _ _ ~~n_ 
MS 0~21 0.12 0.07 0,01 0.12 O.~ 0.42 0.20 0.24 0.50 0:88 1.60 J~02 2.98 0~93 0,34 0, n. 12!11 

______ tL.....D. .• l.LWLllJll""O"'QLL.D.L.ll ... l U.~l.3...Jl.a...1'j_.Jl .... ZL.O,.;S ~LIl&-J L Q . ...JZ_D ..22-..L..D LJlf_3.6_JL..1ILJ1-+_IlJ. __ ~ t 26.. __ 
U 0,38 0.21 0,04 0.03 0.04 0.11 0.04 0.05 0.12 0.18 0;22 0.13 0.25 0.79 Of~3 0,36 0,00 n. 3.l8 

-r- --" ----"----- '-"--,--~------- .-",,~ ..... --- ... - ------- -_."--,,- -"----~}- ------- ~r---- ,--- ... - r 
13·16 YS 0,00 O. 01 0, O. 0.01 0,03 0.00 0.01 0.01 0.05 0,12 0,39 1.02 0.08 0, 0, n. 1,7J 

._ . _____ .~~ __ 9_~~~ __ ~! O~ __ ~'_~~ __ P_. 9~_9 t9Q._Q !.1_? __ 9,_~LhF._9.~?Q Q., ~Q __ Q ~ 8~ _ll 94 _~, ?_~ .?! ~~ 9,?~ _9_l~~ __ '!'_ .. Q 1-- _ 9,1 0 _ 
N O~lJ 0,07 0.01 0,01 0,01 0.0 6 0,07 0.11 0.26 0.56 0,58 0,39 0,70 0.75 0,15 0,11 0, O. 3,99 

_. ___ .... _-'UoL.-.Gti LhD."?-'!.tJlLtlJ __ .Q.L---..lLtl..J.D1L.IILD;: Q. 05-.L1.L.D..d.L.L.D.L!.l.1_L.!!LRL.Q.Lh!Z I). 0 ~~£ dl1_ . .. 
_.1 9:- 2. ~ -- --~~ . ~ :,i:f ~ :'0 ~(-~! Ii 2' ~.~ -- -. ~ :---- t-or-~:'~ ~ -~: ~ ~ ~:~ ~--~:~ ~-- ~~ g~ -~: ~ ~ -.~: ~~-- t~; -~: 02 --~ :oT-~ :.-- --~: -- .--~; n .. ---

_. __________ JL._O.O~ O..Il~ __ Q,.QLO •. _ .!l,O_LO.Q? __ Q,QLOl09_ Q.240.2LO,~O_D .• l~_Q,H .O,!?ILO,Ol_DI.02_Q, _____ !l, _____ .~.7.1_. __ 
U 0.04 0.03 o.n! O. O. 0,00 0.01 0.01 0.01 0.22 0.23 0.06 0.19 0.32 0,01 0,02 0, O. 1.19 

---OvER ;?_~_~~ ~: __ ~ :jll, __ ~; ... J:_n __ ~.: ____ t ___ J :_Q? __ ~;Q5 ~_:1~ _~ :~~. t U._t 9_4 ~: t J _ ~; 1~ _~: ~ ~ _____ ~_~ ____ ~ : ___ HJ.:~_~ ____ _ 
N 0,01 0.01 0,01 0, 0, O. 0,01 0,06 0.21 0,56 0.24 0.01 0,26 0.36 0,01 0,00 0, n. 1,90 
JJ ___ 9. Q .LP.!. ~.~ -_o.L~ L Q J _____ t •. ____ P_L ___ Q L __ .. Q -, .. Q t. 9_·_ 9~. 9_t~.Q_.Q! .~L gJQ~_. ~_,9.~ .. _Q ~ ~ ~ __ Q LQ L9.L ___ 9.L ___ ~ 1-. ____ 9 t ~_~. ___ . 

____ . TOTA~~_V.3_...2~!~_JuH . ..JU1D.J!J 1.i_L.!L2.d.UJ .~;LJltl.LJ!..:_~l"'O.tf.LL~_~_~ L~.!_! ~_~~_l.!.!Lc!.~~~_h ~~.1 O..Jl..t1 o_L 7~ __ 
MS 1,15 0,83 0.6; 0.11 1.02 1.92 1.'4 1,34 1.4~ 2.20 3.02 4,53 9,07 8.94 2,97 1,77 0,3a 1.00 44 p;7 

____ .. __ .. __ 'L 11?91,~~ __ QJ.~Lt,Oj,.1,?_~""113~_ 0,8.3 Q.8:i_.ll~~adLZ.l0 1.50 '2,~9 'h~8?,12 1163 __ Q,H __ ~J~~._?~,~~ _ 
U 1.63 1.46 0,81 0.66 0.85 0.92 0.37 0.31 0.54 1.16 1.18 0.52 1,19 2.53 1.67 1.77 0.2~ n.06 16,41 



'l'ABLE 5. Winter Percenta~e Frequency Distribution of Wind Spe0d 
and Wind Direction at 200-f'oot Level vs. Atmospheric 
Stability 

NNE NE ENE E. ESE Sf SSE s ssw sw wSW w. \.ItH/ tlW NNW N II A RIC A U1 T Q TAl. 

.. lL-.!_L. __ .VS 0~10.D.12. 0.D7 
HS 0,49 0.53 0.4~ 
N 0,75 0.70.0,61 
U 0.24 0.24 0118 

o .10 . 0 •. 1 0 0 • 2 (!_ O. 11 0 • 1:L 0 • 1 L 0 .0 9 
0,54 0~70 1,01 0.67 0.53 0,35 0,38 
0.740.94.1.JO 0.56 0.42 0.26 0.30 
0.15 0;17 0.16 0.10 0.04 0.01 0,03 

o.1Do.uo.oe 
0.35 0,62 0,62 
0.25 O.:>Q 0,63 
0.02 0.07 0.07 

o .. 1'-0 , 1 9. Q • 12 .. [l • llLn • 12_. 2; 2 oj 
0.95 0,A2 0.A8 0,37 1,35 11,57 
0.94 1,08 1.04 n,l~ 1.92 12~B4 
0.11 0.16 0,23 0.05 0,12 2,18 

.. 
7 VS 0,10 0,10 o,n' 0.08 0.07 0.14 0.12 0.14 0.09 0,12 0,18 0.28 0,22 0.26 0,32 
... - .J1 SO, 43 0 .;U D. 2'l 0; Ua O. ~ 5. 0 I ~ 7..._ Q I 44 . Q , :, <} . Q , J L Q .19. 0 I 5. L1, 0 0" 1. H . 2 , 0 L 1 , ~ 0 

N 0.32 0.35 0125 0.25 0.26 0.34 0,29 0,15 0.1~ 0,25 0,20 0,42 0.60 1.72 0.91 
U 0.280.19 O,la o.li 0.12 0.12 0.03 0.03 0,01 0,02 0.03 0,05 0;09 0.10 0~36 

0.19 0;04 0, 
Q , R IL~ , Q ~L 0 I-
0,59 0,01 0, 
0.28 0.00 O. 

2;52 
.. 11.1 ~ . 

7,22 
2,31 

8 ~12 VS 0;01 Q. 0,01 0.01.0.01 O,O~ 0,06 0.05 O.o~ 0,06 0,11 0.20 0;26 0.61 O~29 0.03 o~ O. 1;87-
HS 0.13 0.09 0.03 0,06 0.10 0.33 0.22 0.15 0,23 0,43 0;61 1,28 2,44 3.92 1,03 0,25 0,00 0, 11,50 
N .• O,?LO,O~_0.0~.O.Q~_OLQ~.0,1~.O.110.01l. 0.17 .. 0.25 .. Ot?~.Q.2~ .. 1.3L?QLQ.48 D,lA.Do. __ O __ .. ~.?~ 
U 0,11 0.08 0,03 0.01 0.01 O.OJ 0,02 0,02 0.06 0.03 0;08 0.04 0.23 0.69 0;19 0,09 0; 0, 1;71 

.. . ---
lJ-18 VS 0,01 0.00 0, D. O. 0.~1 

HS 0.10 0,050,000.010,040.09 
N 0,1 9 0.0 5 0,00 0,01 0.02 0.0 3 
U 0.10 .0.02_ O.oLO~._. 0._ .. 0 .• 01 

0,01 O.Ol 0.02 0,03 0;05 0.12 0.26 0,68 0,08 O. 0, 
0.16 0.17 0.2& O,~8 Q,91 1.02 7.16 3,62 0,33 0,08 0, 
0,05 0.14 0,23 0,43 0.43 0,2 5 0,96 1.61 0,15 0.15 0, 
0.00 0,01 o. OLn.nLD~ H. D. a6. 0 ,17 .0 •. 3LD, 04 .. 0 .O~LD. 

19-24 VS D. 
HS 0,(11 
N 0.05 
U 0,04 

OVER 24 VS 
HS 
N 
U 

O. 
0.01 
0;05 
0,03 

o. O. D •. O. 
0.02 0, O. 0,00 
o • OJ. 0 I .. O. 0 a 0, 0 1 
0.03 o.nl O. 

O. 0, 
0,00 01 
0.02 o. 
0,01 0, 

O. 
O. 
O. 
0 •. 

O. 

O. 
o. 
O. 
o. 

0.00 
0, OJ 
0 , 01 
0.00 

0,01 
o I 07 
O. Q 4 
0.00 

0,00 0 I 
0.01 0.05 
0.01 0,01 
O. Q. 00 

0,01 
0.12 
0.10 
0.02 

0.01 
0.21 
o.,~ 

O.Ol 

0.01 0.01 
Q,13 0.3a 
O.H 0.50 
0,01 0.06 

0.01 
0.67 
0,54 
0,09 

0,01 
0.53 
o,7J 
0.19 

0.01 
0.45 
0,31 
0.10 

a 
o ~ 27 
0;25 
0; 13 

0.02 
0,28 
0,1'-
0,01 

o • co 
0.01\ 
0,0 7 
0,02 

0,03 0.05 
0,44 0.71 
0,14 0.(5 
0,05 0.12 

0, 
0,09 
0,0 5 
0,01 

O. 
0, 09 
0.06 
0,04 

0; 0 a 
O,OJ 
0.03 
0; 00 

O. I) I 

0,01 fI 

O.OB II, 
0.03 0; 

0; O. 0 ; 
Q,OO 9.00 n; 
0;01 0,05 0, 
0.00 0,01 O. 

o. 
0, 
0, 

_0._ 

0, 
o. 
o. 
n. 

o. 
o. 
0, 
11. 

1,30 
9.70 
4; 71 

.. _1 ; 09. _ 

O;l!'i 
3,GB 
l,9 Q 

0;54 

0,02 
1.{l'1 
1; 91 
0.:>1 

.. JUI ALs _ VS 
/'IS 
N 
U 

o ; Z ~ _ 0 , 2 ~ . Q • H .0-, 19 Q. HI 0 .. 4 .:L Q • ~ 2 Q,::5 5 _ 0, ,9. 0 • H Q. 4:> _ 0 • H Q • o? i. ?{>o • ~ 8 .. 0 , ~ 5 n 1 220 • 1 ,_ ~ • 0 ?_ 
1,18 1,00 0,7a 0.87 1.20 2,04 1,61 1.48 1.BO 3.07 3.31 4,28 7.1111.30 3,81 2,10 0,41 1,35 48,64 
1,58 1.25 0,91 1.04 1. J O 1. 51 1,Q6 1.00 1.56 2,48 1;67 1.66 3.87 7.19 2.66 2,09 °.19 1,~2 34;9~ 
0,78 0.~7 0,J5 0.26 0.30 0.32 0,16 0.13 0.29 0,46 0.50 O,2~ 0,61 1.67 0.78 0.70 0;05 0.12 8.34 



Selection of angular width for the sector-ave=aged ?:ume 

is governed by the form of available ·,.;:...r:d direction data. 

Table 2 shows that Han::ord ~~'i::1d data have been compiled in 16 

direction sect-ors. As a result, the pl',Ele ""idth has been set 

at 22.5° for this study. ~he mixing height tends to vary 

diurnally and seasonally with the greatest heights generally 

found on surruner afternoons and the lowest on winter nights. 

~ve will ignore the knmm diurnal variation and assume a constant 

mixing height for each season, as shown in Table 6. A recent 

series of measurements at Hanford is expected to provide better 

in::o=mation on mixing height-so 

TABLE 6. 

Season 

Spring 

Summer 

Fall 

Winter 

Assumed Heights of the 
Mixed Layer by Season 

Height 

1000 m 

1500 m 

1000 m 

500 m 

Hanford Sky Cover Climatology 

Sky cover is observed and recorded each hour at the Hanford 

Meteorology Station. At the end 0= each month, the average sky 

cover for daylight hours is computed and published internally 

for use by the Hanford contractors. The sky cover data in 

Reference 28, in these monthly summaries, and in a random 

sample of data taken from the original records form the basis 

of the climatology presented here. 

Annual and monthly sky cover averages for Hanford are 

presented in Table 7 for several different data sets. It 

should be noted that for every month the sky cover during day-

light hours is equal to or greater than the 24 hour average. 
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This is an indica~ion that canvecti7e ac~ivi~y, caused ~y 

solar heating, is a signi~ican~ ~actar in the cloud ~ar~a~~Qn 

orocesses at nanford. 

The last column in Table 7 gives the standard deviation 

of the monthly sky cover averages for the period 1967 t~rough 

1977. They are negatively correlated with the mean sky cover. 

That is, high average skv covers are associated with small 

standard deviations. This means that the year to year vari

ability in sky cover in the winter is less than that ~or the 

surn...'11er. As a result a given change in the long term a?erage 

sky cover would be easier to detect statistically ~n the winter 

than it would be in the Slli~ler. 

TABLE '7. 

January 

February 

March 

April 

May 

June 

J'..lly 

August 

September 

October 

November 

December 

Annual Average 

~lonthly a..l1d A:mual Sky Cover (in Tenths) 
for Hanford with Standard Deviation of 
Monthly Averages of Sky Cover for Daylight 
Hours about the Mean for the Period 1967-
1977 

All Hours Daylight Daylight St. Dev. 
1967-1970 1946-1975 1967-1977 1967-1977 

7.6 7.8 8 .0 .58 

6.9 7.4 7.4 .74 

6.2 6.8 7 .0 .67 

6.1 6.4 6.6 .68 

5.5 5.8 6.0 .72 

4.9 5.3 5.4 .96 

2.7 2.8 3.3 1.02 

3.1 3.2 3.2 1 ~..l • ..J _ 

4.0 4.0 4 .0 1.41 

5.5 5.9 6.0 1.13 

7 . 0 7 . 6 8.0 .77 

7.8 8.1 8.0 .58 

:5.6 5.9 b.l 



Average sky cover is given in Table 8 for each hour £or the 

mid-day period between 0800 and 1600 PST by months. During the 

months of November through February the sky cover is a maXimU1TI 

in the morning about s~lrise. During the remainder of the 

year it is a maxim~'1l in the mid to late afternoon. The diurnal 

variation in sky cover is less than 2 tenths in all months and 

is greatest in the spring and fall. The diurnal variation lS 

relatively small compared with the annual variation of monthly 

averages. 

TABLE ,~ 
u • Mid-Day 'i=.riation of ~lonthly Average 

Sky Cover (in tenths) 

TIME (PST) 

8 9 10 11 12 13 14 15 16 

January 8.3 8.2 8.2 8.1 8.1 8.1 8.0 8.0 8.1 

February 7.6 7.6 7.5 7.3 7.4 7.4 7.4 7.4 7.4 

Ylarch 6.3 6.7 6.6 6.8 6.9 7.0 7.0 6.9 6.9 

April 6.3 6.3 6.4 6.5 6.7 7.0 7.0 6.9 7.0 

May 5.4 5.5 5.6 5.8 6.0 6.2 6.1 6.3 6.4 

June 4.7 4.8 5.0 5.3 5.2 5.3 5.3 5.4 ... ,.. 
:l.o 

July 2.5 2.4 2.5 2.6 2 .. 8 2.9 3.0 3.1 3.2 

August 3.2 3.0 3.2 3.2 3.3 3.4 3.5 3.6 3.7 

September 4.3 4.2 4.3 4.3 4.3 4.4 4.4 4.4 4.4 

October 5.8 5.8 5.8 5.8 6.0 6.2 6.3 6.4 6.4 

November 7.7 7.6 7.4 7.4 7.6 7.7 7.6 7.5 7.3 

December 8.4 8.3 8.5 8.~ 8.3 8.2 8.1 8.1 8.0 
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Han:orc Solar ~adiation 

Solar radiation is measured at ~ne Hanford Meteorological 

Station using a calibrated Ep?ley Pyranometer. Signals from 

the device are continuously recorded on a stri? chart and 

reduced manually to determine t~e solar radiation recei'led each 

hour. 

The average daily solar radiation at Hanford is given in 

Table 9 by month for the periods 1933 through 1975 and 1967 

through 1977. The standard deviations of the individual 

monthly averages in the 1967-1977 ?eriod are given in the third 

col1.L"1ll1. The final two col '..L'n.'"1S 0 f the table invol ve the solar 

radiation received at the top of atmosphere above Hanford. The 

incident radiation estimates in column 4 are taken from 

Reference (29). The last COlUIllTIS shows that the fraction of 

the incident radiation received at the surface varies from about 

40% in the winter to slightly over 70% in July. One of the 

major factors affecting this fraction is sky cover. 

Diurnal variation of the monthly average solar radiation 

between 0800 and 1600 PST is shown in Table 10. The maximum 

insolation occurs in July for the hour beginning at 1100 PST, 

rather than in June. Again this can be attributed to the 

difference in cloudiness between July and July. 

SPECIFIC HNEC SKY COVER AND SOLAR RADIATION MODELS 

The final topic to be covered prior to the presentation of 

the study results is the development of HNEC specific models for 

the conversion of cooling system effluent concentrations to 

changes in sky cover and solar radiation. In this section we 

will deal with the change in sky cover first and then the shange 

in solar radiation. We will end the section with a quick check 

on the consistency of our models with existi::; infor:natior... 
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TABLE 9 . Average Daily Solar Radiation ( ly 
-1 

day ) 

Daily Daily Standard Incident-. Fraction 
'l'otal Total Deviation at Top of Heceived 

1953-1975 1967-1977 1967-1977 Atmosphere at Sic . 
January 120 118 14 260 .46 

February 202 203 11 400 .50 

March 340 338 22 580 .59 

April 475 472 43 780 .61 

May 576 584 30 910 .63 

June 628 630 31 950 .66 

July 659 650 42 920 .72 
1'0 August 558 556 49 830 .67 
""" 

September 423 415 38 650 .65 

October 262 268 24 450 .513 

November 132 130 17 300 . 4 4 

December 92 93 18 220 . 4 2 

l\nnual 372 372 605 .61 



TABLE 10. 2'!e an Solar ?.ac.latlcr: (::"y hr -, 
) 

l:y :-:on::' ~ ana :.If\.' ....... 
.1._'-' I-t._ 

TI~·~ (?S:' ) 

08 09 10 11 12 13 1 ·1 15 16 J.-. -- -- -- --
January 4.8 11.7 ' ..., .3 21.4 21.9 18.8 13.0 6. J 1.3 .... ' 

February 11.1 19.8 27.8 32.4 33.1 30.0 24.1 15.6 -6.0 

~/Iarch 24.0 35.3 43.6 48.7 48.2 43.9 36.9 26.4 14.6 

April 38.6 49.4 56.7 58.7 57.7 52.0 ,- , 34.1 22.1 L!:).~ 

~'lay 47.8 58.0 64.2 67.2 63.7 59.7 52.8 42.1 29.4 

Juae 52.1 61.4 67.6 70.5 69.2 63.8 56.3 46.2 1.1 ' _ •• J. 

Ju2.y 53.1 63.5 71.1 74.7 73.8 69.0 61.7 50.7 37.6 

August 44.6 55.5 63.0 66.0 66.1 62.7 53.5 42.2 29.0 

September 34.8 45.7 53.4 56.0 55.6 50.3 40.9 29.4 16.4 

October 22.2 31.6 38.3 41.2 39.8 33.8 24.9 14.8 5.0 

~,!ovember 9.8 17.0 22.0 24.0 23.0 18.9 13.0 5.6 !) • 6 

December 4.2 9.7 14.5 17.3 17.3 14.5 9.2 3.4 (' 1 
J,,~ 

Skv Cover I~cre~se 

The conversion factor that relates changes in sky cover 

to cooling system effluent concentration will be assumed. How

ever, prior to stating the assumption, we will examine additional 

information that should be related to the conversion. 

Figure 3 shows the diurnal variations of sky cover and 

temperature and relative humidity near ground level for January, 

April, July and October. In the winter the diurnal sky cover 

variation is small, the temperatures are generally low and the 

relative humidity is high. Under these conditions we \.;ill 

assume that cooling system effluents might cause an increase in 

cloudiness due to triggering convective activity or they migh-': 

simply .5aturate the al.r. In the farner event only a :;)Qrtion of 

the available clear sky , . .,ould be covered by an increase in 
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clou~iness a~d ~n the latter all the C~2ar s~~, ~oul~ be 

c8vered~ 

:n the remaining seasons the ~emperat~res are suffici2~~i: 

is remote. As a result increases in cleu~iness would be 

associated with increased convective activity. The large diurnal 

variation in sky cover shown for the spring and fall indicates 

that the atmosphere is generally ready fer the formation of 

clouds if convective activity can be initiated. The diurnal 

variation in sky cover is relatively small in the summer, 

even though the temperature variation is high. This indicates 

that convective activity, although associated with the production 

of clouds, is not as efficient as it is in the spring and fall. 

As a result, in our conversion from effluent concentration to 

sky cover increase a given effluent concentration will be ass~ed 

to cause a larger fractional increase in sky cover in the spring 

and fall than it does in the su~mer. During these seasons, 

the ~aximum fractional increase in sky cover will be less than 

100% of the available free sky. 

Having established this background, we assume the conversion 

factors presented in Table 11. Earlier we assumed that water 

concentration would be a tracer for the cooling system effluents, 

thus Table II uses increased water content as the independent 

variable. 

The actual conversion between effluent concentration and 

increased sky cover is unknown, therefore this table represents 

a significant weakness in the study. However, the conversions 

ass~ed probably will result in over estimation of the increase 

in sky cover. To ensure that a rnaxim~~ increase in cloudiness 

is evaluated, we will run each of the mid season months with a 

worst case conversion table. In that table an increase of water 

content of 0.1 
-3 

9 ill will result in a 100% fractional increase 

in cloudiness, i.e., the sky cover will increase to lG/lO. 
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TABLE 11 . Conversion 'J'able Relating an Increase in Water 
Content to an Increase in Sky Cover 

~"lin ter Spring Summer Fall 
- ---

fir flp f..p t\p v v v v 

(g -3 f. 
~ 

-3 f. 
(g 

-3 f. -1 f. m ) 1 m ) 1 11\ ) 1 ~~J __ I 
N -_.---
00 

< 0.1 0 < .25 0 < .25 0 -( .25 0 

o. l to 0.3 .2 .25 to .50 · 2 .25 to .50 0.1 .25 to .50 .2 

0.3 to 0.5 .5 .50 to 1.0 · 4 .50 to 1.0 0.3 .50 -Lo 1.0 • 4 

> 0.5 1.0 > 1.0 · 8 > 1.0 o r-• J ? I.O • a 



The Rela~i8nship 3e~wee~ S~y Cover and Solar aadiatio~ 

Intuition leads us ~o ex?ec~ an inverse relationship 

~etween sky cover and solar radiation. This expectation is 

borne out by data . ].., '.,.,' as lS suown In rlgure 4, rN'hic~ shmvs the 

annual variation of monthly averages. It is carticularlv 
~ -

evident in the increase in insolation between June and July 

although Table 9 shows that the solar radiation received at 

the ~op of the atmosphere decreases. 

For current purposes, it is necessary to relate hourly 

rather than monthly averages. Some guidance is provided in 

~eference (19) through (23) which treat this relationship on 

a month by mon~h basis. To develop a single relationship ~hat 

can be used for all months, we will normalize observed solar 

radiation to the long-ter::1 mean for the won-th a:1d time of day 

of the observation and relate sky cover observations to an 

appropriate mean. Normalized solar radiation is simply SR/Srt, 

but the norma:.ized sky cover expression is more complex. To 

obtain a nondimensional sky cover variable with a range of 

zero to two, and a value of one when the sky cover is equal to 

the mean value, we make the follofting transformation: 

i; = 
sc 
SC 

1 + SC - SC 

10 - SC 

where ~ is the nondimensional sky cover. 

se < sc 

sc ~ sc 

Initially we will treat the case of low level clouds 

( lla) 

(lIb) 

(ceiling below 10,000'). 

level clouds. 

Then we will treat the case of high 
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( 1 Q) 

:·lat\leeV' --' I C.:.. -:'es a nur7tbe::- !~,f st\..:.·iies i:1 L.."1lS ::!~ea a~d 

gives li~ea~ quad=a~ic and ex?onential ~odels ~or the sky-cover 

insolation relationship. Othe= authors (20-23) tend to favo~ a 

suadratic model, although ~he model :or~s are not completely 

comparable. ;"S a resul t, :Eor the ley;..; clo'...:d case ';.,'e '.,;ill t::-y 

three models and compare ~he results. ~he models are: 

1. F(SC*,SC) = G
l 

(:;) = a + a~ S 
0 .l. 

( 12a) 

2. F(SC*,SC) = G
2 

( ;) = b + b
l

; + ' ~ 2 
0 

D
2

; (12b) 

..., F(SC*,SC) G~ ( ;) ( _ c? ) anc .) . = = c exo cle, -
..J o - _ (12c) 

T~e constants in these models can be evaluated using the random 

data sample taken from the period 1967 through 1977. Average 

values of nor.nalized solar radiation were computed for :; = a 
and:; = 2 using the 0900, 1200 and 1300 observations. These 

averages are given in Table 12 along with the standard errors 

in the estimates of the averages. Constants in Gl were 

evaluated using these values. The constants in G
2 

and G
3 

were 

evaluated using these values along with the assumption that 

SR/SR = 1 when.; = 1. ~lodel constants are given in Table 13, 

and the three models are compared with a small data sample in 

Figure 5. 

The literature (e.g., References (24), (26) and (27)) 

indicates that high clouds, particularly cirriform clouds, 

have relatively little effect on insolation. Table 12 shows 

that for Hanford, when; = 2 and the ceiling is above 10,000 

ft, the average normalized solar radiation is 1.10. As a 

result, we will assume that F(SC,SC) is 1.10 for all values 

of ; if there is a high ceiling. Figure 6 shows data :Eor high 

clouds and the line representing SR/SR = 1.10 . 

." 
.).:... 



TliliLE 

r ., 

0 

,., (low .::. 

2 (high 

Average and Standard Error 
of Normalized Solar Radiation 
During Clear and Overcast 
Skies at Hanford 

Standard 
(SR/SR) Error 

1. 25 .05 

ceilings) .56 .08 

ceili:1gs) 1.10 .07 

TABLE 13. Coefficient Values for the ~1odels 
Relating Changes in Sky Cover and 
Solar Radiatio!1 

Model i 

0 
, ... 2 

1 a. = 1.25 -.345 
~ 

2 b. = 
~ 

1.25 -.155 - .095 

3 c. = 1.25 -.223 +1.85 
~ 
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Botl1 Fig~res .5 and 6 5 r. 0 '.1 a. s':'g:-li=icant anoun~ 0:: scatt2:!:' 

in the ::'ata. This is to be expected because we have not 

acco1.l.'"1t:ed fcr position of the clouds relati'le to a direct: lir:e 

between the sun and t:he pyr~heliorneter. Other factors contri-

buting to the scatter include cloud type and atmos?heric 

turbidity. 

Consistencv of the 3NEC Soecific ~cdels 

In developing the sky cover - l ana so ..... ar radiation models in 

the preceeding chapter we indicated a need for the sky cover 

frequency distributions for each month. The distributions 

assumed are presented in Table 14. Although the distributions 

are assumed, they are based on the information contained in 

Table 23 of Reference 28 and have been adjusted to give 

appropriate mean sky covers. The division of sky cover between 

high and low ceiling categories was adjusted using solar radi

ation data and the random data sample. 

Hhen ~.,e substitute these frequency distributions ir.to 

Equation (10), we get: 

=2: F(SC,SC)P(SC) 

SC* 

If the solar radiation model F(SC,SC) and the frequency 

distribution P(SC) are both correct then SR will be equal to 

SRo and the summation will equal 1. 

( ' l' --) 

Table 15 presents a comparison of the average sky cover 

computed from the assumed frequency distributions with 

climatological values and the values 0:: the summation in 

Equation (13). The summations were carried out for mid-season 

months for the linear and quadratic models for .'2 (SC,SC), and 

for all months for the exponer.tial model. I~ eac~ case, the 



'rABLE 14. Assumed Initial Sky Cover Frequency Distributions 

Sky 
Cover 
(tenths) Jan Feb Mar Apr May ,}un Jul Au!] Sep Oct Nov Dec 

0 .04 .08 .10 .08 .12 .15 .40 .36 .34 .17 .06 .03 

1 .02 .04 .05 .04 .05 .06 .10 .10 .08 .06 .04 .03 

2 .02 .03 .04 .04 .05 .06 .08 .08 .05 or-• ::> .03 .03 

3 .02 .03 .04 .04 .05 .06 .07 .07 .04 .04 .OJ .03 

<1 .03 .03 .04 .05 .07 .06 .06 .07 .04 .04 .OJ .03 

5 .03 .03 .04 .05 .08 .06 .04 .0 () .04 .01} .03 .03 

6 .03 .03 .04 .06 .04 .06 .04 .05 .Ot! .04 .03 .03 

"1 .04 .03 .04 .06 .06 .05 .04 .03 .04 .01} .03 .03 
l,) 

8 .07 .03 .03 .08 .07 .05 .01 .01 .03 .04 .04 .03 0\ 

9 .10 .08 .03 .08 .07 .06 .01 .01 .04 .04 .04 .04 

10 .15 .20 .15 .09 .07 .07 .11 .11 .10 .15 .20 .23 

6* .03 .03 .04 .05 .04 .05 .01 .01 .03 .03 .03 .02 

7* .03 .03 .04 .06 .05 .05 .01 .01 .03 .04 .03 .02 

Ok .08 .03 .03 .07 .06 .05 .01 .Ol .03 .03 .04 .03 

~* .12 .06 .04 .07 .06 .05 .01 .01 .03 .04 .05 .06 

10* .19 .24 .25 .08 .06 .06 .01 .01 .04 .15 .30 .33 

*Ceiling above 10,000 ft 



Januarv .. 
February 

Harch 

April 

i'lay 

June 

July 

.:;.ugust 

September 

October 

November 

December 

T.~3L2 IS. Check on the Internal C~~siste~cy 
o~ Assumed ~onthly Sky Caver 
Distributions a~d the Sky Cover 
Insolation Models 

;,.verage No r:T',ali ze'::, 
St;:v Co?e;:- Sola.:- Rac.iaticn .. 

Actual 
Daylight Assumed ~lodel 

Sours PDF Linear Quadra1:lc EXDonential 
..., Q 
I • u 7.8 .96 .99 .99 

7.4 7.4 .93 

6.8 6.8 1. 02 

6.4 6.4 .97 1. 01 1. 01 

5.8 5.7 1. 02 

5.3 5.4 1. 03 

2.8 3.1 1. 03 1. 07 1. 07 

3.2 3.2 1. 02 

4.0 4.1 1. 05 

5.9 5.9 .99 1. 02 1.02 

7.6 7.7 1.00 

8.1 8.1 .98 

assumed distribution appears to be reasonable. However, t~e 

data in Table 15 are only an indication of reasonableness. 

They do not prove that the distributions are correct. At best 

the data show that sky cover distributions and solar radiation 

models are internally consistent with readily available 

climatological data. 
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HE S GL TS 

The development of the analytical tools for estimating 

changes in sky cover and solar radia~ion for the current study 

has been completed. It is clear that they are rudi~entary. 

They are, in fact, a collection 0= "~ack of the envelcpe models" 

that only provide an indication of the order of magnitude of 

the potential changes. As we examine the results presented 

here, we must ccntinually re~ember that the precision in the 

numerical values is not an indication of the precision of the 

estimates. 

Predicted increases in sky cover are given in Table 16 for 

6 areas in and around the HNEC. Each estimate is a spatial 

average. The HNEC estimates are averages for the area in the 

immediate vicinity of the assumed cluster locations. The Tri

Cities estimates are averages for the entire Richland, Kennewick, 

Pasco area. The ALE estimates are for the Arid Land Ecology 

study area along the southwest border of the Hanford Area. 

Wahluke Slope borders the northern side of the Hanford, and the 

Mesa-Eltopia area lies directly east of Hanford. Finally the 

Yakima Valley estimates are for the area around Sunnyside, 

Grandview and Prosser. 

Examining Table 16 we see the expected result that the 

maximum increases in sky cover occur in the immediate vicinity 

of the HNEC clusters. The predicted increases in average sky 

cover for the spring, fall and winter are statistically signi

ficant assuming an observation period of 11 years following 

completion of the HNEC and an unchanged sky cover variance. The 

predicted increases during the surrmer are not statistically 

significant. 

Off the Hanford Area the greatest changes in sky cover are 

predicted for the Mesa-Eltopia and Tri-Cities areas. 

These increases are not statistically significant. 
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TABLE 16. Predicted Increase in 
(in tenths) 

Existing 
SC 

Daylight 
Hours Tri-

(tenths) HNEC Cities ALE Wahluke --- --
,January 7.8 1.0** 0.3 0.2 

February 7.4 1. 2 ** 0.4 0.2 

March 6.8 0.7* 0.1 0.1 

April 6.4 0.8** 0.1 0.1 

May 5.8 0.9** 0.2 0.1 

June 5.3 0.4 0.1 0.1 

July 2.8 0.6 0.1 0.1 

August 3.2 0.6 0.1 0.1 

September 4.0 1.6** 0.4 0.3 

October 5.9 1.1 * 0.3 0.2 

November 7.6 0.6* 0.2 0.2 

December 8.1 0.9** 0.3 0.2 

*Significant at the 95% confIdence level 
**Significant at the 99% confidence level 

< less than .05 
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rit this point we should briefly discuss s~a~istical signi

ficance. In testi~g statistical significance we use Student's 

t tes~ between means(30) , and assume that we have no more 

information about ~ither sky cover or solar radiation than 

provided by records of routine observations. Ye do not consider 

a predicted change significant unless we have at least 95% 

confidence that the difference between the current climatological 

mea~ and the predicted mea~ would not result from normal 

variation between data samples. The fact that a change is 

evaluated as not statistically significant does not mean it 

wouldn't occur, only that it would be difficult to detect 

within the time specified because of normal variability of the 

a~~osphere. 

During the course of the study complete sets of computa

tions were made using different initial sky cover distributions. 

The computations indicate that the predicted changes in sky 

cover and solar radiation are not particularly sensitive to 

moderate changes in the assumed sky cover distributions if the 

mean sky cover remains relatively constant. However the results 

are rather sensitive to changes in the mean sky cover. 

Increases in sky cover would be aesthetically displeasing, 

however that would be difficult to evaluate. They would also 

result in decreases in solar radiation. Tables 17 and 18 

present the changes in solar radiation that are predicted to 

result from an operating HNEC. 

Table 17 compares decreases in solar radiation predicted by 

the three model~ relating changes in sky cover to changes in 

insolation. Perusal of the table rapidly leads to the con

clusion that the predicted decrease is not particularly sensitive 

to the model used within the limits of those tested. Throughout 

the remainder of this report, the estimated changes in insolation 

are results obtained using the exponential model. 
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'I'ABLE 17. Comparison of the Hesults from Linear, Quadrutic 
and Exponential t>1odels tor the Helationship 
Between Sky Cover and Solar RadiuLion. 'I'abled 
Values are Predicted Decreases in [nsolution 
(ly /day) 

I,ower 
')' r i- Wuhluke Yakima 

f.1odel IINEC Cit.ies ALE ~lope_ Mesa/In topi a y~~ll~y -----
Jul1uary linear 23 8 5 4 10 3 

qUCldratic 24 8 5 4 10 3 

exponential 24 9 5 4 10 3 

April linear 53 10 7 7 18 4 

quadratic 49 9 6 6 20 4 

""" exponential 51 9 6 6 21 4 
I-' 

,July linear 39 6 5 5 13 J 

quadratic 31 4 4 4 11 2 

exponential 32 5 4 4 11 2 

Or-tober linear 35 9 6 6 14 <1 

quadratic 33 8 6 5 12 4 

exponential 33 9 6 6 11 4 



The greatest ispa=t o~ 30~~r radiation is seen ,- Table 18 

t:J be in the iramediate vicini -;: . .1 0 = tne cl--..:i.sters. In ger..eral, the 

predicted reductions in solar radiation are about 20% in the 

· .. .;inter, 10 to 13% in the sprins a:1d fall, ar.d 5% in the SUT.mer. 

Except for August, the decreases are statistically significant. 

In most cases, we would have 99% confidence that the predicted 

decreases was not a normal variation. 

The offsite impacts are greatest in the Mesa-Eltopia and 

Tri-Cities areas as expected frOM the changes in sky cover. 

But, we note that the decreases in solar radiation predicted 

for these areas for February and for the Mesa-Eltopia area fer 

~arch a:1d May are statistically significant even though the 

changes in sky cover were not sig:1ificant. We further note 

that each significant change in sky cover is paired with a 

significan~ decrease in solar radiation. This leads to the 

conclusion that changes in solar radiatio~ would be a more 

sens i ti ve indicator of an a t:Tlcspheric modification than changes 

in sky cover. ':'his conclusion is reasonable and might have 

been expected since insolation measurements are much more pre-

cise than sky cover estimates. It might also have been expected 

because the coefficient of variance of the monthly average 

insolation is significantly smaller than that for monthly 

average sky cover. 

The combined effects of the sky cover and solar radiation 

changes for the area in the vicinity of the HNEC clusters are 

summarized in Figure 7. The current relationship, shown in 

Figure ~, is shown in dashed lines for comparison. The obvious 

change to be noted is the shift of the enclosed area toward 

increased cloudiness and lower insolation. There is also a 

change in the shape of the area, which indicates a more rapid 

or earlier shift from Slli~er to fall and more gradual but 

delayed shift from spring into s~~~er. The ecological signi-

ficance of these changes needs eva~uati~n. 
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January 

February 

March 

April 

May 

,lune 

"". July 
Cd 

August 

September 

October 

November 

December 

TABLE 18 . 

Existing 
SR 

Predicted Decrease in Solar Radiation 
(ly /clay) 

'l'ri-
(ly/day) HNEC Cities ----.. - ALE Wahluke Slope Mesa/Elt'?r.~~ 

120 24 ** 9 5 4 10 

202 40 ** 14 ** B 7 16 ** 

340 40 ** 7 5 5 17 * 

475 51 ** <] 6 6 21 

576 62 ** II 8 8 25 * 

628 36 ** 5 4 4 12 

659 32 * 5 4 4 11 

558 26 4 3 3 9 

423 56 ** 14 10 9 20 

262 34 ** 9 6 6 11 

132 15 ** 5 3 3 6 

92 18 * 7 4 3 8 

*Significant at the 9 5 ~0 confidence level 
**Significant at the 9 9~) confidence level 
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cooling syste~ effluent ccncen~ration to increase in sky cover, 

and promised to compare the estimated c::anges ~Nith "T,vorst case" 
" 4-eS"Clma,-es. Those comparisons are ;resented in Tables 19 and 20. 

In general, the "'dO'::-St case" changes i:1 sky cover and solar 

radiation for January are only sligh"Cly larger than t~ose 

estimated originally. In April and October the worst cases 

changes are about a factor of two larger than those originally 

estimates, and in July the "worst case" estimates are larger by 

a factor of 4 or more. 

I:1 the Hesa-Eltopia Area the "worst case" changes i:1 both 

sky cover and sola.::- radiation are statistically significant 

for each month for which they were evaluated. In the Tri-Cities, 

the worst case sky cover increases are statistically signifi

cant for January as are the solar radiation decreases for 

January and October. In the other areas even the "'Ilorst 

case" changes are not considered statistically s~gnificant. 
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TABLE 19. COQparison of Predicted Increases 
in Sky Cove~ with Worst Case Values 

January .. :;p~:'l July 

HNEC p 1.0** .8** .6** 
:'JC 1.0** 1. 6 ** 3.4** 

Tri-Cities 0 
· 3 .1 · 1 

WC · 4 .4 .6 

F.LE P .2 .1 , 
• .J... 

'V'lC · 2 .2 • 4 
Wahluke Slope P .2 .1 , 

• .J.. 

WC • 2 .2 · 3 
11esa/El topia P .4 

., . .) .2 
v'JC .6* 1. 0** 1. 6** 

Yakima Valley P .1 .1 .1 
WC · 1 .1 .2 

Existing ~lean Sky 
Cover (daylight hours) 7.8 6.4 2.8 

*Significant at the 95% confidence level 
**Significant at the 99% confidence level 

TABLE 20. Comparison of Predicted Decreases 
in Solar Radiation with Worst Case 
Values 

January Ap=i1 July 

HNEC p 24** 51** 32** 
WC 25** 95** 151** 

Tri-Cities P 9 9 5 
WC 11 * 23 24 

.l\LE P 5 6 4 
~VC 5 13 15 

Wahluke Slope P 4 6 4 
WC 5 13 14 

Mesa/Eltopia P 10 21 11 
liC 13* 57** 72** 

Yakima Valley P 3 4 2 
WC 3 8 10 

Existing Mean Solar 
Radiation (ly /day) 120 475 659 

*Significant at the 95% confidence level 
**Significant at the 99% c::mfidence level 
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1.1** 
7.9** 

· 3 
· 6 

· 2 
1 · ;: 

.2 
· 3 
.4 

1. 0* 

.1 
· 2 

5.9 

October 

34** 
54** 

9 
19* 

6 
10 

6 
10 

11 
30** 

4 .., 
I 
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CONCLUSIJXS 

Using a combination of "back of the envelope" models ".,e 

have estimated the changes in sky cover a~d solar radiation 

might result from the operation of a Hanford Nuclear Energy 

Center. We have assumed that the center is composed of 20 

power reactors using mechanical draft cooling towers and that 

all reactors operate continuously. !n addition, we have assumed 

that the climatological conditions of the Hanford Meteorological 

Station are representative of the current conditions =or the 

e~tire area surrounding the HN~C. Acai~ we must reme~ber that 

the models used are rudice~tary and that ~urneric~l precision 

dees not indicate 2c~el accuracy_ 

Based on the medels and ...... ... nese have arrived. 

at the following conclusions: 

1) Increases in sky cover and decreases in solar radiation 

resulting from the operation of an HNEC would generally 

be small outside the immediate vicinity of the reactor 

clusters. 

2) The changes in sky cover and solar radiation in the 

immediate vicinity of the clusters would be statis~ically 

significant during the fall, winter and spring. During 

the summer, the decreases in June and July solar 

radiation would also be significant. 

3) The decreases in solar radiation predicted for the 

Mesa~Eltopia area for February, March and May are 

statistically significant, as is the decrease in the 

Tri-Cities for February. 

4) When "worst case" assumptions are made for the con

version of cooling system effluent concen~rations to 

increases in 3ky cover, the estimated changes in beth 

Ll"' • I 



sky cover and solar radiation ~ro~ the original 

esti~ates range from a few percent In January to a 

factor o~ 4 or more in July. 

5) The predicted changes in sky cover and solar radiation 

are not particularly sensitive to changes in the 

initial sky cover distribution the mean sky cover 

remains reasonably constant, an~ the changes in solar 

radiation are not sensitive to the model relating sky 

cover and insolation. 

6) Changes in solar radiation are likely to be a more 

sensitive indicator of atmcspheric ~odification than 

are changes in sky cover. 

In addition, it is readily apparent that the wind direction 

distribution is one of the most important factors considered. 

The specific impacts predicted at a given receptor depend to a 

large extent on the position of the receptor relative to the 

HNEC and on the wind direction distribution. 

The predicted changes in sky cover and solar radiaticn have 

been evaluated for statistical significance, which relates to 

our ability to detect the change. Further studies are needed 

to evaluate the social and ecological significance of the 

predicted changes. 
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SUMMARY 

An examination of the different criteria in the Code of Federal Regu
lation (CFR) particularly Chapter 10, the Regulatory Guides of the Nuclear 
Regulatory Commission (NRC), the Standard Work Plan Reviews, some specific 
standards and public correspondence of the Advisory Committee for Reactor 

Safety (ACRS), current proposed legislation, and reviews of several generic 
studies of nuclear energy centers did not reveal any areas where the concept 
of a nuclear energy center at Hanford would be limited by technical concerns. 
Rules or regulations or formal official guidance that address specifically 
Nuclear Energy Centers, however, do not exist. Such regulations and guidance 
will apparently be developed and promulgated following informal and preli
minary petitions to the regulatory bodies requesting an energy center per se. 
Current practice does include siting up to several power plants at a single 
site, referred to as multiple-unit sites with up to four power reactors 

located at one site. Preliminary planning has included five units in two 
groups, one of two and the other of three, which are rather widely separated. 
The latter may be of interest to a nuclear energy center at Hanford, because 
of the distances at Hanford that are available t~ seperate the sites. 
Regulations and guides that direct current practice in siting multiple-units 
at one location may be adequate to address most if not all of the considera
tions for siting required for the concept of twenty units at Hanford located 
at five sites, each of which would contain three to five power generating 
reactors. The technical studies completed in support of the concept of an 
HNEC have analyzed many of the key licensing issues that would normally be 
associated with the siting of several thermal nuclear power plants at one 
location. To contribute to these, an analysis of the effects of a class nine 
accident at one unit on the other power reactors at an HNEC was completed. 
Some perspective relative to other similarly improbable events was gained 
in this analysis. In part because of the distances available between sites 
at Hanford, the consequences of a class nine accident onsite can be assessed 
to be less probable than the consequences from ashfalls from volcanic a~tivity 

in the Cascades and significantly less probable than ~re consequences frQ~ 

earthquakes for which designs and procedures have been developed. Consequences 

here are measured in losses of electrical generating capacity. 



INTRODUCTION 

The purpose of this review was to identify siting or other concerns that 

may indicate limitations on the ability to license a nuclear energy center at 

Hanford. 

Several studies on nuclear energy centers have been completed and some 

have included licensing (regulatory) aspects of siting nuclear power 
centers .(1-3) Thi s revi ew however, was pri ma rily to identify any 1 imita ti ons 

that may affect licensinq specifically at an HNEC. 

The scope included examining existing criteria for siting nuclear facili
ties, including single reactor and multireactor (multi-unit) sites. To fill a 

void in other analyses and to gain some perspective on another impact of an 

HNEC, the scope was extended to analyze the consequences within the HNEC, of a 
class nine accident at a unit at one site. A predictive model utilized in this 
analysis was developed from meteorological parameters based on thirty years of 
meteoroloqical records(4) at Hanford. 

From this analysis, additional perspective was developed on the relative 

severity of the effects of rare events, both man made and from unstable condi
tions in nature, on the operation of (and the ability to license) an energy 

center at Hanford (HNEC). 

Further insights on the unique siting characteristics of an HNEC have 
resulted from such perspectives. 
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LICENSING REVIEW 

This evaluation consists of reviews of appropriate parts of Volume 10 
(and others) of the Federal Code, the current Regulatory guides, the 
Standard Review Plans (NUREG 0075), the Proposed Standard Review Plans for 
EIS (NUREG 0098), appropriate published correspondence on multiple siting 
from the Advisory Committee on Reactor Safety, the prior reviews on nuclear 
energy centers and the related studies completed for the concept of a nuclear 
energy center at Hanford. Each was reviewed to identify possible areas of 
constraints or support for an HNEC. 

The current status of regulations on nuclear energy cen~ers is perhaps 
best summarized by a part of a recent revision to Regulatory Guide 4.11, 
Terrestrial Environmental Studies for Nuclear Power Stations, Rev 1, August 
1977 . 

In the introduction of this guide the following appears: 

* I This guide is intended to reflect current practice, 
li.e., the siting of up to several power plants at a single 
,site. Prior consultation with the staff is recommended 
lif larger-scale "Energy Centers II are contemplated. 
I 

*Lines indicate substantive changes from previous issue. 

Groups in the regulatory body, the Nuclear Regulatory Commission, apparently 

are not now considering the preparation of codes and guides directed to larger 
scale Energy Centers. (a) Codes and guides have increasingly noted however, 

siting several power plants at a single site (multi-unit sites) (s~e Appendix A.) 

Although four units at a site have been the most for which approval has 
been sought of NRC and others such as the state agencies, the regulations 

(a) The Tyronne Enerqy Park in Dunn County, Wisconsin, which was recently issued a 
construction permit by NRC, is not to be identified as an energy center. The 
park connotation results from the aesthetic features plannec for this site 
which is to contain one (perhaps two eventually) power units. 
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and guides do not specifically limit the number of units at a site to four. 
Presumably, if all of the existing regulations and guides were satisfied, 

more than four units may be acceptable. 

Present planning for whicn construction permits have been sought has 

included two stations of two units and three units each located about twenty
five miles apart. (a) The siting issues here may be of interest to an HNEC 

because of the distances available between some sites at Hanford. Figure 2 
(see page 14), indicates the general layout of these sites at Hanford and 
the table gives the approximate distances between the proposed sites. 

A recent review examined the expansion potential for existing nuclear 
power station sites. (5) An interesting concept of mini NECs was developed in 

this analysis. Thus the potential for developing essentially a small NEC might 
exist utilizing the criteria in existing codes and guides. Hanford was rated 
as having the potential to expand from the existing three to a large nuclear 
energy center. This backdoor approach to an energy center was not defended in 
another recent review largely because of the absence, in this approach, of 
long-range planning which was deemed essential. (6) Parenthetically. the obser

vation was made that presently organized utilities, institutions, and political 
entities are not capable of handling and Evaluating the long-term planning and 

firm commitments of the large resources required for (twenty unit) NECs. 

Whatever other reservations may exist concerning a large NEC (twenty units) 
at Hanford, siting criteria that would limit licensing the proposed units do 
not at this time appear to include limiting restraints. 

(a) Duke Power Company, Perkins and Catawba sites in South Carolina 
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REVIEW OF THE FEDERAL CODES 

No regulations in the Federal code currently address nuclear energy 
centers per se. 

Limitations on annual dose equivalents from exposure to radiation and 
on quantities of radioactive material released from the entire fuel cycle 
have been imposed by EPA.(a) These latter restrictions as they may affect an 
HNEC are addressed in a supporting document. (b) 

Regulations that bear on siting and safety where several thermal nuclear 
power plants may be located on one site are reviewed in Appendix A. As 

above, none appear to be limiting to the concept of an HNEC, but of course 
none are directed specifically to nuclear energy centers. 

REVIEW OF THE REGULATORY GUIDES 

By definition, "Regulatory Guides are isst.:ed to describe ... methods 
acceptable to the NRC staff implementing ... regulations ... to provide 

guidance to applicants. 1I The. Guides are not substitutes for regulations 
(as contained in the Federal Codes for example) and compliance with them is 
not required. However, they are generally closely followed. More recent 

guides provide input relating to multi-unit sites. None of these guides 
issued so far would appear to deny an HNEC. The results of this analysis are 
tabulated in Appendix B. Two other documents were included in this part 
of the review; namely, the Standard Review Plan for the Review of Safety 
Analysis Reports for Nuclear Power Plants, NUREG-75/087 and Draft, Environ
mental Standard Review Plans for the Environmental Review of Construction 
Permit Applications for Nuclear Power Plants, NUREG-0158 Parts 1, 2 and 3. 
Both were prepared as internal working documents for the NRC staff, prepared 
by this staff for the purpose of improving the quality and uniformity of the 

reviews undertaken by NRC. They make reference to the appropdate codes and 

(a) 

(b) 

Title 40 Code of Federal R~gulations, Part 190, "Environmental Radiation 
Protection Standards for Nuclear Power Operations,1I Federal Register, 
Vol. 42 (No.9), pp. 2858-2861, January 13, 1977. 
Radiological Studies, J. K. Soldat. 
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guides where sharing of services among units or where more than one unit may be 

located at a site. No additional insights or guidance on multi-unit siting is 

contained in these documents. 

OTHER REVIEWS 

In response to a request from the NRC staff, the Advisory Committee on 

Reactor Safeguards recommended in December of 1975 several criteria in current 
siting policies be considered. (7) One of the recommendations noted that studies 

may be needed on the short-and long-term consequences of a major accident in 

a nuclear installation on other operations at a multi-unit site such as a 

nuclear power park. Included in the closure was another recommendation that 

attention should also be given to the development of additional criteria for 

sites containing more than one reactor or nuclear facility. Recent guides 

and regulations have noted criteria for multi-unit sites. As noted above--

none so far have been restrictive to the concept of an HNEC. 
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THE RADIOLOGICAL CONSEQUENCES OF CLASS NINE ACCIdENT AT HNEC 

The anaiysis is based on a meteorological model developed in one of the 
HNEC conceptual studies. (4) This model uses 30 years or more of meteorological 

records at Hanford from which some expectations of the freque~cy of occurrence 
(probability) of different meteorological parameters have been developed. 
These parameters include for example, prevailing wind directions, average 
wind speeds, atmospheric stability, the height of the mixing layer and others. 

To these parameters are added an expected plume width, a deposition 
velocity to account for depositing material released in the accident and the 
assumption that essentially all of the release occurs over 0.5 hours. This 
model, when superimposed on the layout of the five quads on the site of the 
HNEC, predicts in a probabilisti: manner, the effects of accident releases 

from a unit in anyone quad on the remaining reactors at the HNEC. The 
model thus yields the conditional probabilities of M quads being involved 
with uifferent levels of air concentrations or surface depositions of radio
active material, given that a class nine accident has occurred at a reactor 
in one of them. The following two tables developed from that repoy't show these 

results. Notice, for exam~le, that for all normalized concentrations in both 
tables, the probability of the reactors in the same quad being involved is 
1.0 (a certainty) according to this model. The probability, for example, of 

three or more quads being involved with a normalized air concentration of 
1 x 10-7 is 0.07 (0.066) (Table 1). 

Similarly for ground deposition as shown in Table 2. Note that the con
centrations (left column) are given in terms of normalized surface concentra
tions. As an example, for concentrations equal to or greater than 1 x 10-8 m- 2, 
the conditional probability that at least two quads are contaminated is 0.05 
(0.046) given that an accident occurs. 

The result of only four quads of the five proposed being involved is a 

limitation of the models, orientation of clusters and wind direction classes. 

The probability of the fifth quad (16-20 reactors) being involved, while 

extremely low, must be considered possible. 
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TABLE 1. Conditional Probability that at Least 
M Quads Would be Involved(a) Fo 11 owi ng 
an Accident at an HNEC. 

Normalized 
Air Concentration, Number of Quads 

s/m3 Same Quad 22 23 24 

1.00 x 10-5 1 .000 

4.64 x 10-6 1 .000 0.046 
4.64 x 10-7 1.000 0.069 0.011 
2.15 x 10-7 1 .000 0.126 0.030 

1.00 x 10-7 1.000 0.158 0.066 0.018 

4.64 x 10-8 1 .000 0.172 0.085 0.023 
2.15 x 10-8 1 .000 0.182 0.090 0.024 

1 .00 x 10-8 1 .000 0.188 0.095 0.025 
>0 1 .000 0.194 0.108 0.030 

(a) Involvement is defined by normalized air concentration equal to or 
greater than tabled value. 

The full development of the consequences requires a description of a 

source term and a method to convert the in'/olvement in normalized concentra

tions to corresponding levels of dose. Figure 1 illustrates the procedure 

used. 

As indicated by Figure 1, the source term was taken from the Reactor 
Safety Study. (8) Any of the accidents involving the core that were identified 

in that study could be used to develop subsequent potential doses at other 

reactor sites from a) the passing cloud immediately following the accident; and 

b) ground level contamination during the period following deposition. 

Table 3 summarizes these accidents and the release mechanisms involved. For 

this analysls, the class nine accident identified as release category PWR-2 was 

selected. This was judged to be about as probable as any other event. It also 

postulates as great or greater quantities of radioactive material released as 

in any other accident for a ground level release. It can be considered as 

worst case. The tabulation of radionuclides released in this event are given 

in Tables 4 and 5. From these tabulations, the appropriate nuclides were 
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TABLE 2. Conditional Probability that at Least 
: M Quads Would be Involved(a) Following 

an Accident at an HNEC. 

Normalized Surface 
Concentration, 

s/m3 

1.00xlO-7 

4.64 x 10-8 

2.15 x 10-8 

1.00 x 10-8 

4.64 x 10-9 

2.15 x 10-9 

1.00 x 10-9 

4.64 x 10-10 

2.15 x 10-10 

1.00xlO-1O 

>0 

Same Quad 

1 .000 

1 .000 

1.000 

1 .000 

1.000 

1.000 

1.000 

1.000 

1 .000 

1 .000 

1 .000 

> ? - '-

0.006 

0.021 

0.046 

0.069 

0.126 

0.158 

0.172 

0.182 

0.188 

0.194 

~lumber of Quads 
~3 

0.011 

0.030 

0.066 

0.085 

0.090 

0.095 

0.108 

:::4 

0.018 

0.023 

0.024 

0.025 

0.030 

(a) Involvement is defined by normalized surface concentration equal 
to or greater than tabled value. 

SOURCE METEOROLOGY MODEL DOSE MODEL 

HNEC 
WEATHER DATA 

~ 

" DOSIMETRY 
~ EMERGENCY 

SOURCE "fIRM ---1 ATMOSPHERIC HNEC STAFF EVACUATIONS AND 
DISPERSION DUE TO RECOVERY OF SOME 

'" 
~ CLOUD PASSAGE f---t GENERATING CAPACITY 

I 
AND GROUND PLUS DECONTMAINATION 

DEPOSITION DEPOSI TI ON I AND RECOVERY OF MOST 

.L 
~ OF GENERA TI ~IG CAPAC ITY 

GROUND 
~ 

CONTAMI NATION 

FIGURE 1. Schematic Outline of Consequence Model Radioactivity Release 
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TABLE 3. Release Categories Following Reactor Accidents Involving Core(a) 

Pressurized Water Reactors 

PWR 1 Steam explosion due to molten U0 2 falling into water followed 
by missile rupturing containment. 

PWR 2 Core melt and failure of radioactivity removal systems 
followed by rupture of containment. 

PWR 3 Similar to PWR 1 and 2 but involves partial success of 
radioactivity removal systems. 

PWR 4 Core melt with containment not fully isolated, containment 
radioactivity removal systems have failed. 

PWR 5 Similar to PWR 4 except removal systems operative. 

PWR 6 Core melt through bottom, above ground containment intact. 
Radioactivity removal systems inoperative. 

PWR 7 Similar to PWR 6 except radioactivity removal system 
operating. 

PWR 8 Core doesn't melt, release of activity in the gaps of 
fuel rods, containment fails to isolate properly. 

PWR 9 Similar to PWR 8, except containment isolates correctly. 

Boiling Water Reactors 

BWR 1 Similar to PWR 1 

BWR 2 Core melt after containment over pressure rupture caused by 
loss of decay heat removal systems, limited deposition of 
radioactive materials. Release directly to atmosphere. 

BWR 3 Similar to BWR 2 except material released through the 
reactor building to the atmosphere. 

BWR 4 Core melt, containment fails to operate properly and the 
leakage is enough to prevent containment over pressure 
rupture. 

BWR 5 Core does not melt, but activity is released from the gap 
of the fuel rods. Activity passes through reactor building 
gas treatment system and is reieased to the atmosphere 
through a tall stack. 

(a) From Reference 8 
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TABLE 4. Initial Activity of Radionuclides in the Nuclear Reactor Core 
at the Time of the Hypothetical Accident (Reference 8) 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 , , 
14 

15 
16 
17 
12 
19 
2': 
21 
22 
23 
24 
25 
25 
27 
28 
29 
30 
31 
32 
~~ 
~.j 

34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
as 
~9 
50 
51 
52 
53 
54 

Radionuc1iae 

Cobalt-58 
Cobalt-60 
Krypton-8S 
Krypton-85m 
Krypton-87 
Krypton-BS 
Rubidium-86 
Strontium-89 
Strontium-90 
Stron t i um-91 
Yttrium-gO 
Vttrium-91 
Zirconium-95 
Zirconium-97 
~iobjum-95 
~10 1 :/bdenum-99 
Techneti um-99iT, 
Ruthenium-le3 
Ruthenium-lOS 
Ruthenium-106 
RhOdium-lOS 
ie11urium-127 
ie1iurium-i27;; 
Te11urium-129 
Te11urium-12Sr:' 
7ei1urium-13;m 
7e11urium-~32 
Antimony-127 
Antimony-12S 
Iodine-131 
Iodine-132 
Iodine-133 
Iodine-134 
IOdine-135 
Xenon-133 
Xenon-135 
Cesium-134 
Cesium-i36 
Cesium-137 
Barium-lila 
Lanthanum-140 
Cerium-141 
Cerium-143 
Cerium-144 
Praseodymium-143 
Neodymium-147 
Neptunium-239 
Dlutcnium-238 
P1utcnium-239 
PlutcniufT1-240 
P1utcnium-241 
i-.mericium-241 
Curium-242 
Curium-244 

Radioactive Inventcrv 
Source (curies x lJ-3, 

C.0078 
8.0:]29 
0.0056 
0.24 

J.68 
0.00026 
0.94 
0.037 
l.1 
0.039 
1.2 
1.5 
, c; 
1 • _ 

1.5 
1.0 .. ~ 
l.1 
C 72 
0.25 
C.:.19 
0.059 
:J. 011 
0.31 

O. 13 
1.2 ...., ,.... r., 
v. '~O 1 

C.33 
0.25 
1.2 , ~ 

, .1 

1.9 
l.5 
l.7 
0.34 
0.075 
8.030 
0.047 
1.6 
1.6 
1.5 
l.3 
0.25 , -
I. j 

0.6,] 
16.4 
O.cee57 
0.00021 

11 

o .~,C021 
0.034 
0.20CC17 
0.0050 
0,00023 

wali-Life (cays) 

7' .0 
i ,92'~ 
3,950 

Q.183 
0.0528 
C.l17 

18.7 
52.1 

11 ,030 
0.403 
2.67 

59.0 
65.2 
,J.71 

:.3 
0.25 

.~ .185 

C.391 

G. 1~~8 
O.3~'J 

3.C5 

~.3i: 
G.03E6 
r;.230 
5'.28 
0.334 

750 
13.0 

11 ,~ca 
12.8 
l. 67 

32.3 
1. 38 

284 
13.7 
T ~ • 1 

2.35 
32,300 
3,9 x 1 C6 
2.11 x ~CE 

5,35·::) 
1.5 x lCJ 

1(3 
5,63C 



TABLE 5. Parameters of Releases Following Reactor Accidents Involving Core(a) 

Probability Release Warning Fraction of 
Core Inventory Released Release per Reactor Duration Time 

Category Year (lIr) (I1r) xe-Kr I CS-Rb Da-Sr 

PWR 1 9xlO-7 
O.s 1.0 0.9 0.7 0.4 0.05 

PWR 2 8xlO-6 0.5 1.0 0.9 0.7 0.5 0.06 

PWR J 4xlO- 6 
1.5 2.0 0.8 0.2 0.2 0.02 

PWR 4 5xlO-7 3.0 2.0 0.6 0.09 0.04 SxlO- 3 

PWR 5 7xlO- 7 
4.0 1.0 0.3 0.03 9xlO- 3 lxlO- 3 

PWR 6 6xlO- 6 10.0 1.0 0.3 8xlO-4 8xlO 
-4 9xlO- 5 

PWR 7 4xlO- 5 
10.0 1.0 6xlO- 3 2xlO- 5 lxlO- 5 lxlO -6 

N PWR 8 4xlO- 5 
0.5 N/A 2xlO -3 lxlO- 4 5xlO -4 lxlO- 3 

PWR 9 4xlO- 4 
0.5 N/A 3xlO- 6 lxlO- 7 GxlO- 7 lxlO- l1 

nWH J lxlO- 6 2.0 1.5 1.0 0.4 0.4 0.05 

nh'R ') -6 
3.0 2.0 1.0 0.9 0.5 0.1 L. 6xlO 

mvR 3 2xlO- S 
3.0 2.0 1.0 0.1 0.1 0.01 

IJWR 4 2xlO -6 2.0 2.0 0.6 8xlO-4 5xlO- 3 6xlO- 4 

BWR 5 lxlO- 4 
5.0 N/A 5xlO- 4 6xlO-ll 4xlO -9 8xlO-14 

(a) From Reference 8, Table 5.1 



selected as principal contributors to a dose at other reactor sites from air 
submersion and from ground deposition. 

The HNEC meteorological model assumed that the containment breach 

resulted in a source 100 meters wide which spread downwind over 22-1/2° 
as it moved out from the point of release. Figure 2 illustrates one such 

release at cluster 2 with clusters 3 and 4 shown within a 22-1/2° sEctor 

downwind. 
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I HANFORD 
RESERVA T1 ON 

\ 

o REACTOR CLUSTEK 

o SWITCHYARD 

Cluster No. 2 

2 

3 

4 

5.4 
(3.36) 

3 
-

12.9 
(8.02) 

7.5 
(4.66) 

4 5 -

25.5 28.3 
(15.85) (17.59) 

20.4 23.4 
(12.68 ) (14.54 ) 

13. 1 16.5 
(8.14) (10.25) 

4.0 
(2.99) 

FIGURE 2. Sites and Areas Involved in Radioactive Release at HNEC 
Example: Release at cluster 2, with distances between 
clusters tabulated in kilometers (~iles). 
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DEVELOPMENT OF THE DOSE DUE TO AIR SUBMERSION (PASSING CLOUD) 

Source Conversion 

The radionucl ides given in Table 4 were submitted to the model for dose 
estimates which converted these radioactive species into external total body 
dose,(9) in units of rem/(sec/m3 ) as a function of time. 

These calculated doses, normalized to a time integrated air concentration 

of 1.0 sec/m3 by the SUBDOSA model are given in Table 6. Note that for the 

first 1000 seconds following the release, the values are constant and that 
after 20,000 seconds, they have decreased only by about 57% to 8 x 107 rem/ 

(sec/m3). The time becomes a factor in recognizing distances the cloud would 
travel. If an average wind speed of ~ to 3 m/sec during the incident was 
developed from historical records, then the above tabulation for the first 

1000 seconds accounts for the same dose factor for up to 2 to 3 kilometers from 
the accident site. The meteorological model further reduces this source term 
with depletion of the cloud contents by fallout along the way. 

As an example, for the first 2000 seconds, the probability of different 

doses involving two or more quads can be immediately determined. 

a 3 b 
0(0-2000 sec) = X/Q (s/m

3
) x rem/(sec/m ) 

a - from Table 
b - from Table 6 

Assume from Table 1, a normalized air concentration of 1 x 10-7 (s/m3). Using 
the dose in rem/(s/m3) up to the first 2000 seconds from Table 6, the result 
is: 

00-2000 sec(in rem) = 1 x 10-7 (s/m3) x 1.3 x 108 rem/(s/m3) 

= 13 rem 

15 



T,ll,BLE 6. External Total-Body Dose for Accident PWR-2 

Time, seconds 
Total-Body Dose, (*) 

rem/(sec/m3) 

a 1.4 x 108 

100 1.4 x 108 

200 1 .4 x 108 

500 1.4 x 108 

1 ,000 1.4 x 108 

2,000 1. 3 x 108 

5,000 1 .2 x 108 

10,000 1.0 x 108 

20,000 8.0 x 107 

(* ) SUBDOSA Model (9) 

Assuming a shielding factor of 0.2(8) for those inside (in a control room 

for instance), the resulting dose is 2.6 rem received .from the overhead cloud 

during its half hour passing. The probabilities of two or more quads receiv

ing this dose is the same as given in Table 2 for ?2 quads involved with this 

level (1 x 10-7 sec/m3) of normalized air concentration. Table 1 then can be 

reconstructed in terms of dose, as shown in Table 7. Note that the left-hand 

column is now in terms of dose. If 2 to 3 m/s of wind speed is assumed, only 

these units close enough to be enveloped during the 2000 seconds or less of 

cloud travel are included in this table. 

The model predicts that the dose accumulated in control rooms in the same quad 

as the affected reactor will vary from 280 rem to 0.130 rem. This range 

includes the heaviest concentrations considered plausible and are worst case 

conditions. Emergency procedures that are commensurate with risk will have to 

be in place to shut down the reactors and evacuate the personnel. The proba

bility of the event, a loss of a full core, is once in about every 6000 years 
-6 (1.4xlO ). 
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TABLE 7: Conditional Probability that Personnel in at Least 
2, 3, or 4 Quads Would Experience the Computed 
Radiation Doses from the Passing Cloud Following a 
Release from a Reactor Accide.nt at an HNEC 
(The first 2000 seconds) 

Radiation Dose in Rem, 
Assuming Shielding 

Factor of 0.2 

280 

130 

60 

28 

13 

6 

2.8 

1.3 

0.6 

0.28 

0.13 

Conditional Probabilities of 
at Least 2 Quads Being Exposed, 

Same 2:2 

1 .000 

1.000 O. 01 

1 .000 0.02 

1 .000 0.05 

1 . 000 0.07 

1 . 000 0.13 

1 .000 0.16 

1 .000 0.17 

1 . 000 O. 18 

1 . 000 0.19 

1 .000 0.19 

The actual probabilities of M or more quads being involved in any release 

is obtained by factoring in the conditional probabil ity of a reactor accident 

of this type occurring; namely, 

Pa = P (actual) = N x P(l) where 
N = Number of reactors at the site 

P( 1) = probability of this type of accident for 
-6 5' one reactor = 8 x 10 /reactor year (Table I 

P(A) 20 x 1 -6 = x 10 /reactor year 
P(A) = -4 1.6 x 10 /reactor year 

lhus, if each of the conditional probabilities given in Table 7 were multiplied 

by 1.6 x 10-4, the result would be a tabulation in actual probabilities for M 

or more Quads having the associated doses from a passing cloud. 

17 



In this manner the actual probabilities of M or more quads being involved 

with different dose levels due to the passage of the cloud are developed from 
Table 1 and given in Tables C-l through C-5 in Appendix C. 

The actual probabilities of three or more reactors in the same quad as 

the accident with different dose levels due to the passage of the cloud are 

developed as a special case and are given in Table C-l. 

The exposures vary with the times shown after the accident due to the 

rapid decay of some radionuclides and due to depletion of the cloud due to 

fallout. The probabilities of the nearest reactors (same quad) being involved 

is the same as the probability of the accident, with substantial doses 

1 x 10-4/ reactor/yr. If an accident does occur, the probability is high that 

the reactors in the nearest quad will be heavily involved. The probability of 

at least 23 quads (thirteen reactors or more) being involved is significantly 

less and for all 5 quads (twenty reactors) the occurrence is possible but its 

probability vanishingly low. 

DEVELOPMENT OF DOSE RATES DUE TO DEPOSITION 

The exposure due to deposition (fallout) is calculated in terms of a dose 

rate where the exposure from the passing cloud (air submersion) was estimated 

in total dose in rem that resulted during the half hour passage of the cloud. 

The dose rates of interest are those within a reactor building, control room 
for example, from ground contamination outside. The radionuclides used to 

develop dose rates from ground contamination are taken from the reference 
study. (8) This selection was based on the radioactive half-life and the type 

and the energy of the emitteq radiation whic~ are important to external exposure 

from ground deposition. These selected nuclides were divided into two groups 

according to half-life as shown in the following Table 9. Section I of the' 

table lists the relatively long-lived species; the contribution from these to 

the radiation level is essentially constant over the time period of interest 

here; namely, approximately sixty days. Section II contains the short-lived 

species whose contribution will decrease over the times of interest, some very 

rapidly. 
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TABLE 8. Radionuc1ides Used for Ground Deposition 
(WASH-HOO, Jl.ppendix VI, 8.3.1.2) 

Section I 
Long-Term I sotopes Used, I-Jhere e -H%l 

Ha 1 f-L ife 
Species Days 

137 Cs 11 00 
134Cs 750 
106 Ru 366 
60 Co 1920 

58 Co 71 

95 Zr 65 

Source Conversion 

Section II 

Shorter-Term Isotope~ 
Half-Life 

Species Days 

136C5 13 

131 I 8.05 

103Ru 39.5 
97 Zr 0.71 

95 Nb 35 

Converting the radioactivity from the above species to dose rates was dane 
as foll ows: 

DR = OF x D/Q x S x e- At 

DR = Dose Rate, mrem/hr 

DR = Dose Factor, a value in mrem/hr/pCi/m2 - (Reference, Nuclear 
Regulatory Guide 109, page 1.109-41, Table E-6 
Whole body dose from surface contamination in pCi/m2.) 

D/Q = Normalized surface concentration (1/m2) as a function of 
Hanford meteorology--Reference 4, or see Table 2 of 
this report. 

S = Source term, given in pCi for each isotope, Reference 
Tables 4 and 5. 

e-At = Correction for radioactive decay. 
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For example, the contribution of the dose rate from 137Cs on contaminated 

ground was determined by 

, -I-

= OF x D/Q x S x e-A~ 

= 4.2 x 10-9 x % x 23.5 x 1017 x 1 

= 98.7 x 108 x D/Q (mrem/hr-m2) (0/0 values as in Table 2) 

Table 9 summarizes these results for all of the nuclides involved in a 

dose rate from ground contamination. 

TABLE 9. Development of Dose Rate Factors for Both Long-Term 
and Short-Term Isotopes 

Tl/2 > 60 days Dose mrem/hr-m2 x 109 

Nuclide Dose mrem/hr-m2 x 109 Nuclide Tl/2 > 60 days (at T = 0) 

137 Cs 10.04 136Cs 22.5 

134Cs 45.0 131 I 166.6 

95Z 3.0 103 Ru 7.92 

106Ru 0.75 97 Zr 3.3 

60 Co 0.10 95 Nb 3.06 

58Co 0.11 TOTAL 203.4 x 109 at T 

TOTAL 59 x 109 

= 

From the above, the nuclides with the shorter half lives contribute the 

major portion of the dose rate immediately after the passage of the cloud. 

0 

Shortly after twenty-one days, the contribution from the longer half-life 

nuclides becomes predominant. Table 10 illustrates this. 
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TABLE 10. Dose Rates in mrem/hr-m2 as ~ Function of Time 

Total 
Elapsed Contribution from Shorter Longer(a) plus Shorter 
Time, Half-Life Nuclides~ Half-Life Material, 
Dais mrem/hr-rr.2 x 10 mrem/hr-m2 x 109 

0 203.4 262.4 
7 144.6 199.8 

14 93.7 152.7 
21 62.4 121 .4 
30 42.2 101 .2 

45 24.6 83.6 
60 16.7 75.7 
90 9. 1 68.1 

120 5.1 64.1 

(a) Longer life nuclides contribute essentially a constant 
59 mrem/hr-m2 x 109 

The information from the Total column in the above summary, \fJhen multi
plied by the appropriate normalized concentrations given in Table 2 will yield 
dose rates at the selected days after the accident. 

Then, the conditional probabilities result that these dose rates would 
occur to those standing on the ground oJtside of the reactor buildings in at 
least M quads, assuming that an accident occurs at one unit. 

Shielding factors from uneven ground (0.7) and a windowless building (0.2) 
would reduce the dose rates to those inside by a factor of 0.14. A conserva
tive estimate of attenuation of the dose due to distance from the source to 
those inside is estimated to be another 0.7. A more realistic attenuation fac
tor would be greater by at least a factor of 10. But, to be conservative, a 
total shielding factor of just 0.1 is thus assumed (0.7 x 0.2 x 0.7). A fur

ther significant reduction of the source level from the most preliminary 

decontamination efforts is also not included. It was assumed, however, that 
intake ventilation filtering systems functioned as designed with no radioactive 
material entering the facilities to contribute to dose levels inside. 
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As an example, the dose rate inside a building after fourteen days, 
assuming an involvement outside of 1 x 10-8 (m- 2) (Table 3) would be as follows: 

DR14 = 1 x 10-8 m- 2 x 93.7 x 109 mrem/hr-m2 x 10-1 = 93.7 mrem/hr 

The probability of at least two quads having this dose rate would be 
-8 -2 obtained from Table 2 at the involvement level of 1 x 10 m . 

A new set of tables developed from Table 2 but expressed in terms of dose 
rates at several finite times following the accident is given in Appendix C. 

CONCLUSIONS - ACCIDENT REV1EW 

The results are given in terms of the most probable involvements based 
on several assumptions in meteorology. (4) For the dose within buildings 

due to a passing cloud, lethal doses are not predicted for any who remain 
inside during the passage; but these doses are, however, for the reactors 
in the same and next quads as the accident, substantial. If any are caught 

outside and remain submersed in the cloud for the time estimated for it to 

pass, a lethal dose is predicted. Emergency procedures for this low proba
bility event, once about every 6000 years, can be expected to be in place 

to prevent this. These procedures would be essentially the same as required 

for other accidents involving a reactor core. Most of these would not 
result in accidental releases, but full-scale emergency procedures would be 

constantly available if needed. For the reactors more distant from the 
accident, the times available to take proper action prior to arrival of the 
cloud and the much lower doses that occur, result in no real threat to 
personnel assuming proper actions are taken. From contaminated ground from 

fallout at reactor sites near the accident, the dose rates are predicted to 

be significant for the greater releases. Substantial decontamination efforts 

are predicted to be required to restore nearby reactors to operating status. 
For example, surface dose rates of about 75 mrem/hr outside (7.5 mrem/hr 

inside) are estimated to be possible for at least fifteen reactors although 

50 times less probable than the accident itself. Manageable dose rates how
ever result even in the worst predicted case. Some reduction will occur as 
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the radionuclides decay with time, but the real reductions in dose rates in 

reasonable time periods will result only fro~ decontaminating each affected 
site. 

The risk of this event when tne consequences are loss of generating 

capability, compare favorably with rare natural events. It was shown that a 
loss of generating capacity .from a class nine accident at an HNEC is less 

likely than a loss of generating capacity from an ashfall from volcanic 

activity in the Cascades and significantly less likely than a loss of gener
ating capacity from an Operating Basis Earthquake. (10) See Appendix D. 

In this review, numerically conservative values of dose and dose rates 

were developed and meteorology parameters specific to Hanford were used. This 

analysis while adequate to indicate probable exposures and consequences, is 

not a detailed safety analysis. Such an analysis would be a subject for 

further development of the HNEC concept. 

Finally, the probability of occurrence of the accident selected as the 
example in this review from the reference report;(8) namely, the PRW-2, is 

used throughout as single valued. At best, it is an estimate with some error 

bounds which if developed in the reference report were not given. Knowing 

the conservatism that was used in that report to develop the estimate, it 

seems plausible to accept it as a reasonable approximation. As such, it is 

utilized here to make comparisons with estimates of the frequency of occur
rence of other rare events to provide perspective among them. This proce
dure was used knowing that estimating the frequency of occurrence of any 
rare event is an uncertain process. 
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APPENDIX A 

REVIEW OF THE FEDERAL CODES 

The Code of Federal Regulations 10 CFR, particularly Parts 50 and 100, 

contain sections that may affect but apparently not limit the concept of an 
HNEC. Appendix A of 10 CFR 50, General Design Criteria for Nuclear Power 

Plants, includes a few criteria that impact multi-unit stations more or less 
directly. These criteria are quite general however, and, as currently 
issued are not limiting for multi-unit sites at an HNEC. The following 
summarizes these specific criteria which impact multi-unit stations. 

No. 

5 

17 

18 

34 

44 

Title 

Sharing of Structures 
Systems and Components 

Electric Power Systems 

Inspection and Testing of 
Electric Power Systems 

Residual Heat Removal 

Cooling Water 

Impact 

For systems involving safety. 
designs for sharing must not 
impair ability to perform their 
safety functions including an 
accident in one and an orderly 
shutdown and cool down in remain
ing units. 
Perhaps the most detailed of these 
design criteria and including 
offsite power ~equirements for 
safety functions. Offsite power 
criteria will affect multi-unit 
siting. 
Designs must allow testing and 
transfer of power including 
offsite power systems. 
Criteria included for offsite 
power to provide necessary 
safety functions. 
Criteria included for offsite 
power to transfer heat load to 
ultimate heat sink. 

Other examples of the need :0 satisfy these basic design criteria in 10 CFR 50 

may develop if multi-unit sites come into being and a pooling among stations of 

equipment, manpower, or services may be proposed. 
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A recent addition to 10 CFR 50, paragraph 34, (a) relative to maintaining 

integrity of structures, systems, and components important to safety during 

construction at multi-unit sites would not impact the HNEC concept. It is 
unlikely that construction underway on reactor operation at one multi-unit 

station is likely to affect construction or operation at another multi-unit 
station at an HNEC. 

Part 100 of 10 CFR, Reactor Site Criteria, includes criteria for consider

ation for siting multiple reactor facilities. The criteria in this Code that 

relate most to an HNEC are those that limit radioactive effluents from all LWRs 

at a site. As above, as can be determined from just a concept of an HNEC, the 
impact of these criteria have been reviewed and not found limiting in other 

sections of the conceptual study including the radiological section. 

The Environmental Protection Agency (EPA) issued new regulations consisting 

of the addition of a new Subchapter F and Part 190, in January 1977. (b) These 

give environmental radiation protection standards for nuclear power operations. 

In the discussion of major issues that had been raised during the comment 

period, some conclusions were made by EPA regarding the impact on the new 

standards of multi-unit sites. 

The Agency inferred that multi-unit sites closer than ten miles may require 

special attention during licensing and that for sites containing up to five 
reactors, conformance to criteria in 10 CFR 50, Appendix I, by these multi-unit 
stations should provide reasonable assuranci of compliance with these new EPA 
standards. Considering the long distance from any multi-unit site at Hanford 
to the nearest populated zone, the conclusion relating to the ten miles between 
sites does not appear to be limiting to the HNEC concept. The conclusion is 
not however a part of the Federal Code. 

(a) Federal Register, Vol. 43, No. 135, Thursday, July 14, 1977. 

(b) Federal Register, Vol. 42, No.9, Thursday, January 13, 1977. 
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APPENDIX B 

REVIEW OF REGULATORY GUIDES 

None of the current regulatory guides are directed to energy centers as 
indicated in the text. Moreover not much guidance for energy centers speci
fically can be inferred from those guides which mention siting multi-unit 
stations. 

However, the concept of several multi-unit sites at an HNEC, developed 

sequentially as separate stations, is interesting largely because of the land 
areas available for siting, low population zones plus other technical and 

environmental features unique to an HNEC that are described elsewhere in 

these analyses. This concept was included during the following review of 
the Regulatory Guides. 

Regul atory 
Gui de No. Titl e 

1.6 Independence Between Redundant 
Standby (Onsite) Power Sources 
and Betwe~n Their Distribution 
Systems 

1.27 Ultimate Heat Sink 

1. 32 

1. 75 

Criteria for Safety-Related 
Electric Power systems for 
Nuclear Power Systems 

Physical Independence of 
Electrical Systems 

Synopsis 

Matter of nearby hydroelectric, 
nuclear or fossil units as 
standby power sources at multi
ple-unit sites to be evaluated 
on individual case basis. 
In a multi-unit station, safety 
design precludes more than one 
reactor unit in accident con
dition at one time - "an ulti
mate heat sink complex serving 
multiple units should be cap
able ... cooling all units it 
serves. II 

This subject wa~ addresseq 
in this review.~a) 
Some electrical systems are 
forbidden to be shared by 
multi-unit stations but is 
not limiting to HNEC in 
current designs. 

Not applicable to concerns for 
multi-unit installation. 

(a) Heat Sink Management Studjes, L. D. Kannberg. 

B-1 



Regul atory 
Guide No. 

1. 81 

1. 91 

1.109 

1. 111 

1. 112 

1. 113 

Title 

Shared Emergency and Shutdown 
Systems for Multi-Unit Nuclear 
Power Plants 

Availability of Electric Power 
Sources 

Calculation of Annual Doses to 
Man from Routine Releases of 
Reactor Effluents for Evalu-
ating Compliance with 10 CFR 50, 
Appendix I. 

Methods for Estimating Atmo
spheric Transport and Dispersion 
of Gaseous Effluents in Routine 
Releases from Light-Water-Cooled 
Reactors. 
Calculation of Releases of Radio 
active Materials in Gaseous and 
Liquid Effluents from Light-
Water-Cooled Power Reactors. 
Estimating Aquatic Dispersion of 
Effluents from Accidental and 
Routine Reactor Releases for the 
Purpose of Implementing 
ll.ppendi x I. 

Synopsis 

Provides guidance only to a 
multi-unit station and sharing 
of systems and components 
onsite of multi-unit stations. 

Relative to offsite power source, 
operating guidance is given 
when one is lost. Availabil-
ity of adequate offsite backup 
power for an HNEC can be met 
but many more stations may 
depend on its reliability to 
always provide two operating 
sources, for each reactor 
in the several quads at an HNEC 
HNEC. 

These are guides to imple
ment (in part) Appendix I, 
10 CFR 50 

There are other guides that will relate to the existence of multi-unit 
stations. Emergency Plans, Regulatory Guide 101, will have to be cognizant 
of the presence of multi-unit stations and include their presence. 

Nearby multi-unit stations may be supportive of each other in emergency 

planning perhaps and certainly in the pooling of efforts to maintain indus

trial security Regulatory Guide 1.17, Protection of Nuclear Power Plants 

Against Sabotage. Some existing requirements can be reinforced by the pre

sence of multi-unit stations at an HNEC. 
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APPENDIX C 

AIR SUBMERSION AND GROUND DEPOSITION 

TABLE C-l. Probability x 10-4 that at Least M Reactors 
in the Same Quad as the Accident Would be 
Involved. Involvement is defined as the 
dose received inside a reactor building, as 
indicated in Column 1, from the passage of 
the radioactive cloud 1000 seconds after a 
release. 

Number of Reactors 
Rem 3 4 5 

280 1.6 1.4 0.5 
130 1.6 1.4 0.4 

60 1.6 1.4 0.4 
28 1.6 1.4 0.5 

13 1.6 1.4 0.5 
6 1.6 1.4 0.6 

2.8 1.6 1.4 0.6 

1.3 1.6 1.4 0.6 

0.6 1.6 1.4 0.7 
0.3 1.6 1.4 0.7 

>0 1.6 1.4 0.7 

Example--The probability of at leas t five reactors (if 

the quad has five) receiving 6 rem within 
1000 seconds (approximately 17 minutes) after 

a release at another reactor is 6 x 10 -5 

(0.6 x 1 x 10-4) per reactor year, a frequency 

of once about every 16,000 years. This table 
is a special case in estimating doses within a 

quad. For up to 1000 seconds and more follow
ing an accident, the only quad involved is the 

one containing the reactor having the accident. 
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TABLE C-2. Probability x 10-4 that at Least 2 Quads 
Would be Involved Following an Accident at 
an HNEC. Involvement is defined as the dose 
received inside a reactor building, as indi
cated in Column 1, from the passage of the 
radioactive cloud 2000 seconds (33 minutes) 
after a release. 

Probabilit.z 
Rem > 2 Quads 

260 0.01 

120 0.03 

56 0.07 
26 0.07 

12 0.11 

5.6 0.20 

2.6 0.25 

1.2 0.28 

0.6 0.29 

0.1 0.3 

>0 0.31 

Example--The useful probabilities here are those associated 

with ~2 quads as the cloud moving at 2 to 3 m/sec 
could reach quads adjacent to the accident site. 

A dose of 5.6 rem would affect at least 2 quads 
with a probability of 2 x 10-5 or with a fre

quency of once about every 50,000 years. The 

error band in the ~robability estimate may be 

2 or 5 or even 10 times lower. The correspond

ing frequency may be once every 5,000 years. 

The conclusions are not changed however. The 

range of dose expected would extend from 120 

to 0.1 rem. 
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TABLE C-3. Probability x 10-4 that at Least M Quads 
Would be I~volved Following an Accident at 

Rem 

240 

111 

52 

24 

11 

5.2 

2.4 

1.1 

0.5 

0.2 

>0 

an HNEC. Involvement is defined as the dose 
received inside a reactor building, as indi
cated in Column 1, from the passage of the 
radioactive cloud 5000 seconds (1 hr, 23 min) 
after a release. 

2.2 Quads 

0.1 

0.3 

0.07 

0.11 

0.20 

0.25 

0.28 

0.29 

0.3 

0.31 

Probabil ity 

>3 Quads 

0.02 

0.05 

0.11 

0.14 

0.14 

0.15 

0.17 

~4 Quads 

The elapsed time is sufficient to involve at least 13 reactors. (~3 quads) 

Example--The probability of at least 3 quads (~13 reactors) receiving 

5.2 rem is 5 x 10-6 (1 x 10-4 x 0.05) a frequency of once 
about every 200,000 years. 
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TABLE C-4. Probability x 10-4 that at Least M Quads 
Would be Involved Following an Accident at 
an HNEC. Involvement is defined as the dose 
received inside a reactor building, as indi
cated in Column 1, from the passage of the 
radioactive cloud 10,000 seconds (2 hr, 

Rem 

200 

93 

43 

20 

9.3 

4.3 

2.0 

0.9 

0.4 

0.2 

>0 

46 min) after a release 

~2 Quads 

0.01 

0.03 

0.07 

0.11 

0.20 

0.25 

0.28 

0.29 

0.3 

0.31 

Probabil ity 

~3 Quads 

0.02 

0.05 

0.11 

0.14 

0.14 

0.15 

0.17 

~4 Quads 

0.03 

0.14 

0.04 

0.04 

0.05 

The elapsed time is sufficient at wind speeds of 2 to 3 m/sec for the 

cloud to reach the quad containing a fifteenth reactor. 

Example--The probability of a dose of 2 rem in at least 4 quads (15 reac
tors) is 3 x 10-6 (3 x 10-2 x 10-4) or once about every 

330,000 years. It is about 50 times less probable at HNEC for 

at least 15 reactors to have this dose as as it is for reactors 
in the same quad as the accident to have the dose. 

(1.6/0.03 = 50). 
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TABLE C-5. Probability x 10-4 that at Least M Quads 
Would be Involved Following an Accident at 
an HNEC. Involvement is defined.as the dose 
received inside a reactor building, as indi
cated in Column 1, from the passage cf the 
radioactive cloud 20,000 seconds (5 hr, 

Rem 

160 

74 

34 

16 

7.4 

3.4 

1.6 

0.7 

0.3 

0.2 

>0 

33 min) after a release 

~2 Quads 

0.01 

0.03 

0.07 

O. 11 

0.20 

0.25 

0.28 

0.29 

0.3 

0.31 

Probabil ity 

~3 Quads 

0.02 

0.05 

0.11 

0.14 

0.14 

0.15 

0.17 

~4 Quads 

0.03 

0.14 

0.04 

0.04 

0.05 

Example--As in the case of the release after 10,000 seconds the probability 

of at least 4 quads (~15 reactors) receiving a dose of 1.6 rem 
is 3.0 x 10-6, about once every 330,000 years. 
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TABLE C-6. Probability x 10-4 that at Least M Quads 

Dose Rate 

2.62 rem/hr 

1.2 rem/hr 

0.56 rem/hr 

262 mrem/hr 

120 mrem/hr 

56 mrem/hr 

26 mrem/hr 

12 mrem/ hr 

7 mrem/hr 

3 mrem/hr 

>0 mrem/hr 

Would be Involved Following an Accident at 
an HNEC. Involvement is defined as the dose 
rates inside reactor building from ground con
tamination outside on same day as the accident. 

Same Qua'd 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

Probabil i ty 

~2 Quads ~3 Quads 

0.01 

0.03 

0.07 

0.11 

0.20 

0.25 

0.28 

0.29 

0.3 

0.31 

0.02 

0.05 

0.11 

0.14 

0.14 

0.15 

0.17 

:::4 Quads 

0.03 

0.04 

0.04 

0.04 

0.05 

Example--On the same day of the accident, the probability of at least 

3 quads having 56 mrem/hr within the reactor building is 
-6 5 x 10 ,i .e., at a frequency of once about every 200,000 years. 
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TABLE C-7. Probability x 10-4 that at Least M Quads 
Would be Involved Following an Accident at 
an HNEC. Involvement is defined as the dose 
rates inside reactor building following the 
accident by 7 days 

Probabil itt 

Dose Ra te Same Quad 22 Quads 23 Quads 2:4 Quads 
-" 

2.0 rem/hr 1.6 
0.93 rem/hr 1.6 0.01 
0.43 rem/hr 1.6 0.03 

200 mrem/hr 1.6 0.07 
93 mrem/hr 1.6 0.11 0.02 

43 mrem/hr 1.6 0.20 0.05 

20 mrem/hr 1.6 0.25 0.11 0.03 

9 mrem/hr 1.6 0.28 0.14 0.04 

4 mrem/hr 1.6 0.29 0.14 0.04 

2 mrem/hr 1.6 0.3 0.15 0.04 

>0 mrem/hr 1.6 0.31 0.17 0.05 

Example--The probability of at least 4 quads having 20 mrem/hr 

i~side the buildings 7 days after the accident is 3 x 10-6, 

or once about every 333,000 years. 
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TABLE C-8. Probability x 10-4 that at Least M Quads 
Would be Involved Following an Accident at 
an HNEC. Involvement is defined as the dose 
rates inside reactor building following the 
accident by 14 days. 

Dose Ra te 

1 .5 rem/hr 

0.71 rem/hr 

0.329 rem/hr 

150 mrem/hr 

71 mrem/hr 

33 mrem/hr 

15 mrem/hr 

7 mrem/hr 

3 mrem/hr 

1.5 mrem/hr 

>0 mrem/hr 

Same Quad 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

1 .6 

1.6 

1.6 

1.6 

1.6 

Probability 

~2 Quads :::3 Quads 

0.01 

0.03 

0.07 

0.11 

0.20 

0.25 

0.28 

0.29 

0.3 

0.31 

0.02 

0.05 

0.11 

0.14 

0.14 

0.15 

0.17 

:::4 Quads 

0.03 

0.04 

0.04 

0.04 

0.05 

Example--The probability of a~ least 4 quads (~15 reactors) having 

a 15 mrem/hr dose rate inside the building after 14 days 

is 3 x 10-6, or about once every 333,000 years. 
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TABLE C-9. Probability x 10-4 that at Least M Quads 
Would be Involved Following an Accident at 
an HNEC. Involvement is defined as the dose 
rates inside reactor building following the 
the accident by 30 days. 

Dose Ra te 

1 rem/ hr 

470 mrem/hr 

218 mrem/hr 

100 mrem/hr 

47 mrem/hr 

22 mrem/hr 

10 mrem/hr 

4.7 mrem/hr 

2.2 mrem/hr 

1.0 mrem/hr 

>0 mrem/hr 

Same Quad 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

i.6 

1.6 

1.6 

1.6 

Probability 

2:2 Quads 

0.01 

0.03 

0.07 

0.11 

0.20 

0.25 

0.28 

0.29 

0.3 

0.31 

~3 Quads 

0.02 

0.05 

0.11 

0.14 

0.14 

0.15 

0.17 

::::4 Quads 

0.03 

0.04 

0.04 

0.04 

0.05 

Exampie--The probability of at least 2 quads (~7 reactors) having 

10 mrem/hr inside the reactor building 30 days after the 

accident ~is 2.5 x 10-5, or about once every 40,000 years. 

C-9 



TABLE C-10. Probability x 10-4 that at Least M Quads 
Would be Involved Following an Accident at 
an HNEC. Involvement is defined as the dose 
rates inside reactor building following the 
accident by 60 days. 

Probabil it~ 

Dose Rate Same Quad ~2 Quads ~3 Quads :?4 Quads 

757 mrem/hr 1.6 

351 mrem/hr 1.6 0.01 

163 mrem/hr 1.6 0.03 

75.7 mrem/hr 1.6 0.07 

35.1 mrem/hr 1.6 o . 11 0.02 

16.3 mrem/hr 1.6 0.20 0.05 

7.6 mrem/hr 1.6 0.25 0.11 0.03 

3.5 mrem/hr 1.6 0.28 0.14 0.04 

1.6 mrem/hr 1.6 0.29 O. 14 0.04 

0.8 mrem/hr 1.6 0.3 0.15 0.04 

>0 mrem/hr 1.6 0.31 0.17 0.05 

Example--The probability of at 1 eas t 3 quads ( ~ll reactors) having 

7-1/2 mrem/hr inside the reactor buildi~g 60 days after 

the accident is 1.1 
. -5 x 10 ,or at a frequency of once about 

every 90,000 years. 
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APPENDIX D 

EVALUATION OF THE CONSEQUENCES 

One of the predictable consequences of a class nine accident at an HNEC ;s 

loss of generating capacity for finite periods of time following the accident. 

Estimates of the consequences have been predicted based on several assump
tions. All twenty of the projected reactors are in place. At anyone time at 
least four are down for refueling or maintenance. Emergency procedures in 
place at the time of the accident may force every reactor to shut down at least 
to hot standby. After two days as an average, all units not affected or 

affected only to low levels of contamination are back in service. Some units 
may be back in service within hours while others destined to early return to 
service may take longer. 

Using these assumptions, maximum and minimum probable losses of generating 
capacity were developed. The results are given in the following tables. 

TABLE D-l. Maximum Outage Occurence. Energy generation 
loss from 16 units out of service due to the 
accident for the indicated lengths of time. 

Time Required 
to Decontaminate, 

Days Outage Description 
Generation Loss, 

GW-hr 

45 

15 

10 

7 

5 Unit Site (includes site of 
accident)--all units up at time 
of accident 

4 Unit Adjacent Quad 
All units up 

4 Unit Quad Beyond 
All units up 

4 Unit Quad beyond the above 
3 of 4 units up 

(a) 6480 GW-hr = 45 days x 24 hr/day x 1.2 GW/unit x 5 units. 

0-1 

6480(a) 

1728 

1152 

605 

9965 



In a similar manner, the total generation loss for the different involve

ment of the reactors was determined. Involvement included both number of quads 

involved plus the maximum and minimum of reactors involved in one of the quads, 
with all units up at the time of the accident. The variability of involvement 

is assumed to be a result of an arbitrary wind direction and orientation of the 

reactors. 

TABLE 0-2. Summary of Energy Generation Loss 

Probability 
Number of Occurrence 

of Quads Maximum Loss, Minimum Loss, in Units of 
Involved GW-hr GW-hr 10-4 

4 19. 1 2709 0.04 

3 17 .6 2708 0.11 

2 14.5 2593 0.25 

9.5 2016 1.6 

The probability of occurrence, column four in Table 6 was obtained from a 

table essentially equal to Table C-9 but computed for a 45-day decay period. 
The data from Table 0-2 is shown in graphicai form in Figure 3. The capacity, 

in gigawatts shown as the abscissa, refers to the amount of generating capctity 
lost from the various quads depending on their involvement. The lower ordinate 

gives the corresponding energy generation loss in gigawatt-hours (GW-hr). The 
upper coordinate gives the probabilities that are associated with different 
capacity loss (quads involved). 

The dotted horizontal line assumes a fixed probability of loss of any 
amount of capacity due to administrative procedures that force an extended 

shutdown of all units at an HNEC if an accident occurs. The top curve is the 
expected probabilities assuming that administrative procedures permit those 

reactors not involved to continue service after a brief interruption. 
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FIGURE 3. Energy Generation Loss 
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